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Chapter 0O

Introduction

This note presents an introduction to the Galerkin finite element method
(FEM), as a general tool for numerical solution of partial differential equa-
tions (PDEs). Iteration procedures and interpolation techniques are also
employed to derive basic a priori and a posteriori error estimates, necessary
for, e.g. solution properties, such as stability and convergence. Galerkin’s
method for solving a general differential equation (both PDEs and ODEs) is
based on seeking an approximate solution, which is

1. easy to differentiate and integrate

2. spanned by a set of nearly orthogonal basis functions in a finite-dimensional
space.

0.1 Preliminaries
e A differential equation is a relation between an unknown function u and
its derivatives u®), 1 < k < N, where k and N are integers.

e If the function u(z) depends on only one variable (x € R), then the equation
is called an ordinary differential equation, (ODE).

e The order of the differential equation is determined by the order of the
highest derivative of the function u that appears in the equation.

e If the function u(x,t) depends on more than one variable, and the derivative
with respect to more than one variable is present in the equation, then the
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8 CHAPTER 0. INTRODUCTION

differential equation is called a partial differential equation, (PDE), e.g.:
up(z,t) — uge(z,t) =0 is a homogeneous PDE of second order,

whereas
Uyy (T, Y) + e (2, y) = f(2,9),
is a non-homogeneous PDE of second order.

e A solution to a differential equation is a function; e.g. wu(z), u(t,x) or
u(z,y).

e In general the solution u cannot be expressed in terms of elementary func-
tions and numerical methods are the only way to solve the differential equa-
tion by constructing approximate solutions. Then the main question in here
is: how close is the approximate solution to the exact solution? and how and
in which environment does one measure this closeness? In which extent the
approximate solution preserves the physical quality of the exact solution?
These are some of the questions that we want to deal with in this notes.

e The linear differential equation of order n in time has the general form:
L(t, D)u = u™ (t) + ap_1 ()u" V() + ... + a1 () (t) + ao(t)u(t) = b(t),

where D = d/dt denotes the ordinary time derivative, and D* = jTIZv 1<

k < n. The corresponding linear differential operator is denoted by

n dn—l

L(t, _D) = — + an_l(t)m

d
T + .o ar(t)— + aolt).

dt

0.2 Trinities

To continue we introduce the so called trinities classifying the main ingredi-
ents involved in the process of modeling and solving problems in differential
equations, see Karl E .Gustafson [14] for details.

The usual three operators involved in differential equations are

02 0? 0?
Laplace operator A, = 3—xf + 3—x§ +...+ a—x%, (0.2.1)
d
Diffusion operator pri Ay, (0.2.2)
d2
D’Alembert operator [0 =— —A,, (0.2.3)

dt?
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where we have the space variable x := (21,29, 23,...2,) € R", the time
variable ¢t € R* and 9% /9z? denotes the second partial derivative with respect
to x;. We also recall a first order operator: the gradient operator V,, which
is a vector valued operator and is defined as follows:

o 0 8)
dxy dzy’ T Ox, /)’

=

Classifying the general second order PDEs in two dimensions

The usual three classes of second order partial differential equations are el-
liptic, parabolic and hyperbolic ones.

Second order PDEs with constant coefficients in 2-D:
Aty (2, y)+2Bugy (2, y)+Cuyy (2, y)+Duy(x, y)+Euy,(x, y)+Fu(x, y)+G = 0.

Here we introduce the discriminant d = AC — B?: a quantity that specifies
the role of the coefficients in determining the equation type.

Discriminant  Type of equation Solution behavior
d= AC — B* >0 Elliptic stationary energy-minimizing
d= AC — B?> =0 Parabolic smoothing and spreading flow
d= AC — B? <0 Hyperbolic a disturbance-preserving wave

Example 1. Here are the class of the most common equations:

Elliptic Parabolic Hyperbolic

Potential equation Heat equation Wave Equation

d*u  d*u du d*u

— +—=0 — —Au=0 — —Au=0

a2 T dp? ar a

ua:a:(xa y) + Uyy(l', y) - 0 ut(ta I) - u$$(t7 .T) - 0 utt(t7 .T) - ua:a:(t7 .T) - 0
A=C=1,B=0 A=B=0,C=-1 A=1,B=0,C=-1

d=AC—-B*=1>0 d=AC - B*=0 d=AC - B*=-1<0.
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Second order differential equations with variable coefficients in 2-D
In the variable coefficients case, one can only have a local classification.

Example 2. Consider the Tricomi operator of gas dynamics:
Lu(z,y) = Ytiag + uyy.

Here the coefficient y is not a constant and we have A = y, B = 0, and
C = 1. Hence d = AC — B* = y and consequently, e.g. the domain of
ellipticity is y > 0, and so on (see the Fig. below)

Y

elliptic

parabolic

hyperbolic

Figure 1: Tricomi: an example of a variable coefficient classification.

eSumming up and generalizing to n space variables we have

Mathematical Surname Physical Classification
Quantity Named Type
A, Laplacian Potential operator Elliptic
% — A, Heat Diffusion operator Parabolic

O=42 — A,_1 d’Alembertian Wave operator Hyperbolic
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The usual three types problems in differential equations

1. Initial value problems (IVP)

The simplest differential equation is v'(z) = f(x) for a < 2 < b, but also
(u(z) + ¢)" = f(x) for any constant c¢. To determine a unique solution a
specification of the initial value u(a) = uq is generally required. For example
for f(x) = 2z, 0 < z < 1, we have u/(z) = 2x and the general solution is
u(r) = 2 +c. With an initial value of u(0) = 0 we get u(0) = 0*+c = c = 0.
Hence the unique solution to this initial value problem is u(x) = z%. Likewise
for a time dependent differential equation of the second order (two time
derivatives) the initial values for t = 0, i.e., u(z,0) and u;(x,0) are generally
required. For a PDE such as the heat equation the initial value can be a
function of the space variable.

Example 3. The wave equation, on real line, associated with the given initial
data:

Upp — Uge = 0, —00 < <00 t >0,

u(z,0) = f(z), w(z,0)=g(z), —co<r<oo, t=0.

2. Boundary value problems (BVP)
a. Consider the boundary value problems in R:
Example 4. The stationary heat equation:
—[a(z)u'(z)] = f(x), for 0 <z <1.

To define a solution u(x) uniquely, the differential equation is comple-
mented by boundary conditions imposed at the boundaries x = 0 and
x = 1: for example u(0) = ug and u(1) = uy, where uy and uy are given
real numbers.

b. Boundary value problems (BVP) in R™:

Example 5. The Laplace equation in R, x = (x1,22,...,2y,):
Pu  Pu 0*u
A= —+—+...+ — =0, € QCR",
R v X

u(z,t) = f(x), x € 09 (boundary of Q).
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Remark 1. In general, in order to obtain a unique solution for a (partial)
differential equation, one should supply as many data as the sum of highest
order (partial) derivatives involved in the equation. Thus in example 1, to
determine a unique solution for the potential equation g, + u,, we need to
give 2 boundary conditions in the x-direction and another 2 in the y-direction,
whereas to determine a unique solution for the wave equation uy — Uz, = 0,
it 18 necessary to supply 2 initial and 2 boundary conditions.

3. Eigenvalue problems (EVP)

Let A be a given matrix. The relation Av = Av, v # 0 is a linear equation
system where A is an eigenvalue and v is an eigenvector.

Example 6. In the case of a differential equation; e.q. the equation of a
steady state vibrating string

—u"(x) = Mu(x), u(0) = u(m) = 0,

where X is an eigenvalue and u(x) is an eigenfunction. u(0) =0 and u(m) =0
are boundary values.

The differential equation for a time dependent vibrating string with small
displacement, and fized at the end points, is given by

Ut (2, 1) — Uz (2, 1) =0 O<z<m t>0
u(0,t) =u(m,t) =0, t>0, w(z,0)=f(x) ulz,0)=g(x).
Using separation of variables, see also Folland [11], this equation can be split

into two eigenvalue problems: Insert u(x,t) = X(x)T'(t) # 0 (a nontrivial
solution) into the differential equation to get

g (2, 1) — g (z, t) = X (6)T"(t) — X" (2)T(t) = 0. (0.2.4)
Dividing (0.2.4) by X (2)T'(t) # 0 separates the variables, viz

T//(t) B X//(x)

T~ X =A=C (independent of x and t ). (0.2.5)

Consequently we get 2 ordinary differential equations (2 eigenvalue problems):

X" (x) = 2AX(2), and — T"(t) = \T(t). (0.2.6)
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The usual three types of boundary conditions

1. Dirichlet boundary condition (the solution is known at the boundary
of the domain),

u(x,t) = f(x), for x=(x1,29,...,2,) €0Q, t>0.

2. Neumann boundary condition (the derivative of the solution at the
direction of outward normal is given)
ou
a—:n~grad(u):n-Vu:f(x), x =€ 00
n

n = n(x) is the outward unit normal to 09 at x € 92, and

grad(u) = Vu = < Ou Ou Ou )

dxy Oxy’ " Oy
3. Robin boundary condition (a combination of 1 and 2),

ou

8—n+k5-u(x,t):f(x), k>0, x=(x1,29,...,2,) € 0K

Example 7. Foru = u(x,y) we have n = (ny,ny), with |n| = \/n? +n3 =1
and n - Vu = njug + natly.
Y

Figure 2: The domain €2 and its outward normal n at a point P € 0f).
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Example 8. Let u(z,y) = z* + y>. We determine the normal derivative
of w in direction v = (1,1). The gradient of u is the vector valued function
Vu = 2z-e1+2y-ey, where ey = (1,0) and ey = (0, 1) are the unit orthonormal
basis in R?: e;-e; = €3 -5 = 1 and e; - e3 = e9 - e, = 0. Note that
v =-e;+ e = (1,1) is not a unit vector. The normalized v is obtained viz
v, = /], i.e.

- €1 + e o (171) _ (171)

Cleite  VIZH1Z V2

Thus with Vu(x,y) = 2x - e1 + 2y - e5, we get

e1te
vy, - Vu(z,y) = ﬁ@x e+ 2y - ea).

which gives

(1,1)
V2

(1,1)
V2

2z + 2y

V2

v, - Vu(z,y) = -[22(1,0) + 2y(0,1)] = - (2z,2y) =

Thus 4
Up - Vu(l,1) = — = 2v/2.
(1, 1) 7

The usual three questions

I. In theory

1. Existence, at least one solution u

2. Uniqueness, either one solution or no solutions at all

3. Stability, continuous dependence of solutions to the data
Remark. A property that concerns behavior, such as growth or decay,

of perturbations of a solution as time increases is generally called a
stability property.

11. In applications

1. Construction, of the physical solution.
2. Regularity, how substitutable is the found solution.

3. Approximation, when an exact construction of the solution is im-
possible.
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Three general approaches to analyzing differential equations

1. Transformation to a simpler problem: The separation of variables tech-
nique to reduce the (PDEs) to simpler eigenvalue problems (ODEs). Also
called Fourier method, or solution by eigenfunction expansion (Fourier anal-

ysis).

2. The multiplier method: The multiplier method is a strategy for extracting
information by multiplying a differential equation by a suitable function and
then integrating. This usually is referred as variational formulation, or energy
method (subject of our study).

3. Green’s Function, fundamental singularities, or solution by integral equa-
tions (an advanced PDE course).
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Chapter 1

Polynomial approximation in

1d

Our objective is to present the finite element method as an approximation tech-
nique for solution of differential equations using piecewise polynomials. This
chapter is devoted to some necessary mathematical environments and tools as
well as a motivation for the unifying idea of using finite elements: A numerical
strategy arising from the need of changing a continuous problem into a discrete
one. The continuous problem will have infinitely many unknowns (if one asks for
u(z) at every x), and it cannot be solved exactly on a computer. Therefore it has
to be approximated by a discrete problem with finite number of unknowns. The
more unknowns we keep, the better will be the accuracy of the approximation
and greater the expences.

1.1 Overture

Below we shall introduce a few standard examples of classical equations and
some regularity requirements.

Ordinary differential equations (ODEs)
An initial value problem, (IVP), in population dynamics can be written as

at) = xu(t), 0<t<1  u(0)=uo, (1.1.1)

where 4(t) = ‘fl—lt‘ and A is a positive constant. For uy > 0 this problem has the

increasing analytic solution u(t) = uge?, which would blow up as t — oo.

17



18 CHAPTER 1. POLYNOMIAL APPROXIMATION IN 1D

Generally, we have u(t) = F(u(t),t), where u(t) € R" is a time dependent
vector in R™ | with 1 = du(t)/0t € R" being its componentwise derivative
with respect to ¢t € RT. Thus u(t) = [ui(t),us(t),...,u, ()], u(t) =
[ (£), ub(t), ..., ul,(t)]" and

F:R"xR" — R".

Partial differential equations (PDEs) in bounded domains

Let € be a bounded, convex, subset of the Eucledean space R". Below is an
example of a general boundary value problem in () C R™ with the

e Dirichlet boundary condition,

—Au(x) + ab - Vu(x) = f, x e CR",
(x) x) = -
u(x) =0, x € .
where a € R, b = (by,by,...,b,) € R" and u : R" — R is a real-valued
function with Vu := (%,%,...,%), Au:%%—%—k..ﬂ—%,
and 5 5 9
u u u
b-Vu=b— +by—+...+b,—.
Y 181‘1 + 28![’2 + + al'n

The following Heat equation is an example of a boundary value problem with
e Neumann boundary condition

ou ou
— =A Q CRF — =0 o0 1.1.3
5 u, x¢€QcCR" on , X € 08, ( )
where n = (ny,ns,...,n;) is the outward unit normal to the boundary OS2
at the point x € 0f2, and
0
a—z:n-Vu. (1.1.4)

Regularity requirements for classical solutions
1) u e C': every component of u has a continuous first order derivative.
2) uw € C': all first order partial derivatives of u are continuous.

3) w e C*: all partial derivatives of u of order 2 are continuous.

4) v et <R+;C2(Q)> : % and %, i,7=1,2,...,n are continuous.
10T



1.1. OVERTURE 19

Remark 2. Note that, we tacitly understand that: w in 1) is a vector-valued
function of a single variable as in the example of, general, dynamical sys-
tem (1.1.1), whereas u in 2)-4) is a scalar (real-valued) function of several
variables.

e Numerical solutions of (IVP)

Example 9. A finite difference method.
We descritize the IVP (1.1.1) with explicit (forward) Euler method based on
a partition of the interval [0, T] into N subintervals:

t() = 0 tl tg t3 tN

T
N~

and an approximation of the derivative by a difference quotient at each subin-
terval [ty, tyyq] as u(t) ~ 0= Then an approzimation of (1.1.1) is

te+1—lk
given by
t —ul(t
wltir) = ulte) = \-u(ty), k=0,1,...N =1, with u(0) = uy,
U1 — Ui
(1.1.5)
and thus, letting Aty = tg 1 — ti,
w(te) = (1 n )\Atk)u(tk). (1.1.6)

Starting with k = 0 and the data uw(0) = uy, the solution u(ty) would, itera-
tively, be produced at the subsequent points: ty, to,... . tx =1T.

For a uniform partition, where all subintervals have the same length At,
(1.1.6) would be

w(tpsr) = <1+)\At)u(tk), k=0,1,...,N 1. (1.1.7)

There are corresponding finite difference methods for PDE’s. Our goal, how-
ever, is to study the Galerkin’s finite element method. To this approach we
need to introduce some basic tools:

Finite dimensional linear space of functions defined on an interval
Below we give a list of some examples for finite dimensional linear spaces.
Some of these examples are studied in details in the interpolation chapter.
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I. P@(a,b):={ The space of polynomials in z of degree < ¢, a <z < b}.

A possible basis for P (a,b) would be {a/}_; = {1, 2,27 2%,... 29},
These are, in general, non-orthogonal polynomials and may be orthogo-
nalized by Gram-Schmidt procedure. The dimension of P? is therefore
q+1.

II. An example of orthogonal bases functions, on (0,1) or (—1,1) are the
Legendre polynomials:

dF "
k@ (= 1),

respectively. The first four Legendre orthogonal polynomials on (—1, 1)
are as follows:

1 d
—onpl dgn

Pi(z) = (—1) [2"(1 — 2)*] or P,(z)

3, 1 5. 3
Po(x) =1, Pix) =z, Pyw)=ga* =5, Pye) = 52° —ow.

ITI. Periodic orthogonal bases on [0, T are usually represented by trigono-
metric polynomials given by

1= {0 = 3 [ancos () + usin (o) ]

IV. A general form of bases functions on an interval are introduced in the
interpolation chapter: these are Lagrange bases {\;}, € P@(a,b)
associated to a set of (¢ + 1) distinct points & < & < ... < ¢, in (a,b)
determined by the requirement that

—&;
0, i # e S T8

TS0 S W B §
R

Iy

A polynomial p € P9 (a,b), that has the value p; = p(&) at the nodes
xr =& forv = 0,1,...,q, expressed in terms of the corresponding
Lagrange basis is then given by

p(x) = poro(x) + prAi(z) + ...+ pAg(T). (1.1.8)
Note that for each node point x = & we have associated a base function
Ai(z),1=0,1,...,q. Thus we have ¢ + 1 basis functions.
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Remark 3. Our goal is to approximate general functions, rather than
polynomaals, by piecewise polynomials of Lagrange type. Then, for a
given function f the Lagrange coefficients in (1.1.8) will be replaced by
pi = f(&), 1 <i<gq, and f(x) will be approrimated by its Lagrange
interpolant, viz

f@)~ Y FE)Nile) = mof (x) (1.1.9)

We shall illustrate this in the next examples.

Example 10. The linear Lagrange basis functions, ¢ = 1, are given by
(see Fig. 1.1.)

@) = 78 ad A() = ;:2 (1.1.10)

Figure 1.1: Linear Lagrange basis functions for ¢ = 1.

Example 11. A typical application of Lagrange bases is in finding a
polynomial interpolant m,f € P(a,b) of a continuous function f(x) on
an interval [a,b]. The procedure is as follows:

Choose distinct interpolation nodes a = & < & < ... < & = b and
define m,f(&) = f(&). Then m,f € PW(a,b), definied as the sum
in (1.1.9), interpolates f(x) at the nodes {&}, i = 0,...,q and using
Lagrange’s formula (1.1.8), with p; = f(&), i = 0,1,...,q, and x €
[a, b] yields

Tof (2) = f(€0)Ao(2) + [(€) A (@) + .. 4 [ (&) Ag ().
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For linear interpolant, i.e. ¢ = 1, we only need 2 nodes and 2 basis
functions. Choosing & = a and & = b, in (1.1.10) we get the linear
interpolant

m f(x) = fla)do(z) + f(0)Ai(),

where "
—x T —a
and A (z) = ——

/\0([[’)

:b—a

1.€.,

Figure 1.2: The linear interpolant 7 f(x) on a single interval.

V. We shall frequently use the space of continuous piecewise polynomials

on a partition of an interval into some subintervals. For example T}, :
0 =20 <o < ... <2y < 2y4r = 1, with h; = x; —2;_; and
j=1,...,M +1,is a partition of [0, 1] into M + 1 subintervals.

Let Vh@ denote the space of all continuous piecewise polynomial func-
tions of degree < ¢ on T},. Obviously, Vh(q) C P9(0,1). Let also

O(Q)
vV, ={v:veV? v(0)=0v(1)=0}

Our motivation in introducing these function spaces is due to the fact
that these are function spaces, adequate in the numerical study of the
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Y

D I T R TR
fLQ__J (P | L_flM_H__,l

o(1)
Figure 1.3: Fig shows an example of V, .

boundary value problems using finite element methods for approximat-
ing solutions with piecewise polynomials.

The standard basis for piecewise linears: V), := Vh(l) is given by the
so called linear hat-functions y;(x) with the property that ¢;(x) is a
piecewise linear function with ¢;(z;) = d;;:

T—Tj_1
1, i=j s R
) - ) . _
bij = Le. pj(x) = B2 g <z <y
0 1#£ ] I
Y Y
0 T & [zj1, Tl
Yy
1 ______________________________
0;(z)
: : : : ! : ; T
To Tj—2 $j|—1 $|j ij+1 Tpm Tr+1
Ll Py

Figure 1.4: Fig shows a general piecewise linear basis function ¢;(z).
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Vector spaces
To establish a framework we shall use some basic mathematical concepts:

Definition 1. A set of functions or vectors V is called a linear space, or a
vector space, if for allu,v € V and all o € R (real numbers), we have

(1)) utaveV
(i) u+v=v+u (1.1.11)
(i) Yu eV, I(—u) €V such that u+ (—u)=0.

Obseve that (iii) and (i), with @ = 1 and v = (—u) implies that 0 (zero
vector) is an element of every vector space.

Definition 2 (Scalar product). A scalar product is a real valued operator on
V xV, viz (u,v) : V. xV — R such that for all u, v, w € V and all « € R,

(i) (u,v) = (v,u), (symmetry)

(it)  (u+av,w) = (u,w) +afv,w), (bi-linearity). (1.1.12)

Definition 3. A wvector space W s called a scalar product space if W 1is
associated with a scalar product (-, -), defined on W x W,

The function spaces C([0,T]), C*([0,T]),, P9, T? are examples of scalar
product spaces associated with usual scalar product defined by

(u,v>:/0 u(z)v(z)de, (1.1.13)

Definition 4 (Orthogonality). Two, real-valued, functions u(zx) and v(z) are
called orthogonal if (u,v) = 0. This orthogonality is also denoted by u L v.

Definition 5 (Norm). If u € V' then the norm of u, or the length of u,
associated with the above scalar product is defined by

1

|| = v/{w, u) = (u, u)? = (/OT |u(x)\2dx)§. (1.1.14)

This norm is known as the Lo-norm of u(x). There are other norms that we
will introduce later on.
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We also recall one of the most useful tools that we shall frequently use through
out this note: The Cauchy-Schwarz inequality,

[(w, v)] < ullllo]- (1.1.15)
A simple proof of (1.1.15) is given by using
(u—av,u —av) > 0, with  a = (u,v)/[]v|*

Then by the definition of the Ls-norm and the symmetry property of the
scalar product we get

0 < (u—av,u—av) = [[ul* - 2alu, v) + a*||v]]?
2<U7U> 2
= [|ull® - [o]l”.
[oll*

Seting a = (u,v)/||v||* and rearranging the terms we get

(u, v)?

o]

< lull”,

which yields the desired result.
e Galerkin method for (IVP)

For a solution u of the initial value problem (1.1.1) we use test functions v,
in a certain vector space V', for which the integrals below are well-defined,

/Tu(t)v(t) it — /\/T Wt dt,  YoeV, (1.1.16)

or equivalently

/ T (i) = xu®)o(pydt =0, Vo(t) €V, (1.1.17)

1.e.

