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Chapter 1

Preliminaries

1.1 Notation

In R™ assume that v = w(z1,...,2,) then the partial derivatives w.r.t. z; (assuming
xj, j # 1 are constant) can be denoted by 3 ﬂ , Ug, or Oy, u and the differential operator
can be denoted by or Og,. A second derlvatlve can be 2 8:752 , Ugg OF Ozzu. The operator
notation is often extended to the multi-index notation, where for x = (z1,...,2,) and
a=(a1,...,a,) with z; € R and «; non-negative integers,
9% = om0
Ox1™ Ox,On
9 T
The gradient operator is denoted by the vector V = ( Froll 82 .
xl n

These notes include material taken from on-line lecture notes [9], [3] and from Wikipedia
[11]

1.2 Fourier Series

Any reasonable function that is periodic with period 2, can be written as a infinite linear
combination of sin and cos functions

f(z ):—Bo+Z(A sm(nl )+B cos (mlrx)) (1.1)

n=1

7 / sm sin (m;m:) = Omn
7 /_l cos (nlﬂ) cos (@) = Omn
%/_ll sin (n_7lm:) cos (w) =0

1

Given the identities
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It follows that l
A, = %/4“%) cos (#) dzx.
and

B, = %/llf(x) sin (#) dzx.

Assume the f(—z) = —f(x) (f is an odd function) then B,, = 0 and (1.1) becomes
>, . (N7
fla) = ;An sin (T) (1.2)

with l
2
A, = —/ fx) cos % gz
A l

if f is even then A, =0 and

fz) = %Bo + i By, cos (nlﬂ) (1.3)

n=1
and .
B, = 2/ f(x)sin@dx.
U Jo l

Theorem 1 Parseval’s' Theorem: If
A(z) = Z ane™ and B(z) = Z b,e'n®

respectively. Then

s

Z Unbn = % A(z)B(x)dzx

n=—oo -

1.3 Fourier Transforms

The Fourier Transform of function ¢ is

n

Fo(€) = d(e) = / € () de

and the inverse transformation is

F) = o [ eneuas

1
(2m)™
These are also known as continuous Fourier transforms to distinguish them from the
discrete Fourier transforms mentioned later.

I Marc-Antoine Parseval des Chénes (April 27, 1755 — August 16, 1836) was a French mathematician
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1.3.1 Table of important Fourier transforms

a-g(t)+b-h(t) [ a-G(E)+b-H(E)
g(t —a) e G (€)
e’y (t) G(¢—a)
g(at) me($)
Gl 9(=¢)
) (i#&)"G(€)
tng(t) ind dg"(ﬁ)
(g% h)(t) V2rG(€)H (€)
g(D)h(?) s
e—ot” \/% etz
eiat2 \/%TL . efi(%f%)
cos(at?) \/% cos % -7
sin(at?) \;% sin % -7
e—:lt\ \/g .1a21€2
Vit €]

Theorem 2 Plancherel’s®* theorem:

[ sora= [ 1roPae

Rn

Fourier transforms are often used to prove stability, i.e. boundedness, of the solution by
invoking Plancherel’s theorem once the boundedness of the Fourier transform has been
established (see sections 3.4 and 9.4.1). Chapters 7 and 8 also require Fourier transforms.
These sections and chapters can be omitted if Fourier transforms have not been studied
previously.

1.4 The Divergence theorem

The fundamental theorem of calculus states that:

/abf’ dw = [f]}

with f = vw, leads to integration parts

/ (o) d = oul!

b b
/ vw' dr = —/ vwdr + [vw]®

2Michel Plancherel (16 January 1885 — 4 March 1967) was a Swiss mathematician

hence
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if w =o' then

b b
/ v dz = —/ v dr + [vu/]8

In higher dimensions there is the divergence theorem, which in its simplest form is:

/V-FdQ:/F-nds
Q r

with F = vw and w = Vu this leads to

Theorem 3

/V-(UVU) dQ:/vVu-nds
Q r

as Vu - n = Oyu, the outward normal derivative this can be written as

/vV-VudQ:—/Vv-VudQ—i—/vanuds
Q Q r



Chapter 2

Introduction to PDEs

2.1 1st order Equations
Definition 4 A partial differential equation[7] is a relation of the form
F(z,y,...,u,Ug, Uy, . .., Ugg, Ugy, . ..) =0 (2.1)

where F' is a function of the variables x,y,...,u, Uy, Uy, ..., Ugz, Uzy, .- .; & function
u(z,y,...) of the independent variables x,vy, ... is sought such that (2.1) is identically
satisfied in these independent variables if u(x,y,...) and its derivatives are substituted
m F.

Ordinary differential equations are typically satisfied by a family of functions that depend
on a number of arbitrary parameters, for example the general solution of u” —4u—sin(z) =
0is u(x) = Ae** + Be™** — L sin(z) where A and B are arbitrary. The solution of partial
differential equations is not so straightforward. Consider first the solution of a 1st order
linear homogeneous equation with constant coefficients in R2.

auy + buy =0 = (a,b) - Vu=0 (2.2)

That is the directional derivative of u along the direction v = (a,b) is specified. This
means that the function u(z,y) on any line of direction (a, b) remains constant (different
constant for different lines). The direction v = (a,b) is along a line

br —ay =c ceR

these are known as the characteristic lines for (2.2). Alternatively the lines define y(x)

such that %y = g or %T = d’—g’. If w does not change along these lines then

U(J), y)|bm—ay:c = f(C)
u(z,y) = f(bx — ay)

to be more precise about the form of the solution, it is necessary to specify additional
conditions (see below).
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Example 5 Consider the case of variable coefficients
YUy — TUy = 0 (2.3)

this means that u is constant along curves that have tangent vectors (y,x) so if as for
the line this curve is represented by y = y(z) then

i - & i 1p = -z & 12——13224-0
dxy_ Y dx 2y N v 2

hence the characteristic curves are y> + x> = ¢ and so

u(z,y) = f(y* + =)

In order to define a well posed problem, that is a problem for which there exists a unique
solution, it is necessary to impose sgtpplementary conditions. For example, if the solution
of (2.3) also satisfies u(0,y) = e~ Y then

f@)=ev = fH =t W
s0 ,
u(z,y) = eV
In general, the equation
a(z, y)ue + bz, y)uy =0

can be solved as long as
dy _ b(z,y)
dz  a(z,y)

can be solved as an ODE to give the characteristic curves.

To solve au, + bu, = c first find a particular solution. For simplicity, look for a
solution of the form ug(x,y) = ax

c
ax+00=c = a= = uo(r,y) = —x

a
so the general solution is

u(e,y) = f(br —ay) + —a

To solve au, + buy +cu =0 find the set of solutions, assuming u # 0,

u
Now define v = logu then v, = “:—j and vy, = =¥ so

avy +bvy +c=0

from the previous example

v(a,y) = f(br —ay) - ~a
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now u = e¥ so .
u(a,y) = eflrmew-ie
— ef(bm—ay)%
R

The solution of the general linear equation

(L(iﬁ, y)ua: + b({E, y)uTI = C(if, y)

is not constant along the characteristics which satisfy % = % If s is the tangential
d d
variable then ds = —x, ds = —2_ and so as a(z, y)uz + b(x, y)u, is the tangential
a(z,y) b(z,y)
derivative ds = and hence
c(z,y)
dx dy du

a(z,y)  blz,y)  c(z,y)
assuming a, b, ¢ # 0, in this formulation a, b and ¢ could be also functions of w.

Example 6
U + xuy =0

{1 0<z<1

with u(z,0) = f(x) = 0 otherwise

d
dt =2
x

t

and the characteristics are curves e~ " = constant.

'[L(:E, O) = f(:t) = u(xvt) = f(xe_t) =

1 0<z<el
0 otherwise
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Chapter 3

Well posed problems

3.1 Applications of PDEs

Physical problems have in general 3 characteristics which should be reflected in the
mathematical equations:

1. Existence - The phenomenon exists

2. Uniqueness - Given the same conditions, the physical process is repeatable at a
later time

3. Stability - A small change in the initial conditions should lead to a small change in
the output

Example 7 The transport equation:
Assume a drop of ink in a pipe full of water moving a velocity ¢ the concentration is

denoted by u(x,t). The amount of ink in a fized length x of pipe at timet is f; u(z,t)dz at

x+ch

a later time t+ h the ink has mowved, with velocity ¢ so the same ink is now f h u(z, t+

h)dz thus ‘
x x+ch
/ u(z,t)dz = / u(z,t + h)dz
0 ch

differentiating w.r.t.
u(x,t) = u(x + ch,t + h)

differentiating w.r.t. h at h =0
ug(x,t) + cug(x,t) =0

In general equations written in the form

ug(z,t) + %F(u(x,t)) =0

are know as conservation laws
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Example 8 The wave equation:

Consider the motion of a string of length 1, fized at the endpoints. From Newton’s
law of motion, the force of the tension is balanced by the acceleration, so considering two
neighbouring points xg and x1

1
r1 __
Tum|Té —/ pusrd
zo

differentiate w.r.t x
(Tuy)e = puse  — Uy = gy

Diffusion (Heat Conduction):
Given a region Q € R®, the amount of heat at time t is denoted by H(t) then

Ht) = /Q cpu 2

where
e c is the specific heat
e p is the density
e u is the temperature

e k is the conductivity

then
B = [, cpdyu dQ
= heat fluz out of Q
= fr kOpu ds (Onu=mn-Vu the outward normal derivative)
= fQ V- (kVu)dQ The divergence theorem
s0

cpoyu =V - (kVu)

Example 9 Laplace’s Equation: Consider small displacements of a membrane, whose
energy difference from no displacement is approximated by

1
19) = 5 [ IV do,
Q

The functional I is to be minimised among all trial functions @ that assume prescribed
values on the boundary T of Q. If uw is the minimising function and v is an arbitrary
smooth function that vanishes on T', then the first variation of I[u + v] must vanish:

d
—1
T (u+ ev)

:/VU-VUCZQ:O.
e=0 Q
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Provided that u is sufficiently differentiable, it is possible to apply the divergence theorem
to obtain

/V-(vVu)dQ:/

(Vu - Vo 4oV - Vu) dQ + / vOpuds,
Q Q

r

where s is arc-length along I'. Since v vanishes on I and the first variation vanishes, the
result is

/ vVu - Vud) =0

Q

for all smooth functions v that vanish on U. It then follows that
Viu=0 inQ,

assumption that the minimising function u has two derivatives.

Frequently first order (nonlinear) systems are written in conservation form

Example 10
[ ]
i o) —
=+ 05 = —Gu
o) o _ .
+Ly = —Ri
where i(x,t) is current in amperes, v(z,t) is voltage
R - resistance
L - inductance is a hyperbolic system
C - capacitance yp y
G - leakage

e Flow of an ideal gas in one dimension (Euler’s Equations)

0 0
il “F —
8tU+8x {U)=0
U, P pu
U=| 0 |=| pu |, FU=| pu’+p
U3 E (E+p)u

and where p is the density, u is the velocity, p is the pressure and E is the total
energy per unit mass. Given that

1
E=gpu®+pe, p=(y—1)pe

where e is the internal energy per unit mass and v is the specific heat (v = 1.4 for
air). This is aslo a hyperbolic system.

Example 11 The linearised shallow water equations

Uy = Alum + A2uy + f
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are hyperbolic, with

U 0 —f 0
u=| v and f=\| f 0 0 |u,
) 0 0 O
U o0 1 0o VvV 1
A= 0 V 0 and Ao = U 0 0
® 0 U 0o ¢ V

3.2 Initial and Boundary Conditions

In order to obtain exactly one solution, it it is necessary to impose certain assumptions
on the problem. Assumptions that can be justified by the physical meaning of the PDE
are of two types:

e Initial Conditions: In the case of the wave, it is reasonable to specify the shape of
the wave at t = 0 thus
u(z,0) = g(x) is given
for the wave equation it is also necessary to specify the velocity at ¢ = 0 (does the

wave start from rest?) so

Oru(x,0) = f(x) is also known

e Boundary Conditions: For the heat equation (stationary or not) it is necessary to
specify what happens on the boundary I', there are three well known boundary
conditions

— ulp Dirichlet boundary condition, where the surface temperature is specified

— Onpulr Neumann boundary condition, where the heat flux out of the body is
specified

— (Opu+au)|r where a is given, Robin boundary condition, the heat flux depends
on the surface temperature (the body loses heat by conduction)

Definition 12 : If the boundary condition is constantly equal to zero, then the condition
1s said to be homogeneous. If not then it is inhomogeneous.

The heat conduction problem for which the heat distribution is known for ¢ = 0 (an initial
condition) and for which the surface temperature is specified (a boundary condition) is
an example of an initial-boundary value problem or 1.-B.V.P.

3.3 Well Posed Problems

3.3.1 Heat Equation

Assuming that all the data is continuous, consider the problem where  C R? is a simple
connected open region with boundary I'

u—Au=q 2z€Q 0<t<T
(,0)=f, 2 €y ulz,t)=h,zel,0<t<T
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If there are two solutions u; and us then w = u; — uy satisfies

ow—Aw=0 2€Q 0<t<T
(2,0)=02€Q; wx,t)=0zel,0<t<T

multiply by w and integrate over the space domain

0:/ (Orw — Aw) dQ = ——/ |w|2dQ+/ |Vw|?dQ — /w8 wdl’
Q 2dt

since w = 0 on
2 o / lw|2dQ +/ |Vw[2d§ > / lw|?dQ 0<t<T (3.1)
The initial condition implies 0 = [, [w[*dQ at t = 0 so the only way that (3.1) can be

satisfied is if 0 = [, [w|?dS) for all ¢ < T so from the continuity this implies that w = 0
for all x € Q and all 0 <t < T'. So assuming a solution exits, it is unique.