(u(t) - )\u(t)) Lot), Vot)eV. (1.1.18)

Definition 6. If w is an approximation of u in the problem (1.1.16), then
R(w(t)) = w(t) — Aw(t) is called the residual error of w(t)
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In general for an approximate solution w we have w(t) — Aw(t) # 0,
otherwise w and u would satisfy the same equation and by the uniqueness
we would get the exact solution (w = u). Our requirement is instead that w
satisfies the equation (1.1.1) in average, or in other words we require that w
satisfies (1.1.18), i.e,

R(w(t)) Lo(t), Yo(t)eV. (1.1.19)

In our case the real solution belongs to C'((0,7)), or better to
S T 2
H*(0,T) = {f : Z/ (akf/atk) dt < ool
k=00

H?* is a subspace of C'((0,7")) consisting of all function in L,(0,7") having also
all their derivatives of order < s in Ly(0,7"). We look for a solution U(t) in
a finite dimensional subspace e.g. V(9. More specifically, we want to look at
an approximate solution U(t), called a trial function for (1.1.1) in the space
of piecewise polynomials of degree < g:

V@O ={U:U®) =&+ &t + &t® + ...+ &t} (1.1.20)

Hence, to determine U(z) we need to determine the coefficients &, &y, ... &,
We refer to V(@ as the space of trial functions. Note that u(0) = ug is given
and therefore we may take U(0) = & = uo. It remains to find the real num-

bers &,...,&;. These are coefficients of ¢ linearly independent monomials
t, t2, ..., t%. To this approach we define the test functions space:

o (9)

V.  ={veV9:y0) =0}, (1.1.21)

in other words v can be written as v(t) = it + &t + ... + &,t9. Note that

o (9)
V. =spanlt, t*, ..., 7. (1.1.22)

For an approximate solution U we require that its residual R(U) satisfy the
orthogonality condition (1.1.19):

R(U(t)) Lo(t), Yo)eV
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Thus the Galerkin method for (1.1.1) is formulated as follows:
Given u(0) = o, find the approximate solution U(t) € V(@ for (1.1.1) such
that (for simplicity we put 7' = 1)

1 1 o (@)
/ R(U(1)) oty = / () — AU®)o(t)dt = 0, Vo(t) € V. (1.1.23)

Formally this can be obtained writing a wrong!!! equation by replacing u by
UeV@in (1.1.1),

U(t) = \U(t), 0<t<l1 (11.24)

o (9)
then, multiplying (1.1.24) by a function v(¢) € V' from the test function

space and integrating over [0, 1].
Now since U € V@ we can write U(t) = wug + >4, &t then Ut) =

o ()

th=1. Further we have V' is spanned by v;(t) = t,i = 1,2,...,q.

17§
Insertmg these representations for U, U and v = v;, j = 1,2,...,¢ in (1.1.22)
we get

1 q q
/ (S ket — Mg — )\ijtj) Hdt=0, i=1,2,...,q, (1.1.25)
0 j=1 j=1

which can be rewritten as
/ (Z(jfjt“”*l — )\fjt”]))dt = )\uo/ t'dt. (1.1.26)
0 j=1 0

Performing the integration (¢;:s are constants independent of ¢) we get

{iti ti+j+1 t=1 titl qi=1
ij[ —| = uo—] (1.1.27)
z—i—] Z—l—]—i—lt:o 1+ 1le=0

or equivalently

q .
> (- 4 )@-:A wp = 1,2, (1.1.28)
j=1

1+7 i+ g+1 1+1
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which is a linear system of equations with ¢ equations and ¢ unknowns
(&1, &, <., &) given in the matrix form as

== b, with A= (aij), == (gj);]':l? and b = (bz)gzl (1129)

But the matrix A although invertible, is ill-conditioned, mostly because
{t'}9_, does not form an orthogonal basis. We observe that for large i and j
J A

i+j it+j+1
close to each others resulting to extreme small values for the determinant of
A.

If we insist to use polynomial basis up to certain order, then instead of
monomials, the use of Legendre orthogonal polynomials would yield a diago-
nal (sparse) coefficient matrix and make the problem well conditioned. This
however, is a rather tedious task.

the two last rows (columns) of A given by a;; = , are very

Galerkin’s method and orthogonal projection

Let uw = (u1,ug,u3) € R® and assume that for some reasons we only have
uy and uy available. Letting z = (1,22, 73) € R3, the objective, then is
to find U € {x : 23 = 0}, such that (u — U) is as small as possible. For
orthogonal projection we have z-n = 0, for all z € {z : z-n = 0,23 = 0},
where n is the normal vector to the plane {(x,22,0)}. Obviously in this
case U = (uy,ug,0) and we have (u —U) L U.

Note that, if m < n, and u,, is the projection of u = (uy, ug, ..., Uy 1, uy)
on R™, then w,, = (uy, ug, ..., Up, U1 =0,...,u, =0), and the Euclidean
distance: |u—u,,| = /u2, ; +u2 o+ ...+ u2 — 0as m — n. This meams
the obvious fact that the accuracy of the orthogonal projection will improve
by raising the dimension of the projection space.

e Galerkin method for (BVP)

We consider the Galerkin method for the following stationary (4 = du/dt =
0) heat equation in one dimension:

~#(a@)- fu(@) = fl@),  O<w<l
u(0) = u(1) = 0.

(1.1.30)

Let a(z) = 1, then we have

—u"(z) = f(z), O0<z<l; u(0) = u(l) = 0. (1.1.31)
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€3

€1

Figure 1.5: Example of a projection on R2.

Let now T, : 0 = xg < 1 < ... < xpy < xp41 = 1 be a partition of the
interval (0,1) into the subintervals I; = (z;_1,z;), with lengths |[;| = h; =

x;— w1, 7 =1,2,..., M. We define the finite dimensional space

V¥ = {v € C(0,1) : vis piecewise linear function on T}, and v(0) = v(1) = 0},
with the bases functions {goj}j]‘il. Due to the fact that u is known at the
boundary points 0 and 1; it is not necessary to supply basis functions corre-
sponding to the values at zp = 0 and x4 = 1.

Remark 4. If the Dirichlet boundary condition is given at only one of the
boundary points; say ro = 0 and the other one satisfies, e.q. a Neumann
condition as

—u"(z) = f(z), O<z<l; uw(0) = by, u'(1) = by, (1.1.32)

then the corresponding basis function ¢o will be unnecessary (no matter
whether by = 0 or by # 0), whereas one needs to provide the half-base function
on at xpp = 1 (dashed in the Fig below).

Now the Galerkin method for problem (1.1.31) (which is just the descrip-
tion of the orthogonality condition of the residual R(U) = —U" — f to the



30 CHAPTER 1. POLYNOMIAL APPROXIMATION IN 1D

Zo

Figure 1.6: General piecewise linear basis functions

test function space V)2 i.e., R(U) L V}?) is formulated as follows: Find the
approximate solution U(z) € V;? such that

A(—U%@—f@»d@dwza Vo(z) € V2 (1.1.33)

Observe that if U(xz) € V, then U”(x) is either equal to zero or is not a
well-defined function, in the latter case, the equation (1.1.33) does not make
sense, whereas for U”(z) = 0 and the data U(0) = U(1) = 0 we get the trivial
approximation U(x) = 0. This however, is relevant only if f = 0, but then
even u(x) = 0 and we have a trivial case. If, however, we perform partial
integration then

—AUWM@M:AUWWMM—W%MMé (1.1.34)
and since v(x) € {}h; v(0) =v(1) =0, we get
—/0 U"(x)v(z)de = /0 U'(z)v'(x) dx (1.1.35)

Now for U(x),v(x) € \O/h, U'(z) and v'(x) are well-defined (except at the
nodes) and the equation (1.1.33) has a meaning.
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Hence, The Galerkin finite element method (FEM) for the problem (1.1.30)
is now reduced to: Find U(z) € V}? such that

/U’ dx—/ f(z vo(z) € V. (1.1.36)

We shall determine &; = U(x;) the approximate values of u(z) at the node
points x;. To this end using basis functions ¢;(z), we may write

M
T) = Zﬁj @i(x)  which implies that U'(x Z@gp . (1.1.37)

Thus we can write (1.1.36) as

Zgj/ dx—/ f(x Vo(z) € V0. (1.1.38)

Since every v(z) € V) is a linear combination of the basis functions ¢;(z),
it suffices to try with v(z) = ¢;(x), for ¢ = 1,2,..., M: That is to find ¢;
(constants), 1 < j < M such that

M 1 1

Z </ oi(z) - gp}(a:)dx)ﬁj = / f(x)pi(z)de, i=1,2,..., M. (1.1.39)
j=1 70 0

This equation can be written in the equivalent matrix form as

A¢=b. (1.1.40)

Here A is called the stiffness matrix and b the load vector:

1
A= {&Z]}z] 1 Gij = / QD;(.Z') : @;(x)dx, (1141)
0

bl 51

: ! 3
b= , with b, :/ f(z)pi(x)dz, and & = . (1.1.42)
.. 0 e

bM §M
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To compute the entries a;; of the stiffness matrix A, first we need to determine
¢5(z). Note that

= ra <z < h% i1 S <y
_ Tit1—T / _ 1
pi(z) = o TiSTS T T pi(z) = g TS TS Tip
0 else 0 else

Stiffness matrix A:
If |i —j] > 1, then ¢; and ¢; have disjoint non-overlapping supports,
evideltly, we hence

1
aij = / i) - ¢ (a)dx = 0.
0

x
Figure 1.7: ¢;_; and @j1.
As for i = j: we have that
hi hit1
/Ii <1)2d +/Ii+l < 1 )2d Ti — Tic | Tl — Ti 1+ 1
Qg = — ) ar - r = = — .
iy Vi 2 his1 hi hii hi hiq

It remains to compute a;; for the case j = i+1: A straightforward calculation
(see the fig below) yields

s 1 1 Tiy1 — T 1
Qi1 = (— ) e dr = — —— 1.1.43
o / i1/ hip h2 hitt (1.143)
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Y
1 ________________
= . x
Figure 1.8: ¢; and ;.
; — g = L
Obviousely a;+1, = aiit1 = e
To summarize, we have
aij:O, if ‘Z—]‘>1,
i = 55+ o i=1,2,..., M, (1.1.44)
aifl,i:@i,z?l:_h%.a i=2,3,..., M.

Thus by symmetry we finally have the stiffness matrix for the stationary heat
conduction as:

[ 1 1 1 i
mtm "R U 0
1 1 1 1
R Tk R U 0
A= 0 . U 0 (1.1.45)
1
0 T
1 1 1
0 L0
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With a uniform mesh, i.e. h; = h we get that

2 -1 0 0
-1 2 -1 0
1 o -1 2 -1 0 ...
0o -1 2 -1
0 0o -1 2

As for the components of the load vector b we have

T

| o) de = T @i [ T
bz—/o f(@)pi(x)de = : 1f(x) dx+/x f(z) dzx.

i— h i hia

e A finite difference approach To illustrate a finite difference approach
we reconsider the stationary heat equation (1.1.31):

—u"(z) = f(x), 0<z<I1; (1.1.47)

and motivate for its boundary conditions. The equation (1.1.47) is linear
for the unknown function u, with inhomogeneous term f. There is some
arbitrariness left in the problem, because any combination C'+ Dx could be
added to any solution. The sum would constitute another solution, since the
second derivative of C'+ Dz contributes nothing. Therefore the uncertainity
left by these two arbitrary constants C' and D will be removed by adding a
boundary condition at each end point of the interval

u(0) =0, u(1) = 0. (1.1.48)

The result is a two-point boundary-value problem, describing not a transient
but a steady-state phenomenon—the temperature distribution in a rode, for

example with ends fixed at 0 and with a heat source f(z).

As our goal is to solve a discrete problem, we cannot accept more than a
finite amount of information about f, say it values at equally spaced points
xr = h,x = 2h,...,x = nh. And what we compute will be approximate



1.1. OVERTURE 35

values uq, Us,...,u, for the true solution u at these same points. At the
ends x =0 and z = 1 = (n+ 1)h, we are already given the correct boundary
values ug = 0, Uy = 0.

The first question is, How do we replace the derivative d*u/dz*? Since
every derivative is a limit of difference quotients, it can be approximated by
a stopping at a finite stepsize, and not permitting h (or Az) to approach
zero. For du/dx there are several alternatives:

du _u(z+h)—u(r) u(z) —u(x — h) u(x 4+ h) —u(z — h)

or or

dr h h 2h

The last, because it is symmetric about z, is the most accurate. For the

second derivative there is just one combination that uses the values at x and
xr =+ h:

d*u_u(x+h) = 2u(r) +u(x —h)
A2z~ h? ‘
It also has the merit of being symmetric about z. (1.1.49) is obtained using

(1.1.49)

v u(z) —u(x — h)‘

o~ - (1.1.50)
Replacing the approximations u'(z) ~ M and v'(z —h) ~ W
in (1.1.49) we get
d*u (w4 h) —u(@))/h = (u(z) = ulz = h)/h
o _u(z+h) —2u(x) + ul(lx —h) (1.1.51)
2 .

To repeat the right side approaches the true value of d*u/dz?* as h — 0, but
have to stop at a positive h.

At a typical meshpoint z = jh, the differential equation —d*u/dz* = f(x)
is now replaced by this discrete analogue (1.1.51); after multiplying by h?,

—Uj41 + 2’&]' —Uj—1 = h2f(]h) (1152)

There are n equations of exactly this form, for every value j = 1,2,... n.
The first and last equations include the expressions ug and u, 1, which are
not unknowns—Their values are the boundary conditions, and they are shifted
to the right side of the equation and contribute to the inhomogeneous terms
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(or at least, they might, if they were not known to be equal zero). It is
easy to understand (1.1.52) as a steady-state equation, in which the flows
(uj — uji1) coming from the right and (u; — u;_;) coming from the left are
balanced by the loss h%f(jh) at the center.

The structure of the n equations (1.1.52) can be better visualized in
matrix form Au = b viz

[ 2 1 0 0 ][ u] [ fn) |
1 2 -1 0 Uy F(2h)
0 -1 2 -1 0 us |y | F(3R) .
0
0o -1 2 -1
0 0o -1 2 | Un | I f(nh) |

which, once again, gives the structure of our uniform stifness matrix A,y
given in (1.1.46).

So we conclude that, for this problem, the finite element and finite differ-
ence approximations are two equivalent approaches.

Remark 5. Unlike the matriz A for monomial approzimation of IVP in
(1.1.28), A has more desirable structure, e.g. A is a sparse, tridiagonal and
symmetric matriz. This is due to the fact that the basis functions {goj}jj‘il are
nearly orthogonal. The most important property of A s that it is positive
definite.

Definition 7. A matriz A is called positive definite if

M
Vne RM n+#0, ntAn >0, e Z nia;jn; > 0. (1.1.54)

1,j=1

We shall use the positive definiteness of A to argue that (1.1.40) is
uniquely solvable. To this approach we prove the following well-known result:

Proposition 1. If a square matriz A is positive definite then A is invertible
and hence A = b has a unique solution.
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Proof. Suppose Ax = 0 then x’ Ax = 0, and since A is positive definite,
then x = 0. Thus A has full range and we conclude that A is invertible.
Since A is invertible A¢ = b has a unique solution: £ = A~'b. O

Note however, that it is a bad idea to invert a matrix to solve the linear
equation system. Finally we illustrate an example of the positive-definiteness
argument for A,y

x
Example 12. Assume M =2 and let U(x,y) = , then
Y
2 -1 T 20 —y
UTAum'fU - (a:,y) - (ZL’, y)
-2 Y —r+29 ) (1.1.55)

=22% —ay —ay + 2y = 2% + y* + 2% — 22y + o
=22+ y*+ (r—y)*>0.

Thus Aunig is positive definite. Since UTAU = 0 only if = y = 0 i.e.
U=0.

Remark 6. For a boundary value problem with, e.q. inhomogeneous Dirich-
let boundary data, actually a direct approach would be with the test and trial
function spaces having different dimensions; test functions are zero at the

boundary: v € V', trial function: uw € Vj, (not necessarily zero at the bound-
ary). This would yield a linear equation system A= = b with a rectangular
matriz A instead of a quadratic one. Then to continue we use the least square
method and instead solve ATAZ = ATb. The solution = is approzimate and
A= # b. Thus, the corresponding orthogonality condition of the residual to
the test function space is now r = (AZ — b) L C;, where C; are columns in

A.

Summary: Roughly speaking, a systematic procedure for approximate so-
lution for a differential equations would involve the following steps:

1. We need to approximate functions by polynomials agreeing with the
functional values at certain points (nodes). This is the matter of Inter-
polation techniques which we shall introduce in the next chapter.
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2. The function f(z) is unknown and the elements of the vector b as well

as the integrals that represent the elements of the coefficient matrix
are of involve character, for example when approximating by higher
order polynomials and/or solving equations with variable coefficients.
Therefore we need to approximate different integrals over subintervals
of a partition. This may be done using Gauss quadrature rules. In
simple case one may use usual or composite midpoint-, trapezoidal-, or
Simpson’s-rules. In more involved cases one may employ Gauss quadra-
ture rules. We shall briefly introduce the idea of Gauss quadrature rule
in the next chapter.

. Finally we end up with linear systems of equations (LSE) of type

(1.1.40). To solve LSE efficiently we may use exact Gauss - elimi-
nation or the iteration procedures as Gauss-Seidel, Gauss-Jacobi or
Over-relaxation methods. We discuss these concepts in the chapter of
the numerical linear algebra.
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1.2 Exercises

Problem 1. Use the method of least squares to solve the following systems
of linear equations.

-1 + X2 = 16 T + T2 = 3
a. 21 4+ 9 = -9 b. —2xr1 + 319 = 1
L T — 21’2 = —12 21’1 — T2 = 2
4
€T + 21‘2 = 3 (
ry + xy + wx3 = 4
—21‘1 + X9 = —4
—I1 —+ i) -+ r3 = 0
c. 8 1w = 3xy = —2 d.
—T2 + X3 = 1
—I + X9 = -1
xy + r3 = 2
L 21‘1 + X9 = 5 .
4
Ty + T2 + x3 = 7
Ty + Xy — X3 = —1
e.
Ty — X9 + X3 = 1
rKy — X2 — T3 = 3

Problem 2. Determine the line y = b+ ct that fits the following pairs of
data (t,y) best.

tl1 2 38 4 5
a.

yl1 5 2 7 10
L |12 8 4 s
Cyls5 6 10 12 17



40 CHAPTER 1. POLYNOMIAL APPROXIMATION IN 1D

t‘125’45
y‘25’11-2

C.

Problem 3. Determine the parameters a and b such that the parabolic curve
y = ax? + bx + c fits the following values of v and y best in the least squares
sense.

x‘—Q—IOZQ ) x‘—]()l?
y‘21123 'y‘zgzo

Problem 4. Let x be the solution of the least squares problem Ax ~ b, where

10
11
1 2
13

Let r — b — Ax be the corresponding residual. Which of the following three
vectors is a possible value for r?

1 -1 -1

1 -1 1
a b. C.

1 1 1

1 1 -1

Problem 5. Set up and solve the linear least squares system Ax =~ b for
fitting the model function f(t,z) = x1t + x9€’ to the three data points (1,2)
(2,3) and (3,5).

Problem 6. True or false: At the solution to a linear least squares problem

Ax = b, the residual vector r = b — Ax s orthogonal to the column space of
A.

Problem 7. We want to find a solution approzimation U(x) to
—u'(z) =1, 0<z<l1, wu(0)=u(l)=0,

using the ansatz U(x) = Asinmx + Bsin 2mx.
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a. Calculate the exact solution u(x).
b. Write down the residual R(x) = —U"(z) — 1

c. Use the orthogonality condition
1
/ R(z)sinmnxdr =0, n=1,2,
0

to determine the constants A and B.
d. Plot the error e(z) = u(x) — U(x).
Problem 8. Consider the boundary value problem
—u"(z) +u(x) =2z, O0<z<l, u(0)=u(l)=0.
a. Verify that the exact solution of the problem is given by

sinh z
sinh 1’

u(r) =z —

b. Let U(x) be a solution approximation defined by
U(x) = Asinmx + Bsin2rz 4 C'sin 37z,
where A, B, and C are unknown constants. Compute the residual function
R(z) = -U"(z) + U(x) — x.
c. Use the orthogonality condition
1
/0 R(z)sinmnxde =0, n=1,2,3,

to determine the constants A, B, and C'.

Problem 9. Let U(x) = &¢o(x) + &1d1(x) be a solution approzimation to
—u"(z)=2—-1, O<zxz<m, 4(0)=u(r)=0,

where &, 1= 0,1, are unknown coefficients and

po(z) = cos g, ¢1(x) = cos 3;



42 CHAPTER 1. POLYNOMIAL APPROXIMATION IN 1D

a. Find the analytical solution u(zx).
b. Define the approzimate solution residual R(x).

c. Compute the constants & using the orthogonality condition

1
/ R(z) ¢i(x)dx =0, i=0,1,
0
i.e., by projecting R(x) onto the vector space spanned by ¢o(x) and ¢1(x).
Problem 10. Use the projection technique of the previous exercises to solve
—u"(z) =0, O0<z<m, wu0)=0, ulr)=2,

assuming that U(x) = Asinz + Bsin2z + Csin 3z + 2172



Chapter 2

Polynomial Interpolation in 1d

2.1 Preliminaries

We recall the idea of polynomial interpolation. Consider a real-valued func-
tion f, defined on an interval I = [a, ], and a partition

Th:a=x90<x1<...<xp111 =0,
of I into M + 1 subintervals [; = [x;_q,2;],j=1,..., M + 1.

Definition 8. An interpolant m,f of f on the partition T}, is a piecewise poly-
nomial function of degree < q, having the nodal values at x;, j = 1,..., M+1,
coinciding with those of f: m,f(z;) = f(z;) .

Here are some simple examples:

Linear interpolation on an interval. We start with the unit interval
I = [0, 1], without any partitions, and a function f : [0,1] — R, which is
Lipschitz continuous. We let ¢ = 1 and seek the linear interpolation of f on
I,ie m f € P such that m f(0) = f(0) and 7 f(1) = f(1). Thus we seek
the constants Cy and C; in the following representation of m f € P!,

mf(x) =Co+ Cix, xel, (2.1.1)

m f(0) = f(0) = Co=f(0),

mf(l)=f(1) = GCo+C=f(1)= Cy=f(1)— f(0). (2.1.2)

43
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Inserting Cy and C} in (2.1.1) it follows that

mf(@) = FO)+(F(D)=F0))o = FO) (A=) +f (o i= FO)Ao(@)+f(1)A(x).
In other words 7y f(z) is represented in two different basis:

mf(z) = Co+Cix = Co-1+Cy-x, with {1, 2} as the set of basis functions
and

mf(z) = f(0)(1—z)+f(1)z, with {l—z, x} as the set of basis functions.

Note that the functions \g(x) = 1—z and A\ (z) = z are linearly independent.
Since we can easily see that, if

0=ap(l —2)+ oz =ay+ (g —ap)x, rel, (2.1.3)
then
r=0 = ay=0
— apg =« = 0. (214)
r=1 = aoa1=0
|
T f(x) i A1 () i: x
| |
| |
| |
| |
|
1 1

Figure 2.1: Linear interpolation and basis functions for ¢ = 1.

Remark 7. Note that if we define a scalar product on P*(a,b) by

<n@:/kmw@Ma Vp,q € P*(a,b), (2.1.5)

then neither {1,z} nor {1 — x,x} are orthogonal in the interval [0,1]. For
example, (1,x) := fol 1 -2dr = [2_2] _ % £ 0.
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Now it is natural to ask the following question.