3.4 Well Posed Cauchy Problems

Consider the Cauchy Problem for a linear system

u = Au, wueR" —oco<r<oo,t>0 (3.2)
u(z,0)=f, —oco<x<o0. ’
Taking Fourier transforms, this leads to
uy = —ifAu (3.3)
assume that the n x n matrix A has eigenvalues and eigenvectors A;, v; respectively for
j=1,...,n then a solution of (3.3) can be written as
n
U = Zajeﬂ)‘jgtvj (34)
j=1

where the coefficients a; are determined from the initial condition

n
> av;=f
j=1

0 1
-1 0

'&:a1< ji)e§t+a2( 1 )e‘gt

which shows that in this case (3.2) has solutions that grow exponentially, as ef** for
arbitrarily large R. This does not correspond to the behaviour of any physical system.

Alternatively consider A = ( (1) (1)

'&:al( 1 )eigt—kag( _11 )e‘igt

Consider u € R? with A = < ), the eigenvalues are A = £4 hence (3.4) becomes

>, the eigenvalues are A = +1, then
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14
then )

o(1) m (4 )=1- (1)

2
and . ) ) .
a=(w ) =gdria (1) rsd-ma( )
hence . . .
@f? = @ |* + @z = [£1 > + [ fo* = [ £

which from Parseval’s identity gives
[u(. ) = u(,0)|>

Definition 13 : Consider the problem (3.2) for all initial values f for which || f|| < oo.
The problem is well posed if there are constants K and « such that

lu( )] < Ke*[lu(,0)] vt

The equation in (3.2) is said to be hyperbolic if the eigenvalues of A are all real.

There is a straightforward extension of this definition to systems in higher dimensions,

d
U = E Ajuy
Jj=1

given
applying Fourier transforms in R¢ leads to
d
Uy =—iy &AL,
j=1
Then the system is hyperbolic if all the eigenvalues of

d
P= Z A,
j=1

are real for all §;, j=1,...,d.
Consider the system u; + Au, = 0. If A can be diagonalised and all the eigenvalues

are real then there exists P such that

A1
PAP ' =A=
An
then
Pu; + PAPP 'u, =0
w; +Aw, =0

a set of uncoupled equations. A system such as u; + Au, + Bu = 0 would still be coupled

after the transformation as B would not be diagonalised.
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3.5 Discontinuities

Consider the equation
—00 <z <00

U + uug, = 0, { £>0

which has a general solution that can be written as

U(]},t) = f(.]? - Ut)7
with the initial condition

w0 = s ={ 5 130

i.e. a jump discontinuity in the initial condition. If A < B then from the characteristics,

which are straight lines,
w(z, ) = A x <At
71 B x> DBt

and in the gap (see figure 3.1a), by interpolation,

x—ut =0, At < x < Bt

shock line
11000
/11777
/17777
11777
(Ll 12
Figure 3.1: (a) (b)

However, if A > B, then the characteristics overlap in the region Bt < x < At. From

the characteristics,
w(z, t) = A z<Bt
T B x> At

Within the overlap region the solution there are two possibilities, so the solution is not
uniquely defined without some additional information. If the equations are modelling
gas dynamics then it is known that a shock wave exists and there is a jump discontinuity
along the shock ( in this example the shock would be z = #t, see figure 3.1b). Further
study of this topic is beyond the scope of this course, see for example Wikipedia [12].
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Classification of PDEs

4.1 Equations of Second Order

Consider
AUgg + Dgy + cyy =0

write as a 1st order system with w = u, and v = u, then equations are

=0

wa + gwy + £y
=0

Vg — Wy

()

so eigenvalues \ satisfy aA? — b\ + ¢ = 0 roots are real if b2 — 4ac > 0, in which case the

or w, + Aw, =0,

Qo

equation is hyperbolic.
In general in R? consider

0 = a11Uze + 2a12Ugy + a22Uyy + a1U, + a2y + apu
note uzy = Uy, hence aiz + as1 = 2a12. Then the second order part of the differential

operator is
allamm + 2a128xy + a228yy

w.l.o.g. assume a1; = 1 then

a’mc + 2a128xy + a228yy = (aﬂc + a128y)2 + (_G%Q + a22)8yy

consider 3 cases depending on the sign of the second coefficient!

17
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4.1.1 (&22 — &%2) >0

Change variables

r = af+ ¢
y = €+
Ot = Uy g—z + uy g—é’
Ocu = uy g—z + uy ?)_Z(I
so that the operator becomes
2 2
O +0¢
such equations are known as FElliptic Equations. But
By 2]
9z __ Oy _
k=0 &=

SO

0: = a0y + 0, a=1 v =ais
=
¢ = [0 +60, B=0 6=+ /am —a%
hence the condition (as2 — a?,) > 0 is essential and then

x=¢ y=a12€+< (a22_a%2))<

4.1.2 (a/22 — CL%Q) <0
Using the transformation with § = \/a%, — as2 leads to the operator
Oge — D¢ = (0 — 0¢) (0 + )

such equations are known as Hyperbolic Equations.

4.1.3 (&22 — &%2) =0

The transformation leads to
O¢¢ + first order terms (4.2)

such equations are known as Parabolic Equations.

4.1.4 Higher Dimensions
In R? a second order equation can be written as
d d
Z QijUg,a; + Zaium +agu=c
i,j=1 i=1

assume a;; = ajj, i.e. coefficient matrix A is symmetric.
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Definition 14
e Equation (4.2) is Elliptic iff A or —A is positive definite

e Equation (4.2) is Hyperbolic if all eigenvalues are non zero and all but one have
the same sign.

e Equation (4.2) is Parabolic iff there is exactly one zero eigenvalue and all others

have the same sign
ail a2
A =
a2 G22

det(A — X) = (a1 — N)(aze — A) —a?y =0

In R2,

eigenvalues A satisfy

A2 — (a11 + az2) X + (a11a22 — a?y)

SO\ = % ((a11 + age) + \/(au + a2)? — 4(aj1aze — a%Q)) both roots are positive iff

ai1aoe — a%z < 0, with a;; = 1 this leads to the same condition as before. In R3,
Laplace’s Equation
Ugy + Uyy + Uz = 0

1
defines A = 1 and hence is elliptic, whereas the wave equation
1
Ugg — Uyy — Uzz = 0
1
defines A = -1 and hence is hyperbolic. The heat equation
-1
Up — Ugy — Uyy = 0
0
defines A = -1 and hence is parabolic.
-1

4.2 Wave Equation (in R?)

Upt — gy = 0
(0 — c02)(0r + cOz)u=0

Change variables
E=x+ct, (=x—ct
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then

{ O,u = agu% —l—agu%
Ou = 85u + 8<u
SO
895:(95—1—8@* 8t=cé)5—cé)<
and
8,5 — c@x = —268( 8,5 + c&m = 26(95
and
4c@5<u:0 = U(f,() :g(g)"_f(C)
SO

u(z,t) =gz +ct) + flx — ct)

Both g(z+ct) and f(x—ct) are waves that travel along the lines x+ct = a and z—ct = .
Assume ¢ > 0, then f(x — ct) travels to the right with speed c.

4.2.1 Initial Value Problem

Ugg — C Ugz = 0
{ u(xv O) = ¢({E) atu(xv O) = ¢($)

u(z,t) = gz +ct)+ flx—ct)

then

Owu(z,t) = cg'(z+ct) —cf'(x —ct)

so at time t =0

g @)+ f'(z) = &)
g'@) —f'l@) = @)
and
g@ = 3(¢'@)+ ()
fllz) = 5(¢'(2) — 9(2))
> g(z) = foz (¢ (=) + %w(x)) dx + ¢(0)
fz) = [55(¢ @)~ tv(x)) dz+ £(0)
9(2) = 36(2) + 5; [y Y(@)dw + A
() = %qb(z) — i Ozw(x)dx + B
where A + B = 0 since ¢(z) = f(x) + g(x) hence
u(z,t) = 3o(x+ct)+ 5 fT—Hf
+3o(@—ct) — 5 fy th( )dz

x+ct

%qﬁ(x—i—ct) 2¢(x—ct —|—2(f L (2)
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Example 15
Ugper + 2umt - 20utt = 0

u(z,0) = é(x)
u(z,0) = ()

ago = —20, ajg = 1 ajl = 1
= agg—a%2:—20—1<0
= Hyperbolic
change of variables x =&, t = £ + (V21)( s0 0¢ = 0y + Oy and O¢ = V210, so

92, + 202, — 2007, = (9¢ + 0¢)(9e — O¢)

and
W€, Q) = FE— Q) +g(E+0)
and
u(z,y) = flo+ T2) + glo — 2=
Y V21 V21

4.2.2 Laplace’s Equation

The characteristics of an elliptic equation in R? are complex for example those for
Ugg + Uyy = (O +10y) (0 — 10y)u =0
are x + iy = constant and x — 1y = constant. Consider the change of variables

E=xz+iy, (=z—1iy

then

Ozu = 8@% + (‘9@%

Oyu = 8§ug—§ + 8<ug—g
S0

Op = 0c+0¢, 0y =10 —i0¢
and
Oy — 10, = —210¢, Oy + 10, = 210¢
and
idgu=0 = u(&Q) =g+ fQ)

S0

u(z,t) = g(x +iy) + f(z —iy)

In particular eF@+w) 4 ekle—iv) — cho (e““y :I:e_““y) is a solution for any k (real or
complex).
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Chapter 5

Energy

5.1 Causality and Energy

Consider the wave equation posed as an initial value problem for:
Uy — gy =0, t>0,—00<z <00
u(z,0) = ¢(z), —oo<z <00
Ou(z,0) = ¥(z), —oo <z < o0.

Definition 16 Principle of Causality: An initial condition ($,v) at the point (zo,0)
can effect the solution u(x,t), t > 0 only in the set S(zg,c) = {|z —xo| < ct,t > 0}. The
causality principle in R3 is known as Huygens’s Principle.

5.1.1 Consequence 1

If ¢|jzj>r = 0 and ¥[|5|> g = 0 then the solution is u(z,t) = 0 for |z[ > R + ct.

5.1.2 Consequence 2
e If  =0=1) then u=0.

o If g1 = ¢2, Y1 = ¢p2 and

Upp — gy =0 Vit — gy =0
and
Um0 = &1 Ortu|t—0 = Y1 Vlt=o = @2 Ov)t—0 = Y2

then © = v as w = u — v solves

{ Wy — Cwgy =0

Wli=0 =0, Ow|i=o =0

Definition 17 : The Domain of Dependence or past history of the point (xq,to) is the
region of (x,t) on which the value of u(xo,to) depends.

23
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In particular from the formula

xr+ct
u(et) = 5oe+et) + 5ole —ct)+ o [ vl

2¢ —ct

it follows that the value of u at a point (zg, %) is influenced only by the value of ¢ at
(xo — ctp) and (xo + ctp) and the value of 1) on [z — cto, o + cto]. Analogously, if t1 < g
then the value of u(xg,tp) is only influenced by u(xzo — c(t1 — to)) and u(xg + c(t1 —to))
and by dyu on [z — c(t1 — to),x0 + c(tl — to)].

5.2 The Conservation of Energy

Consider an infinite string with constant density p and constant tension 7' so

/(putt —Tuyy) =0

the kinetic energy of the string is

the potential energy is

T u2 dx

oo

=ke+ P

_1
Pe=3
B(1)

Assume that the initial data ¢ and ¢ are zero outside [—R, R]. From consequence 1 it
follows that u,dyu = 0 for |x| > R+ ct. It is necessary to show that E(t) = E(0), to
prove this it is sufficient to show that < E(t) =0,

d _L.d [, 2
qike = spg [ uide
[e%} : t
= p [ uwuyds using ws = $Uas

= Tf;o Ul AT

d (o)
—P, = T/ Uy Uz AT

On the other hand

dt

SO
= Tf;o O (upuy)dx
= 0 limg 400 Uiy = 0

5.3 The Diffusion Equation

Consider
U = KlUgy K = constant (5.1)
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5.3.1 Maximum Principle

Definition 18 Mazimum Principle: If u solves (5.1) in a rectangle (0 <z < 1,0 <t <
T) then the mazimum value of u(x,t) is assumed either att =0 or x =0 or x = 1. The
same applies to the minimum value.

Assume maximum is at an interior point (z¢,Tp) within R = [0,1] x [0,T] so
Uz (o, t0) = us(2o,t0) =0 Ugz (X0, t0) < 0.

If Uy (xo,t0) # O then Kug,(zo,to) = ur(xo,to) < 0 which is a contradiction. Consider
the function v(x,t) = u(x,t) + ex? (¢ > 0) if the maximum of v is at an interior point
(x0,Tp) then

Vg (20, t0) = v¢(0,%0) =0 vza(wo,t0) <0
and

0 <t — KUzpp = Ut — Kllgy — 26k = —2ex < 0

another contradiction so the maximum of v must be on the boundary. Assume the
maximum of u on the boundary is M, then the maximum of v cannot exceed M + €l?
in the limit as € tends to zero v tends to uw so the maximum of u must also be on the
boundary.

One immediate consequence of the maximum principle is the uniqueness of the solu-
tion, since if u and v are both solutions w = u — v satisfies zero boundary conditions and
hence must be zero everywhere.

5.3.2 Energy
Assume u(l,t) = u(0,t) =0

then l
%E = foutudx

!
= [, Kugpuds

K fol O (vug)dr — K fol udx

= kuugl) — /Qfol uZdx
< 0

Thus it is possible to prove uniqueness via energy as

l
OgE(t)gE(O):%/ w?(x,0)dz = 0
0
and
Et)=0 = w=0

Definition 19 Stability: In general a system is stable if close initial data generate close
solutions.
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Define distance in terms of the Lo norm

l
If —glla = (/ (f —gm)

Consider two solution u; and us of the diffusion equation, with the initial conditions
u1(z,0) = ¢1 and ua(x,0) = ¢o. Note that w = u; — us solves the equation subject to
the initial condition w|¢=g = ¢1 — P2, then from the energy inequality

I 1 1/2
E(w)'/? = </0 (ug — U2)2d$> < </0 (1 — ¢2)2d$>

So if ¢1 and ¢9 are close in the sense of the L5 norm then w; and ug are close uniformly
in time in the same norm.
It is possible to define distance in term of the maximum or £, norm

1/2

1/2

Ilf = gllec = rfgﬁflf — gl

Assume that the solutions u; and us satisfy the same boundary conditions
ul(ovt)ZUQ(Ovt):ga ul(lat):UQ(lat):f
then w(0,t) = w(l,t) = 0 and by the maximum principle

maxw = max{r[r(l)ag]x(m — ¢2),0}

)

and
max{—w} = max{r[r(l)&;]X(@ — ¢1),0}
S0
— < -
max luy — us(t) < ex |1 — ol
for all t.