Ouestion 1. What will be the error, if one approzimates f(x) by m f(x)?
In other words: what is f(x) — m f(x) =7

To answer this question, we need to have a measuring instrument to quantify
the difference. Grafically (geometrically), the deviation of f(x) from my f(z)
(from at being linear) depends on the curvature of f(z), i.e. on how curved
f(z) is. In other words how large is f”(z) on say (a,b)? To this end below
we introduce some measuring environments for vectors and functions:

Definition 9 (Vector norm). Let x = (z1,...,2,), ¥ = (Y1,---,Yn) € R™ be
two column vectors. We define the scalar product of x andy by

x,y)=x'y =211 + - + Ty,

and the vector norm for x: ||x|| as

[N S FE—y

L,(a,b)-norm: Assume that f is a real valued function such that the inte-
grals as well as the max on the right hand sides below are well-defined. Then
we define the L,-norm (1 <p <o0) of f as

b 1/p
L,-norm 1l Lp(ap) = </ ‘f(x)‘pdf) ;1 <p<oo,
L..-norm 1l Loc(ap) = ;2&521 |f(2)].

Now, we want to see how far can one answer the question 1 in the L,-norm
environment?

Theorem 1. (L. -error estimates for the linear interpolation in an interval)
Assume that f" € Lyla,b]. Then, for ¢ = 1, i.e. only 2 interpolation
nodes (the end-points of the interval), there are interpolation constants, ¢,
independent of the function f(z) and the interval [a,b] such that

(1) 171 f = fllzsap < cilb = a)?[|f" | Locta)
(2) |71f = fllotap) < ci(b—a)ll || Lo(ab)
(3) 171 f) = fllza(an) < (b= a)|| [ || (a)-
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Proof. Note that every linear function on [a,b] can be written as a linear
combination of the basis functions \,(z) and A\y(z) where

xr—0b T —a
p— and )\b(x)—b_&.
We point out that linear combinations of A,(z) and A,(x) gives the basis
functions {1, z}:

Aa(2) + Np(2) = 1, arg(z) + bAp(z) = . (2.1.7)

Now, m f(x) is a linear function connecting the two points (a, f(a)) and

(b, £(b)),

Ao(2) = (2.1.6)

Figure 2.2: Linear Lagrange basis functions for ¢ = 1.

which can be represented by

mf(x) = fla)Aa() 4 f(B)As(). (2.1.8)

By the Taylor’s expansion for f(a) and f(b) about x we can write

fla) = (@) + (0~ ) () + 5o~ 2P "), e € la .
F(0) = J@) + (=) 2) + 30— 2P S w), € [z,
Inserting f(a) and f(b) from (2.1.9) in (2.1.8), it follows that
w1 /(@) =[(2) + (a = ) (2) + 5 (0 — 2 ) Aal) +

@)+ (6 2)f (@) + 50— 2 F"(m) Mo (x).
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Rearranging the terms and using (2.1.7) (the identity (a — x)A\.(x) + (b —
z)\p(x) = 0) we get

T () = S Pa(e) + 0(@)] + £@)l(@ = 0)ale) + (0= D))+
+ 50— 2P L 0)A@) + 50— 02 m)h(e) =

= J@) + 5= 2P S 0 Nale) + 50— 2" () efa),

and consequently

imf(z) — f(z)] = %(a —2)* " (na) Aa(z) + %(b —2)2f" () Mo()]. (2.1.10)

Now, for a < x < b we have (a — x)?> < (a — b)* and (b — 2)* < (a —
b)?, furthermore \,(z) < 1, \(x) < 1. Finally, by the definition of the
maximum norm f"(n,) < || f"||ze(ap), S () < || f"||zo(ap)- Thus (2.1.10)
can be estimated as

[T f(x) = f(z)| < %(a—b)Z'l'Hf”||L°°(a,b)+%(a—b)2'1'||f”HL°°(a,b)= (2.1.11)
and hence

i f(z) — f(@)] < (a—b)?f"lpwo@p with ¢ =1. (2.1.12)

The other two estimates are proved similarly. O

Theorem 1 can be proved in a more general setting, for an arbitrary subin-
terval of I = (a,b), in L,-norm, 1 < p < oco. This, general version ( concisly
stated below as Theorem 2), is the mainly used L,-interpolation error esti-
mate. The proof is however, just a scaling of the argument used in the proof
of Theorem 1.

Remark 8. For a uniform partition T, : a = 20 < 11 < To < ... < X, <
Tpi1 = b of the interval [a,b] with mesh parameter h = |xj 11 — xj], j =
0,1,...,n, it is customary to denote the interpolation function by mpv(x)

rather than m,u(x). Here the subindex h refers to the mesh size h, and not
to the degree of interpolating polynomial q. The degree q and the meaning of
the notation used for the interpolant will be clear from the context.
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Theorem 2. Let mpv(z) be the piecewise linear interpolant of the function
v(x) on the partition T,. That is mpov(z;) = v(x;), for j = 0,1,...,N +
1. Then, assuming that v is sufficiently reqular (v € C?(a,b)), there are
interpolation constants c; such that

Imhv — vl < al|h*0"|L,, p=1,2,...,00, (2.1.13)
|(nv) = v'|ln, < cill ", (2.1.14)
|mhv — v, < |||, (2.1.15)

Forp = oo this is just the previous theorem, applied to each subinterval. Note
that for a uniform mesh we have h constant and therefore in this case h can
be written outside the norms on the right hand sides..

Proof. This is a straightforward generalization of the proof of the Theorem
1 and left as an excercise. O

Below we review a simple piecewise linear interpolation procedure on a
partition of an interval:

Vector space of piecewise linear functions on an interval. Given
I = ab),let Ty :a =290 < 11 < 23 < ... < < Tpyy = b be a
partition of I into subintervals I; = (z;_1, z;) of length h; = |[;| := x; —x,_1;
j=1,2,...,N. Let

Vi, := {v|v is continuous piecewise linear function on7y,}, (2.1.16)

then V), is a vector space with the, previously introduced hat functions:
{©;}, as basis functions. Note that ¢o(z) and @y (z) are left and right
half-hat functions, respectively. It is easy to show that every function in V},
is a linear combination of ¢;s:

Lemma 1. We have that
N

Yo € Vi; v(x) = Zv(xj)goj(x), = <dith =N+ 1). (2.1.17)
§=0
Proof. Both left and right hand side are continuous piecewise linear functions.
Thus it suffices to show that they have the same nodal values: Let z = z;
then
RHS =v(zo)po(z;) + v(z1)pi(x)) + ..+ v(zio1)pi-1(z)
+ (@)@ (x;) + v(@i)ei()) + .+ olen)en(z;)  (2.1.18)
=v(x;) = LHS,
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where we have used the fact that ¢ is piecewise linear and ¢;(z;) = 6;;. O

Definition 10. Assume that [ is a Lipschitz continuous function in [a,b].
Then the continuous piecewise linear interpolant of f is defined by

mnf(z;) = f(z;), j=0,1,..., N. (2.1.19)
Or, alternatively:
N
mf(x) = flz)pi(z),  x€a,b].
=0

Note that for each interval I;, j =1,..., N, we have that

(i) mnf(z) is linear on I;, =  m,f(x) = ¢ + c1x on I;.

(ii) th(xj—l) = f(xj—1) and th(xj) = f(fj)

mnf () /()

T
X0 T To €Ty TN-1 TN
Figure 2.3: Piecewise linear interpolant 7, f(x) of f(x).
Now using (i) and (ii) we get the equation system
Thf(zj-1) = co + 1wy = f(x-1) N c = %
—ajoa g
ﬁhf(xj) = Cy +Clxj — f(xj) co = Tj—1 iji)xjgijl (x; 1)7
Consequently we may write
— . j ) _—Ti—1
€ = f(%*l)xr%'—l T f(x])xrxjfl (2.1.20)

cxr = f(‘rj—l)xj%;j,l + f(xj)xjjaccj,l'
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Hence for z; 1 <z <z;, j=1,2,...,N

T: — T r —T;1
mf(x) = o+ cx = f(xj_1) ——— + f(z;) ——
flz)=co+a f(al)xj_xj_l I j)$j—$j_1

= f(zj-0)Aj-1(z) + fz)N(2),

where \;_;(z) and \j(x) are the piecewise linear basis functions on I;:

Figure 2.4: Linear Lagrange basis functions for ¢ = 1 on the subinterval I;.

We generalize the above procedure and introduce Lagrange interpolation
bases functions:

2.2 Lagrange interpolation

Consider P%(a,b); the vector space of all polynomials of degree < ¢ on the
interval (a,b), and the basis functions 1, z, 22, ..., 27 for P4.

Definition 11 (Cardinal functions). Lagrange basis is the set of polynomials
{Ni}ly C Pi(a,b) associated to the (q + 1) distinct points, a = xy < x1 <
... <xy=0, in (a,b) and determined by the requirement that \;(x;) =1 for
i = j, and 0 otherwise, i.e. for x € (a,b),

(x—x0)(x—21) ... (x —xiq) | (@ —2ig1) ... (z — )
(I‘Z‘ — ZL’())(IZ — xl) . (I‘Z — xi_l) T (I‘Z — ZEZ'_|_1) R (ZL’Z — Iq)

Ai(T) = . (2.2.1)




2.2. LAGRANGE INTERPOLATION 51

By the arrows | , T in (2.2.1) we want to emphasize that \;(x) = | | ( — >
gA Tt

. : x
does not contain the singular factor . Hence
r; — X

N = T )@ — @) (25— 22y — Bia) (1 — ) o
i(25) =" S = o oz, ) = 0
(i —xo)(z; —x1) . (@i —wim1) (T — @igr) -+ (2 — xy)
and \i(z), i =1,2,...,q, is a polynomial of degree q on (a,b) with

1 =
0 Q]

Example 13. Let ¢ = 2, then we have a = vy < x1 < x5 = b, where

(29 — w0) (29 — T9)

(21— x0) (21 — T29) -0

izl,j:2:>512:/\1($2):

(21— 20) (21 — 72)

=1.
Ty — xo)(ﬂﬂl - $2)

i:j:1:>511:/\1($1):

A polynomial p € P9(a,b) with the values p; = p(z;) at the nodes x;,
1 = 0,1,...,q, can be expressed in terms of the corresponding Lagrange
basis as

p(x) = poro(z) + prAi(x) + ...+ pgAg (). (2.2.3)

Using (2.2.2), p(z;) = poro(@i) +p1ida(@i) +. .. pidi(@i) + ...+ pg (i) = pi
Recall that in the previous chapter, introducing examples of finite dimen-
sional linear spaces, we did construct Lagrange basis functions for ¢ = 1:
No(@) = (z — £)/(€ — &) and Ay(x) = (z — &)/(€ — &), for an arbitrary
subinterval (&, &) C (a,b).

Below we want to compare the Lagrange polynomial of degree ¢ with
another well-known polynomial: namely the Taylor polynomial of degree q.

Definition 12 (Taylor’s Theorem). Suppose that the function f is q+1-times
continuously differentiable at the point xo € (a,b). Then, f can be expressed
by a Taylor expansion about xq as

f(x) =T,f(xo) + Ryf (o), (2.2.4)
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where
Tyf (x) = f(w0) + f'(w0) (7 —20) + %f”(%)(ﬂc —20)’+.. .+ %f(q) (o) (@ — 0)*,

is the Taylor polynomial of degree q, approximating f about x = xo and

1
(g+1)!

R f(x) = SO (@ — )™, (2.2.5)

15 the remainder term, where & is a point between xog and x.

For a continuous function f(x) on [a, b], we define the Lagrange interpolation
polynomial m,f € P4(a,b), corresponding to the Taylor poynomial T, f(x).

Definition 13. Let a < §y <& < ... <& < b, be g+1 distinct interpolation
nodes on [a,b]. Then w,f € Pi(a,b) interpolates f(x) at the nodes &;, if

T f(&) = f(&), i=0,1,...,¢q (2.2.6)
and the Lagrange’s formula (2.2.3) for w,f(z) reads as
mof(x) = f(&)Mo(x) + f(E)M(z) + ...+ f(€) A (), a <z <D

Example 14. For ¢ = 1, and considering the whole interval we have only
gy ) _
the nodes a and b. Recall that \,(z) = ’ and Np(x) = ’
a

a
——, thus as we
—b a
see in the introduction to this chapter

h—
mf (@) = Fla)ha(z) + FO) (). (2.2.7)

Theorem 3. We have the following interpolation error estimates

1
g+ 1)1(95 — xo)** - \xfgﬁ] fa ()],

| f(x) — qu(x0)| = Rq(f) <

for the Taylor interpolation which is of order ¢ + 1 near x = xy; and

1 q
7(@) = maf (@) < ey ]_]0 2= ] - max |/ (@),

for the Lagrange interpolation error which is of order 1 at each node point
Lo, Lyy...y Ly
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Proof. The Taylor part is well known from elementary calculus. As for the
Lagrange interpolation error we note that at the node points x; we have that
flz;) —mgf(x;) =0, fori=0,1,...,q. Since f(z;) — 7 f(z;) has ¢+ 1 zeros
in [a, b], hence there is a function g(z) defined on |[a, b] such that

f(x) —mf(x) = (x —xo)(x — 1) ... (x — xg)9(x). (2.2.8)

To determine g(x), we define an auxiliary function ¢ by setting

p(t) == f(t) = mg f(t) = (t = zo)(t — 21) ... (t — mg)g(x). (2.2.9)

Note that g(x) is independent of ¢. Further, the function ¢(t) = 0 at the
nodes, z;, i = 0,...q as well as for t = z, i.e. @(xg) = (1) = ... =
o(xy) = p(x) = 0. Thus ¢(t) has (¢ + 2) roots in the interval [a, b]. Now by
the Generalized Rolle’s theorem (see below), there exists a point £ € [a, b
such that @1 (¢) = 0. Taking the (¢ -+ 1)-th derivative of the function ¢(t),
with respect to ¢, we get

Pt(t) = fO(E) — 0 — (¢ + 1)lg(), (2.2.10)
where we use the fact that deg(m,f(z)) = ¢, (t —xo)(t —x1)...(t —x,) =
t1 + at? + ..., (for some constant «), and g(x) is independent of ¢. Thus

0= V(€) = FUV(€) - (g + Dlg(x), (2.2.11)
and we have Fa(e)

g(x) = IPESIR (2.2.12)

Hence, inserting ¢g from (2.2.12) in (2.2.8), we get the error in Lagrange
interpolation as

(g+1) a
E(z) = f(z) — mof(z) = qufl()f,) H(x — ), (2.2.13)

1=0
and the proof is complete. O

Theorem 4 (Generalized Rolle’s theorem). If a function u(z) € C4(a,b)
has (q + 2) roots, xg, 1, ...,xq x, in a closed interval [a,b], then there is a
point £ € (a,b), generated by o, 21, . .., 74, T, such that ul@*D (&) = 0.
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In the approximation procedure of solving differential equations we en-
countered matrices with entries being the integrals of products of basis func-
tions. Except some special cases (see calculations for A and A,,;f in the pre-
vious chapter), these integrals are not elementary and can only be computed
approximately. Below we briefly review some of these numerical integration
techniques.

2.3 Numerical integration, Quadrature rule

We want to approximate the integral [ = f; f(z)dz where, on each subinter-
val, we approximate f using piecewise polynomials of degree d. We denote
the approximate value by I;. To this end we assume, without loss of gen-
erality, that f(z) > 0 is continuous on the interval [a,b], then the integral
I= f; f(z)dx can be interpreted as the area of the domain under the curve
y = f(z); limited by z-axis and the lines x = @ and x = b. we shall approxi-
mate this area using the values of f at certain points as follows.

Simple midpoint rule. Uses midpoint “T*b of [a,b], i.e. only f(aT*b) This
means that f is approximated by the constant function (polynomial of degree
0) Py(z) = f(“T*b) and the area under the curve y = f(z) by

a+b). (2.3.1)

]z/jf(a:)da:z(b—a)f(

This is the general idea of the simple midpoint rule. To prepare for the
generalizations, if we denote xqg = a and z; = b and assume that the length
of interval is h, then

I~ITy=h-fla+ g). (2.3.2)

Simple trapezoidal rule. We use two endpoints a and b, i.e, f(a) and f(b).
Here f is approximated by the linear function (polynomial of degree 1) P;(x)

passing through the points (a, f (a)) and <b, f (b)) and the area under the
curve y = f(z) by

b a
I / F@)de ~ (b— a)w. (2.3.3)
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F(®)
fle+h/2) L~ @) |
~_"

Figure 2.5: Midpoint approximation/, of the integral I = f;ol f(z)dz.

This is the area of the trapezoidal between the lines y =0, x =a and x = b
and under Pj(z), and therefore is refereed as the simple trapezoidal rule.
Once again, for the purpose of generalization, we let o = a, x1 = b and
assume that the length of interval is h, then (2.3.3) can be written as

hifla+h) = fla)] _, fla)+ flat+h)

I~1 =h-fa)+ = h . (234)

2 2

Figure 2.6: Trapezoidal approximation [; of the integral I = f;}l f(z)dz.

Simple Simpson’s rule. Here we use two endpoints a and b, and the midpoint



56 CHAPTER 2. POLYNOMIAL INTERPOLATION IN 1D

o e f(a), f(b), and f<“7+b> In this case the area under y = f(x) is

approximated by the area under the graph of the second degree polynomial
Py(z) with Py(a) = f(a), P2<a7+b) - f(%b) and Py(b) = f(b). To de-
termine Py(x) we may use Lagrange interpolation functions for ¢ = 2: let
ro =a, 1 = (a+b)/2 and x5 = b, then

Py(z) = f(wo)Ao(z) + f(z1)A1(2) + f(22)A2(2), (2.3.5)
where
Nolw) = it
A (z) = % (2.3.6)
No(z) = ol
Thus

b b 2 b
I= / flx)de ~ / f(x)Pg(x)dx:Z fla:) / () da. (2.3.7)

Now we can easily compute the integrals

/ab No(7) dor = /ab o) e b g a /ab () do = 4(66— a)' (238)

Hence ,
I = / f(z)dx =~

This is the basic idea behind the simple Simpson’s rule. For the generalization

purpose, due to the fact that in this approximation we are using 2 intervals
(a, aT“’) and (“T”’, b), it is more appropriate to assume an interval of length

2h. Then, (2.3.9) can be written as

U F(@o) + 4f (1) + f(ws)]. (2.3.9)

1_/ I % F(20) + 4f (1) + f(z2)]. (2.3.10)
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a = o a+h/2 b=m

Figure 2.7: Simpson’s rule I; approximating the integral I = f;ol f(z)dz.

Obviously these approximations are less accurate for large interval [a, 0]
and /or oscillatory functions f. Following the Riemann’s idea we can use these
rules, instead of for the whole interval [a, b], for an appropriate partition of
[a,b] on each subinterval. Then we get the generalized versions composite
rules based on the following algorithm:

General algorithm. To approximate the integral

b
I = / f(z)dz,
we use the following steps

(i) Divide the interval [a, b], uniformly, into N subintervals

a=20<25<2m<...<zy_1<zy=0>b (2.3.11)
(ii) Write the integral as
b z1 ZN N %k
/ f(x)dx:/ f(a:)dx+...+/ f(x)dx:Z/ f(z)dx.
a 20 ZN -1 k=1 Y #k—1

(2.3.12)

(ii) For each subinterval Iy := [z_1,2x], k = 1,2,..., N, apply the very
same integration rule. Then we have the following generalizations.
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(M) Composite midpoint rule: approximates f by the constants (that are
the values of f at the midpoint of the subinterval) on each subinterval:

Let b N
—a _ Zp-1+ 2
h:u]\[‘: N s I‘k:%,kzl,Q,...,N,
then using the simple midpoint rule for the interval I, := [z, _1, 2], we
have ” ”
f(z)dx ~ f(zg) de = hf(zy). (2.3.13)

2k—1 2k—1

Summing over k =1,2,..., N, we get

b N
/ )z~ SO RF@) = BLFE) + -+ F(En)] =y (2.3.14)
a k=1

(T) Composite trapezoidal rule: Simple trapezoidal rule on [} yields

/ f(z) da ~ / [ de = 2f(ac) + f(z)) (2315)

Rk— Zk—

Summing over k = , N, we have

a k=1 (2.3.16)
h

(S) Composite Simpson’s rule: (Quadratic approximation on each subin-
terval). Recall that this corresponds to a quadrature rule based on

piecewise quadratic interpolation using the endpoints and midpoint of
each subinterval. Thus, this time we use the simple Simpson’s rule on

each subinterval I, = [z;,_1, 2] using the points z;_1, % and z:
Zp—1+ 2
/ fla [f(zk Daf () )| 237
Zf—
To proceed we use the following identification on each subinterval Iy,
k=1 .k
s _
Toh-2 = %1, Top1= 21 R gz T =2z (2.3.18)

2
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20 1 21 Z2k—1 Z 2k Zy = b

a = Ty X T2 Tok—2 Tok—1 Tog TaN

Figure 2.8: Identification of subintervals for composite Simpson’s rule

Thus summing (2.3.17) over k and using the above identification, we
finally obtain the composite Simpson’s rule viz,

/abf(:r

Ze 1+Zk

[ Zk-1 +4f<7T>+f(zk)]

D

k=1

3

k=1

h
3

ZZ

w| =

wl|

[ Tog—2) + 4f (Top—1) + f(x%)} (2.3.19)

N
[f o) + AF (x1) + 2f (w2) + Af (23) + 2 (z4)

N
+ ...+ 2f(I2N 2) -+ 4f($2N 1) + f(%gN)] = SN.

Here is the starting procedure where the numbers in the brackets indicate
the actual coefficient on each subinterval. For instance the end of interval
1 :zy = x5 coincides with the start of interval 2, yielding to the add-up

[1] 4+ [1] = 2 as the coefficient of f(x2). A resonance which is repeated for
each interior node 2. k=1,..., N — 1.

Remark 9. The rules (M), (T) and (S) use values of the function at equally
spaced points. These are not always the best approximation methods. Below
we introduce an optimal method:
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[4] [4]

) € X2 €3 Xyg

Figure 2.9: Identification of subintervals for composite Simpson’s rule

2.3.1 (Gauss quadrature rule

This is to choose the points of evolution in an optimal manner, not at equally
spaced points. We demonstrate this rule through an example viz:

Problem: Choose the nodes z; € [a,b], and coefficients ¢;, 1 < i < n such
that, for an arbitrary function f, the following error is minimal:

b n
/ f(z)dx — Z ¢if(x;) for an arbitrary function f(x). (2.3.20)

i=1

Solution. There are 2n unknowns in (2.3.20) consisting of n nodes z; and n
coefficients ¢;. Therefore we need 2n equations. Thus if f were a polynomial,
optimal choice of our parameters yields a quadrature rule (2.3.20) which is
exact for polynomials of degree < 2n — 1.