5.4 Solution of Diffusion Equation
Consider only the initial value problem

Ut = /fuww’: %,t>0
- = (5.2)
u|t:0 = ¢(x)7_ b(x,y)

5.4.1 Properties of the solution

e Translation invariance, if u(z,t) is a solution of (5.2) so is u(x — y, t) for any value
Y.

o If u(x,t) is a solution of (5.2) then all derivatives of any order are solutions of (5.2).
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e A linear combination of solutions of (5.2) is a solution of (5.2).

o If w(x,t) is a solution of (5.2) then for any smooth function g(y)
o) = [ wle -y t)gn)dy

e If u(x,t) is a solution of (5.2), the u(Az, A\*t) is a solution of (5.2).

is a solution of (5.2)

5.5 Fundamental Solutions (Green’s Functions)

Consider the IVP

Ut = KRlUgyg
lforz >0
ul=o = q(z) = 0forx<0
Note that under dilation
lforz >0
o0~ o0={ g tZ0 =@

So it may be assumed that the solution @ does not change under dilation
Q(z,t) = Q(\x, \*t)

Assume the solution is of the form

x
) =g ——
Q) g(%/ﬁ)
Now define p = # then

Kt

d d

Q = F-F=d®(—%p)
d d:

Qe = ¢-E=dbD (—ng)
dQ, d

which is an ode with a solution

P 2
g(p) = cl/ e % dz+co
0

SO

x

2Vt
Qz,t) =1 /2 e dz + ¢ vt >0
0

To check on the behaviour in the limit as ¢t — 0,

27

(5.3)
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e Ifz>0
e o
lim 01/2 €7z2d2+02 = 01/ e*Zde—kcz = C1ﬁ+c2
t—0+ 0 0 2
e Ifx <0
Vet
lim 61/2 €_sz2§+02 == —01/ e_zzdz+(32 = —clﬁ+02
t—0+ 0 oo 2
e But
1 forx >0
Q(m,O)—{ 0forxz <0
o)
Cl§+62= - { Clzﬁ
—cl§—|—02: 62_%

Now define the fundamental solution S = %

e S is a solution

S e |
= =¢ "aum
So if  # 0 then
1 22
e 4rt :0

lim
t—0t /27Kt

as an exponential decays faster than a polynomial. If z = 0 then

1

this appears to be singular and needs to be interpreted using the theory of distributions.
If the given initial condition is u(x,0) = ¢(z) s.t. lim | ¢(z) = 0 then

we) = [ Ste -6y =0

It can be shown that this solution is unique. An integral of the form

) = [ " e - ety

is known as a convolution and is denoted by h = f x g.



5.5. FUNDAMENTAL SOLUTIONS (GREEN’S FUNCTIONS)

Example 20 Solve

U = Klgg
u(x,0) = 22
Define p = 2’"\;% then dp = — \/—dy then
00 1 _=-n? 4
u(z,t) = [ Tea¢ T ydy

ﬁ I e’ (x — pV/4kt)2dp
= e F e pdp B %
(Given

2 [ o

— PpPdp =1
\/7?/_006 prdp =1,
2 [

— P pdp = 0,
ﬁ/_me pdp

2 [
il P dp =2
ﬁ/_me p=2)

epp

29
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Chapter 6

Separation of Variables

6.1 Solution using Fourier series

Consider the initial-boundary value problem!
U = KUz, Vr €01, Vt>0
u(z,0) = f(z) Vzel0,]] (6.1)
u(0,t)= 0 =wu(l,t) vt>0
A solution is required with the following property: w« is a product in which the dependence
of u on z,t is separated, that is:

u(z,t) = X (z)T(¢) (6.2)
This solution technique is called separation of variables. Substituting u into the heat

equation,

')  X"(x)

kKT(t)  X(x)
Since the right hand side depends only on x and the left hand side only on ¢, both sides
are equal to some constant value —\. Thus:

T'(t) = —ART(t) (6.3)

and
X"(x) = =X () (6.4)

1. Suppose that A < 0. Then there exist real numbers B, C such that
X(z) = BeV=2% 4 Qe=VAe,
From the boundary conditions
X(0)=0=X(I)

and therefore B = 0 = C which implies u is identically 0.

I The following solution technique for the heat equation was proposed by Joseph Fourier in his treatise
Theorie analytique de la chaleur, published in 1822.

31
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2. Suppose that A = 0. Then there exist real numbers B, C such that
X(x)=Bx+C
From the boundary conditions, conclude that u is identically 0.

3. Therefore, it must be the case that A = 52 > 0. Then there exist real numbers A,
B, C such that

T(t) = Ae= "t

and
X(z) = Bcos(fz) + Csin(fx)

A, B and C are determined by the data
u(0,t) =u(l,t)=0 = X0)=X({1)=0

X0)=0 = B=0 = X(z)=Csin(fz)

X()=0 = Csin(fl)=0 = ﬁ:?

for some positive integer n.
So in general from the linearity any finite sum

n?m2kt

k
u(z,t) = Z C,, sin (@) e P2
n=1

is a solution of the PDE and the boundary conditions. To be a solution of the I-BVP it
follows that, assuming the infinite sum converges,

n?m2kt

+ oo
nTr\ -5 —
=S ()
u(z,t) nz::l sin (—— J e
it must also satisfy the the initial condition so
> nww
0= S (7F) -
u(x,0) nz::l sin  — fx)

From the theory of Fourier Series it follows that

Cp = %/Olf(x) sin (n_7lm) dx.

This solves the heat equation in the special case that the dependence of u has the special
form (6.2).
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6.2 Wave Equation

Consider the initial-boundary value problem

U — Cug, = 0, Yre[0,], Vt>0
us(z,0) = (x), Va0, '
u(0,t)= 0 =uwu(l,t) Vt>0.

A solution of the form (6.2) leads to

T7(t) _ o X"(x)

KT~ C X(x)

SO

TI/ (t) _ XI/ (x)

ATt) X(x)
as for the diffusion equation A # 0. If 0 < A\ = 32 then

{ T'(t) = —c2B%T(t)

X"z) = —@X(x)
these are uncoupled ODEs with the solutions
{ T(t) = Acos(fct) + Bsin(fct)
X (x) = Ccos(Bz) + Dsin(fz)
A, B, C and D are determined by the data
uw(0,t)=u(l,t)=0 = X(0)=X({)=0
X0)=0 = C=0 = X(z)=Dsin(fz)
X()=0 = Dsin(fl)=0 = = %

So in general from the linearity any finite sum

k

wi(w, t) = nz_:l <An cos(

is a solution of the PDE and the boundary conditions. To be a solution of the I-BVP it
follows that, assuming the infinite sum converges,

nmct nmwx

)+ B, sm(””TCt)) sin(*75)

u(z,0) = Z Ap sin(#) = ¢(z)

and

Oru(x,0) = i Bn? sin(nlﬂ) = ()

These are two uncoupled Fourier Series from which it is possible to compute the values
of the coefficients A,, and B,,.
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6.2.1 Neumann Conditions

The wave equation can be specified subject to different boundary conditions:

Ut — gy = 0, Yze[0,], Vt>0
u(z,0) = ¢(z), Yzel0,]] (6.6)
ut(x,0) = (z), Vael0,l] :
ug(0,8) = 0 =w,(l,t) Vt>0.

The ODE BVP for X now becomes

{X”(x) = AX(x)
X'0) = X'(I)=0

It is no longer guaranteed that A > 0
e A=0 = X'=0 = X@=A4Ar4+B = X' =0 = A=0

e \= ﬂ2 >0
The possible solutions are then of the form:
X(x) = Ccos(Bz)+ Dsin(Bx)
X'(x) = —CpBsin(Br)+ DB cos(fx)
X'(0) = D=0 = D=0
X'(l) = —-Cpsin(fl)=0 = p=1I¢
X, () = cos (1)

e )\ < 0 not possible

Thus returning to 7" (t) = —c2\T'(t)
e A =0 leads to T'(t) = A+ Bt so u(z,t) = A+ Bt
e )\ > 0 from the linearity any finite sum

k

i (1) = nz_:l (An cos(

is a solution.

nmct nmwx

)+ Bn sin(@)) cos(T)

So assuming the infinite sum converges the general solution is

nmct nmwx

)+ B, sin(?)) cos(T)

1 1 -
u(z,t) = §A0 + §Bot + Z (An cos(

n=1

The factor % is for normalisation and

u(z,0) = %AO + Z A, cos(nlﬂ) = ¢(x)
n=1

and
nmct nmwx
T cos

Opu(z,0) = %Bo + Z By ] Ob(T) =¢(v)
n=1
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6.2.2 Mixed Boundary Conditions
If the boundary conditions are

u(0,t) = uy(l,t) =0

A solution of the form (6.2) leads to

{ X"(x) “AX(x)
X(0) = X'(I) =0

1 2
for which A, = (n + 5)27;—2

6.2.3 Robin Boundary Conditions

If the boundary conditions are

{um(O,t)—aou(O,t) =0
ug (1, t) + qqu(l,t) = 0.

A solution of the form (6.2) for the diffusion equation leads to
X" = )X

X'(0) —apX(0) = 0
X'() + a X (1) 0.

The solutions are again of the form
X(z) = Ccos(fz) + Dsin(fz)

C
with A = 3% > 0, the boundary conditions lead to D = GOT and (8% — ajag) tan(Bl) =

B(ag + a;), which latter has to be solved for 3 assuming that 3? — aga; # 0. There are
different eigenvalues A depending on the signs of aga; and ag + a;.

6.2.4 Sturm-Liouville Theory

The general problem

L (KX') = <q+A> 0<z <l
aoX'(0) —bo X (0) =
aX'()-uX(1)=0

is known as a Sturm-Liouville?* problem, values A for which there is a non-trivial solution
are known as eigenvalues. In general there are no explicit solutions.

2 After the French mathematician Joseph Liouville (1809-1882) and the Swiss mathematician Frangois
Sturm (1803-1855) who collaborated on the solution of boundary value problems.
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6.3 Laplace’s Equation

It was earlier observed that for Laplace in R?, e*® (eiky + e’iky) is a solution so e** cos(ky)
and e** sin(ky) are both solutions, other solutions can be obtained interchanging the réles
of x and y.

Assume that a solution can be obtained by multiplying two functions of each one
of the two variables only, i.e. it is separable, so: u(z,y) = X (z)Y (y). Substitute this
product into the PDE:

XY  9*XY
-5 +t—55 =0
Ox? 0y?

As Y (y) does not depend on = and X (z) does not depend on y
YX"+XY"=0
hence
X// Y//
x Pty =0
The left term depends on = only, while the right term depends on y only. This is only

possible if both of them are in fact constant and equal (but with opposite sign). Thus
for some constant A

X" Y
X~ v
e An z-ODE: X" =-)\X
e Ay-ODE: YY" =)Y
Consider the boundary value problem
Uga + Uyy 0, v,y € (0,1),
u(z,0) = o¢x), Vel

u(w,) = (@), Vaelo] (6.7)

U’(an) =

o

Considering the first equation and the boundary condition u(0,y) = 0 = u(l,y) becomes
X (0) =0 = X(I) assuming thta Y (y) is not identically zero, it is clear that there are no
non-trivial solutions for A < 0, so assume A = 82 > 0.

A solution of the first equation is then

X (z) = Acos(fz) + Bsin(fz)

applying the boundary conditions X (0) = 0 = X({), gives A = 0 and 8l = nm. A solution
of the second equation is then

Y (y) = CePY + De PY

so a solution is -
u(z,y) = sin - (CneTw + Dne_#)
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and hence the general solution is

Jr
nry _nmy
Z m—( T+ Dpe )

The remaining boundary conditions give, for y = 0

+oo
= Z sin nlﬂ (Cn + D)
n=1
SO
2 . nmx
C,+D, =~ ¢(x) sin — dx.
L Jo l
and for y =1
2 l
Cne™ + Dpe """ = 7 / ¥(x) sin nlﬂ dx.
0

from which it is possible to determine C,, and D,,.

6.3.1 Boundary Conditions

If the boundary conditions are changed to:

¢(y), vy €[0,]]
U(y), Yy €[0,1]
=u(x,0), Vzel0,l].