Example 15. Let n = 2 and [a,b] = [—1,1]. Then the coefficients are ¢; and
co and the nodes are x1 and xo. Thus optimal choice of these J parameters
should yield that the approximation

/_1 f(z)dz =~ ¢y f(x1) + cof (x9), (2.3.21)

is indeed exact for f(x) replaced by polynomials of degree < 3. Thus we
replace f by a polynomial of the form f(x) = Ax® + Bx* + Cx + D and
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require equality in (2.3.21). Thus to determine the coefficients ¢y, co and the
nodes 1, T2, i an optimal way, it suffices to use the above approrimation
as equality when f is replaced by the basis functions for polynomials of degree
3: 1,2, 2% and 2®. Consequently we get the equation system

1

/ ldx = ¢1 + o and we get 2], =2 =c1 + ¢,

~1
2

1 1
/ xdx:cl-x1+02-a:2and[%] =0=c 214+ 29
-1
- (2.3.22)
! 371 2
/ 2’dr = ¢y - % + ¢y - 75 and[—} = =c -]+ 1)
1 31-1 3
1 1.4 1
/ 2dr = ¢y - 23 + ¢y - and[z} =0=cy 2} +cy- 3,
1 -1
which, although nonlinear, has the solution presented below:
( (
C1+ Ccy = 2 cl = 1
171 + oo =0 co=1
e ’ . (2.3.23)
@} + a3 = 2 x = —%
\cla::f—i—ch%:O \x2:§
Thus the approximation
! V3 V3
| s s at@) s ate) = (=) 1), @32
~1

s exact for polynomials of degree < 3.

Example 16. Let f(z) = 32 + 2x + 1. Then [' (32 + 2z + 1)dz =
(2% 4+ 2% + 2]' | = 4, and we can easily check that f(—+/3/3)+ f(V/3/3) =4,

which 1s also the exact value of the integral.

Generalized Gauss quadrature. To generalize Gauss quadrature rule
Legendre polynomials are used: Choose {P,}°, such that

(1) For each n, P, is a polynomial of degree n.
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(2) P, LP,ifm<n<— f_ll P, (z)Py(x)dx =0
The Legendre polynomial can be obtained through formula:

, dF 2

_ k k _ 2 n
Pile) = (DN @10, o Pala) = g (o 1)
Here are a few first Legendre polynomials:
3 1 5 3
Py(x) =1, Pi(z) =2, Py(z)= 5372 — 5 P3(x) = §x3 — 5%

The roots of Legendre polynomials are distinct, symmetric and the correct
choices as quadrature points, i.e. they are giving the points z;,1 <7 < n, as
the roots of the n-th Legendre polynomial. (py = 1 is an exception).

Example 17. Roots of the Legendre polynomial as quadrature points:

P(z)=2=0.

Pyz)=—-a"—= =0, gives x19= i?. (compare with the result above).

D 3 3
Pi(z) = §x3 5= 0, gives x1 =0, x93 == 5

Theorem 5. Suppose that x;;i = 1,2,...,n, are roots of n-th Legendre
polynomial P, and that

1 n n
T —x; T — T,
C = / H < J )dx, where H <7]> 18 the Lagrange basis.
1 \T — X ST \NT; — Xy
Jj=1 7j=1
J#

i

n

1
If f(x) is a polynomial of degree < 2n, then / f(z)de = E cif(x;).
-1

=1

Proof. Consider a polynomial R(z) of degree < n. Rewrite R(x) as (n — 1)
Lagrange polynomials with nodes at the roots of the n-th Legendre polyno-
mial P,. This representation of R(x) is exact, since the error is

B(z) = %(x—xl)(x—xg)...(x—xn)R(”)(f), where R™(¢) = 0. (2.3.25)
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Further we have R(x Z H ( " ) z;), so that

g
[ e~ [ (ST G=2)mels
ljf (2.3.26)
S IG=2)u]re
J#Z
Moreover . .
/_1 R(x)dx = Z:CZR(%’Z) (2.3.27)

Now consider a polynomial, P(z), of degree < 2n. Dividing P(z) by the n-th
Legendre polynomial P,(z), we get

P(z) = Q(z) x P,(z) + R(x), degQ(z) <n, degR(z)<mn, (2.3.28)

" / 2)dz = / Q) Pa(x)dz + / 11 R(x)da. (2.3.20)

Since Q(z) L P,(x), YQ(x) with degree< n, thus using (2.3.28) it follows
that

/ Qx)Py(z)dz = 0 —> / 2)dz = / 11 R(x)dz. (2.3.30)

Then z;’s are roots of P,(x), thus P,(z;) = 0 and we can use (2.3.28) to
write

P(z;) = Q(z;) Pu(z;) + R(x;) = R(x;). (2.3.31)
Now using (2.3.27) we obtain that
/_1 P(z)dx = /_1 R(z)dx = Z i R(z;) = chp(xl) (2.3.32)
Summing up: 1 .
/ P(x)dr =) ¢ P(x;), (2.3.33)

i=1
and the proof is complete. O
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2.4 Exercises

Problem 11. Use the expressions \o(z) = =% and \y(z) = $=2 to show that

Aa(2) + Mp(2) = 1, arg(z) + bAp(z) = .

Give a geometric interpretation by plotting, A\.(z), Mo(z), Aa(z) + Ap(2),
arg (), bAp(x) and ad,(z) + b\y(z).

Problem 12. Let f : [0.1] — R be a Lipschitz continuous function. De-
termine the linear interpolant wf € P(0,1) and plot f and ©f in the same
figure, when

(a) f(x) =27, (b) f(x) = sin(mz).

Problem 13. Determine the linear interpolation of the function

f(x):%(l’—’ﬂ)Q—COSZ(.I—g), —rm <z <.

where the interval [—m, 1| is divided to 4 equal subintervals.

Problem 14. Assume that w' € Ly(I). Let x,z € I = [a,b] and w(z) = 0.
Show that

7)| < /\w |dx. (2.4.1)

Problem 15. Assume that v interpolates @, at the points a and b.
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Show, using (2.4.1) that

0 o)) < / (o — v)| d,
(i) (o —v)()] < / (o — v)"] dz = / " d,

(iii) max lp—v| < max |R%Y"|,

(iv) /\so—v\dxs/m%”wx,
I I

V) Me—vll <IF*¢"l;  and A7 = v)llz < ll¢"|Ir,
1/2
where |wl||; = </w2 dx) is the Lo(I)-norm.
T

Problem 16. Use, in the above problem

1 b
V= = E/ o'dr (¢ is constant on I),

and show that
W) (e —v)(@)| <2 / ¥ dr,
I
(vil) /hl\w—v|dw§2 / Gldr  and e — )] <20
I I

Problem 17. Let now v(t) be the constant interpolant of ¢ on I.
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Show that

/h_l\cp —vldx < /|g0’\ dr. (2.4.2)
I I
Problem 18. Show that

P a,b) .= {p(z)|p(x) is a polynomial of degree < q},
1S a vector space but

P(a,b) := {p(x)|p(z) is a polynomial of degree = q},
is not! a vector space.

Problem 19. Compute formulas for the linear interpolant of a continuous
function f through the points a and (b+a)/2. Plot the corresponding Lagrange
basis functions.

Problem 20. Prove the following interpolation error estimate:

ML f = fllotan) < 8(b—a) N2t
Hint: Use Theorem 5.1 from PDE Lecture Notes.
Problem 21. Compute and graph w4 (e_&”?) on [—2, 2], which interpolates

)
68x

at 5 equally spaced points in [—2,2].

Problem 22. Write down a basis for the set of piecewise quadratic polyno-

mials W,EQ) on a partition a = xg < 1 < T3 < ... < Tymy1 = b of (a,b) into
subintervals I; = (z;_1,x;), where
WP = (L),i=1,...,m+1}

Problem 23. Prove that

/“f/<“§f°><w—“2%:0-
xo

Problem 24. Prove that

)/ f(w)dx—f<x1+x°>(x—xo)‘

2 1
max | ”\/ - +$O) dr < 24(x1 — x0)? max I

- 2 [zo,x1] [xo,z1]

Hint: Use Taylor expansion of [ about x =

T1+x2
=



Chapter 3

Linear System of Equations

This chapter is devoted to numerical solution of the linear system of equations
of type Az = b & x = A~'b. To this approach we shall review the well-
known direct method of Gauss elimination and then continue with some
more efficient iterative methods. Numerical linear algebra is undoubtedly
the most applied tool in the computational aspects of almost all disciplines.

3.1 Direct methods

Consider the general form of an n x n linear system of equations given by

a1 + 122 + ...+ ATy = bl

" ) a91X1 + A22To + ... + QopT, = bg
Ar=b <& E aijazj:bl-, 1=1,...,n, or
Jj=1

| amT1 + Qoo + ...+ Gpnty = by,.

We introduce the enlarged n x (n + 1) coefficient matrix A by

a1 a2 ... QAip bl
21 A29 ... QA9pn bg

A= : (3.1.1)
Ap1 Gp2 ... Gpp bn

67
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where the coefficient matrix A is the first n columns in A. Note that to
solve the equation system Az = b t is a bad idea to calculate A~! and then
multiply by b. However, if A is an upper (or lower) triangular, i.e. a;; = 0
for i > j (or i < j), and A is invertible, then we can solve x using the back
substitution method:

!
1171 + A1209 4+ ...+ ALy = bl

A99T2 + ...+ AopLy = bg
Ap—1,n—1Tn—1 + (p—1,nTn = bn—l

Applp = bn7

yields
( 1
T = —[bl — 129 — ... — alnxn]
a1y
Tpoy = ——[bp1 — Gn_1,0Tn)
Qp—1,n—1
bn
Ty — —.
\ Apn

e Number of operations. Additions and subtractions are not considered
as time consuming operations, therefore we shall count only the number of
multiplications and divisions.

e The number of multiplications to solve z,, from (3.1.3) are zero and the
number of divisions is one.

e To solve z,,_1 we need one multiplication and one division.

e To solve x; we need (n — 1) multiplication and one division.

Thus to solve the linear system of equations given by (3.1.2) we shall need

n(n—1) n?
s T +Q(n),

multiplications, where Q(n) is a remainder of order n, and n divisions.

142+...+(n—1)=
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eGaussian elimination method. The Gauss elimination method is based
on the following obvious facts expressing that: a linear system is not changed
under elementary row operations. These are

(i) interchanging two equations
(ii) adding a multiple of one equation to another

(iii) multiplying an equation by a nonzero constant.

Before continuing with the Gauss elimination procedure we recall the simple
3 x 3 dimensional uper triangular matrix U, lower triangular matrix L and
diagonal matrix D.

a b c a 0 0 a 0 0
U=10del|, L=|lgdo]|, D=[04do0
00 f h i f 00 f

The Gauss elimination procedure relay on the elementary row operations
and converts the coefficient matrix of the linear equation system to an upper
triangular matrix. To this end, we start from the first row of the coefficient
matrix of the equation system and using elementary row operations eliminate
the elements a;1,7 > 1, under ay; (make a;; = 0).

The equation system corresponding to this newly obtained matrix A with
elements a;j,a;; = 0,7 > 1, has the same solution as the original one. We
repeat the same procedure of the elementary row operations to eliminate the
elements a;2,i > 2, from the matrix A. Continuing in this way, we thus
obtain an upper triangular matrix U with corresponding equation system
equivalent to the original system (has the same solution). Below we shall
illustrate this procedure through an example:

Example 18. Solve the equation system:
2.%1 + 29+ 13 = 2

4.T1 — T+ 3553 =0 (314)
21’1 + 61’2 — 21’3 = 10.
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In the coefficient matrix:

A=[4 -1 3 | 0o [, (3.1.5)

we have that a1 = 2, as; = 4, and azy = 2. We introduce the multipliers
m;1,t > 1 by letling
21 4 asy 2
may a1l 5 ms3y a1l 9 ( )

Now we multiply the first row by ms; and then subtract it from row 2 and
replace the result in row 2:

2 1 1 | 2 (—2) 2 1 1 | 2
4 -1 3 | 0 =10 -3 1 | —4 (3.1.7)
2 6 -2 | 10 2 6 —2 | 10

get

2 1 1 | 2
0 -3 1 | —4 |- (3.1.8)
0 5 -3 | 8
In this setting we have s = —3 and azs = 5, and
2 1 1
A=10 -3 1 |. (3.1.9)
0 5 =3
Now let mgy = a32/a92 = —5/3, then multiplying the second row in A by mass

and subtracting the result from row 3 yields

2 1 1] 2
0 -3 1| —4 |, (3.1.10)
- 4| 4

3 3
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where we have obtained the upper triangular matriz

2 1 1
U=10 -3 1 |. (3.1.11)
0 0 —2
3

The new equivalent equation system is now

201 + 19+ x3 = 2
—3ry+ 23 = —4 (3.1.12)
ER
with the obvious solution x1 = 1, xo9 = 1 and x3 = —1 which, as we can verify

is also the solution of the original equation system (3.1.4)

Definition 14. We define the lower triangular matrices:

1 0 0 1 0 0 1 0 0
Ly = —m9; 1 0 aL2 = 0 1 0 and L = moy 1 0
—1ms3q 0 1 0 —1N32 1 ms31 132 1

The matrices Ly, Ly and L are unite (ones on the diagonal) lower triangular
3 X 3-matrices with the property that

L= (LyLy) ' = L7'Ly Y, and A= 1LU. (3.1.13)

e LU factorization of the matrix A

We generalize the above procedure for the 3 x 3 linear system of equations
to n x n. We have then A = LU, where L is a unite lower triangular matrix
and U is an upper triangular matrix obtained from A by Gauss elimination.
To solve the system Az = b we let now y = Ux, and first solve Ly = b by
forward substitution (from the first row to the last) and obtain the vector
y, then using y as the known right hand side finally we solve Ux = y by
backward substitution (from the last row to the first) and get the solution .
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Example 19. Following our previous example moy = 2,m3; = 1 and mszy =
—5/3, consequently

1 00 1 0 0 1 0 0
Li=| =21 01|, L= 0 1 0 and L=12 1 0
5 5
-1 0 1 0 3 1 L1
Thus

100 2 1 1 2 1 1

LiA=| -2 1 0 4 -1 3|=|0 -3 1|=4,
-1 0 1 2 6 -2 0 5 =3

which corresponds to the first two elementary row operations in Gaussian
elimination. Further

1 0 0 2 1 1 2 1 1

LoLtA=1| 0 1 0 0 -3 1 =10 -3 1 =U,
0 0 1 0 5 3 0 0 1
3 B 3

which corresponds to the last (third) elementary row operation performed in
the previous example.

In general case we have the following result:
Proposition 2. The n x n unit lower triangular L is given by
L = (Lnfan,Q “e e Ll)il,

where L;, 1 =1,...,n—1 are the corresponding n xn row-operation matrices,
viz exzample above. For n =3 we have (LyL1)™' = L, where

ms; Mmgp 1

and my; are the multipliers defined above.
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Thus Az = b <= (LU)x = b <= L(Uz) = b. As we outlined above we
let y = Ux and solve Ly = b to obtain y. Then with such obtained y we
solve x from Uz = y. We illustrate this procedure through our example:

Example 20. In our example we have that

1 0 0 2
L= 2 10 and b= 0
5
1 —— 1 1
5 0

o Ly = b yields the system of equations

1 0 0 yl 2 yl - 2

2 10 w =10 |l=< 2p+up= 0
5 5

1 —g 1 Y3 10 Y1 — gyg +y3 = 10.

Using forward substitution we get y; = 2, yo = —4, ys3 = 4/3. Further with

2 1 1 2
U=]| 0 -3 1 and y=1| —4 |,
0 0 1
3
o Ux =y yields

2 1 1 1 2 2I1+[E2+I’3: 2
0 -3 1 X9 = —4 < —3$2+I’3: —4
00 4 4 4 4
—— = ——x3= —.
3 s 3 377 3

Using backward substitution, we get the solution vizxy =1, xo =1, x3 = —1.
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Theorem 6 (Cholesky’s method). Let A be a symmetric matriz, (a;; = aj;),
then the following statements are equivalent:

(i) A is positive definite.
(ii) The eigenvalues of A are positive.

(i11) Sylvester’s criterion det(Ay) > 0 for k=1,2,...,n, where

Ay =

(iv) A = LLT where L is lower triangular and has positive diagonal ele-
ments. (Cholesky’s factorization)

We do not give a proof of this theorem. The interested reader is referred to
literature in algebra and matriz theory.

3.2 Iterative method

Instead of solving Ax = b directly, we consider iterative solution methods

based on computing a sequence of approximations z® k = 1,2,... such
that

lim 2™ =2 or  lim |2®™ — x| =0, for some norm.

k—o0 k—o0

Thus consider the general n x n linear system of equations Az = b where
both the coefficient matrix A and the vector b have real entries,

(

anrit  apry ... FapT, =b
Ar —b (3'2'1)
U111+ ... .. FOp_1,T, = by
an1x1+ e e +annxn = Op,.
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For the system (3.2.1) we shall introduce the two main iterative methods.
Jacobi iteration: Assume that a; # 0, then

( 1
T = ——[&121’2 + a13x3 + ...+ ALy — bl]
a1
{ Zpog = —————[an-11%1 + no12%2 + ...+ Qpo1,0Ty — byi]
anfl,nfl
Ty = ——[am®1 + Qpaa + ... + Ay Ty — byl
\ nn

Given an initial approximation for the solution:

‘T(O) - (xg()) = (1, xg)) =Co ..y xgzO) - Cn)7

the iteration steps are given by

1
ng+1) — _a_[a12xg€) + CL13I:(3]€) + + a/lnx - bl]
11
1
. IL’ng) = _—[a21$§k) + @23x:(3k) oot az ) — by
22
1
:Bgzkﬂ) = ——[@nlxg ) + aan(k) +...+ @n,nflx;,k—)l - bn]
L nn

Or in compact form in Jacobi coordinates:

Doy @ity = bi = avi = — Y i1 ai;ry + by,
(h+1) _ i (32.2)
a3 x; ZJ 1% M b,

Convergence criterion
Jacobi gives convergence to the exact solution if A is diagonally dominant.

n
|aii\>2|aij| 1=1,2,... n.

J=1
JF
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4 2 1
Problem 25. Show that A = 1 51 15 diagonally dominant.
01 3

Note, the Jacobi method needs less operations than Gauss elimination.

2
Example 21. Solve Ax = b where A = and b =
-1 2 1

A is diagonally dominant and the matrixz equation Ax = b is equivalent to
the linear equation system

2[E1—I2:1

(3.2.3)
-1 + 2[[’2 =1.

We choose zero initial values for x1 and x4, i.e. :1:50) =0 and xgo) =0 and
build the Jacobi iteration system

k+1 k
22" = 2f) 1 324
2l — g 4 q
where k s the iteration step. Then we have
(1) _ () m_ 1
2077 =xy +1 : : =5
with the solution % (3.2.5)
1 _ 0 m _ 4+
QZBQ =x + 1 Ty = 5
In the next iteration step:
1 3
20 = i) +1 20 = - +1 2 =2
oo = 2 4 (3.2.6)
2wy’ =x;  +1 233%2) _ % x§2) _ %

(k)

7

=ux;, i = 1,2, where xr1 = 19 = 1.

Below we have a few first iterations giving the corresponding argk) and xgk)

values

Continuing we have obviously lim x
k—o0
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k xgk) a:gk)
01 0 0

111/2]1/2
213/413/4
317/817/8

leolloe = max(fal? — 1], o — w]) = max (o~ 1|,J0 - 1) =
1 1 1
lerlloo = max((af = z1], a8 — 2a]) = max (|5 = 1] |5 = 1[) = 5
3 3 1
lealloo = max(|af? — 2], o — al) = max (|5 = 1), |5 = 1]) =
7 7 1
Jesllo = max(o — l, 29— az)) = max (| T 1], | T 1]) = 2
1
In this way |lexi1llec = =ll€klloo, where ey is the error for step k,k > 0.

Iterating we get that for the k-the Jacobi iteration the convergence rate is
1\ k
(2)

1 1?2 1\* 1\ E
letlloe = sllextlloe = (5) Nlexzloo = = (5) lleolle = (5) -
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e Gauss-Seidel Method
Give an initial approximation of the solution

xr = (xgo), xgo), e x,(lo)),
then using the fact that the first row in the k-th Jacobi iteration gives xgkﬂ)
and in the i+ 1-th row we have already computed values for xgkﬂ), ce xl(-kﬂ)

on the right hand sides of the first ¢ rows. The idea with the Gauss-Seidel
method is that, in the same iteration step, simultaneously use this computed
values. More specifically the Gauss-Seidel iteration steps are given by:

¢ —1
xgk—’—l) — a—[alg.fﬂgk) + algl’gk) + ...+ @1nx7(zk) - bl]
11
—1
xngrl) = &—[agl.Tngrl) + a23$:(3k) + ...+ @2nx7(1k) - 62]
22
9
-1
) = ﬁ[a(nfl),l‘xgk—’—l) t+.t a(nfl),n*ﬂgzkj;) + A1) w2 — bni]
-1
gk — —[amxgkﬂ) + angxgkﬂ) +...+ an,n,lelk_ﬁl) — by].

N Apn

Or in a compact way in Gauss-Seidel coordinates.

Ar =b <— zn:aijl'j =b; — i:aijxj + zn: QT = b;. (327)

j=1 j=1 j=141

Therefore the iterative forms for the Gauss-Seidel is given by

i (k+1) n (k)
Zj:l g5 T == Zj:iJrl Ty + by < (3.2.8)
k+1 i—1 k+1 k o
air, = = T e = 0 a4 b

Example 22. We consider the same example as above: Ax = b with

2 -1 7 1
, T , b=
-1 2 To 1

A:
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Recall the Jacobi iteration system

22 = 2 41

(3.2.9)
2:1:§k+1) = a:ﬁ’“’ + 1.
The corresponding Gauss-seidel iteration system reads as follows
(k+1) (k)
2x =xy +1
! ’ (3.2.10)

ngkJrl) _ xngrl) 1

We choose the same initial values for x1 and x5 as in the Jacobi iterations,
i.e. :1:50) =0, and a:éo) = 0. Now the first equation in (3.2.10):

1
2x§1) = xg)) +1= argl) =35

1

Inserting this value of argl) = 5 in the second equation in (3.2.10) yields

1 3
21’51) = xgl) + 1= 21’51) =3 + 1= a:él) =1

Below we list a few first iteration steps for this Gauss-Seidel approach:

k argk) xgk)
0 0 0
1] 1/2 | 3/4
2| 7/8 | 15/16
3 131/32 | 63/64
Obviously lim ¥ = lim 2 = 1. Now with leklloo =1 ax]x(k) x|, we
k—o0 k—o00 i=1,2 ¢
get the successive iteration errors:
1 3 1
Jealle = max(faf” — 1], 0 = waf) = max (|5 = 1|, |3 =1]) = 3
eal (|E-1[ 52~ 1)) == 5. el (55 5) =3
e =max |- — — — == — e =max (—, — | = —.
2llee 8 I'l16 gr 1l 32’ 64/ 32
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1
Thus for the Gauss-Seidel iteration ||exi1|loo = ZHekHoo; where ey, is the error

for step k, and hence we can conclude that the Gauss-Seidel method converges
faster than the Jacobi method:

1 1\ 2 1N\ K N
leelloe = 7lenilloo = (5) Nlewzlioe == (5) Nleolloe = (5) -

e The successive over-relaxation method (S.O.R.).
The S.O.R. method is a modified version of the Gauss-Seidel iteration. The
iteration procedure is given by

i—1 n
(k+1) _ (k) | W (k+1) (k)
z, T =01-wz + o [bi - Zlaijxj - -Z+1 aijT; } (3.2.11)
= j=i

For w > 1 the method is called an over-relaxation method and if 0 < w < 1,
it is referred as an under-relaxation method.
S.0O.R. coordinates:

i—1 n
st = 0~ (Y aa 4 3wl -b)  @212)
j=1 j=i+1

e Abstraction of iterative methods
In our procedures we have considered Az = b and x = Bx 4 C' as equivalent
linear equation systems, where B is the iteration matrix and xy 1, = B, +C.

Potential advantages of iteration methods over direct methods: they are
(i) Faster (depends on B, accuracy is required)
(ii) Less memory is required (Sparsity of A can be preserved.)

Questions:
(Q1) For a given A, what is a good choice for B?
(Q2) When does zp — 7
(Q3) What is the rate of convergence?
The error at step k is e, = x5 — x and that of step (k+1) is ex1 = 241 — .
Then we have €11 = 341 —x = (Bxy+C) — (Bx—C) = B-(x, — x) = Bey.
——

ek
[terating, we have

er = Beyx_1=B-Bey_o=B-B-Bey_3=B',_4=...= Bte,_,, = B* ¢,.
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Thus we have shown that e, = B*ey. Let now

0 0 0 a2 ... Q1
a 0 0
L= . U=
0 Ap—1,n
Qp1 -.. Apn—1 0 0 0
and
a1 0 0
D— 0 99 0 ’
0 ... 0 au

then A = L + D + U, which is a splitting of A. Now we can rewrite Ax = b
as (D + D+ U)x = b then Dz = —(L + U)x + b, and we may reformulate
the iterative methods as follows:

Jacobi’s method
Dz = —(L+ Uz, +b= B;=-DYL+U),
where B is the Jacobi’s iteration matrix.

Example 23. Write the linear system in the matrix form v = Byx + C

1 n 1
Tl = =T9 —
2.(51 — X9 = 1 2 2 . . . .
= which in the matrix form is
- + 21‘2 =1
To = §$1 + 5
T 0o 1 T 1
= ? ! + | 2 |, where
) % 0 T2 %
T 0 1 1
xr = ' , By = 2 and C = | 2
2 3 0 ;
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Example 24. Determine the same By by the formula By = =D Y(L + U),

2 -1 0 0 0 -1
L U
-1 2 -1 0 0 0 0 2

We can easily see that

1
D*lz 2 O
0 3
and thus
1 1
—= 0 0 -1 0 -
By=-DYL+U)= 2 — 2
1 1
0 —= -1 0 - 0
2 2

Gauss-Seidel’s method

As above we write Az = b as (L+D+U)x = b but now we choose (L+ D)z =
—Ux+b. Similar to the previous procedure we have (L+ D)y, = —Uxy+b,
and then Bgg = —(L+ D)~ 'U, where Bgg is Gauss-Seidel’s iteration matriz.

Relaxation
Gauss-Seidel gives that (L + D)x = —Uxz + b, thus the iteration procedure
1s:

kaJrl = D[L'k — [kaJrl -+ (D -+ U).Tk — b]

where w is the Relaxation parameter, w = 1 gives the Gauss-seidel iteration.
Now we have that

(WL + D)xy1 = [(1 — w)D — wU]xy + wb,
thus the Relaxation iteration matrix is:

B, = (wL+ D)™ '[(1 —w)D — wU].
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3.3 Exercises

Problem 26. Illustrate the LU factorization for the matrix

1 3 2
A= -2 —6 1
2 5 7
Problem 27. Solve A*x = b for
—1 2 144
A — b =
2 =3 —233

Problem 28. Find the unique the LDU factorization for the matriz

1 1 -3
A=10 1 1
3 -1 1

Problem 29. Show that every orthogonal 2 X 2 matriz is of the form

c s c s
Al = or Ay = ,
-5 ¢ s —c
where ¢ + s?> =1

Problem 30. Solve the following system

4 -1 uy 1
—1 4 U9 -3

using 3 iterations of the following methods using a starting value of u® =
(0,0)T.

(a) Jacobi Method.

(b) Gauss-Seidel Method.

(c) Optimal SOR (you must compute the optimal value of w = wy first).
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Chapter 4

Two-points BVPs

In this chapter we focus on finite element approximation procedure for the two
point boundary value problems (BVPs) of Dirichlet, Neumann and mixed type.
For each PDE we formulate a corresponding variational formulation(VF) and a
minimization problem (MP) and prove that to solve the boundary value problem
is equivalent to the (VF) which in turn is equivalent to solve a minimization
problem (MP), i.e,

(BVP) <= (VF) < (MP).

We also prove a priori and a posteriori error estimates for BVPs.

4.1 A Dirichlet problem

Assume a horizontal elastic bar that occupies the interval I := [0, 1], is fixed
at the end-points. Let u(x) denote the displacement at a point z € I, and
a(x) be the modulus of elasticity and f(z) a load function, then one can
show that wu satisfies the following boundary value problem for the Poisson’s
equation

!/

—<a(x)u’(x)) = f(z), O0<z<l1,
u(0) = u(1) = 0.

(BVP), (4.1.1)

We assume that a(x) is piecewise continuous in (0, 1), bounded for 0 < z <1
and a(x) >0 for 0 <z < 1.

85
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Let v(z) and its derivative v'(x),x € I, be square integrable functions, that
is: v, v € Ly(0,1), and set

H = {v(x) : /Ol[v(x)2 + o' (2)]de < 0o, v(0) =v(1) = o}. (4.1.2)

The variational formulation (VF) for (BVP), is obtained by multiplying the
equation by a function v(z) € H}(0,1) and integrating over (0, 1):

- [ @@l = [ rajote)ds (4.1.3)

By partial integration we get

1

— [a(x)u'(x)v(x)] + /01 a(z)u' (z)v'(x)de = /01 f(z)v(x)d. (4.1.4)

0

Now since v(0) = v(1) = 0 we have

/Oa(x)u/(x)v/(a:)dx:/o f(x)v(z)de. (4.1.5)

Thus the variational formulation for the problem (4.1.1) is as follows:
Find u(z) € H} such that

(VF), /Oa(a:)u/(x)v’(x)dx:/o f(x)v(z)dr, Yo(xr) € Hy. (4.1.6)

In other words we have that if u satisfies (BVP), (4.1.1), then u also satisfies
the (VF),, (4.1.5) above. We write this as (BVP);, = (VF),. Now the
question is whether the reverse implication is through, i.e. if which conditions
can we deduce the reverse implication (VF), = (BVP),? It appears that
this question has an affirmative answer and the two problems are indeed
equivalent. We prove this observation in the following theorem.

Theorem 7. u satisfies (BVP), <= u satisfies (VF),.

Proof. We have already shown (BVP), = (VF),. It remains to show that
(VF), = (BVP),. Integrating by parts on the left hand side in (4.1.5) and
using v(0) = v(1) = 0 we come back to

—/0 [a(x)u'(x)]’v(a:)da::/o f(z)v(x)d, Yu(z) € Hy (4.1.7)
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which can also be written as

/01 [_ (a(x)u/(x))/ - f(x)]v(x)dx =0, Vo(z) € Hy. (4.1.8)

We claim that (4.1.8) implies

—<a(a:)u’(x))/ ~f(x)=0, Ve (0,1). (4.1.9)
If our claim is not true!, then there exists at least one £ € (0,1), such that
~(aew©) - 16 #0. (4.1.10)

where we may assume, without loss of generality, that
~(a©'©) - 7€) >0 (or <0) (4.1.11)

Thus, assuming that f € C(0,1) and a € C'(0,1), by continuity, 3§ > 0,
such that in a d-neighborhood of &,

g(x) == —(a(x)z/(a:))l — f(x) >0, for ze(€—0,£+0). (4.1.12)

Now we take v(z) in (4.1.8) as a hat function, v*(z) > 0 on (§ —4§,£ +0) and
)

N . |
0] ~__"%-6 & ¢(+6 ~— 1

Figure 4.1: The hat function v*(x) over the interval (£ — 0,£ + 6).

we have v*(z) € H} and /01 \[ — (a(x)z/(x))l — f(x)} U;(i)/ dxr > 0, which

/

A >0
>0
contradicts (4.1.8), thus our claim is true and the proof is complete. O
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Corollary 1. (i) If both f(x) and a(zx) are continuous and a(x) is differ-
entiable, i.e. f € C(0,1) and a € C*(0,1), then (BVP) and (VF) have the
same solution.

(i) If a(x) is discontinuous, then (BVP) is not always well-defined but (VF)
has meaning. Therefore (VF) covers a larger set of data than (BVP).

4.2 Minimization problem
For the problem (4.1.1), i.e. our (BVP),

—(a(x)u’(x)), =f(z), O0<z<l,
u(0) = u(l) = 0.

(4.2.1)

we formulate a minimization problem (MP) as follows:

Problem 31. Find v € H} such that F(u) < F(w), Yw € H}, where F(w)
is the total energy of w(x) given by

1 /1
F(w) = 5/ w')?dx / fwdzx (4.2.2)
0
Internal energy Load potential

Theorem 8. The minimization problem above is equivalent to variational
formulation (VF)q,
(MP) < (VF) i.e.
1 1
F(u) < F(w),Yw € H) < / auw'v'dr = / fvdr, Yve H). (4.2.3)
0 0

Proof. (<=) For w € Hy we let v = w — u, then v € H; and

F(w):F(u—i-v):%/01a<(u+v)’>2dx—/Olf(u+v)dx:

1t [ 1t
=— / 2au'v'dr + = / a(u ) dr += / a(v')?dx
2 Jo 2 Jo 2Jo

(zz
/fuda:—/ fudex.
(zv

(zzz
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1 1
but (i) + (iv) = 0, since by (VF), / av'v'dr = / fvdx. Further by

0 0
definition of the functional F' we have (i7) 4 (i74) = F(u). Thus

F(w) = F(u) + 5/0 a(r)(v'(z))*dx, (4.2.4)

and since a(z) > 0 we have F(w) > F(u).
(=) Let now F(u) < F(w) and set g(e,w) = F(u + €v), then ¢ has a

minimum at € = 0. In other words ¢'(e, w) = 0. We have
0

£=

g(e,w):F(u—l—sv):%/1a<(u+6v)’)2dx—/lf(u+6v)dx:
0 0
_1 ! N2 2/ N2 1 . ! N !
= 2/0 {a(u")” + ae”(v")* + 2aeu'v"}dx /0 fudz 6/0 fodx.

Now we compute the derivative g.(e,w).
1 1
gi(e,w) = 5{2@6(1)/)2 + 2au'v' }dx — / fudx (4.2.5)
0

and g. =0, yields

1 1
/ au'v'dr — / fodx =0, (4.2.6)
0 0

which is the variational formulation. Thus we conclude that F(u) < F(w) =
(VF), and the proof is complete. O

We summarize the two theorems in short as

Corollary 2.
(BVP), <= (VF);, < (MP).

4.3 A mixed Boundary Value Problem

Obviously changing the boundary conditions would require changes in the
variational formulation. This can be, e.g. seen in formulating the (VF)
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corresponding to the following mixed boundary value problem

—<a(x)u’(a:)>, =f(z), 0<z<l1
u(0) =0, a(Mu'(1) =g #0.

(BVP), (4.3.1)

We multiply the equation by a suitable function v(x) with v(0) = 0 and
integrate over the interval (0, 1) to obtain

_/0 [a(x)u'(x)]'v(x)dx:/o f(z)v(z)d. (4.3.2)

By partial integration we get, as before, that

—[a(x)u’(x)v(x)]é—l—/o a(x)u’(x)v/(x)dx:/o f(x)v(z)dx (4.3.3)

Using the boundary data v(0) = 0 and a(1)u'(1)v(1) = g1v(1) we get

1 1
/ a(z)u' (z)v'(x)dz = / f@)(x)ds + gv(l), Yo e HE, (4.3.4)
0 0
where
1
H = {v(z) : / [v(x)? 4+ v'(x)%]dr < oo, such that v(0) =0}.  (4.3.5)
0
Then (4.3.4) yields the variational formulation: Find u € ﬁé such that

1 1

(VF), / a(z)u' (z)v'(z)de = / f@)w(z)dz + gv(l), Yo e H
0 0

Now we want to show that

Theorem 9. (BVP), <= (VF),

Proof. (=) This part is trivial and already proved along the above lines.
(«<=) To prove that a solution of the variational problem (VF), is also a
solution of the two-point boundary value problem (BVP), we have to show

(i) the solution satisfies the differential equation
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(i) the solution satisfies the boundary conditions

We start with (V F')y and perform a reversed order partial integration to get

/o a(x)u' (z)v' (x)dz = [a(z)u' (z)v(z)]] —/0 [a(z)u'(z))v(x) dz.  (4.3.6)

Since v(0) = 0, we get

/o a(x)u'(x)v(x)dr = a(1)u'(1)v(1) —/0 la(z)u(z)] vdx (4.3.7)

Thus the variational formulation (VF), can be written as

—/0 [a(z)u'(x)]'vdx + a(1)u'(1)v(1) :/0 f(@)v(x)de + grv(l). (4.3.8)

The equation (4.3.8) is valid for every v(z) € H2(0,1), including a test func-
tion v(z) with v(0) = v(1) = 0 as in the Dirichlet problem: —(au’)" =
f, w(0) = u(1) = 0. This is simply because HZ(0,1) c H}(0,1). Conse-
quently choosing v(1) = 0 (4.3.8) is reduced to

—/O [a(x)u’(x)]’vdx:/o f(z)v(x)de, Yu(z) € Hy (4.3.9)

Now as in the case of the Dirichlet problem (4.3.9) gives the differential
equation in (4.3.1) and hence claim (i) is through.

On the other hand (4.3.9) is just the equation in (4.3.1) multiplied by a
test function v and integrated over (0, 1), so (4.3.9) is equally valid for v €
H}(0,1). Now inserting (4.3.9) in (4.3.8) we also get g1v(1) = a(1)u/(1)v(1),
which choosing v(1) # 0, e.g. v(1) = 1, gives that g; = a(1)u/(1) and the
proof is complete. O

Remark 10. i) The Dirichlet boundary conditions is called the essential
boundary condition and is strongly imposed in the test function space:
Enforced explicitly to the trial and test functions in (VF).

ii) The Neumann and Robin Boundary conditions are called the natural
boundary conditions and are automatically satisfied in (VF), therefore
are weakly imposed.



92 CHAPTER 4. TWO-POINTS BVPS

4.4 The finite element method. (FEM)

Let 7, = {0 =29 <21 < ...<xpy <xpy1 = 1} be a partition of 0 <z < 1

into subintervals I}, = [zy_1,zx] and hy = z — x,_1 Define the piecewise
T T T T T T T A/E
To=0 1 T Th—1 Lk TN Tarpr =1
L Pk ,

constant function h(z) = xp — xx_1 = hy, for € I).. Let now C(I, Pl(Ik)>

denote the set of all continuous piecewise linear functions on 7, (continuous
in whole I, linear on each subinterval ), and define

Vi = {vivec(LA), v(0)=0(1) =0} (4.4.1)
Note that Vh(o) is a subspace of
Hy = {v(z) : /0 [v(2)* 4+ (2)*]dr < oo, and ©v(0)=wv(1)=0}. (4.4.2)

A ¢G(1) (continuous Galerkin of degree 1) finite element formulation for our

Dirichlet boundary value problem (BVP) is given by: Find u, € Vh(o) such
that

(FEM) /Oa(x)u%(x)v’(x)dx:/o f@(z)ds, YoeV?. (44.3)

Now the purpose is to make estimate of error arising in approximating the
solution for (BV P) by the functions in Vh(o). To this end we need to introduce
some measuring environment for the error. Recall the definition of L,-norms

! 1/p
L,-norm o]z, = (/ \v(x)\pdx) L 1<p<oo
0
L -norm |v]| 2o = sup [v(x)]
xz€[0,1]

1 1/2
Weighted Ly-norm  ||v||, = (/ a(x)|v(a:)|2dx) , a(z)>0
0

1 1/2
Energy-norm vl = </ a($)|vl($)|2dx)
0

Note that Wlle = [/
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|v|| describes the elastic energy for an elastic string modeled for our Dirich-
let boundary value problem (BVP).

4.5 Error estimates in the energy norm

There are two types of error estimates: An a priori error estimate depends
on the exact solution u(z) and not on the approximate solution wuy(z). In
such estimates the error analysis are performed theoretically and before com-
putations. An a posteriori error estimate where the error depends on the
residual,i.e, the difference between the left and right hand side in the equa-
tion when the exact solution w(z) is replaced by the approximate solution
up(x). A posteriori error estimates can be derived after that the approximate
solution is computed.

Below first we shall prove a general theorem which shows that the finite
element solution is the best approximate solution for either of our Dirichlet
problem in the energy norm.

Theorem 10. Let u(x) be a solution of the Dirichlet boundary value problem

—<a(a:)u’(a:))/ = f(z), 0<zx<l1
u(0)=0 wu(l)=0.

BVP (4.5.1)

and up(z) its finite element element approximation given by (4.4.3). Then
we have

[ —un|e < lu—v||g Vo(z) € V. (4.5.2)

This means that the finite element solution u, € Vh(o) 15 the best approrima-
tion of the solution u by functions in Vh(o).

Proof. Recall the variational formulation associated to the problem (4.4.1):

(VF) /0 a(z)u' (z)v'(x)dx :/0 f(z)v(x)de, Vv € Hj. (4.5.3)
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We take an arbitrary v € Vh(o), then by the definition of the energy norm
o=l = [ @)l )@
0
= /01 a(z) <u’(a:) - uﬁl(x)) (u/(a:) —v'(z) + ' () —u%(x))dx

= /01 a(z) <u’(x) - u%(w)) (u/(x) — z/(x))dx

+ /1 a(z) (u'(x) — uﬁl(x)) <v'(x) — uﬁl(x)) dx
i (4.5.4)

Now since v —uy, € V") C H{, we have by the variational formulation (4.5.3)

/01 a(z)u'(x) <v/(a:) - u%(x))dx _ /01 f(v(a:) — uh(x)>, (4.5.5)

with its finite element counterpart, see (4.4.3),

/01 a(z)u(z) (v/(x) - u%(:ﬂ))dw _ /01 f(v(x) — uh(x)> . (4.5.6)

Subtracting these two relations the last line of the estimate (4.5.4) above
vanishes, so we end up with

lw = unlf = /O a(z)u'(x) — up(2)][u/ (z) — o' (2)]dx

= /01 a(x)
< ([ o) - ) ([ o @)’

= [lu = wnllg - lu=vllz,

o=
=

[ (x) = up(w)]a(x)? [u' () — ' (2)]dw

(4.5.7)

where, in the last estimate, we used Cauchy-Schwartz inequality. Thus
v —unlle < |lu—v||g, (4.5.8)

and the proof is complete. O
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Next step is to show that there exists a function v(z) € Vh(o) such that
||lu—v|| g is not too large. The function that we shall study is v(z) = mpu(x):
the piecewise linear interpolant of u(x), introduced in chapter 2. Recall the
interpolation error estimate in L,-norms:

Theorem 11. (i) Let 0 = 29 < 21 < X9 < ... < xpp < xp41 = 1 be a
partition of [0,1] and h = (xj 41 —x;),j=0,1,..., M

(ii) Let mpv(x) be the piecewise linear interpolant of v(x).
Then there is an interpolation constant c; such that

Imhv — vz, <l 1<p<oo (4.5.9)
lmwo) — vl < el (4.5.10)
|mho — vz, < cllhv'||L,. (4.5.11)

Theorem 12 (An apriori error estimate). Let u and uy, be the solutions of the
Dirichlet problem (BVP) and the finite element problem (FEM), respectively.
Then there exists an interpolation constant C; , depending only on a(x), such
that

|lu — upl|z < Ci||hu” |- (4.5.12)
Proof. According to our general above we have
lu— )l < Ju—vllg,  Voe V. (4.5.13)

Now since mpu(x) € Vh(o), we may take v = mpu(x) in (4.5.13) and use, e.g.
the second estimate in the interpolation theorem to get

lu —upllg < lu—mhulle = v — (Thu)]|a
1 1/2 4.5.14
< Cj||h"||, = C’Z</ a(x)h?(z)u (z)? dac) , ( )
0
which is the desired result. O

Remark 11. Now if the objective is to divide (0,1) into a fized, finite, num-
ber of subintervals, then one can use the proof of theorem 8.3: to obtain
an optimal (a best possible) partition of (0,1); in the sense that: whenever
a(x)u”(x) gets large we compensate by making h(x) smaller. This, however,
requires that the exact solution u(x) is known. Now we want to study a pos-
teriori error analysis, where instead of the unknown value of u(z), we use the
known computed values of the approximate solution.
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Theorem 13 (a posteriori error estimate). There is an interpolation constant
¢; depending only on a(x) such that the error in finite element approzimation
of the Dirichlet boundary value problem (BVP) (4.5.1) satisfies

le(z)]| < cz-(/o %x)hQ(x)RQ[uh(x)]dxy, (4.5.15)

where e(x) = u(x) — up(x), note that e € Hy.

Proof. By the definition of the energy norm we have

wmﬁzémmam%=gamwm—%mwmm
:/0 a(x)u'(x)e’(x)dx—/o a(z)uy,(x)e (z)dx

Since e € H} the variational formulation (VF) gives that

1
d = 4.5.17
| atapt @@ - /f (45.17)

Thus we have

)% = / f(a)e(z)da — / 1 a(z)u, (z)e (z)dz. (4.5.18)

Adding and subtracting the interpolant m,e(z) and m,€'(x) to e and €’ in the
integrands above yields

w%zlf@ww—mwmm+lfwmwwx

J/

(4.5.16)

@

—/0 a(x)uﬁl(x)[e'(a:)—Whe'(a:)]dx—/o a(z)uy,(x)mpe’ (z)dx .

.

Since uy(z) is a solution of the (FEM) (4.4.3) and mpe(z) € Vh(o) we have
—(i1) + (i) = 0. Hence

$)||2E=/O f(ﬂﬁ)[e(x)—ﬂhe(x)]dﬂﬁ—/o a(@)uy ()] () — me'(z)]dx
_ /0 F(@)[e(w) — mhe(x dx—z / e () — (mne’ (2)] da.
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Now, for the integrals in the sum above, we integrate by parts over each
subinterval (zg_1,xg):

_ / " () (o) (¢/w) — e (@) da = [P1] =

J/
-~ ~~

9(z) Fr(z)

Tk

=— [g(x)u%(nge(x) — Whe(x))} } + /‘”k (a(@)uj, (@)’ (e(x) — mpe(x)) do

N~ \ Tk Tr_1 N~ N~

9(x) F(z) g'(x) F(x)

Since e(xy) = mpe(xy), k = 0,1..., M, where xz;:s are the interpolation
nodes we have F(xy) = F(x;_1) =0, and thus

_ /wk a(z)uy,(z) (e (z) — mpe’ (x))dx = /wk <a(x)uﬁl(x)>/(e(x) — mpe(x))dz.