——
/—\
I~
A/_\
\_/\.
I S
ol |l
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The boundary conditions u(z,0) = 0 = u(z,0) lead to Y(0) = 0 = Y(I) so there are no

non-trivial solutions for A > 0, so assume A = —3%2 < 0. Then

Y (y) = Acos(By) + Bsin(By)

and
X(z)) = CeP* + De=P*

and the solution is found in terms of a Fourier series for y. If the boundary conditions

(:E,O) = ¢0($), ViCG[O,l]
u(z,l) = ¢é1(z), Vrel0,]]
u(0,y) = oly), Vye€l[0,]]
u(ly) = i(y), Vye[o,l]

then as the problem is linear we seek u(z,y) = v(x,y) + w(z,y) such that Vv = 0,

V2w =0 and
v(z,0) = ¢o(z), w(x,0) = 0, Vo €
v(z,l) = ¢1(x), w(xl) = 0, VY €
U(an) = 0, w(O,y) = ¢0(y)a Vy €
U(lay) = 0, w(lvy) = 711}1(3/); Yy €
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Chapter 7

Fourier Transforms and PDEs

7.1 Diffusion Equation

Consider the initial value problem

Ut = Klgg
. 7.1
Vit 280 timaot =0 (1
It was shown that the unique solution for this problem is
u,t) = [T S@@—y.t)ely)dy  Vt>0
= S(t)*o(x)
where
S(z,t) = L e*‘ﬂf vVt >0
’ 2v/mKt
and S(z,t) was first derived by solving the IVP
Qt = "{Qa:a:
_ _J 1lforz>0 (7.2)
Qli=o = ql@) = { 0forz<0
then S = g—g and
St = /fsa:a:
7.3
{ Sli=0 = do (7.3)

Now start from (7.3) and construct S using Fourier Transforms. The Fourier transform
is in the variable z so

FSy = (FS) = ()

so from (7.2)

St = ng\r
S|t:0 = 5051

and
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SO . .
{ St S KEQS
Sli=o = oo =
For fixed £ this is an ODE with solution
S’(f,t) _ efktgz

as

7.2 Wave Equation

{ Ugt — gy =0
u(xv O) = ut(x’ 0) = ¢(x)
The solution was shown to be

u(z,y) = S(t) * p(x)

where

0 x| >t
S_{ = |zl <ct

Now start from

Stt — CQSIQ; =0
Slt=o =0 Stlt=0 = o
and apply Fourier Transforms to give
Stt - 025; =
Slt=z0=0 Silt=0 = 1

The differential equation leads to
Stt + 025251 =0
which is an ODE with solutions of the form S(¢,t) = Asin(c&t) from the initial conditions
A= L so
c§

. 1 , 4
S(&,t) = E sin(cét) = Tcg (echt _ e—zcgt)
hence

swo={ L F20

5 x| <t
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7.3 Laplace’s Equation
To define fundamental solutions, search for functions that solve in the half-plane:

Ugy +Uyy = 0 y>0
u(z,0) = 6(x) y=0

Take a Fourier Transform w.r.t. z, define

u(6o) = Fululw))(©) = [ e uley)s
then oo ,
Uyy (fa y) = 8@/3/ f_oo e_mgu(xa y)dm
= ffooo e—imiuyy(x, y)
= Fuluyy)(§)

and the equation becomes

u(§,0) = 1
For fixed £ this is an ODE that can be solved w.r.t. y as

{_§2U(€vy)+uyy(€vy) = 0

u(y) = ce™ = Uyy = ca’e™

thus
—2eW 4+ ateM =0 = o®=¢& = a=+¢£

thus there are two possible solutions u; = ce™ /8% and uy = celé¥ and u1(0) = ug(0) =
0= c=1 but us — o0 so it is not possible and hence

uey) = & [, cnee g

= L [Feflryge 4 L ffoo e€lizty) ¢

o 1 eSliz—y) 0
2w iT—yY o

_ 1 (_ 1 1
- 27r( zT—y+zT+y)

- 1 _2y
27 x2+y2

(e’ .
LG ty)

0 iz+y

So the fundamental solution in this case is

Given the problem

u(zx,0)

Il
<
—~

5
~
<

Il

o



42 CHAPTER 7. FOURIER TRANSFORMS AND PDES

the solution is

o) = [ " Sl — 2 y)o(z)dz

that is u = S * ¢.

No known problems in science or engineering lead to initial value problems for Laplace’s
equation. A well-posed problem for Laplace’s equation on a simply connected open re-
gion 2 with a closed boundary I" requires exactly one condition on the function value,
the normal derivative or a combination of both at each point on I'. If all or part of the
boundary is at infinitiy, then the solution must be finite there.



Chapter 8

Distributions

If the pointwise definition of a function is replaced by a definition using locally aver-
aged values then it is possible to define Dirac delta functions and to model impulses in
mechanics and poles in electromagnetics.

Assume that X C ‘H where H is a complete inner product space (Hilbert' Space). For
example, given an open set  C R”, if H = £L5(Q), X = C§° and the inner product is
(u,v) = [, uvdQ then X is very much smaller than H and the dual space X', the space
of distributions on €, is very much larger than H.

A test function is any function f € C§° with compact support, for example

ke(_ﬁ) x| <1
T(x) = Vo e R™

0 x| > 1

the constant k is chosen to normalise T. The space of test functions on 2 is denoted by
D(f2). Point evaluations and integrals I (f) = f(a) and I = [, f dQ are examples are
continuous linear functionals on D. A continuous linear functional on D(Q) is called a
distribution on Q the space of distributions is denoted by D’(§2). The notations I(f) and
(I, f) will be use interchangeably. Note that the distribution I(f) = f(a)Vf € D defines
the action of the Dirac delta function concentrated at the point a

[ 8- )@y = f@
R

Two distributions I and I are equal if I1 (f) = I(f)Vf € D. The support of a distribu-
tion I is the complement of the largest open set on which I = 0. Then, for example the
support of the delta function is the point {0}. A regular distribution is defined is, given
a locally integrable function f, I¢(g) = fQ fgdQVg € D. If the function f has compact
support S than the support of the distribution Iy is S. For a regular distribution I
defined by a locally integrable function f the derivative is defined as the distribution
generated by the derivative f’ which can be defined formally using integration by parts

dly _ / _ ’
(G = [ rada=— [ 1o as

1David Hilbert (January 23, 1862, Konigsberg, East Prussia (now Kaliningrad, Russia) - February
14, 1943, Gottingen, Germany) was a German mathematician
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where it follows from the compactness of the support of f that the boundary terms are
Zero.

Example 21 Let H(x) be the Heaviside function

1 >0
H(x):{ 0 =<0

so reversing the integration by parts

(‘%f,g) = —fooog’dx Yg € D
= —g()|5°
= 9(0)
= [T 0(x)g(x)dx

Example 22 Consider the function

@) = { l)a:| |z] <1

x| <1

so reversing the integration by parts

dI
(G 9)

- fol xg' dx — fi)l(—x)g’ dr Vg €D
—(zg@)l + fy gdz + (2g(@)|°, — [°, gdz
= g +g(-)+ fy gdz— [° gdx

~(8(z — 1), 9(z)) + (6(z + 1), g(x))

+Jo frodet [0, flgdet [, foda [5° g du

so the derivative in the sense of distributions is
oz +1)—=6(x—1)+ f'(2)

where f' denotes the derivative in the classical sense, if it exists.

8.1 Sobolev Spaces
For 2 C R™ define?
HY Q) = {u € Lo(Q) : Op,u € Lo(R), i =1,...,n}

where the derivative 0,,u is interpreted in the sense of distributions. The inner product
on HY(Q) is defined as

(u,v)1 :/Q(uv—l—Vu-Vv)dQ

2Sergei L’vovich Sobolev, born in St. Petersburg 6 October 1908 and died in Moscow 3 January 1989
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Theorem 23 (Lemma) H!(Q) is a Hilbert space with norm ||ul|; = (u,u)}/2

The space H(Q) is an example of a Sobolev space.

Definition 24 Dirichlet’s Principle: The boundary value problem®

Au—u
U

has at most one solution and if a function w is a solution, it minimises the Energy
E(u) = ||ull1 over all functions that satisfy the boundary condition.

0 inQ
g in 09

It is possible to define an inner product

(Uy V) = Z / O“ud“v dx
R"'L

lal<m

then a norm
1/2

fal = [ 3 / 0%l do
la<m /R”

This defines a Sobolev space H™(R) for integer values m, but if the space is defined using
Fourier transforms, then for any s € R it is possible to define an inner product

(u,0) = / (1+ [€) a()i(€)de (8.1)

and a norm
Jull, = ( Ja+ |5|2>S|a(f>|2df) 1/2 (5.2)

in order to define H*(R). These two definitions are equivalent from Plancherel’s theorem,
because 0% € Lo iff £€* € L5 and the observation that there exist constants ¢ and C
such that

L+ [P < D laf < C+ )™

la|<m

3The German mathematician Georg Friedrich Bernhard Riemann (November 17, 1826 — July 20, 1866)
named this idea Dirichlet’s principle in honour of his teacher Dirichlet. Johann Peter Gustav Lejeune
Dirichlet (February 13, 1805 - May 5, 1859) was a German mathematician whose family originated in
Richelet in Belgium
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Chapter 9

Finite Difference Methods

9.1 Forward, backward and central differences

A forward difference is an expression of the form
Dyf(z) = flx+h) = f(z).
A backward difference arises when h is replaced by —h:
D_f(z) = f(x) = f(z = h).
Finally, the central difference is the average of the forward and backward differences. It

is given b
s given by :D+f(x)+D_f(x)_f(a:—irh)—f(x_h).

Do f(x) 5 5

The derivative of a function f at a point z is defined by the limit

) — i SO )

h—0 h

Assuming that f is continuously differentiable, it is possible to estimate the truncation
error using Taylor’s series*

f'(a)
1!

" (a)

n!

FP(a)
2!

(x—a)*+ -+ (x—a)" + R,

f(x) = f(a) + (x —a)+

The Lagrange form of the remainder term states that there exists a number & between a
and x such that

_ f(n+1) (f) n+1
n = m(ﬂf —a) AR
Then D
1D i) = o)

h

1Brook Taylor (August 18, 1685 - November 30, 1731), although the result was first discovered in
1671 by James Gregory
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DI priay = oy

and

Do) pray = o(n)

Similarly the central difference approximation of the second derivative of f is

o DeD-_f(2) _ fleth)—2f(@)+ flz—h)

f” (x) h2 h2

and
" DyD_f(x 2
@) - PEIE o)

9.2 Some Finite Difference schemes

The original problem in terms of a continuous function u(z,t) is replaced by a numerical
problem in terms of a sequence of discrete values U]}, at the mesh points z,,, t, such
that U =~ u(zm,t,). To begin with, assume that ¢,41 — ¢, = k, known as the time
step is constant and that x,,11 — x,,, = h, known as the mesh length is constant. The
Difference operators D, etc. are used to denote differences with respect to the variable
x only. The alternative notation U(x,t) for the numerical solution at fixed values of
and t (using steps of size h and k) in order to emphasise the dependence on the values of
x and t rather than the values of m and n the numbers of steps needed. Given a mesh
size h and a time step k define a mesh ratio r = % Then, given the p.d.e

Lu=f

n

for example us + auy = 0, U(Xpm, tn) = U
of the form

is the solution of a difference approximation

LnkU = frr
where )
Lni(Ux,t) = QaU(z,t + k) = Y QU(x,t — jk) (9.1)
§=0
where Q,, n = —1,0,...,p are difference operators.

Forward Difference Scheme

FURT = UR) + DUy, =0
becomes (9.2)
Urtl = (1 —arD)UR

Backward Difference Scheme

(U —UR)+ £D_Up =0

becomes (9.3)
urtl =1 —arD_)U?
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Central Difference Scheme

T(URFt —Un) 4+ £ DU = 0
becomes (9.4)
Urtl = (1 —arDo)U

Lax-Friedrichs Scheme

becomes (9.5)

Lax-Wendroff Scheme
U —UR) + £ DoUp, — #5 Dy D_U, = 0

m

becomes (9.6)
Ut = (1 —arDy + %D, D_)U

Leap-Frog Scheme
ﬁ(U"‘|r1 — Ut + £DoU =0

m

becomes (9.7)
urtl =yun=t —2arDoU?

Example 25 [t is possible to apply the schemes to equations written in conservation
form, thus given
ur + (f(u)z =0

the forward difference scheme would be

Ut =Up = r(f(Upiya) = F(UR))

9.3 Truncation Error

Definition 26 Truncation Error: If u is the solution of the problem Lu = f and from
(9.1) U is the solution of LpnU = fri then if

|Ch pu(z,t) — frr|l < kC(t) (" + k72)
and
lu(z,jk) — Uz, jk)|| < Cj (R + k%)
the method is accurate of order (qi1,q2)
Alternatively,assuming that frr = f(x,t) we could define the truncation error as L, v —
Lv for any function v.

Definition 27 Consistency: Given that u(z,t) a solution of a p.d.e Lu= f and U(z,t)
1s a solution of a finite difference scheme Ly U = fri The scheme is consistent if Lppu—
fre — 0 as h,k — 0.

An alternative definition is that the scheme is consistent if, for any function v, Lprv —
Lv — 0 as h,k — 0, assuming that frr = f(x,t). If the approximation is accurate of
order (¢1,¢2) and ¢1, g2 > 0 the method is consistent.
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Forward Difference Scheme Using Taylor series, if u; + au, = g(x,t) is denoted by
Lu = f, then if the forward difference scheme is denoted by LprU = frx it should be
written as

a

n+1 _ n
Ut - Um) + 5

D, Uy = g,

> =

or with ¢t = nk and x = mh,

(U, 64 K) ~ U, 1) + 5 DLUGr 1) = 9(a, 1)

then the truncation error is
t(u(z, t+ k) —u(z,t)) + £Dyu(z,t) — g(x,t)
= L(u(w,t) + kue(z,t) + Sup(z,t) + O(K?) - u(z, 1))
+ad(u(@, ) + hg (2, 1) + Buge(2,1) + O(h%) — u(z, 1)) — g(a, 1)
=z, 1) + Euyy (2, t) + O(k?) + a(us (2, 1) + Luga(z,t) + O(R?)) — g(x, 1)
= Eup(x,t) + O(k?) + a(Buge(x, 1) + O(h?))
= O(k)+ O(h)
so the method is order (1,1) and hence it is consistent.

Example 28 Laz- Wendroff Scheme: Consider the equation uy = au, the Lax- Wendroff

scheme is
2,.2

Uz, t+k)= (1 +raDy + %DJFD) U(z,t)

if up = auy, + f then with

1 ak
Immn = E(f(x’t+k)+f(x7t))_ E(f(x"_hvt)_f(x’t))

the method is order (2,2), if gmn = f(x,y) the scheme is only order (2,1).

9.4 Stability, Consistency and Convergence

9.4.1 Example of Instability
Consider the Cauchy problem

Uy = Uy, t>0
u(z 03 - } —00 << 00 (9.8)
Using the centred difference scheme, (9.8) can be approximated by
t=t,=nk,n=0,1,2,... m—(gn:tl '
Uz,0) = f(z) T

(9.9)
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that is
U(z,t+k)=(1+7rDo)U(z,t), U(z,0)= f(x) (9.10)

From the inverse transform formula

@) = m 2 [ o fe)ae

— 0o

it follows that
Ule.t) = (202 [ e 0ie 0ds, D(60) = )
given that , 4
Dge® = 2jsin(Eh)eis”
it follows by applying the inverse formula to both sides of (9.10), that
U(&,t+k) = (1 +irsin(¢h))U(&,t),

S0
U(&,t) = (1+irsin(€h))" f(§), t=nk
Hence A A
U(&,t) = =" f(§)

where there are frequencies ¢ such that |k| > 1 and the growth of those components in
U is unbounded. Since from Plancherel’s theorem ||[U(&,t)|| = ||U(x,t)]|, it follows that
the growth in U is unbounded so the solution is unstable.

A stable difference formula is obtained if (9.10) is replaced by the Lax-Friedrichs
scheme

1
U(z,t+ k)= §(U(x +h,t) +U(z — h,t)) + rDoU(x,t), U(x,0) = f(x) (9.11)
assuming 0 < ro < r = k/h < 1. By analogy with the previous results

U(&,t) = (cos(€h) + irsin(Eh))"F(€), t=nk

it is obvious that
|k| = |cos(€Eh) + irsin(Eh)| < 1

and the scheme is stable.

9.4.2 Stability

Given that u(z,t) a solution of a p.d.e Lu = f and U(z,t) is a solution of a finite
difference scheme Lpr U = fri.

Definition 29 Stability: A difference approximation of the form
P
Lyi(U(x,t) = QaU(x,t + k) =Y Q;U(x,t — jk) =0 (9.12)
j=0

where Qn, n=—1,0,...,p are difference operators, is stable as h,k — 0 if

1T < Ke*=|U( to)]
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A more readily accessible test is derived from Theorem 30.

Theorem 30 von Neumann condition: A necessary condition for the stability of the
difference approximation is that (9.12) has no exponentially growing solutions, that is all
solutions of

P
det [ Q-1 =" QK7 | =0 (9.13)
§=0
must satisfy |k| < 1 (this is not a sufficient condition).

In a simple application of this von Neumann (Fourier) method it can be assumed that
the solution can be expressed as a Fourier series, that is the sum of components such as

Uz, t) = &t/Fe®, x =mh, t =nk

for different frequencies £ and the scheme is stable if it only permits solutions with |x| < 1.
In particular U™ = kU and & is known as the amplification factor and U, = U
where 6 = h¢.

Forward Difference Scheme
Uttt = (1 —arDy U
leads to A
kUL = Ul —ar(e®Ur —UR)
Kk = l—ar(e? —1)
= 14 ar(l—cosf)—iarsiné
k> = (1+2arsin®§)?+ a*r?sin’0
= 1+4arsin® £ + a’r*(sin® 0 + 4sin* §)
= 1+ 4arsin® g + 4a?r? sin? g
= 1+darsin®§(ar +1)

s0
a>0 = |k >1 = unstable

a<0ar+1>0 = [|5[<1 = stableifr <

So upwind schemes are conditionally stable while downwind schemes are always unstable.

Central Difference Scheme
Ut = (1 — arDo)UL,
leads to , )
wUN = Up— S (U —e YU,

K = 1—%(6i9—€_ie)

1+ darsin@

1+ a2r?sin%0

|2

vV

1
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So the centred scheme is always unstable.

Lax-Friedrichs Scheme

1
Untt = 5Unr + Upoy) = arDolUp,

leads to L » » »
kUL = (U] +e)Up — S (U, —e)U
_  1/,i01n —1i6 ar (10 —1i6
ko= (U} +e )~ FL(e” —e")
= cosf +iarsinf
|k|> = cos?6 + a*r?sin?6

< 1 ifar <1

So the method is conditionally stable and the condition is the same as for the upwind
scheme, namely r < %

Leap-Frog Scheme
urtl = ur=t —2arDyU™

Leap-Frog is a two step method given U1 = kU" it is also true that U? = xU~! and
hence Ut = k2U"~1 which leads to

R2UMY = UM —ar(ke®Un—! — ke WU
K2 = 1-— arg(eie — e*i‘))
k2 = 1—2arkisiné
roots of k2 4+ 2arkisin® —1 = 0 are k = —arisin @ = v/ —a2r2 sin? 6 + 1 assuming ar < 1

it follows that |x| = 1 so the method is stable and there is no decay in the solution.

Definition 31 Convergence If for any u(x,t) such that U(x,0) converges to u(x,0) as
h,k — 0 it follows that U(z,t) converges to u(x,t) for all (z,t) as h,k — 0 then the
scheme is convergent.

In general, convergence is a difficult property to test directly, but convergence is associ-
ated with stability for which there is a more straightforward test.

Theorem 32 Laz-Richtmeyer Equivalence Theorem: Given a properly posed linear initial-
value problem and a linear finite-difference approximation to it that satisfies the consis-
tency condition, stability is a necessary and sufficient condition for convergence

9.4.3 Dissipation and Dispersion
Definition 33 Dissipation: If all solutions of (9.13) satisfy
K| <1—=06[¢n[", 0<I[Eh| <

for some constant & then p is called the order of dissipation.
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Example 34 Leap-Frog: Consider the hyperbolic equation u; = au,, the leap-frog scheme
18
U(z,t+k)=U(x,t — k) + 2raDoU(x,t)

The order is (2,2) and the characteristic equation is
(k% — 1) — 2kirasin(¢h) =0

or

k = irasin(&h) £ \/1 — r2a2sin?(¢h)

so |k| =1 for ra <1 and so the approximation is not dissipative.
The Laz-Friedrichs® scheme is

1
Uz, t+ k)= §(U(x+ h,t) + U(x — h,t)) + kaDoU (x,t)
the characteristic equation is
k = cos(§h) + irasin(€h)

this is not dissipative as |k| =1 when Eh = 7.

Lax-Friedrichs Scheme Leap-Frog Scheme

T T T T T T T T
12+ Exact Solution 12 F Exact Solution

(a) Lax-Friedrichs (b) Leap-Frog

Figure 9.1: Solution of u; + u, = 0 at ¢ = 0.8 with » = 0.8

The solution of the problem

u+au, = 0, t>0
—oo << 9.14
u(@,0) = f() } (9-14)
satisfies
Uy +iat = 0} ) icat
A 5 = u=e "
a0 = f /

2Peter David Lax (born May 1, 1926, Budapest), his PhD supervisor was Kurt Otto Friedrichs (born
28 Sept 1901 in Kiel, died 31 Dec 1982 in New Rochelle, New York)
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S0 in particular ,
(€, t+ k) = e (g, 1)
In general a difference solution satisfies
U(&.t) = g(&k)" f(€)

SO

g(ean)U(E)
lg(Eah)]e= " EMET (&, 1)

If @ = a for all frequencies £ then all frequencies are propagated with the correct speed.

U, t+k)

Definition 35 Dispersion: Dispersion is the phenomenon whereby different frenquencies
are propagated at different speeds. The quantity a(Eh) is known as the phase speed.

9.4.4 Courant Friedrichs Lewy (CFL) Condition

Assume that a first order hyperbolic differential equation has been approximated by a
difference equation so that U(z, ¢ + k) is computed in terms of U(x,t), U(x + h,t) and
U(x — h,t) in addition assume that the characteristic through (z,¢ + k) passes through
the point (z + a,t)3.

T+ «

Then the domain of dependence (c.f. Definition 17) of the difference solution must include
the domain of dependence of the differential equation, if not, the solution U cannot
converge to u as h,k — 0. Thus the point (z + «,t) must lie between U(z + h,t) and
U(x — h,t). Given the differential equation u; = au, the characteristics are x + at =
constant so the characteristic through (z,¢ 4+ k) passes through (z + ak,t) so the CFL
condition[1] is
lak| <h = J|alr <1
k

where 7 = #. This shows that for a > 0 the forward difference scheme
U(x,t+k)=1—ar)U(z,t) +arU(x + h,t)
will converge but
Uz, t+k)=(1+ar)U(x,t) — arU(z — h,t)

will converge if a < 0. In each case the scheme that will converge is known as an upwind
scheme.

3Hans Lewy born 20 Oct 1904 in Breslau, died 23 Aug 1988 in Berkeley
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9.4.5 Stability

The CFL condition is concerned with convergence but it is closely associated with sta-
bility problems for the difference schemes. Again consider the first order equation

Ut = AUy (9.15)

The coefficient a is the propagation velocity and is assumed constant. Then discretising
the time derivative using a forward difference and expanding by Taylor’s series (centred
on z,t) gives

1
u =+ (u(z,t + k) —u(z,t)) — gutt + O(k*) (9.16)
using a central difference for the space derivative gives
1
Us = 57 (u(z + h,t) —u(x — h,t)) + O(h?) (9.17)

Substituting into (9.15) gives

Uz, t + k) = Uz, ) + % Uz + h,t) — Uz — h,t)) (9.18)

this is first order accurate (in time), but substituting back with (9.16), shows that the
difference equation (9.17) is a O(k? + h?) replacement (i.e. order (2,2)) of

k
Ut — AUy = —Eutt (919)
from (9.15) this is equivalent to
k o
Ut — AUy = — =0 Ugy (9.20)

2

as the diffusion coefficient in (9.20) is negative this means that the solution is unstable.
This explains the derivation of the Lax-Wendroff scheme that incorporates a difference
approximation to the term §a2um. If the centred difference (9.17) is replaced by either

a forward difference which, expanding by Taylor’s series gives

1 h
Uy = E(u(x + h,t) —u(x,t)) — 5 Uaa + O(h?) (9.21)

or backward difference which, expanding by Taylor’s series about (z,t), gives

1 h
Uy = E(u(x,t) —u(x —h,t)) + 5 ez + O(h?) (9.22)
These give respectively
k
Uz, t+ k) =U(z,t) + ay (U(x + h,t) — U(x,t)) (9.23)

and
Uz, t+ k) =U(z,t) + a% (U(x,t) = U(z — h,t)) (9.24)
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as second order replacements of respectively
a
ut — Az = 5 (h — ak) ugy (9.25)

and a
up — ally = —5 (h + ak) ugy (9.26)

Thus for stability, with positive diffusion, the forward difference (9.23) is needed when a

is positive and the backward difference (9.24) when « is negative (i.e. upwind or upstream
differences), in addition to the CFL condition |alk < h.

9.5 Finite Volume Methods

Consider the equation

Ut + Uy = 0;
define
u(t) = —/ u(z,t) dt
h J,
then
z+h  pttk z+h  pttk t+k  pxth
/ / (ug + uy) dtdx = / / wy dtdr + / / u, dxdt
x t x t t x

and so

z+h t+k
/ (u(z,t + k) —u(z,t)) de + / (u(z + h,t) —u(z,t)) dt = 0
x t
which can be written as
t+k t+k
u(t+ k) =a(t) — / u(x + h,t) dt + / u(x,t) dt
t t

the integrals on the right represent flow across the boundaries of the cell (the finite
volume), for further details see for example[6].

e ———— +-
I I
I I
— —
I I
I I
t+k _L_____ 1_
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9.6 Parabolic Equations

Consider the initial boundary value problem

U = Uge 0<a <l t>0
u(z,0) = flx) O<ax<l (9.27)
u(0,t) = go, u(l,t)=g1 t>0

Parabolic equations typically model heat conduction or diffusion processes, so if there is
no input into the model, the typical solution exhibits an exponential decay. The proof is
not restricted to one space dimension so rewrite (9.27) as

w = VZu inQt>0
u = f nQt=0 (9.28)
u = g onl;t>0

The space L2(€2) is defined with the inner product

(u,v) z/qu dQ

1/2
] = (u, )2 = (/ u? dQ) .
Q

Theorem 36 Stability: . Given that u is the solution of (9.28), it follows that if g =0
then

and hence the norm

d

—lull < 0O

=l
and hence for any t > 0, ||u(.,t)|| < ||f]l-
Proof
For any fixed ¢ > 0, using the divergence theorem

w = VZu inQ,
wu = uViu in Q,

/utu Qo = fQuV2u dqQ,
Q

/utu aQ = — [, |Vul? dQ,

Q

14 [ w?d = — [,|Vu?dQ <0
Q

Hence ||u(.,t)|| is a decreasing function of ¢ so
[u(, DI < lu 0)[ = [I7]
Q.E.D.

There are two standard ways of investigating the stability of finite difference approxima-
tions
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e The matrix method where the scheme can be written as
Uit+k)=AU®#)+b
and the stability depends on the eigenvalues of A.

e The Fourier Method (a.k.a. The von Neumann method?) is easier to apply, but from
the von Neumann condition (Theorem 30), in general it only provides a necessary
condition for stability.

In either case, assume that the finite difference equations are solved for two different
initial conditions f1(x) and fa(z) to give two different solutions U; and Uy the scheme
is stable if the difference w = U; — Us remains bounded. The difference w satisfies the
same finite difference equations as the solutions U; and Us so

w(t+ k) = Aw(t)

and it remains bounded if || A < 1.

9.6.1 Crank-Nicolson
A simple ezplicit method for the diffusion equation in (9.27) can be written as
Uz, t+k) = Ulx,t)+rDiD_Ulx,t)
= rU(x—h,t)+ (1 -2r)U(x,y) +rU(x + h,t)

where now r = . The Crank-Nicolson method[2] for (9.27) is implicit and can be
written as

—sU(@—h,t+k)+ (1 +r)U(z,t +k)—5U(+ht+k)
= U@ —ht)+ (1 -r)U(z,t) + 5U(z +h,t)

Substituting w for U in the explicit scheme gives

w(z,t+k) = rw(x—~ht)+ (1 —2r)wz,t)+rwlc+ h,t)
Kn—i—leigm _ rﬁneif(m—h) + (1 _ QT)Hnezfm + rﬁneig(x—i-h)
K = re %M 4 (1 —2r) 4 refh

= 14 2r(cos(éh) — 1)
.2 (¢h
= 1—4rsin (%)
hence the method is stable for all frequencies such that

h
—1<1—4rsin® (%)

4John von Neumann first used the method during world war IT
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and is stable for all frequencies if

r<

N =

In order to apply the matrix method it is necessary to write out the full set of difference
equations, including the boundary conditions, in the form U(t + k) = AU (¢) + b, for
problem (9.27) it follows that the explicit scheme with the mesh length h = {/m leads to
the (m — 1) x (m — 1) matrix

1-2r r
T 1—-2r r
A= .
r 1-—2r T
r 1—2r
with
rU(0,t) U(h,t)
0 U(2h,t)
b= : U(t) = :

0 U((m — 2)h,t)
rU(mbh,t) U((m —1)h,t)

where U(0,t) and U(mh,t) = U(l,t) are defined by the boundary conditions in (9.27).
It is known® that the eigenvalues of the (m — 1) x (m — 1) matrix

are

As = a+ 2v/be cos (s_7r)

m

where a, b and ¢ may be real or complex. With h = # by writing £ = #F the condition
A < 1 gives the same condition as for the Fourier method which is necessary and sufficient
in this case. for Crank-Nicolson the equation is

AU+ k)= AU((t)+b

where
1—r 5 1+r -3
5 1—-r 3 -5 l4+r —3
A(): and A1:
;o1 g 5 1tr
3 1—r -3 1+7"

5A proof is given in [8] and the proof of the eigenvalues for more general symmetric tridiagonal
matrices is given in [13].
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and A = Afle as Ag and A; have the same eigenvectors, the eigenvalues of A are

1 — 2rsin® <5h)

Ag = ——8M8M8M8M—=
1+ 2rsin (gh)

which clearly satisfies A; < 1 for all £ and all » > 0. So the stability of the Crank-Nicolson
method is unrestricted. For other boundary conditions it may be necessary to bound the
eigenvalues using:

Theorem 37 Gershgorin’s first theorem: The largest of the moduli of the eigenvalues
cannot exceed the largest sum of the moduli of the elements in any row or column.