Tk—1 Tk—1

Hence summing over k, we get

—éauwumwu»~mamwxzévmmmmwdw—wmw»m7

and therefore

rwwgzlfuwm—mamm+lmmmnwmm—mwmm
:A{mm+wwﬁwm@w—mmmma

Let now R(up(x)) = f(x) + (a(z)uj(z))’, i.e. R(up(x)) is the residual error,
which is a well-defined function except in the set {z}}, since (a(xy)ul (zx))
are not defined. Thus we can get the following estimate

el = [ Rlunte)(eta) = mea))d =

- [ A hartte) - V(L) g

where we have used Cauchy Schwarz inequality. Now recalling the definition
of the weighted Ls-norm we have,

1

= (/;mw(%;he(@fda:)? (4.5.19)

e(x) — mpe(x)
h(x)
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To estimate (4.5.19) we use the third interpolation estimate for e(z) in a
subinterval and get

6(.77) - Whe(x) /
=5 |, s clle@le=cle@lz @520
Thus
le(@)I1% < ( / ﬁh%xm?(uh(x))da:)? ille(@)l s, (4.5.21)
and the proof is complete. O
Adaptivity

Below we briefly outline the adaptivity procedure based on the a posteriori
error estimate which uses the approximate solution and which can be used for
mesh-refinements. Loosely speaking this predicts local mesh refinement, i.e.
indicates changing the length of the interval h(z) in the regions (subintervals)
which is necessary. More concretely the idea is as follows: Assume that one
seeks an error bound less that a given error tolerance TOL:

le(x)]|z < TOL. (4.5.22)
Then one may use the following steps as a mesh refinement strategy:
(i) Make an initial partition of the interval

(ii) Compute the corresponding FEM solution uy,(z) and residual R(uy(z)).

1
(iii) If ||le(z)||g > TOL refine the mesh in the places for which ﬁRQ (up(x))
a(x

is large and perform the steps (ii) and (iii) again.
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4.6 Exercises
Problem 32. Consider the two-point boundary value problem
—u'=f 0<uz<l; u(0) = u(1) = 0. (4.6.1)

Let V.= {v: ||v] + ||| < o0, v(0)=v(1)=0}.
a. Use V to derive a variational formulation of (4.6.1).
b. Discuss why V is valid as a vector space of test functions.

c. Classify whether the following functions are admissible test functions or

not:

2

sin 7, x°, rlnz, e’ —1, (1l —x).

Problem 33. Assume that u(0) = u(1) =0, and that u satisfies

/ vdac—/ fudz,

forallveV ={v: |||+ ||V < oo, ©v(0)=nwv(1)=0}.

a. Show that u minimizes the functional

1 /1 1
F(v) = —/ (V') dx — / fodaz. (4.6.2)
2 Jo 0
Hint: F(v) = Flu+w) = F(u)+...> F(u).
b. Prove that the above minimization problem is equivalent to
—u"'=f 0<uz<lI; u(0) = u(1) = 0.
Problem 34. Consider the two-point boundary value problem
—u"'=1 0<z<l; u(0) = u(l) = 0. (4.6.3)

Let Ty, - x; = i, 7 =0,1,...,4, denote a partition of the interval 0 < x < 1
into four subintervals of equal length h = 1/4 and let V}, be the corresponding
space of continuous piecewise linear functions vanishing at x =0 and x = 1.

a. Compute a finite element approzimation U € V}, to (4.6.3).
b. Prove that U € V}, is unique.
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Problem 35. Consider once again the two-point boundary value problem

—u'=f 0<z<l; u(0) = u(1) = 0.

a. Prove that the finite element approximation U € V), to u satisfies
(= Ul < [l(u = )],

for all v e V.
b. Use this result to deduce that

[(w = mpu)'|| < Cf|hu”]], (4.6.4)
where C' is a constant and m,u a piecewise linear interpolant to w.

Problem 36. Consider the two-point boundary value problem

—(au) = f, 0<z<l, (4.6.5)
u(0) =0, a(L)u'(1) = g4,
where a > 0 1s a positive function and g, is a constant.
a. Derive the variational formulation of (4.6.5).
b. Discuss how the boundary conditions are implemented.
Problem 37. Consider the two-point boundary value problem
—u"=0, 0<xz<I; uw(0) =0, u'(1)=T7. (4.6.6)

Divide the interval 0 < x < 1 into two subintervals of length h = % and let V},

be the corresponding space of continuous piecewise linear functions vanishing
at x = 0.

a. Formulate a finite element method for (4.6.6).
b. Calculate by hand the finite element approximation U € V}, to (4.6.6).

Study how the boundary condition at x = 1 is approzimated.

Problem 38. Consider the two-point boundary value problem

—u"=0, 0<z<l,; u'(0) =5, wu(l)=0. (4.6.7)
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Let T, : z; = jh,j = 0,1,...,N, h = 1/N be a uniform partition of the
interval 0 < x < 1 into N subintervals and let V}, be the corresponding space
of continuous piecewise linear functions.

a. Use Vj, to formulate a finite element method for (4.6.7).

b. Compute the finite element approximation U € V}, assuming N = 3.

Problem 39. Consider the problem of finding a solution approximation to
—u"'=1, 0<z<l; u'(0) =u/(1) = 0. (4.6.8)

Let T;, be a partition of the interval 0 < x < 1 into two subintervals of equal
1

length h = 5 and let V}, be the corresponding space of continuous piecewise
linear functions.
a. Find the exact solution to (4.6.8) by integrating twice.

b.Compute a finite element approximation U € V}, to u if possible.

Problem 40. Consider the two-point boundary value problem

—((1+2)0) =0, 0<z<l,; u(0) =0, o/(1)=1. (4.6.9)

Divide the interval 0 < x < 1 into 3 subintervals of equal length h = % and
let V), be the corresponding space of continuous piecewise linear functions

vanishing at x = 0.
a. Use Vj, to formulate a finite element method for (4.6.9).
b. Verify that the stiffness matriz A and the load vector b are given by

16 -9 0 0

1
A=S| -9 20 —11|, b=]0
0 —11 11 1

c. Show that A is symmetric tridiagonal, and positive definite.

d. Derive a simple way to compute the energy norm ||U||%, defined by

1
10|13 = / (1 + )0 (x)? da,

where U € V}, 1s the finite element solution approzimation.
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Problem 41. Consider the two-point boundary value problem
—u"=0, 0<z<lI; w(0) =0, «'(1)=k(u(l)—1). (4.6.10)

Let T, : 0 =29 <11 < 19 < x3 =1, where x1 = % and r1 = % be a partition
of the interval 0 < x < 1 and let V), be the corresponding space of continuous
piecewise linear functions, which vanish at x = 0.

a. Compute a solution approximation U € V}, to (4.6.10) assuming k = 1.

b. Discuss how the parameter k influence the boundary condition at x = 1.

Problem 42. Consider the finite element method applied to
—u" =0, 0<x<l; uw(0) =a, 4'(1)=20,

where o and (B are given constants. Assume that the interval 0 < x < 1
is divided into three subintervals of equal length h = 1/3 and that {p;}3 is
a nodal basis of V},, the corresponding space of continuous piecewise linear
functions.

a. Verify that the ansatz

U(z) = apo(r) + &1p1(2) + Lapa(2) + Ea03(),

yields the following system of equations

(6%
Loz -1oo | 0
1
S IS T B =10 (4.6.11)
§
0 0 -1 1 ’ 3
[ &5

b. If a« =2 and [ =3 sgow that (4.6.11) can be reduced to

2 -1 0| & —2p!
1
212 -1 & | = 0
0 -1 1] & 3

c. Solve the above system of equations to find U(x).
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Problem 43. Compute a finite element solution approximation to

—u" +u=1, 0<z<1, u(0) = u(l) =0, (4.6.12)

3z, 0<z<s3 0, 0<z<s3
pi1(z) =< 2 — 3z, %<x<§, o) = q 3z —1, %<x<§.
0, t<a<l 3-3z, 2<ux<l
Problem 44. Consider the following eigenvalue problem
—au” + bu = 0; 0<xz<l, u(0) ='(1) =0, (4.6.13)
where a, b > 0 are constants. Let T, : 0 = 9 < 1 < ... < xny = 1,

be a non-uniform partition of the interval 0 < x < 1 into N intervals of
length h; = x; —x;—1, 1 = 1,2,..., N and let V}, be the corresponding space
of continuous piecewise linear functions. Compute the stiffness and mass
matrices.
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Chapter 5

Scalar Initial Value Problem

Consider the following ordinary differential equation (ODE)

(DE) w(t) +a(t)u(t) = f(t), 0<t<T
(IV) u(0) = ug

(5.0.1)

d
where f(t) is the source term and u(t) = d—?: Here a(t) is a bounded function.

For a(t) > 0 (5.0.1) is called a parabolic problem, while a(t) > 0 yields a
dissipative problem. Below first we give a few analytic aspects

5.1 Fundamental solution and stability

Theorem 14 (Fundamental solution). The solution for the ODE (5.0.1) is
given by

t
u(t) = up - e A0 + / e A=A 1 (5)ds, (5.1.1)
0

where A(t) = f(f a(s)ds is the integrating factor.

Proof. Multiplying the (DE) by the integrating factor e4®) we get
q

dt
where we used that a(t) = A(t). Integrating over (0,t) yields

u(t)e®® + At)etDu(t) = e f(t), e [u(t)er®] = AW £(1),

t

/t d [u(s)et®)]ds = /t e f(s)ds <= u(t)er® —u(0)e®) = / e f(s)ds.
0

ds 0 0

105
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Now since A(0) = 0 and u(0) = ug we get the desired result

t
u(t) = Ug - e_A(t) + / 6_(A(t)_A(S))f(S)dS. (512)
0

O

Theorem 15 (Stability estimates). Using the fundamental solution we can
derive the following stability estimates:

(i) If a(t) > a > 0, then |u(t)| < e *ug| + é(l — e ) max | f(s)|

0<s<t

(i1) If a(t) > 0 (i.e. o =0 the parabolic case), then

t
|u(t)] < |uo| +/ |[F($)lds or u(t)] < fuol + [ 1]z, (5.1.3)
0
t
Proof. (i) For a(t) > 0, Vt > 0, we have that A(t) = / a(s)ds is non-
0
decreasing and A(t) — A(s) > 0, V¢t > s. For a(t) > a > 0 we have A(t) =
t

¢
/ a(s)ds > / a - ds = at. Further
0

0

t
At) — A(s) = / a(r)dr > a(t —s). (5.1.4)
Thus e=4® < e and e~(AN-A46) < e=alt=9) Hence using (5.1.2) we get

¢
u(t) <ug-e ™ +/ e~ max | f(s)|ds, (5.1.5)
0

0<s<t

which after integration gives that

1 s=t
< oot [_ —a(t—s)i|
[u(t)] < e™Juo| + max | f(s)[| ~e Y

1
< —at - _ L —at
lu(t)| <e \u0]+a(1 e )grglgéct]f(s)\

¢

(ii) Let @ = 0 in (5.1.5) then |u(t)| < |ug +/ |f(s)|ds, and the proof is
0

complete. O

Remark 12. Recall that we refer to the set of functions where we seek the
approximate solution as the trial space and the space of functions used for
the orthogonality condition, as the test space.
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5.2 Galerkin finite element methods (FEM)
for IVP

To start, for discretization in time we shall introduce some general class of
piecewise polynomial test and trial functions. However, in most of our studies
in this notes we shall restrict ourselves to two simple cases:

e cG(1), continuous Galerkin of degree 1: In this case the trial functions
are piecewise linear and continuous while the test functions are piecewise
constant and discontinuous, i.e. unlike the cG(1) for BVP, here the trial and
test functions are indifferent spaces.

e dG(0), Discontinuous Galerkin of degree 0: Here both the trial and test
functions are piecewise constant and discontinuous, i.e. like the c¢G(1) for
BVP they are in the same space of functions, however, they are of one lower
degree (piecewise constant) and discontinuous.

Generally we have

e gG(q), Global Galerkin of degree q: Formulated for our initial value prob-
lem (5.0.1) as follows: Find U € P9(0,T") with U(0) = ug such that

T T
/ (U + aU)vdt = / fodt, YvePI0,T), with v(0)=0, (5.2.1)
0 0

where v := {t, 1%, ...t} := span[t, t*, ... 11].
e cG(q), Continuous Galerkin of degree q: Find U € P4(0,T) with U(0) =
ug such that

T T
/ (U + aU)vdt = / fodt, Vv e PTH0,T), (5.2.2)
0 0
where now v := {1,¢,¢ ... 197}

Note the difference between the two test function spaces above.

Example 25. Consider cG(q) with q =1 then t ' =1 =1 and v = 1, thus
T T T
/ (U + aU)vdt :/ (U+al)dt =U(T) —U(0) +/ aU(t)dt (5.2.3)
0 0 0

But U(t) is a linear function through U(0) and the unknown quantity U(T),

thus
U(t) = UT) e+ U(O)%, (5.2.4)
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inserting U(t) in (5.2.3) we get

U(T) — U(0) + /Ta<U(T)% + U(O)?) dt = /det. (5.2.5)

which gives us U(T) and consequently, through (5.2.4) and a given U(0),
U(t). Using this idea we can formulate:

e The cG(1) Algorithm for the partition Ty, of [0,T] to subintervals Iy, =
(th—1, tk]-

(1) Given U(0) = Uy, apply (5.2.5) to (0,t1] and compute U(ty). Then
using (5.2.4) one gets automatically U(t), ¥Vt € [0,,].

(2) Assume that U is computed in all the successive intervals (ty_1,tx], k =
0,1,n—1.

(3) Compute U(t) fort € (t,—1,t,].

This is done through applying (5.2.5) to the interval (t,_1,t,], instead
of (0,T): i.e. with U, :=U(t,) and Up_1 :=U(tp-1),

ln

t

ot —t, t,—t

U, —U,_ ( U, U, )dt - dt.
o /t;b 1 ¢ tn - tnfl * tn - tnfl ' f

tn—1

Now since U,y is known we can calculate U, and then U (t),t € (tp—1,ts)
is determined by the nth-version of the relation formula (5.2.4):

t bty — 1

n tn
Global forms

eContinuous Galerkin cG(q): Find U(t) € Vk@, such that U(0) = U,
and

tn . tn
/ (U + alU)wdt = / fwdt,  Ywe WY, (5.2.6)
0 0

Vk@ = {v: v continuous piecewise polynomials of degree q on 7},

Wk(qfl) = {w : w discontinuous piecewise polynomials of degree ¢g—1 on 7;}.
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eDiscontinuous Galerkin dG(q): Find U(t) € P?(0,T) such that
T T
/ (U + all)odt + a(U(0) — u(0))v(0) = / fodt, Vo e PU0,T). (5.2.7)
0 0

This approach gives up the requirement that U(t) satisfies the initial condi-
tion. Instead, the initial condition is represented by U(0) — u(0) # 0.

In the sequel we shall use the following notation:
Let v = lim v(t, & s) and [v,] = v} — v is the jump in v(t) at time ¢.

s—0F

+
n

(Y

tn—l tn tn+1

Figure 5.1: The jump [v,] and the right and left limits v*

Then dG(q) reads as follows: Forn =1,..., N find U(¢t) € P¥(t,_1,t,) such

that
tn

t”l
/ (U—i—aU)vdt—i—U b= fodt + U vt |, Yo € Pty 1,tn).
tn—1

tn—1
(5.2.8)
Let ¢ = 0, then v = 1 is the only base function and we have U(t) = U,, =
Ul =U; on I, = (t,_1,t,] and U = 0. Thus for ¢ = 0 (5.2.8) gives the
dG(0) formulation: For n =1,..., N find piecewise constants U,, such that

tn tn
/ aUydt + U, = / fdt +U,_,. (5.2.9)
tn—1 tn—1

Finally summing over n in (5.2.8), we get the global dG(q) formulation: Find
U(t) € W9, with U; = ug such that

Z/ U+andt+Z nlwgl_/ fwdt, Ywe WP, (5.2.10)
tnl
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5.3 An a posteriori error estimate for cG(1)
eThe continuous problem Recall the initial value problem
a(t) + a(yu(t) = f(O), Vi€ (©,T),  u(0) = u. (5.3.1)

Let us rewrite (5.3.1) in a general variational form

T T
/ (4 4 au)vdt = / fodt,
0 0

for all test functions v. Integrating by parts we get the equivalent equation

T T
w(T)o(T) — u(0)v(0) + / u(t)( — () + cw(t))dt - / fodt.  (5.3.2)
0 0
If we now choose v to be the solution of the dual problem:
—0+av=0, in (0,7), (5.3.3)

then (5.3.2) is simplified to
w(T)v(T) = u(0)v(0) + /T fodt, You(t) € PY0,T). (5.3.4)

In other words choosing v to be the solution of the dual problem (5.3.3) we
may get the final value u(T) of the solution directly coupled to the initial
value 4(0) and the data f. This type of representation will be crucial in, e.g.
a posteriori error analysis as in the proof of the next theorem.

The Dual problem for (5.3.1) is formulated as follows: Find ¢(t) such that

—@(t) +a(t)p(t) =0, ty>t=0 (5.3.5)

p(ty) = en, en =uy — Uy = u(ty) — Ulty).

Note that (5.3.5) runs backward in time starting at time ¢t = .
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y
u(t) problem

0 ¢ (t) problem -|-

Theorem 16. For N = 1,2,... the ¢G(1) solution U(t) satisfies
len| < S(ty) - max|kr(U)], (5.3.6)
[OvtN}

where k = k, = |I,| fort € I, = (tn-1,t,) is the time step and r(U) =
U+ aU — f is the residual error. Further S(ty), specified below, is the
stability factor satisfying the quantitative bound

S(ty) = 20 A% < (5.3.7)

eN 1, if a(t)>0, Vit

[ lglde _ f e e <A v

Proof. Let e(t) = u(t) — U(t). Using the dual problem —¢(t) + a(t)e(t) =0
we can write

tn
exy =ex+0=ex+ / e(—¢ + ap) dt, (5.3.8)
0

and by partial integration we get

/ONe(—gb + a(t)p)dt = [—e(t)p(H)]§Y + /0 ) ép dt + /0 ) eap dt

= —@&(thr/o (6 +ae)pdt = —ex +/O (é + ae)p dt,
where evaluating the boundary term we used e(0) = 0. Note that
é(t) + a(t)e(t) = u(t) — U(t) + a(t)u(t) — a(t)U(t),
and since f(t) = u(t) + a(t)u(t) we observe that
é(t) +a(t)e(t) = f(t) — U(t) — a(t)U(t) := —r(U), (5.3.9)

where the last equality is just the definition of the residual: #(U) = U +al —
f. Consequently we get the error representation formula:

eﬁz—lwmmmwmw (5.3.10)
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To continue we use the interpolant myp = = [, @(s)ds of ¢ and write

tN tN
e?\, = —/ r(U)(@(t) — meep(t))dt +/ r(U)mrp(t)dt. (5.3.11)
0 0
Now from the discrete variational formulation:
tN . tN
/ (U + aU)mpp(t)dt = / free(t)dt (5.3.12)
0 0

we have the Galerkin orthogonality relation

/ N (U)ot = 0. (5.3.13)

Thus the final form of the error representation formula is

& — — /0 T (U)(0(t) — mep(t))dt. (5.3.14)

Now applying the interpolation error to the function ¢ in the interval I,,, |I,| =
k,, we have

lo — mrep|dt < Ky, |p|dt. (5.3.15)
In In

This would yield the estimate

tN N N
/ o — mopldt — Z/ o —mpldt <3 ke [ @ldt (53.16)
0 n=1"1In n=1 In

Let now |v|; = max |v(t)|, then using (5.3.16) and the final form of the error
€

representation formula (5.3.14) we have that

N in
2 ) : .
enl? < SOk [ 16100 < e Gl @)l [ ol

Now since fOtN loldt = len| - S(tn), (see the definition of S(ty)), we finally
get
len* < len|S(tn) gl?ﬁ(k\r(U)D‘ (5.3.17)
LN

This completes the proof of the first assertion of the theorem.
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To prove the second assertion, we claim that:

lat)| <A, 0<t<ty=>|p(t)| <eM]ey|, 0<t<ty  (5.3.18)
la(t)] >0, WVt = ()] < len|, vt € [0, tn]. (5.3.19)
To prove this claim let s =ty —t, (t =ty —s) and define 1(s) = (ty — ),
then using the chain rule

dy  dy di .
T oty —s). 3.2

The dual problem is now reformulated as find ¢(¢) such that
—p(ty — s) +alty — s)p(ty —s) = 0. (5.3.21)
The corresponding problem for (s):
%(Ss)—i-a(t]v—s)z/)(s) =0, tn>s5>0
¥(0) = p(tn) = en, ey =uy — Uy =u(ty) — Ulty),
has the fundamental solution v (s) = CeA®v=9) where 1(0) = ey implies
that O = e 4Ney and thus (s) = ey e AIN)eAln=) — ¢\ ABO=AlN),
Now inserting back in the relation ¢(s) = ¢(t), ty — s =t, we get
o(t) = ey - eAD7A) - and  p(t) = ey - a(t)eA DA, (5.3.22)
Now the proof of both assertion in the claims are easily followed:

(a) For |a(t)] < A, we have
o(1)] = [enedin 2019 < jopemaxtla®Itn =0 < | 1My (5.3.93)
(b) For |a(t)] > 0, we have

()] = lenfelo™ 9% < |ey|eminadiE=tn) (5.3.24)

and since (t — ty) < 0 we get that [¢(t)] < |en].
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Now we return to the estimates for S(ty). Note that for a(t) > 0 we have
using the second relation in (5.3.22) that

/ lp(t)|dt = yeN\/ )eA O AEN) G = |e | - [eAO-AENIENY
0

= len] - < _ eA(O)—A(tm) <1,

tN y
i Lol _ |

which gives that S(ty) = en]
EN

As for the case [a(t)] < A, we use again (5.3.22): ¢(t) = a(t)ey -4
and write

15(8)] < Men|eAO=A) = Neylelin “O% < Nen|XED. (5.3.25)

Integrating over (0,ty) we get

tN tN tn
/ |o(t)|dt < len] / AN D gy — len] [ — e’\(tN’t)}O = len|(—1+ e’\tN),
0 0

which gives that S(ty) < (=1 4+ e¥) < M~ and completes the proof of
the second assertion. O

Theorem 17 ( Convergence order O(k?)). For N = 1,2, ... and with Sy as
in the previous theorem, the error for ¢G(1) solution U(t) satisfies

len| < S(t) max ‘kQ (aU — f)‘. (5.3.26)

Proof. Using the orthogonality [g(t )— Wkg(t)] L (constants) Vg(t), and since
U(t) is constant on Iy we have that fo (¢ —mrp)dt = 0. Thus using error
representation formula (5.3.14) yields

e%=—ANMWW®—mwmﬁ=ANU—dP¢Ww—m@ﬁ
- [ - == [0 —mpp
=—ANmU—nw—wwwt
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g9(t) g(t) — meg(t)

Vi, Wkg(t)

Figure 5.2: Orthogonality: (g(t) — mrg(t)) L (constants) Vg(t).