Theorem 38 Gershgorin’s circle theorem: Let Py be the sum of the moduli of the ele-
ments along the s-th row, excluding the diagonal ass. Then each eigenvalue lies inside
or on at least one of the circles |\ — ass| = P,

9.7 Elliptic Equations

Any numerical solution must preserve the property that the solution depends continu-
ously on the boundary data and cannot have maxima or minima at interior points (i.e.
Dirichlet’s Principle). At the present time, in most practical computation finite ele-
ment methods are preferred to finite differences. Currently work is focused primarily on
solution methods, either fast direct solvers or efficient iterative methods.

9.7.1 Fast Poisson Solver

Consider solving numerically the heat conduction problem

Ugz + Uyy = 07 Yz Y € ( ) 1)7

u(z,0) = (x), Vzel0,1]

u(z,1) = g?(x), Vx 6 [ 1] (9.29)
um(o’y) = 0 :um(l’y) [Oa]-]

(compare this with (6.7) where the solution was determined in terms is Fourier series in
x) This corresponds to computing a temperature distribution on the unit square, with
two edges thermally insulated and with prescribed temperatures on the others. A second
order accurate finite difference approximation to the p.d.e. is

21+ a)U(z,y) —U(z—h1,y) = U(x+h1,y) —a(U(z,y —he) +U(z,y+ha)) =0 (9.30)

B\ 2
where a = <h—1) . If hy = ho = h this reduces to the 5-point Laplacian
2

AU (z,y) —U(x — h,y) —U(x+ h,y) —U(x,y —h) —U(z,y + h) =0
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To discretise the problem, use a uniform mesh of (m; 4+ 2) x (m2 + 2) nodes defined by:

zj=(j—$)h1, hi=1/m,

j '7m1+1a
yr = kha, ha=1/(ma+1), k

0,..
O,...,m2—|—1.

Note that the mesh is centred at the boundaries with Neumann boundary conditions
(x = 0,1). This method clearly becomes complicated if the boundaries are not parallel
to the grid, which is one reason why the finite element method with an unstructured grid
is often preferred for irregular domains. Order the nodal values row-wise as

Ui,y Ul(hs)

U1 -y U~ hy)

A simple discrete solution satisfies finite difference equations can be written in the form

AU =b (9.31)
where
b(0)
go(21) g1(z1) 0
b(0) = g , b(l) = : and b= :
gO(xml) g1 (xml) 0
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Zo 1 T, Tmy+1

The coefficient matrix

is a block-tridiagonal (mj3ms) X (mims) matrix with ms block rows
AT
T A T
A= s
T A
T

N

where for A is the m1 X my tridiagonal matrix

200+ 1 -1
-1 200+2 -1

A = .. ..
-1 2a+2 -1
-1 2a+1
and T = —al. Tt is known that the eigenvectors of the matrix A have the form v*) =
(P VDT where
1 s Umy

mil, l=1,...,my; k=1
NCI

2 cos ((k—1)(1— 3)why), Il=1,...,my; k=2,...,m

1

3

Hence B
Av®) =\ k=1, m
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where )y is the kth eigenvalue of A and

At

. Az
VTAV = A = diag(\y,) =

Ama

Then define the my X my matrix
V= ('v(l), e ,'o(ml))

and the block-diagonal (mims) x (mimsg) matrix with mso block rows

v
Q= =I®V
14
where I is the ma X mo unit matrix. The Kroneker (tensor) product A ® B is defined as
anB -+ a,B
A®B= : :
amB - apnB
Then as @ is orthogonal, the system of equations can be written as
QQTAQQTU =b
or
(QRTAQ)Q"U =Q"b
the matrix A is therefore replaced by

A 0
A T
QTAQ = .. + . .
A T 0

= I®A + Dol

where the unit matrices are respectively of size ms and m; and where T is the mo X mo

matrix
-1
-1 -1

T2=Oé

Assuming this corresponds to ordering is initially by rows, reordering by columns leads
to the matrix

M+ T,
N=ARI+1IT, =
)\mlf—f—Tg
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and the mo X my matrix N; = A\;1 4+ 75 is tridiagonal and so a direct solution by Gauss
Elimination is straightforward. Computationally, the solution can be split into three
phases.

Phase 1:
v—Q"b

This is multiplication of the row-wise data b by the matrix V', i.e. it is a cosine
transform of type 2 (see section on discrete transforms). A cosine transform of
length n can be performed efficiently in O(n logn) operations, hence as it is only the
first and last blocks of b that contain non-trivial data, the computational complexity
of this phase is O(m1 logmy).

Phase 2: Solve
Nz=wv

This is a sequence of tridiagonal solves on the column-wise data (so a reordering of
the data is required), the matrix corresponding to block row j is

— )\j

The tridiagonal matrices are ms X mo and hence each system can be solved in
O(my) operations. There are m; systems, so the overall computational complexity
of the second phase is O(mims)

Phase 3:
u— Qz

This is multiplication of the row-wise data z by the matrix V7, i.e. it is an inverse
cosine transform of type 2, i.e. a cosine transform of type 3 as defined later, is
required after the data has been reordered back to the original row-wise ordering.
I this phase the computation is again O(my logm,) for each block but now there
are mg non-trivial blocks so the cost for this phase is O(mimsologmy)

The third phase cost dominates so the total cost is O(mqms logmy). In the original form
the solution was defined by an mami X mem; matrix with O(m;) bandwidth hence a
full solution using Guass elimination would cost O(m$msz) operations.

9.8 Spectral Methods

Given the equation
—Uggy — Uyy = f.

Apply a Discrete Fourier Transform (DFT) (9.42) in both x and y to give

5°Ujk + KUjk = Fji
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using the coefficients

Fjk
j2 + k2
apply an IDFT in each direction to obtain U. Only finite number of terms in both DFT
and IDFT are used so the solution is approximate. An efficient solution implments the
DFT as an FFT.

Uji =

9.9 Theory of Gradient Methods

For a more general sparse matrix A, that does not have a narrow regular band structure
Guass elimination is even less efficient and it is necessary to use iteration. Unfortunately,
simple iterations such as Jacobi or Gauss-Seidel can only converge rapidly for matrices
that are strongly diagonally dominant (|a;| > -, [ai;|) and matrices that are not
strongly diagonally dominant require alternative methods that converge faster. To cut
down on the subscripts/superscripts in this section the following simplifying notation is
used: ¢ = ¥ is the current approximation and Ty = (1) is the next iterate, etc.,
and the exact solution is x*.
At each iteration, given a search direction p, then the approximate solution is updated

as

Ty =z + ap (9.32)
where « is computed by a local minimisation that will be explained below. The resid-
ual » = b — Ax is also updated rather than computed explicitly and so from (9.32)
multiplying by A

Az, = Az + aAp

and it follows that

ry =1 — aAp (9.33)
If the matrix A is symmetric and positive definite then the quadratic form 7 Az can be
used to define a norm for the vector x as

|24 = (" Az)"?.

When A is symmetric positive definite then A~ is also symmetric positive definite and
hence the quadratic form &7 A~ 'a also defines a norm. For conjugate gradients, at each
iteration, the parameter « is computed by local minimisation of the residual in terms of
such a norm, i.e.

min 77 A 'y =min (b — Az)TATHb — Azy)

where as A = AT and so 7 Ay = y* Ax and from the update formula (9.33)
riA7lry =(r — aAp)TA™(r — aAp)

=rTA lr — 20pTr + o?*pTAp
the gradient is zero at minimum hence differentiating w.r.t. « gives
b - Ax)"p  r"p
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The error can be written in terms of the residual as e = * — = A~ 'r and the norm
to be minimised can be rewritten as

TIA*1T+ = eIAeJr
Thus conjugate gradients requires
mgn eIAeJr.
For any symmetric positive definite matrix B other methods are derived with
rrgn eiBeJr
.. minimising any error norm

lells = (" Be)' .

9.9.1 Computing the Search Direction

At each iteration of conjugate gradients it is essential to: compute the value of o from
(9.34), update the approximation from (9.32), update the residual from (9.33), but first
it is necessary to provide the new search direction p.

At each step define the matrix P in which the columns are the search directions,
so Py = [ P p, } Similarly define R in which the columns are the residuals, so
Ry = [ R r ] Then define span{ P} as the space spanned by the search directions. If
we require that x is also optimal in the whole space spanned by the search directions
so far, i.e. a global minimum not just a local minimum, then writing x as a linear
combination of all the search directions gives

xy =Pa + ap
where the coefficients a and « solve the minimisation problem

. T s—1 _ . _ _ T 4—1 _ _
31(1)617414 74 =min (b — APa — aAp)" A= (b — APa — «Ap)

then expanding the quadratic form,

riA7'r, = (b — APa — aAp)TA7'(b — APa — aAp)

b' A6 — 2apTb + o2pTAp

— 2aTPTb + aTPTAPa

+ 20a”PT Ap
The two minimisations, w.r.t. « and w.r.t. a are uncoupled iff

aTPT Apa =0
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as « and a are arbitrary this condition becomes
that is, the search directions are conjugate (or A-orthogonal),

plAqg=0 for any p # q
The matrix A is symmetric positive definite so we can interpret (wTAac)l/ 2 as a norm

and hence p” Aq as an inner product.

9.9.2 Convergence

The minimisation w.r.t. a leads to (9.34) and the other minimisation
m&n (b — APa)TA™'(b — APa)
after differentiating leads to
PT(b — APa)=PTr =0. (9.36)

If in addition,
Pfr = pib — p4T_APa, = p4T_b =0

then b € span{AP} and
x* = A~'b € span{P}

= x*=x = PAa
= r=0

so that either the iteration has converged or p”r # 0.
Given that p(V) = r(9) = b it can be proved by induction from (9.35) and (9.36) that

span{ R} = span{ Py }.

Thus there exists a nonsingular triangular matrix S corresponding to the change in basis
R = P.S, so from (9.36),
Plr, =0=R"r, (9.37)

and the residuals are orthogonal, i.e. rTs = 0.
9.9.3 Recurrence Relation for the search direction
Assume that the update for p can be written in the form
py =1+ + Op (9.38)
From (9.38) the conjugacy condition p Ap = 0 gives

7{ Ap
pT Ap

B=— (9.39)
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The update formulae (9.33) and (9.39) involve 3 different inner products so the efficiency
of the method can be improved using the orthogonality of the residuals r{r = 0 with

re=r — aAp

gives
r£r+ = - a'r{Ap.
Similarly 77p = 0 and so from (9.38)

T, _ T
TAp, =T T,

and from (9.33)

rTr = ap® Ap.
So (9.39) becomes
T
ryiTry
=_ 9.40
s rTy ( )
with (9.33) becoming
rTy
= 41
e’ T Ap (9.41)

Hence with these modfications to the computations of the scalars the Basic CG Algo-
rithm becomes:
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9.9.4 Preconditioning

The key to rapid convergence of iterative methods is the preconditioning, that is in order
to solve Ax = b, then the iteration is applied to the system

Az =b
where A = M~'A4 and b= M~'b. Alternatively with M = M Mg solve
M;'AMp 'y = M 'b.

The two solutions are connected by Mrx = y. If the matrix ML_lAMgl is to be
symmetric, when A is symmetric, then My = M}):.
The matrix M = M Mg is an approximation to A

9.9.5 Preconditioned Conjugate Gradients (PCGQG)

The algorithm for PCG requires one linear solve
MLMRZ =T
per iteration, the conjugacy conditions become

r<j>TM§1Mglr<i> _—

Il
o

p" Mzt AM; p)
The derivation is straightforward with the substitutions
r — Mpr
v — Mpv
r — Mg 1z
p— Mg'p

The PCG Algorithm can be written as:
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The choice of a good preconditioner can have a dramatic effect upon the rate of
convergence. Popular choices are

e Diagonal Preconditioning
M = diag(A) so My, = Mg = M'/?

e Incomplete Cholesky Factorisation

— By position: e.g. ICCG(0), the position of the nonzeros in M is governed by
the position of the nonzeros in A.

— By value: Components of M are nonzero if component of L in A = LLT is
large enough

9.9.6 Discrete Transforms

The sums
N-1
1 2mkn
Xp= - apexp|—i . k=0,1,...,N—1 9.42
are known as the discrete Fourier transform (DFT) of the data z,, n=0,1,...,N — 1.

It is a linear, invertible function F : RN — RYN. The inverse discrete Fourier transform
(IDFT) of the data X, k=0,1,...,N —1 gives

N 2mnk

-1
1
— Xpexp |t
kaZO k P( N

Ty =

), n=0,1,...,N—1 (9.43)
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without the factor \/—lﬁ the symmetry of formulae (9.42) and (9.43) is lost. The DFT
can be implemented in an efficiently so the the transform takes O(nlogn) arithmetic
operations. This is known as a fast Fourier transform (FFT), assuming N = 2", the
FFT can be implemented using explicit recursion (as in the FEFTW package [4]) a simple

MATLAB implementation is below.

The discrete cosine transform (DCT) is also a linear, invertible function F : RY —
RY. There are several variants of the DCT with slightly modified definitions. The N real
numbers zg, ..., ry—_1 are transformed into the N real numbers Xg, ..., Xy_1 according
to one of the formulae:

DCT-II
N-1 - 1
X = Z T, COS [N (n—l— 5) k]
n=0
The DCT-II is probably the most commonly used form, and is often simply referred

to as “the DCT”.

This transform is exactly equivalent (up to an overall scale factor of 2) to a DFT of
4N real inputs of even symmetry where the even-indexed elements are zero. That
is, it is half of the DFT of the 4N inputs y,,, where y2, = 0, yap+1 = n, 0 <n < N,
and Yann = Yn, 0 <N < 2N.

DCT-III
1 = ™ 1
X = — J— —
A 23:0—1—”5:1 I, COS [Nn <k+2)]

Because it is the inverse of DCT-II (up to a scale factor), this form is sometimes
simply referred to as “the inverse DCT” .
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Chapter 10

Finite Element Methods

10.1 Introduction

The finite-element method was originally introduced in the 1950’s as a method to calcu-
late elastic deformations in solids. Later the method has been developed and generalised
for all kinds of partial differential equations. It is the dominating technique for solid-
mechanics problems such as estimating stresses and strains in elastic material under pre-
scribed loads. CAD (Computer Aided Design) systems typically provides finite-element
solvers in a highly integrated fashion. The engineer can typically with a few clicks on the
computer screen estimate the deformations and stresses of, say, a machine part during
the design. Finite-element methods are also commonly applied to other areas, such as
calculations of electromagnetic fields and fluid flows.

In order to provide a brief introduction to the ideas, this note concentrates on a
standard model problem for elliptic boundary-value problems, the Poisson problem. Only
homogeneous Dirichlet boundary conditions are covered here.

10.2 FEM for the Poisson Problem in Two Space
Dimensions

We consider the boundary-value problem
(10.1)

where () is an open, bounded and connected domain in the plane, and I is its boundary.
The Laplacian A is the sum of second derivatives

0 | 0

A= T ap

Letting u represent a temperature field, equation (10.1) models steady heat conduc-
tion in a homogeneous, isotropic material, such as a metal, in which the temperature is
held at zero on the boundary. The function f can be used to model heat sources such as
electric heaters embedded in the material.

75
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10.3 Green’s Formula

We need some definitions and formulae from vector calculus. For any differentiable
function v from R™ to R, the gradient is the vector

v Ov v
Vv = — ey, — |,
O0x1’ Oxo 0z
and for any differentiable vector-valued function w = (wy,ws, ..., w,,) from R™ to R™,
the divergence is

Z 811)1
8{Ei '
By the product rule of differentiation, the formula

V- (vVu) = Vv - Vu + vAu, (10.2)

that is,

0 v Ou = 0%
Zaxz < ) Z@@ z; ;”a_xf’

=1

holds for differentiable functions v and twice differentiable functions w.

Also recall the divergence theorem (or Gauss’ theorem) which identifies the integral
of a vector-field divergence over a domain with the integral of the normal component of
the field along the boundaries:

/V-wdQ:/n-wds7 (10.3)
Q r

Here, n denotes the outward-directed unit normal on I'. Identity (10.3) holds for func-
tions w and boundaries I' that are sufficiently smooth.
Combining the divergence theorem (10.3) with formula (10.2) yields Green’s formula

/v% dSZ/Vv-VudQ—i—/vAudQ, (10.4)
r on Q Q

where

ou i
%—n Vu—Zmaxl

denotes the directional derivative of u in the normal direction. Green’s formula is a
generalisation to higher dimensions of the integration-by-parts formula

/01 u'v' de = u'(1)o(1) — u'(0)o(0) - /01 u"v dz.
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10.4 The Variational Form

A classical solution to the Poisson problem (10.1) is a smooth function w satisfying
equation (10.1). The precise requirements for u to be a classical solution is that it
should be twice continuously differentiable, and its first and second derivatives should
be functions that can be continuously extended up to the boundary. This assures that
Green’s formula (10.4) can be applied on u. Let v be a smooth function from Q = QUT
to R such that v(z) = 0 for each z € T'. Multiply both sides of equation (10.1) with v,
integrate over ), and apply Green’s formula (10.4) to obtain

Jo fodQ = — [, vAudQ

= [rv@ds+ [, Vv-VudQ = [, Vv Vud?, (10.5)

where the fact that v vanishes on the boundary has been used in the last equality. From
expression (10.5) immediately follows

Theorem 39 If u is a classical solution to the Poisson problem (10.1), then u satisfies

/Vu-Vde:/fde, (10.6)
Q Q

for each smooth function v vanishing on the boundary.

Equation (10.6) is called the wvariational form of the Poisson equation. Theorem 39
refers to the original problem (10.1), but the variational form can be used to define a
function u without reference to the differential equation. For this purpose, we introduce
the function space

V= {v : / |Vv]? dQ < 400 and v|p = O} , (10.7)
Q

ov \? ov \2
2 = _
IVl _(3331) +<3$2) '

/ |Vol?dQ < +o00
Q

where

The condition

corresponds in many applications to demanding that the energy should be bounded, for
instance when the Poisson equation is used to model steady heat conduction. Note that
V' is a linear space, that is, if v, w € V, then av + pfw € V for each «, 8 € R. The space
V is a so-called Sobolev space, and is often denoted Hj(f2) in the literature.
The variational problem, now formulated without reference to the differential equation

(10.1) is

Find u € V such that

Jo Vu-VudQ = [, fvdQ YveV.

Solutions to variational problem (10.8) are called weak solutions of the partial differential
equation (10.1). From Theorem 39 follows that classical solutions are weak solutions.
As the label “weak” suggests, there are weak solutions that are not classical solutions.
However, one can show that weak solutions are classical solutions provided that the
function f and the boundary I' are sufficiently smooth.

(10.8)
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10.5 The Minimisation Problem

The variational form above is all that is needed to define a finite-element discretisation.
However, a classical solution to the particular problem that we consider, equation (10.1),
also satisfies a certain minimisation problem, that is, the classical solution minimises the

quadratic form
1
F(v):—/ |Vv|2dQ—/fde.
2 Jo Q

Similarly as was done for the variational problem, we can also consider the problem of
minimising F' within the function space V' without reference to classical solutions, that
is, consider the problem:
find u € V' such that
F(u) < F(v) Yv e V.
In fact, the variational problem (10.8) and the minimisation problem (10.9) are equiva-
lent:

(10.9)

Theorem 40 The element uw € V minimises F if and only if it is a solution to the
variational problem (10.8)

Remark 1 The proof below may appear long, but in essence it is really no more compli-

cated than showing that the parabola F(x) = %xQ —xf has its minimum at x = f

Proof
For any u, v € V, we have

Flu+v) = %fQ|Vu+VU|2dQ—fQ flu+v)dQ
=1 [IVul? +2Vu - Vo + |[Vol?] d — [, f(u+v) dS.

(i) Assume that u € V is a solution to the variational problem (10.8). Then expression
(10.10) reduces to

Flu+v) =3[, |Vu?dQ— [, fud+ 1 [,|Vv]?dQ
=P+ [ [VoPde > Flu) (10.11)
2 Q

(10.10)

>0

for any v € V', which shows that u minimises F'.

(ii) Now assume that v € V minimises F. For any t € R and v € V, we define
the function f(t) = F(u + tv), that is, by perturbing F' away from its minimum.
Expression (10.10) yields that

f@) =F(u+tv)
= F(u) +t ([, Vu-VodQ - [, fodQ) + £ [, |Vo[?d9,

that is, f is a second-order polynomial in ¢ with a minimum when the derivative
vanishes (since the leading term is non-negative). We also know that the minimum
is attained for ¢ = 0 since w minimises F'. Setting f’(0) = 0 yields that

/Vu-Vde—/fde:O, (10.13)
Q Q

(10.12)

for any v € V, that is, u is a solution to the variational problem (10.8).
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Q.E.D.

Remark 2 Variational forms can be defined for practically all elliptic boundary-value
problems, but minimisation forms cannot always be defined, for instance when the differ-
ential equation contains first-derivative terms.

Remark 3 In mechanics application the variational form (10.8) is called the principle
of virtual work, and the minimisation problem (10.9) is called the principle of minimum
potential energy.

Remark 4 The terminology used here, “variational” for (10.8) and “minimisation” for
(10.9), is convenient for our purpose, but is not the only existing. Quite commonly the
minimisation problem is called a variational form. In fact, the notion of variational forms
was first attached to minimisations of “functionals” like F' in the calculus of variations.

10.6 Meshing and Finite-Element Approximation

We introduce a triangulation of the domain 2, that is, Q will be subdivided into non-
overlapping triangles as illustrated in figures 10.1 and 10.3. The triangular corners are
called the nodes of the triangulation. The boundary nodes are the nodes which are located
on the boundary, and the internal nodes are the nodes which are not boundary nodes.
A valid triangulation should not contain “hanging nodes”, that is, no node should be
located at another triangles side, as in figure 10.2. The “fineness” of the triangulation is
characterised by a parameter h > 0, the largest length of any of the triangular sides, for
instance.

Now define Vj, as the space of all functions that are continuous on €, linear on each
triangle, and wvanishing on the boundary I'. The graph of such a function is a surface
composed of triangular-shaped planes, as illustrated in figure 10.4.

This space is constructed so that V, C V, and we define the finite-element discreti-
sation of the Poisson problem (10.1) as

Find uj € Vj, such that
fQ Vuy, - Vo, dQ) = fQ fvh dQ) Yy, € V.

Note that the discretisation is obtained simply by replacing V' with the subspace V}, in the
variational form (10.8). This kind of procedure is also called a Galerkin approximation.

(10.14)

10.7 The Algebraic Problem

A function in the above defined space V}, is uniquely defined by its values at the internal
nodes (we already know that the function is zero at the boundary nodes). To see this,
it is enough to note that the planar surface of u; on each triangle is uniquely defined by
the values of uj, at the triangular corners. Let N be the number of internal nodes. Using
the basis functions {¢; (m)};\;l C Vh, each function uj € V3, can be written

N
up () = Zuﬂbj (), (10.15)
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Figure 10.1: A valid triangulation. In- Figure 10.2: Not a valid triangulation:
ternal nodes are marked by solid dots contains hanging nodes.
and boundary nodes by circles.

Figure 10.3: A more complicated triangulated domain (note that the domain may contain
holes!)

Figure 10.4: The functions in V}, are continuous and linear on each triangle. (The
boundary nodes are not included in this picture.)
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Figure 10.5: The basis function ¢;(x) is equal to one at node j and zero at all other
nodes.

where u; is the value of wj at note j, and ¢;(x) is the “tent” function depicted in
figure 10.5. The function ¢; is zero everywhere, except that it raises as a “tent” around
node j, that is, ¢; € V such that

¢j(xk) = {

where x is the coordinate of node k. Substituting the expansion (10.15) into equation
(10.14) yields that

1 if k=4,
0 otherwise,

N
Zuj/QVqu-VvthZ/vath Yop, € V.

Jj=1

Since equation (10.7) should hold for each vj, € V},, it must in particular hold for v, = ¢;,
t=1, ..., N, which means that

N
Zuj/wj-vqsid(z:/f@dﬁ i=1,...,N. (10.16)
= Q Q
Problem (10.16) is a system of linear equation in the coefficients u;, j =1, ..., N, that
is,
Au=1b, (10.17)

where the matrix A has components

Ay = [ 96 V6;do,
Q

and
(75} fQ f¢1 d§2

u= : , b= :

With a terminology borrowed from solid mechanics, the matrix A is called the stiffness
matriz and the vector b the load vector. This terminology is used also for cases, like heat
conduction, when the PDE we are discretising has nothing to do with mechanics!

We conclude that a numerical approximation of the Poisson problem with a finite-
element method involves setting up and solving the linear system (10.17).



82 CHAPTER 10. FINITE ELEMENT METHODS

J1 . 2]

h
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Figure 10.6: A structured meshing of the  Figure 10.7: A basis function associated
unit square. with the mesh in figure 10.6

10.8 An Example

Let the domain €2 be the unit square, and consider the structured mesh of figure 10.6.
There are J internal nodes in both directions and the sides of each triangle are h =
1/(J 4+ 1). There is a total of J2 = N internal nodes, assumed to be numbered in the
row-wise direction as indicated in figure 10.6. The basis functions ¢; have the shape
indicated in figure 10.7. The support of each basis function, that is, the nonzero region
of the function, consists of the 6 neighbouring triangles that surround node i. Note that
this means that most of the stiffness matrix elements

Aij = / Vi - Vo;dQ
Q

are zero. For instance, A; ;4o = 0 since there is no overlap in the support for the functions
@i and ¢;2; see figure 10.8. In fact, A;; can be nonzero only when ¢ and j are associated
with nearest-neighbouring nodes (figure 10.9).

To calculate the stiffness-matrix elements, we need to know the gradients of the basis

functions,
_ (09 09
vor = (G 5.

The gradient is constant at each triangle since ¢; is composed of planar surfaces. Letting
the x and y directions be oriented in the horizontal and vertical directions, respectively,
the values of the gradient at the support of the basis function are indicated in figure 10.10.
Note that the basis function is equal to one at the filled dot and equal to zero at the
open dots, which means that the gradient can simply be read off as the slope of the
“tent” function along the sides of the triangles. With the aid of the gradients given in
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figure 10.10, we can compute the diagonal elements in the stiffness matrix,

Aii = [4Vi-VéidQ =30, [} Vi Vs dD

72| T1| + 275 | To| + 7= |Ts| + 7= |T4| + 27 | T5| + 7= | T
1K

8L =4,

To compute A; ;+1, note that V¢, - Vi1 # 0 only in two triangles (figure 10.11), thus

on Ty : Vo, = (—%, %) Voipy1 = (%’0)
on T : Vi = (—+,0) Voiri = (5 %)
and thus
Aiiv1 = [y Vi Vi1 dQ=30_, J1, Vi - Visr dQ
=~ Tl = =T =~ = -1

Similar calculations yield that
A1 =Aig=4,-5=-1, Ajivg+1 =A-5-1=0.