Similarly using the fact that m(aU — f) is a constant we get

/OtN mi(aU — f)(¢ — mpep)dt = 0. (5.3.27)

Consequently we can write

tN
€2 = _ / ((al — ) = mu(all ~ ) (¢ — mug)at. (5.3.28)
0
Now using the above theorem and the interpolation error estimate we get

ex] < S(t) - [kl(al = f) = mi(all = )

d

2
k %(GU — f)}[07tN}.

[OvtN}

(5.3.29)
< S(ty) -
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5.4 A dG(0) a posteriori error estimate

Theorem 18. For N =1,2,..., the dG(0) solution U(t) satisfies

|U(tN) — UN‘ S S(tN)|kR(U)‘[07tN], UN = U(tN) (541)
where
Uy —Un_
R(U) = ‘Nk—]“' +|f —aU| for ty_i<t<ty. (5.4.2)

Proof. The proof uses similar techniques as in the ¢G(1) case. Note that
here the residual error includes jump terms and since dual problem satisfies
—p(t) + a(t)e(t) = 0, we can write

= +y / " elop(t) + alt)p()d = [PI) =

n=1 tn—1

=%+ iv:l (/t::(é + ae)p(t)dt — [ecp]iZA) (5.4.3)

N tn N
= ey + Z/ (f — aU)gdt = > leg]in .
n=1Ytn-1 n=1

where in the last relation we use € +ae = u — U+au—alU = f —aU and
also the fact that U = constant U = 0. We rewrite the last sum as follows
N

N
S, =D (elt)elty) = e(th)elt-y))
n=1 n=1
= {for a given functiong; ¢(t,) =g, ,9(t; ) =g |}
N
= (enon —ef 1ot 1) = (eror —efod) + (ez 05 — efef)
n=1
ot ey Pno — EN—aPN2) T (enPn — EN_ 1PN -1)-
To continue for i = 1,... N — 1, we write ¢; = (¢; — ¢ + ¢;), then
N
= (ephn | = —enpy +egod — €1 (o7 — o + o) + el of
n=1

—e;(p7 — 43 +¢3) +eses ...

- 61_\1—1(901_\7—1 - 901—"\_7—1 + @E—l) + eJJ(f—ﬁOE—lv
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where a general i-th term can be rewritten as

—e; (¢y —of +of ) +efof = —ejoi +—efof — e +efof
=e; (o — i)+ (ef —e7) = e [pi] + ¢ [ed],

with [g] = g7 — ¢~ representing the jump. Hence we have

N N-1 N-1
=D (el = ek tegel + Y ledel + D eilen (544)
n=1 n=1 n=1
Inserting in (5.4.3) we get that
N
e?V:eNjLZ/ f—al)pdt — Z[egp]ﬁ:il
tn—1 n=1
N-1 N-1
=eN+Z/ —aUsodt—eN+eosoo+Zenson+Zson
fn—1 n=1

= {‘pm U, smooth = [‘pn] =0, [un] - 0}
N-1

— el + Z [ e et = () =0 fe) = (Ui

tn—1 n=1

— Z (/tn (f — al)pdt — [Un—l]@:_l) =

= {Galerkin} = Z t —al)(p — mpp) — [Up_1]( — mep)t_ }dt.

n—1
Now to continue we just follow the previous theorem. O

eAdaptivity for dG(0)
To guarantee that the dG(0) approximation U(t) satisfies

len| = |u(t,) — U(t,)| < TOL, (TOL is a given tolerance)  (5.4.5)
we seek to determine the time step k,, so that

S(tv) max [k, R(U)| = TOL,  n=1,2,...,N. (5.4.6)
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eAn adaptivity algorithm

(i) Compute U, from U,_; using a predicted step k,, for example
tn tn
/ aU,dt + U, = / fdt+U,_;. (5.4.7)
tn—l tn—l

(ii) Compute |[kR(U)|;, := max |k, R(U)| and follow the chart:

Is (5.4.6) valid YES! Accept the solution U,
for this k,,7 — and go to the next time step
NO!

Recompute (5.4.6)
with a smaller &,

5.5 A priori error analysis

eThe discontinuous Galerkin method dG(0).
The dG(0) method for @ + au = f, a=constant, is formulated as follows:
Find U = U(t), t € I, such that

tn tn
/ Udt + a/ Udt = [ fat. (5.5.1)
tn—1 tn—1 In

Note that U(t) = U, is constant for t € I,,. Let U, = U(t,), Up—1 = U(t,_1)
and k, =t, —t,_1, then

th tn
/ Udt + a/ Udt =U(t,) — Ultn_1) + ak,U, = U, — U,_1 + ak,U,.
tn—1 tn—1

Hence with a given initial data u(0) = wg, the equation (5.5.1) is written as

Un - Un—l -+ aann = fdt n = ]_, 2, N U() = Ug- (552)
I
For the exact solution u(t) of 4 + au = f, the same procedure yields

u(ty) — u(tn_1) + kpau,(t) = [ fdt + kpau,(t) — a/tn u(t)dt, (5.5.3)

In
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where we have moved the term a f:: u(t)dt to the right hand side and add
knaun(t) to both sides. Thus from (5.5.2) and (5.5.3) we have that

(1 + kna)Un(t) = Uy +(8) + / ft,
o . (5.5.4)
(1+ kpa)u,(t) = up1(t) + | fdt + knpau,(t) — a/ u(t)dt.

In

Let now e, = u, — U, and e, 1 = u,,_1 — U, then (5.5.3) — (5.5.2) yields
en = (1+kpa)  (en 1+ pn) (5.5.5)

tn

where p,, 1= kpau,(t) —a / u(t)dt. Thus in order to estimate the error e,
tn—1

we need an iteration procedure and an estimate of p,.

Lemma 2. We have that

1 .
[pn] < Slallkal max a(t)] (5.5.6)

Proof. Recalling the definition we have p,, = k,au,(t) — a fn u(t)dt. Thus

tn—1

1),
Uy — —— udt). 5.5.7
ol o, (5:57)

Using a Taylor expansion of the integrand u(t) about ¢, viz

[onl < lal[kn]

u(t) =u, + (&)t —t,), forsome & t,1<E<t, (5.5.8)
we get that
1 :
onl < lallln = = [ T+ i)~ )
1 1.t —t,)*
< R S AL
< lallkalun — ks — i) [
1, k2 1., K L1
= lallhl| = -a(6) [0 = 5| = lallkal| = T-a(€) 5] = lallk, "3 li©)]
Thus we have the following final estimate for p,,
1 .
[on] < Slallkal” max [a(t)] (5.5.9)
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To simplify the estimate for e,, we split, and gather, the proof of technical
details in the following lemma:

Lemma 3. For k,la| < 1/2, n > 1 we have that

(i) (1= knlal)™t < e?nlel,

N
. 1 alr :
(ii) Let T, =ty — t,_1 then |ey| < 3 E (e a|k,,) 1glagXNkn\u|In.

n=1

N tN
(iii) 3 Ml alk, < e / lale? dr.
n=1 0

We postpone the proof of this lemma and first show that using these
results we can obtain a bound for the error ey (our main result) viz,

Theorem 19. If k,|a| < %,n > 1 then the error of the dG(0) approximation
U satisfies

e .
lu(ty) — Ulty)] = len] < Z(ewtw - 1) max kna(t),.  (5.5.10)

1<n<N

Proof. Using the estimates (ii) and (iii) of the above lemma we have that

N t
1 1 N
len] < = (62|a‘7”]a\kn) max ki, < —(e/ ]a\eQ‘““dT) max_k,|ul|z,
2 Z 1<n<N 2 0

1<n<N
n=1

1 62‘0"7— tn e )
- . y — laltn ;
26[ 2 ]o 12}1853\7 Fala(t)] 1, 4(6 1) 12}?5\, Fen| ()] 1,,-

0

e
Note that the stability constant 1 <62‘“|tN — 1) may grow depending on

la| and ¢y, and then this result may not be satisfactory at all.
Now we return to the proof of our technical results:

Proof of Lemma 3. (i) For 0 < z := k,|a] < 1/2, we have that 1/2 <1—z <

land 0 < 1 -2z < 1. We can now multiply both side of the first claim:

1
1% <e* by 1—2>1/2>0 to obtain the equivalent relation
—x

flz) =1 —x)e* > 1. (5.5.11)
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Note that since f(0) =1 and f'(x) = (1 — 2x)e** > 0 the relation (5.5.11) is
valid.

(i) We recall that e, = (1 + kna) ' (e,_1 + pn). To deal with the coefficient
(1 + kpa)™! first we note that (1 + kya)™* < (1 — k,a)™' if a > 0. Thus

1
(14 kpla)) ™ < (1 = kula])™!, a € R. Further the assumption k,|a| < 5 for
n > 1, combined with (i), implies that (1 — ky|a|)™ < e*»l? n > 1. Thus

2kn|al

1
o] € Tl N T ] < Jeal - o e

1
1 —kyla
(5.5.12)
Relabeling, e.g. N to N — 1 we get

len—1] < len—of - =1l [py_y| - 2hvlel = vl (‘eNfz\ + \ﬂNJ’)’
which, inserting in (5.5.12) gives that

e < e le2Nalel (e o]+ py ) + ] - ¥ (5.5.13)

Similarly we have |ey_o| < e2Fv-2lal (\eN_g\ + \pN_g\). Now iterating (5.5.13)
and using the fact that ey = 0 we get,

’6]\/" S@ZkNW62kN_1|a‘62kN_2|a‘ ‘6N73‘ + 62kN|a\eZkN_1|a\62kN_2|a\ ‘PN72‘

+ Pl tlel pr | [y - il < <

N N
N N N

1
Recalling (5.5.6) (Lemma 2): |p,| < é\aHkn\QH}ax\u(t)\. Thus

len] < Z 2al Znn b \a||k \%nax\u( ). (5.5.14)
Note that

Zk (tn—tn1)+(tnsr—tn) +(tnya—tnir) o A+ (En—tn 1) =ty —tn 1.
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Hence we have shown the assertion (ii) of the lemma, i.e.

N N

1 1
< 2|a‘(t1\77tn_1)_ 2 . _ 2\a|7’n .
R Lol e 1) = &S (€ afk,) s, i,

n=1 n=1

(iii) To prove this part we note that

Tn = tN - tnfl == (tN - tn) + (tn - tnfl) = Tn+1 + kna

(5.5.15)

and since |alk, < 1/2 we have 2|a|7, = 2|a|T41 + 2|alk, < 2|a|T + 1.

Further for 7,,,1 <7 < 7,, we can write

n Tn
e2lalm k, = / e2lalmgr < / eClalTnt1+1) 1

Tn+1 Tn+1

Tn n
= / el eladmigr < e/ e dr.
Tn41 Tn41

n

Multiplying (5.5.16) by |a| and summing over n we get

N N
3 el ok, < e(Z/ e%mﬁ) lal
n=1 n=1"Y Tn+1

T1 3
= e/ e a|dr = e/ la|e? T dr,
TN+1 0

which is the desired result and the proof is complete. [

5.6 The parabolic case (a(t) > 0)

We state and proof the basic estimate of this case

(5.5.16)

(5.5.17)

Theorem 20. Consider the dG(0) approximation U for u + au = f, with

a(t) > 0. Assume that kjla|;, < 3 Vg, then we have the error estimates

32NV max |ki| if |a(t)] < A
lu(ty) = Un| < Pty
3 max |kl if a(t) > 0.

0<t<tn

(5.6.1)
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Sketch of the proof. Let e = u — U = (u — mpu) + (mpu — U) := € + €, where
€ is the interpolation error with m,u being the Lo-projection into W}go)‘ To
estimate e, we shall use the following discrete dual problem (DDP):

Find ® € W\, such that for n = N,N —1,...,1.

tn
’ 0
/t (= + a(t)®vdt — [®,]v, =0, Yo e W

(DDP) (5.6.2)
(I)J-i\—/’ - CI)N-i—l = (ﬂ-k;/u/ — U)N = én.
Let now v = e, then
N—1
lenl® = Z —® +a(t)®)edt — > _[®,]e, + Dyew. (5.6.3)
tn-1 n=1

We now use € = (mpu — U) = (mpu — u+u — U) and write (5.6.3) as

lex|? = Z/ —& + a(t)®](mpu — u+u — U)UT

Mf

e —u+u—U), + Oy(mu —u+u—U)y.

n=1

Using Galerkin orthogonality we replace u by U. Therefore the total contri-
bution from the terms with the factor u — U is identical to zero. Thus due
to the fact that ® = 0 on each subinterval, we have the error representation
formula:

lex|? = Z/t —® +aft )(Wku—u)dt—i[@n](ﬂku—u)n+®N(wku—u)N

:/OtN( (t)®)(u — mpu) dt+z J(u — mpu)n — Py (u — mpu) N,

To continue we shall need the following results: O

Lemma 4. If |a(t)| < A\, Vt € (0,ty) and kjla|;, < 3,7 =1,2,..., N, then
the solution of the discrete dual problem satisfies

(i) 19,] < N1y,
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(i) ZI all < Ve,

tn
(iii) Z/ ()|, |dE < 2N ey ).
tn 1

() If a(t) > 0 then

Max(\@] Zy Al Z/ (1)@, ydt < lenl.

tn—1

Proof. We show the last estimate (iv), (the proofs of (i)-(iii) are similar to
that of the stability factor in the previous theorem). Consider the discrete
dual problem with v = 1:

/ (b 4 a(t)®)dt — [B,] = 0,

q)NJrl = (7rku — U)N = éen.

(DDP) (5.6.4)

For dG(0) this becomes

Dy £ D, D, [ at) =0, n=N,N-1,...,1
(DDP) i July ot
Oy = en, ®, = P|y,.

(5.6.5)
By iterating we get

11_:{( / dt) Dy (5.6.6)

-1
For a(t) > 0 we have <1 + ;. a(t)dt) < 1, thus (5.6.6) implies that
(@] < By = [ow]. (5.6.7)

Further we have using (5.6.6) that

N

s = <1 + /1 a(t)dt)1®N+1 = (1 +/I a(t)dt) o, <0,

j=n—1 n—1
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which implies that

[(IDH]ZCI):—CI);ZCI)”H—CI)“ZO. (5.6.8)
Thus
N
P, = — Oy +ON Py g+ ...+ D — D
;H ]| N4+1 N N N-1 2 1 (5.6.9)

=0y — D < Dyyg < en].

Finally in the discrete equation:
tn .
/ (=& + a(t)Pydt — [®,]v, =0,  VYoe W (5.6.10)
tn—1
we have v = 1 and ® = 0 for the dG(0). Hence (5.6.10) can be rewritten as

/ " ()bt = [0, (5.6.11)

Summing over n, this gives that

N

Z/tn £, dt <
tn—1

n=1

] < |eal. (5.6.12)

”MZ

Combining (5.6.7), (5.6.9), and (5.6.12) the proof of (iv) is now complete. [

eQuadrature rule for f: Assume that a=constant. Then the error rep-
resentation formula, combining dG(0), with the quadrature role for f is as
follows:

&= ([ (r =)o - me)it - ol - m

n=1 tn—1

(5.6.13)

-~
quadrature error
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where for the endpoint-rule g, = ¢(t,), whereas for the midpoint-rule g, :=

. < Y el
9(t(n—1/2)). We also define the weak stability factor S(ty) := =~———, where

lex]
@ is the solution of the dual problem

—c;')—i-acp:O, for ty >t>0 QO(tN) = €enN.
Note that 7 is piecewise constant and
|mrp(t)]di <[ p(t)]dE.
I, In

We can prove the following relations between the two stability factors:

S(ty) < tn(1+ S(tw)).
Note that if @ > 0 is sufficiently small, then S'(tN) >> S(ty).

Theorem 21 (The modified a posteriori estimate for dG(0)). The dG(0)
approzimation U(t) computed using quadrature on terms involving f satisfies
for N =1,2,...

u(ts) — Ul < SEIERD) 0o + S P01y (5.6.14)
where . u
R(U) = “_ki’”' +|f—aU|, on I, (5.6.15)

and j =1 for the rectangle rule, 7 = 2 for the midpoint rule, Cy =1, Cy =
%7 f(l) :f and f(2) :f

5.6.1 Short summary of error estimates
In this part we shall derive some short variants for the error estimates above

Lemma 5. Let U be the cG(1) approzimation of u satisfying the initial value
problem
u+u=f, t>0, u(0)=mup. (5.6.16)

Then we have that

|(u = U)(T) Sfﬁ)lgf\k(f—U—U)L (5.6.17)

where k 1s the time step.
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Proof. The error e = u — U satisfies Galerkin orthogonality:

T
/ (é+e)vdt =0, for all piecewise constants v(t). (5.6.18)
0

Let ¢ satisfy the dual equation
—p+p=0, t<T, oT)=ceT). (5.6.19)

Then we have that () = e(T) - e~T: Note that integrating —p +¢ = 0
gives

/Edt:/l-dtilngo:t—i—a (5.6.20)
¥
Let now C' =1InC, then (5.6.20) can be written as
Ingp—InCy =In Cﬁ =t = p(t) =Cy - €. (5.6.21)
1

Finally, since o(T) = e(T') we have that
Cr-el =e(T), ie. Cr=e(T) e = p(t)=e(T) 1. (56.22)
To continue we have using —¢ + ¢ = 0,
T T T
le(T)|? = e(T) - e(T) +/ e(—p+p)dt =e(T)-e(T) —/ ep dt+/ epdt.
0 0 0

Note that integration by parts gives

/OT epdt = [e - ]y — /OT épdt = e(T)p(T) — e(0)p(0) — /OT épdt.

Using ¢(T') = e(T'), and e(0) = 0, we thus have

|e(T)|2:e(T)~e(T)—e(T)-e(T)+/ écpdt—i—/o ecpdt:/o (é+e)pdt

0

— /OT(é+e)(<p—v)dt= /OT (w—U—Uﬂso—v)dt

We have that U + U — f := r(U), is the residual and

ye(T)P:—/O r(U)-(gp—v)dtgrﬁ)l%r)]clk-r(U)]/o %]go—v]dt. (5.6.23)
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Recall that

/h_1|g0—v|da: < /|g0’\dx. (5.6.24)
I I

Further — + ¢ = 0 implies ¢ = p, and p(t) = ¢(T) - e!~T. Thus

le(T))? < max |k - r( ]/ |p|dt = max\k r( \/ t)] dt

o1 (5.6.25)
< max |kr(U \/ =Tt
(0,71
and since
T
/ At =[N =’ —eT=1-eT<1, T>0,
0
we finally end up with the desired result
< k-r(U
[e(T)] < max|k - r(U)]
O

Problem 45. Generalize the Lemma to the problem u + au = f, with a =
positive constant.
Is the statement of Lemma 1 valid for i —u = f?

Problem 46. Study the dG(0)-case for i+ au= f, a>0

Lemma 6. Let i+ u = f,t > 0. Show for the cG(1)-approximation U(t)
that
((u—U)(T)| < max |k%ii|T. (5.6.26)

Sketchy proof, via the dual equation. Let ¢ be the dual solution satisfying
Oo+e=0,t<T, oT)=eT).
We compute the error at time 7', viz
T
0

le(T)[? = |0(T)|2 = O(T)(T) +/0T@(—<i>+q>) dt :/ (6 + ©)ddt

T B T T
:—/ (p—l—p)cbdt:—/ p~®dt§max]k2d]/ |D| dt
0 0 [0,T] 0

< kil - T -
tmax K] - 7 - [e(T).
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Here p=u — 4,0 =4 — U and ® is ¢G(1)-approximation of ¢ such that

fOTU(—Cb + ®)dt = 0 for all piecewise constant v(t). Furthermore @ is

the piecewise linear interpolant of u and w = is the piecewise constant mean
value. O

5.7 Exercises

Problem 47. (a) Derive the stiffness matriz and load vector in piecewise
polynomial (of degree q) approximation for the following ODE in population
dynamics,

w(t) = Au(t), for0<t<1,

u(0) = up.
(b) Let X =1 and up = 1 and determine the approzimate solution U(t), for
q=1andq=2.
Problem 48. Consider the initial value problem

w(t) + a(t)u(t) = f(t), 0<t<T, u(0) = uy.

Show that for a(t) > 0, and for N = 1,2,..., the piecewise linear approxi-
mate solution U for this problem satisfies the a posteriori error estimate

lu(ty) — Un| < %?ﬁ\k((']—l—aU — ), k=ky, fort,_1 <t<t,.
S LN

Problem 49. Consider the initial value problem:

W(t) +au(t) =0, t>0, u(0)=1L1

a) Let a = 40, and the time step k = 0.1. Draw the graph of U, :=
U(nk), k = 1,2,..., approximating u using (i) explicit Euler, (ii) implicit
FEuler, and (iit) Crank-Nicholson methods.

b) Consider the case a = i, (i* = —1), having the complex solution u(t) = e~

with |u(t)] = 1 for all t. Show that this property is preserved in Cranck-
Nicholson approzimation, (i.e. |U,| = 1 ), but NOT in any of the Euler
approximations.

it
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Problem 50. Consider the initial value problem
W) +au(t) =0, t>0, u(0)=uy, (a= constant).

Assume a constant time step k and verify the iterative formulas for dG(0)
and ¢G(1) approxzimations U and U, respectively: i.e.

o () e ()

Problem 51. Let U be the ¢G(1) approximation of u satisfying the initial
value problem

u+au=f, t>0, u(0) = wuo.
Let k be the time step and show that for a =1,

(= U)(T)] < min ([[k(f = U = O)llgepo, TIKill=pom )
Problem 52. Consider the scalar boundary value problem
w(t) + a(t)u(t) = f(t), t>0, u(0) = uy.

(a) Show that for a(t) > ag > 0, we have the stability estimate

t
lu(t)] < e (\uo\ +/ e f(s)] ds)

0

(b) Formulate the ¢G(1) method for this problem, and show that the con-

dition %aok > —1, where k is the time step, guarantees that the method is
operational, i.e. no zero division occurs.

Jo luldt
luol -~

(c) Assume that a(t) > 0, f(t) =0, and estimate the quantity
Problem 53. Consider the initial value problem (u = u(x,t))
w+Au=f, t>0; u(t = 0) = uo.
Show that if there is a constant o > 0 such that
(Av,v) > a|v||?, Yo,

then the solution u of the initial value problem satisfies the stability estimate

t 1 t
\W@W+a£HM@W@SHWW+EAHﬂ@Ww.



Chapter 6

The heat equation in 1d

In this chapter we focus on some basic stability and finite element error
estimates for the one-space dimensional heat equation. A general discussion
on classical heat equation can be found in our Lecture Notes in Fourier
Analysis. We start our study considering an example of an initial boundary
value problem with mixed boundary conditions. Higher dimensional case
is considered in forthcoming lecture notes based on the present one. Here
we consider an example of an initial boundary value problem for the heat
equation, viz

uw—u" = f(x), O<z<l, t>0,
(I/BVP) u(z,0) = up(z), 0<z<l, (6.0.1)
u(0,t) = u,(1,t) =0, t>0,

where we have used the following differentiation notation in the 1 — D case:

. Ou , _Ou R

U= =, WS Up = o, U IS Ugg = g
Note that the partial differential equation in (6.0.1) containing three deriva-
tives yields three degrees of freedom and therefore, to determine a unique
solution, it is necessary to supply three data: here two boundary condition
associated to two spatial derivatives (in «”) and an initial condition cor-
responding to the time derivative (@). To have an idea we formulate an
example, viz

131
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u(z,t)

Figure 6.1: A decreasing temperature profile

Problem 54. Give physical meaning to the IBVP (6.0.1) where f = 20 — u.

solution: Heat conduction with
u(z,t) = temperature at = at time ¢.

u(z,0) = up(x), the initial temperature at time ¢ = 0.

u(0,t) =0, fixed temperature at time x = 0.
u'(1,t) =0, isolated boundary at x =1 (no hear flux).
f=20—u, heat source, in this case a control system to force u = 20.