Also note that the matrix A is symmetric: A;; = Aj;. Altogether, we obtain the block
triangular structure (empty space means zeros!)

T I
-1 T -I
A = .. ..
-1 T -I
-1 T
where T and I are the J-by-J matrices
4 -1 1
-1 4 -1 1
T = t. . s I = 5
-1 4 -1 1
-1 4 1

Thus, the ith row of the matrix-vector product Au will be
411,1' —Uij+1 — Uj—1 — Ui+J — Ui—J- (1018)

Node 741 and i — 1 is located to the right and left, respectively, of node 7, whereas nodes
i+ J and i — J are above and below node i. Thus, expression (10.18) is precisely the
classical five-point, finite-difference formula. We reach the remarkable conclusion that the
finite-element discretisation of the Laplace operator using continuous, piecewise-linear
functions on the structured mesh of figure 10.6 reduces to a standard finite-difference
formula for the Laplacian. Note, however, that this does not hold in general; finite-
element discretisations are not always easy to interpret as a finite-difference method.
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10.9 Properties of the Stiffness Matrix

Consider the stiffness matrix A with components
Ay = / Vi - Vo, dS,
Q

which was obtained by discretising the Poisson problem (10.1). This matrix has some
very particular properties, which will be discussed in this section: it is symmetric, positive
definite, sparse, and ill conditioned. All these properties, except the sparsity, reflects the
nature of the boundary-value problem (10.1). Some or all of these properties may change
if the equation or the boundary conditions are altered. For instance, if an additional term
containing first derivatives of u is added to equation (10.1), the stiffness matrix will no
longer be symmetric. The sparsity is a consequence of the fact that the chosen piecewise-
linear approximations allow a compact basis, the “tent” functions of figure 10.5.
The symmetry of the matrix is immediate,

Q Q

Moreover, the matrix is sparse, since A;; = 0 whenever ¢ and j are not nearest neigh-
bours. The number of neighbours to each point does not increase when the mesh is made
finer, as long as the mesh refinements are made in a sensible way, see the discussion
in section 10.10. Thus, the number of nonzero elements on each row does not increase
with the order of the stiffness matrix, that is, the matrix in a sense becomes sparser and
sparser with increasing matrix order.

Recall that a real matrix A is positive definite if v7 Av > 0 whenever v # 0.

Theorem 41 The stiffness matriz is positive definite.

Proof
Let v, € V3. Expanding vy, in the “tent” basis functions yields

N
vy = Z vidi().
i=1

Setting
T
v = (v1,v2,...,Un)"
yields that
vTAv =38 SN v [, Vi - Ve, dQu;
N N
= [0 DV (0ids)- >V (vj¢) dQ = [ |Voy|?d2 > 0, (10.19)
i=1 j=1
=Vuy =Voup

with equality if and only if Vv, = 0, that is, if vy, is constant. However, since vy, is zero
on the boundary (by definition of V},), it follows that the constant must be zero. Thus
expression (10.19) is zero only if vy, = 0, that is, when v = 0. Q.E.D.
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One important consequence of Theorem 41 is that equation (10.17) has a unique solution.
This follows from the fact that positive-definite matrices are nonsingular: For a singular
matrix A, there would be nonzero vector v so that Av = 0, and thus v7 Av = 0.
Thus, singular matrices cannot be positive definite, and positive-definite matrices must
therefore be nonsingular.

The condition number of the stiffness matrix depends strongly on h. In fact, if
the quotient between the size of the smallest and largest triangle in the mesh is kept
bounded as the mesh is refined, one can show that the condition number grows like
cond(A) = O(h~2). The stiffness matrix is thus ill conditioned for fine meshes.

10.10 Accuracy

We have shown how to define a finite-element approximation of the Poisson problem
(10.1), that this yields the linear system (10.17), and that this has a unique solution.
The question how good the finite-element solution is as an approximation of the original
problem will be discussed in this section.

For finite-difference discretisations, accuracy questions are usually addressed indi-
rectly by applying the Lax—Richtmyer Theorem. The crucial steps is then to derive
truncation errors and to check stability. If the method is consistent, that is, if the trun-
cation error vanishes as the mesh is refined, the method is convergent if and only if it
is stable. For finite-element discretisations, this approach is hardly ever used, since it is
possible to study the error in the discretisation directly. The easiest and most natural
way is to work with integral norms of the difference between the weak solution u of
problem (10.8) and the finite-element solution uj, of problem (10.14). The L?(Q) norm

of a function,
1/2
[v[L2(0) = (/ v? dQ) ;
Q

is the analogue for functions of the vector 2-norm. The perhaps most important norm
for solutions of the Poisson problem is the energy norm

1/2
lo|y = (/ |W|2d9> , (10.20)
Q

that is, the L?(Q)-norm of the first derivatives; recall that weak solutions were defined
among functions with bounded energy norm (the space of functions defined by (10.7)).
The importance of the energy norm is that the finite-element solution is optimal in the
energy norm. That is, no other function in V}, yields a smaller error in energy norm:

Theorem 42 Let u be the solution to variational problem (10.8) and wuyp, the finite-
element solution (10.14). Then

lu —uply < |u—ovplv Yy, € Vi, (10.21)

Proof
By equation (10.14), the finite-element solution wy, satisfies

/ Vuyp, - Vo, dQ2 = / f’Uh s Yo € Vj,. (10.22)
Q Q
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From equation (10.8) follows that the weak solution u satisfies

/QVU - Vo, dQ = /vah dQ) Yop, € Vi, (10.23)
since V}, C V. Subtracting equations (10.22) and (10.23) yields that

/QV(u —up) - Vo, dQ2 =0 Yo, € Vj,. (10.24)

Let v, be an arbitrary element of V},. Then

=l = [y |V~ up) P dQ = [V~ up)] - [V — )] d2

:fQV(u—uh)-VudQ—/V(u—uh)-Vuth
Q

=0 by (10.24)

(10.25)
:fQV(u—uh)-VudQ—/QV(u—vh)-Vvth

= 0 by (10.24)
= Jo V(u—up) - V(u—03)dQ < |u—uply|u—oplv,

where the last inequality follows from the Cauchy—Schwarz inequality. Dividing through
with |u — up|y yields the conclusion. Q.E.D.

The optimality property (10.21) does not hold for all elliptic boundary-value prob-
lems. For the finite-element solution to be optimal, it is necessary that the variational
problem yields a symmetric stiffness matrix.

The next step in an analysis of the error is a pure approximation problem. Typically,
one considers the interpolant, that is, a piecewise-linear function agreeing with u at the
node points; note that the interpolant is an element of V. The difference between the
interpolant and u can be estimated by a type of Taylor expansion. From Theorem 42
follows that the error in the finite-element solution smaller or equal to the error in the
interpolant. The precise magnitude of this error depends of course on how fine the mesh
is, but it also depends on the quality of the mesh. Loosely speaking, one should avoid
very thin triangles.

Altogether, estimating the interpolation error and utilising Theorem 42, it can be
shown that the error in the finite-element solution is of second order, that is,

lu, — u|r2q) = O(R®). (10.26)

Note that the norm above is not the energy norm; the error is of first order if measured
in the energy norm. For estimate (10.26) to hold, assumptions have to be made on the
mesh quality and on the smoothness of the solution to the variational problem (10.8).
Following conditions are sufficient.

(i) (Mesh quality.) The smallest angle of any of the triangles is bounded below as
the mesh is refined. This means that no triangle successively can become infinitely
thin.
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Figure 10.12: A strategy to maintain mesh quality is to subdivide each triangle into four
new triangles by joining the edge midpoints.

(ii) (Smoothness.) The boundary of € is smooth. Alternatively, the boundary is polyg-
onal and the domain is convex. (If Q is not polygonal to start with, it is typically
approximated with a succession of polygonal domains €2;, such that ©Q, — Q as
h —0).

The mesh quality condition above is maintained if the triangles, as the mesh is refined,
are subdivided into four triangles in the way indicated in figure 10.12. Refining each
triangle in the mesh in this way reduces all triangular sides with a factor 1/2. The error
will thus be reduced with a factor 1/4 (for problems on convex domains at least).

Higher accuracy can thus be obtained through refinement of the mesh (“h method”).
This should preferably be done adaptively, in the parts of the domain where it is needed,
to prevent the size of the stiffness matrix to become too large. There are automatic
methods for this. Higher accuracy can also be obtained through higher order on the
polynomials on each triangle (“p method”). For instance, the error in the sense (10.26)
can be improved to third order if V}, consists of continuous functions that are quadratic
on each element.

10.11 Alternative Elements

Quadrilaterals, that is, a geometric figure obtained by connecting four points in the plane
by straight lines, can be used to partition the domain instead of triangles, see figure 10.13.
In this case will the approximating space V}, contain globally continuous functions who
vary linearly along the edges of each quadrilateral. However, the functions will no longer
be linear within the elements. In the special case when the quadrilaterals are rectangles
oriented in the coordinate directions, a function v, € V;, will be bilinear, that is, of the
form
vp(z,y) = a+ bz + cy + dzy

on each element. The nodal values of v, (the values of v, at the four corners of the
rectangle) uniquely determine the four coefficients above.

Quadrilaterals and, in particular, rectangular elements yields a regular structure that
may give high solution accuracy and allow efficient solutions of the associated linear
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Figure 10.13: A quadrilateral mesh.

Figure 10.14: Meshes in three space dimensions can be composed of non-overlapping
tetrahedra (left) or hexahedra (right).

systems. It is, however, harder to generate such meshes automatically on complicated
geometries compared to triangular meshes.

For three space dimensions, triangular and quadrilateral meshes generalise to tetra-
hedral and hexahedral meshes (figure 10.14) with advantages and limitations as for cor-
responding meshes in two space dimensions.

For higher order equations, such as the Euler-Bernoulli model of a bending beam

Y (@) = ~f(2)

or the biharmonic equation
A%y =0

it is necessary to use smoother elements for which the derivatives are continuous contin-
uous across element boundaries. So, for example, in the one-dimensional beam bending
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problem it is possible to define vy, € V}, as Hermite piecewise cubic polynomials:

do(s) = (s—1)%(2s+1)
¢1(s) = s%(3—2s)
po(s) = (s—1)%s
pi(s) = s°(s—1)
to define a cubic polynomial, p(s), s € [0,1] that interpolates v(0), du(o), v(1) and
ds
dz(sl) can be written as

() = 00)00(6) + o0 (5) + (2 ) ) + (T2 ) )

The nodal values of vj, are the values of the solution at the nodes and the values of the
derivative at the node.




Bibliography

1]

2]

[10]

[11]

[12]

[13]

R. Courant, K.O Friedrichs, and H. Lewy, Uber die partiellen differenzengleichungen
der mathematischen physik, Math. Anal. 100 (1928), 32-74.

J. Crank and P. Nicolson, A practical method for numerical integration of solutions
of partial differential equations of heat-conduction type, Proc. Cam. Phil. Soc. 43
(1947), 50-67.

Paul DuChateau, Introduction to Partial Differential Equations, http://www.math.
colostate.edu/ pauld/M545.html, [Online; accessed 22-March-2007].

M. Frigo and S.G. Johnson, The fastest fourier transform in the west, Tech. Report
MIT-LCS-TR~728, MIT Laboratory for Computer Science, 1997.

Mark S. Gockenbach, Understanding and Implementing the Finite Element Method,
SIAM, Philadelphia, 2006, ISBN 0-89871-614-4.

Randall J. LeVeque, Finite Volume Methods for Hyperbolic Problems, CUP, Cam-
bridge, 2002.

Courant R. and Hilbert D., Methods of Mathematical Physics. Vol. 2, partial differ-
ential equations, Wiley, 1989.

G.D. Smith, Numerical Solution of Partial Differential Equations: Finite Difference
Methods, OUP, Oxford, 1978, 2nd Edition.

Gigliola Staffilani and Andras Vasy, Introduction to Partial Differential Equations,
http://ocw.mit.edu/OcwWeb/Mathematics/18-152Fall-2004/, [Online; accessed
22-March-2007].

John C. Strikwerda, Finite Difference Schemes and Partial Differential Equations,
SIAM, Philadelphia, 2004, 2nd edition.

Wikipedia, Partial Differential FEquations, http://en.wikipedia.org/wiki/
Partial_differential_equations, [Online; accessed 22-March-2007].

, Rankine-Hugoniot equation, http://en.wikipedia.org/wiki/
Rankine-Hugoniot_equation, [Online; accessed 23-June-2008].

Wen-Chyuan Yueh, FEigenvalues of several tridiagonal matrices, Applied Mathemat-
ics E-Notes (2005), 66-74, [Online; accessed 16-Oct-2008].

91



Index

boundary condition Lax-Friedrichs Scheme, see Scheme, Lax-Friedrichs
Dirichlet, 12 Lax-Wendroff Scheme, see Scheme,Lax-Wendroff
Neumann, 12 Leap-Frog Scheme, see Scheme,Leap-Frog
Robin, 12 load vector, 84

characteristic mesh ratio, 48
curves, 6
lines, 5 order, 50

conjugate directions, 69
conservation form, 11
Consistency, 50
Convergence, 54

phase speed, 55
propagation velocity, 56

Quadrilaterals, 91

Diagonal Preconditioning, 72
Dirac delta function, 43
Discrete Cosine Transforms, 73
Discrete Fourier Transforms, 73
Dispersion, 55

domain of dependence, 23, 56
Drichlet’s Principle, 45

Scheme
Lax-Friedrichs, 49, 53, 54
Lax-Wendroff, 49, 50
Leap-Frog, 49, 53, 54
upwind, 53

shock wave, 16

Sobolev Space, 79

stability, 26, 52-54, 56-57, 59-62

Equations 26
Elliptic, 18 conditional, 53
Hyperb’olic 18 stiffness matrix, 84-88
Parabolic, 18 Theorem

Cea, 89
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