6.1 Stability estimates

In this part we shall derive a general stability estimate for the mixed IBVP
above, prove a 1 — D version of the Poincare inequality and then derive some
homogeneous stability estimates.

Theorem 22. The IBVP (6.0.1) satisfies the stability estimates

u D) < [Juol] + / £ 8)l) ds, (6.1.1)

t
[lua (-, 1)|I* < H%||2+/O 1/ (-, 8)l1* ds. (6.1.2)
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Proof. Multiply the equation in (6.0.1) by u and integrate over (0,1) to get

1 1 1
/ Ude—/ uu dx :/ fudzx. (6.1.3)
0 0 0

Integrating by parts we get

1d

1 1 1
—— [ wPdx + / (u')? do — (1, t)u(1,t) + u'(0,t)u(0,t) = / fudz,

and using the boundary conditions and the Cauchy-Schwartz inequality we
end up with

hall S + 1] 2 = /fudx<Hf!|||u!| (6.1.4)
Consequently

d
[lull— HUH<||fHHUH and thus - [[ul| <||f] (6.1.5)

Integrating over time we get

Hu(wt)!|—||u('>0)H§/O 1] ds, (6.1.6)

which gives (6.1.1). To prove (6.1.2) we multiply the differential equation by
% and integrate over (0, 1) to obtain

1 1 1
/(u)2da:—/ u”udac:Hu||2+/ Wi d — (1, )1, 1) + (0, 1) (0, 1)
0 0 0

= /Olfudx.

The expression above gives

1l + 5 1] = /fudx<||fm|uu S(UAP+1?). 6)

Thus

1
12 < SR, (6.18)

Sl 4+ 2 2|

and hence

d
1P <111 (6.1.9)
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Now integrating over (0,¢) we get the desired result

AN = 0 < [ NGl 0

and the proof is complete. O

To continue we prove a one-dimensional version of the one of the most
important inequalities in PDE and analysis.

Theorem 23 (Poincare inequality in 1 — D case). Assume that u and v’ are
square integrable. There exists a constant C', independent of u but dependent
of L, such that if u(0) = u(L) = 0, then there is constant C, independent of
u but dependent of L, such that

L L
/ u(z)? dr < C’/ u(x)dr, de ||ul| < VO (6.1.11)
0 0

Proof. Note that we can successively write

u(z) = / dy</ W (y \dy</ /()] - 1dy
< ([ wwra)” ([ ) ”:ﬁ(/OL\u/<y>\2dy)m.

Thus
L L L L
/ u(x)deg/ L(/ ]u'(y)\%ly) :LQ/ [u' ()| dy, (6.1.12)
0 0 0 0
and hence
|[ul] < L|[]]. (6.1.13)
]

Remark 13. The constant ¢ = L means that the Poincare inequality is valid
for arbitrary bounded intervals, but not! for unbounded intervals. It is also
unnecessary to have both boundary values equal zero. For instance if v(0) # 0
and, for simplicity L = 1, then by the same argument as above we get the
following version of one-dimensional Poincare’s’ inequality:

0.y < 2(000) + 11420 ) (6.1.14)
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Theorem 24 (Stability of the homogeneous heat equation). The homoge-
neous INBVP for the heat equation

uw—u" =0, 0<x<1, t>0
u(0,1) = u,(1,2) =0, t>0 (6.1.15)
u(z,0) = up(x), 0<z<l,

satisfies the stability estimates
d _
o) —lulP 2P =0, ) lu, Il < eluol|

Proof. a) Multiply the equation by u and integrate over x € (0, 1),

0= /Ol(u—u”)udx = /01 uudx+/01(u’)2 dr —u'(1,t)u(1,t) + (0, t)u(0,t).

Using integration by parts and the boundary data we get
1d [!

1
d
- 24 / N de = — 2091112 = 0.
i ), AT O(U) v = —ull”+ 2[ju]

This gives the proof of a). As for b) using a) together with the Poincare
inequality with L = 1: ||u|| < ||u/|| we have that

d
@HuHHQHuHQ <0. (6.1.16)

Multiplying both sides of (6.1.16) by e* yields

d 2 2t d 2 2 2t
— < |(— < 0. .
= (Ilulize®) < (Sl + 2llull?)e* < 0 (6.1.17)
We replace ¢ by s and integrate over s € (0,t) to obtain
' d 2.2 2 2t 2
|4 (alPe) ds =l 01Pe ~ a0l 0. (6.118)
0

This yields
(- O < e uol|* = [|ul-, )| < e[uol], (6.1.19)

and completes the proof. O
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Remark 14. For the sake of generality and application of this technical
arqgument in higher dimensions we shall use a general notation for the domain
and its boundary: namely 0 and 0 respectively. The reader may replace §2
by any interval (a,b), for instance I = (0,1) and 02 by the corresponding
boundary. The proof of the general theorem for the energy estimate in higher
dimensions is given in part 11.

Theorem 25 (An energy estimate). For any small € > 0 We have that

b 1 t
/Huu(s)olsg5 lngHuoH- (6.1.20)

Proof. Multiply the differential equation: u —u” = 0, by —tu” and integrate
over () to obtain

—t/ wu dx —|—t/ —(u")?*dx = 0. (6.1.21)
Q Q

Integrating by parts and using the fact that u = 0 on 92 we get

1d
/uu”dx = —/u’ ' dr = —=—||u))?, (6.1.22)
so that (11.1.11) can be written as

1d
t=—|[u/[|* + tl|u"||* = 0 6.1.23
L e g o, (6.123

and by using the obvious relation ¢ {|u/||? = L (¢]|u/||?) — [|v/[|* we get
d

— (Ul 1) + 2t = [l (6.1.24)

dt

We now change ¢ to s and integrate over s € (0,%) to get

t d t t 1
| Glwiends +2 [ sl Ps)ds = [l (s)ds < 5 ol
0 0 0

where in the last inequality we just integrate the stability estimate (a) in the
previous theorem. Consequently

¢
1
tllu |2 () + 2/ s||lu”|?(s) ds < §||u0||2. (6.1.25)
0
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In particular, we have:

! ]‘ ! "2 1/2 1
@) W@ < Zlul (00 ([ sl ds)” < Sl 6126

Analogously we can show that

Jull(t) < %Huou (6.1.27)

Now using the differential equation @ = «” and integrating (6.1.27) we obtain

[ty < ol [ Las = Lol (6129
 illeis = gl e = g i 8

or more carefully

[ alsas = [ aisas = [ 1 s = [ sy
<([sas) ?(Zlmm%$@)2g; e

where in the first inequality is just an application of the Cauchy Schwartz
inequality and the second is an application of (6.1.26) (II) and we have
obtained the desired result. O

Problem 55. Prove (6.1.27). Hint: Multiply (1) by t* (u”)? and note that
u" =4 =0 on 02, or alternatively: differentiate v — u” = 0 with respect to
t and multiply the resulting equation by t*

6.2 FEM for the heat equation

Consider the one-dimensional heat equation with Dirichlet boundary condi-
tion

uw—u" = f, 0<x <1, t >0,

u(0,t) = u(1,t) =0, t >0, (6.2.1)

u(z,0) = up(x), 0<z<l1.
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The Variational formulation for the problem (6.2.1) reads as follows: For
every time interval I, = (t,_1,t,] find u(z,t), t € I, such that

1
// w + u'v' dxdt:/ / fodxdt, Yv: v(0,t) =v(l,t) =0. (VF)
In 1, Jo

A pieceWise linear Galerkin approximation: For each time interval I, =
(tn 1,1t ] with tn 1 = k’, let

Uz, t) = Uy 1(2)V,1(t) + Uy (2)V,,(2), (6.2.2)
where
t—t, to—t
U,.(t) LU, () = o k=t,—tyq, (6.2.3)
k k
and
Un(z) = Up1o1(x) + Upopa(x) + ... + Upmom (), (6.2.4)

with ¢(z;) = J;; being the usual finite element basis corresponding to a
partition of Q = (0,1), with 0 =2y < -+ < ap < Xpy1 < -+ < Ty = 1. In
other words U is piecewise linear in both space and time variables and the
unknowns are the coefficients U, j, satistying the following discrete variational
formulation:

1
// (Up; + + U') dudt = //fgpjdxdt, j=1,2,....m (6.2.5)
In 1, Jo

Note on 1,, = (t,_1,t,] and with U, := U(z,) and U,,_; := U(z,_1) we have

Un - Unfl

U, t) = Up_1(2) T, 1 (t) + U, (2) T, (t) = k

(6.2.6)

Further differentiating (6.2.2) with respect to = we get

U'(2,t) = U (2) Ty (t) + U ()T, (). (6.2.7)
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 Unes (%)
Wi
| ) Un)
7 :
1" fe /! \\ |
/. :
t . 9.()
]S — A ———— ———d ——— e m
t.
Xi-1 X Xi+1

Inserting (6.2.6) and (6.2.7) in (6.2.5) we get using [, dt =k and [, ¥,dt =
J; W, adt =% that

M-Un

g

1 1 1
/ Ungojdx—/ Un—1¢; dx—i—/ | dt/ U,'I_lg0;- dz
0 0 In Jo B

g

NER

S'Unfl

M-Up—1
) 1 (6.2.8)
+/ \Ilndt/ U;Lgog-dx:/ / fojdadt
In 0 I, Jo
N A ~~ — - ~ -
i S-Un

F
which can be written in a compact form as the Crank- Nicholson system
(CNS)
k k
(214 55)v.= (

M — 55) U, ,+F,
with the solution U,, given by

(CNS)
Un = (M + g )_1 (a1 - g Ui+ (M + gs) R (6.2.9)
NG AP . _

B—l
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where

Un,l

Un,2
U, = . (6.2.10)

Un,m

Thus with a given source term f we can determine the source vector F' and
then, for each n = 1,2,... N, given the vector U,_; we use the CNS to
compute the m-dimensional vector U,, (m nodal values of U at the time level

t).

Example 26. Derive a corresponding equation system, as above, for the

dG(0).

The matrices S and M introduced in (6.2.8) are known as the stiffness
matrix and Mass matrix respectively. Below we compute these matrices.
Note that differentiating (6.2.4):

Un(x) = Up11(x) + Upopa(x) + . .. + Upmom(2),
we get
Ul(x) = Up101(2) + Upo@h(x) + . .. + Upnipln (). (6.2.11)

Thus for j =1,...,m we have

1

1 1 1
SU, :/ UTIZSO;' = (/ 90;‘90/1) Un,1+</ @;@é)Um2+...+</ go}goin)Un,m,
0 0 0 0

which can be written in the matrix form as

T N A S NN Un,

1 1 1
. N7 N A% S N AT Un,2

(6.2.12)

| fy Ot Sy G o Sy P | | Unm
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Note that S is just the matrix A,,;; that we have already computed in

Chapter 1: i i
2 -1 0 0 0
—1 2 —1 0 0
1 0 —1 2 -1 0
5 == (6.2.13)
h
0 —1 2 —1
0 —1 2

Similarly, recalling the definition for the mass matrix M introduced in (6.2.8),
we have that for j =1,....m

1
MUn:/ Un;. (6.2.14)
0

Thus, to compute the mass matrix M one should drop all derivatives from
the general form of the matrix for S given by (6.2.13). In other words unlike
the form SU,, = fol U,.#;, MU, does not have any derivatives, neither in U,
nor in ;. Consequently

fol Y1¥1 fol P12 ... fol P1¥m
1 1 1
. Jo w201 fy w22 oo [y P20m (6.2.15)
1 1 1
| o emer fo omp2 o fy Pmm |

To continue we follow the same procedure as in chapter one recalling that
for a uniform partition we have

r—Tj Tj-1 S T S X

1

wile) =5 (6.2.16)

Ljp1 — T Tj ST S Ty

0 r & [z, 2l
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Thus
1 ) 1 T ) Tjt1 )
; pj(x)” do = ﬁ( (x —2j1) do + (%’H—ﬂ?))
1 (x<—-x],1)3 Zj 1 ($j+1‘—'$)3 Zj+1 (6 9 17)
ﬁ[ 3 :|$]_1+ﬁ|: 3 :|$]'
1 h? 1 A3 B 2h
R 3 R 3 37
and

1 1 Tj41
/ pipjr1dr = —2/ (@jr1 — ) (x5 —x) = [PI]
0 T

1 (x — OCj)Z]%'H 1 /Ij+1 (z—ay)? dx

>

:_2[(%*1_95) 2 L., TR 2

>

1 [(ac — xj)?’rjﬂ B 1h
6

Zj

Obviously we have that

1
/ pjpide =0,  V|i—j|>1. (6.2.18)
0
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Thus the mass matrix in this case is given by

2+ 0 0 0
1 2 1
¢ 5 & U 0
o i1 2 1 0
M =h 63 0 (6.2.19)
1 2 1
0 6 3 &
| 0 6 3

6.3 Error analysis

In this section we shall consider a general domain 2 with the boundary 0S.
Therefore the analysis are adequate in higher dimensions as well. For our
specific one dimensional case this means a general interval 2 := [a,b] with
0 = {a,b}. Then a general for of (6.2.5) can be written as

/ / Uv + U'v')dxdt = / /fvdxdt for all v € V,, (6.3.1)
In In

where V}, = {v(x) : v is continuous, piecewise linear, and v(a) = v(b) = 0},

and in higher dimensional case v(a) = v(b) = 0 is replaced by v|sn = 0. Note

that this Variational formulation is valid for the exact solution v and for all
v(x,t) such that v(a,t) = v(b,t) =

0:
//uv+u'v')da¢dt:/ /fvdxdt, Yo € Vy, (6.3.2)
I, In JQ

Subtracting (6.3.1) from (6.3.2) we obtain the Galerkin orthogonality relation
for the error

/ / év+ ev')dxdt =0, for all v € Vj,. (6.3.3)
In

Theorem 26 (A posterirori error estimates). We have the following a pos-
teriori error estimate for the heat conductivity equation given by (6.2.1)

le(®)]| < (2 +4/In g) ma |k 4+ 2%)r(D)] (6.3.4)
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Sketch. To derive error estimates we let p(z,t) be the solution of the follow-
ing dual problem

—p—¢"=0, nQ t<T,
v =0, on 02 t<T, (6.3.5)
p =e, inQ fort="T,

where e = e(t) = e(-,T) = u(-,T) - U(-,T), T = tn. Note that for w(z,t) =
o(x, T —1t), (t > 0) we can write the backward dual problem (6.3.5) as the
following forward problem

w—w"=0, inQ2  t>0,
w =0, on 9O t >0, (6.3.6)

w = e, inQ) fort=0.

For this problem we have shown in the energy estimate theorem that

g 1 /[ T
[ ol < 5w g, (65.7)

and consequently ( let s =T — ¢, then ¢ LTeT—c20, and ds = —dt)
we have for :

T—e
1 T
ol < =4 /In — . 6.3.8
/O 1ol < 54/ le] (6.3.8)

Now since —¢” = ¢ we get also

T—e¢ 1 T
"< =4/In— 6.3.9
|1e= 5y m el (639
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To continue we assume that ug € V}, then, since (—¢ —¢”) = 0, we can write

He(T)H?:/Qe(T)-e(T) dx—i—/o /Qe(—gb—gp") dedt — [PTin 1]

= / e(T) - e(T) dx — /Q e(T) - e(T) dw + /Q €(0) - ¢(0) du

/ / ep + €'¢') dedt = {Galerkin Orthogonality (7.1)}

= / / é(p—v)+e(p—0v) dedt ={Plin x, in 2ed term}
o Jo

%,_/

:/OT/Q(f—UJrU”)( ) dadt = // ) dxdt,

Whelje weuse ¢ = 4 —U and €’/ = v’ —U" to write é —¢” = 14—’ —U —U" =
f=U—=U":=r(U) which is the residual. Now with mesh variables h = h(z,t)

and k = k(t) in z and ¢, respectively we can derive an interpolation estimate
of the form:

o —vllz, < kll¢le, + (1" ||z, < (k+h*)|]1, + (k+h*)||¢"]|1., (6.3.10)

Summing up we have using maximum principle and the estimates (7.2.2)-
(7.2.3), basically that

IIG(T)||2§/0 1k + 22 @)l + N1

T—e
< max ||(k + h)r(U [/ ol 4 [1¢”]]) + 2 max ]
e+ @[ [ 0+ 171D + 2 s ol

T
< maxc]|(k -+ #)r(U)](y/1n < el +2lle]).

This gives our final estimate

(@]l < (2+1/m ) ma |k + 2°)r(U)]. (6:3.11)
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The complete proof is given in general form and for higher dimensions in
part II. [

e Algorithm Starting from the a posteriori estimate of the error e = u — U
for example for

—u" = f, in €
(6.3.12)
u =0, on 0f)
ie.
le'] < CllhrU)], (6.3.13)

where (U) = |f| + max;, |[«/]| and [ ] denotes the jump (over the endpoints
of a partition interval I}), we have the following Algorithm:

(1) Choose an arbitrary h = h(x) and a tolerance Tol > 0.

(2) Given h, compute the corresponding U.

(3) If C||hr(U)]| < Tol, accept U. Otherwise choose a new (refined) h =
h(z) and return to step (2) above. O

e Higher order elements c¢G(2), piecewise polynomials of degree 2 is de-
termined by the values of the approximate solution at the end-points of the
subintervals. The constructing is through the bases functions of the form:
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e Error estimates (a simple case)
For —u” = f, 0 <z < 1 associated with Dirichlet (or Neumann) boundary
condition we have

|(uw—U)|| < C||h*D?ul|. (6.3.14)
lu— Ul < C'max <h||h2D3u||>. (6.3.15)
lu—U|| < C|h2r(U)||, where |r(U)| < Ch. (6.3.16)

These estimates can be extended to, for example, the space-time discretiza-
tion of the heat equation.

e The equation of an elastic beam
(au)"=f,  Q=(0,1)
u(0) =0, W' (0) =0 (Dirichlet) (6.3.17)
u”(1) =0, (au")'(1) =0, (Neumann)

where a is the bending stiffness, au’ is the moment, f is the load function,
and u = u(x) is the vertical deflection.
A variational formulation for this equation can be written as

1 1
/ au"v"dr = / fvdx, Vo, such that (0) =4'(0) =0. (6.3.18)
0 0

Here, the piecewise linear finite element functions won’t work (inadequate).
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6.4 Exercises

Problem 56. Work out the details with pieceunse cubic polynomials having
continuous first derivatives: i.e., two degrees of freedom on each node.

Hint: A cubic polynomial in (a,b) is uniquely determined by v(a), ¢'(a), o(b)
and ¢'(b).

Problem 57. Prove an a priori and an a posteriori error estimate for a
finite element method (for example ¢G(1)) for the problem

—u" +au=f, inl=/(01), u(0) = u(l) =0,
where the coefficient o = a(x) is a bounded positive function on I, (0 <
alz) <K, zel).
Problem 58. a) Formulate a ¢cG(1) method for the problem

(a(x)u'(z)) =0, O0<xz<l1,
a(0)u'(0) = uy, u(l) =0.
and give an a posteriori error estimate.

b) Let ug = 3 and compute the approximate solution in a) for a uniform
partition of I = [0, 1] into 4 intervals and
1/4, x <1/2,

a(r) =
1/2, x> 1/2.

c¢) Show that, with these special choices, the computed solution is equal to the
exact one, i.e. the error is equal to 0.

Problem 59. Let || - || denote the Ly(0,1)-norm. Consider the problem

—u" = f, 0<x<l,

uw'(0) =vp, u(l)=0.

a) Show that |u(0)| < ||'|| and ||ul < |[/]|.
b) Use a) to show that ||u'|| < || f]| + |vol-



6.4. EXERCISES 149

Problem 60. Let ||-|| denote the Ly(0,1)-norm. Consider the following heat
equation

uw—u" =0, 0<z<l, t>0,
u(0,t) = u,(1,t) =0, t>0,
u(z,0) = ug(x), 0<z<l

a) Show that the norms: ||u(-,t)|| and ||uz(-,t)|| are non-increasing in time.

. 1/2
lull = ( f; u(x)? dz)
b) Show that ||u.(-,t)|| — 0, as t — oo.
¢) Give a physical interpretation for a) and b).

Problem 61. Consider the problem
—eu" +au +u=f, inl=(0,1), u(0) ='(1) =0,
where € is a positive constant, and f € Ly(I). Prove that
|lew”|| < [I.f1]-
Problem 62. Give an a priori error estimate for the following problem:
(QUzz)zz = f, 0 <z <1, w(0) =u'(0) = u(1) = /(1) =0,
where a(x) > 0 on the interval I = (0,1).

Problem 63. Prove an a priori error estimate for the finite element method
for the problem

—u"(z) +u'(z) = f(z), O0<uz<l, u(0) = u(l) = 0.

Problem 64. (a) Prove an a priori error estimate for the cG(1) approzima-
tion of the boundary value problem

—u"+cu'+u=f inI=(0,1), u(0) = u(1) =0,

where ¢ > 0 is constant.

(b) For which value of ¢ is the a priori error estimate optimal?
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Problem 65. We modify problem 2 above according to
—eu" + () +u=flz) 0<z<l, u(0) =u'(1) =0,

where € is a positive constant, the function ¢ satisfies c¢(x) > 0, /(z) <0,
and f € Lo(I). Prove that there are positive constants Cy, Cy and Cy such
that

Vel < GilIFIl - Nled]| < CollfIl, and ellu”]] < Csl| £,

where || - || is the Lo(I)-norm.

Problem 66. Show that for a continuously differentiable function v defined
on (0,1) we have that

[1o[]* < 0(0)* + o(1)* + V]|

Hint: Use partial integration for fl/Q v(z)*dz and f11/2 v(z)*dx and note that

0
(x — 1/2) has the derivative 1.



Chapter 7

The wave equation in 1d

We start with the homogeneous wave equation: Consider the initial-boundary
value problem
i —u" =0, 0<z<l1 t>0 (DE)
u(0,t) =0, u(l,t) =0 t>0 (BC) (7.0.1)
u(z,0) =up(x), u(z,0)=wvy(z), 0<z<1l (IC).

Below we shall derive the most important property of the wave equation

Theorem 27 (Conservation of energy). For the wave equation (7.0.1) we
have that

1

1. 1 1
Sl + 5111 = Sl + Sllehl P = Constant, — (7.02)

where

1
ol =l )P = [ e o da. (703)
0
Proof. We multiply the equation by @ and integrate over I = (0,1) to get

1 1
/ i udx — / w'uidr =0. (7.0.4)
0 0

151



152 CHAPTER 7. THE WAVE EQUATION IN 1D

Using partial integration and the boundary data we obtain
1 1 d 2 1 1
/O S (u) dz + /0 o (@) da — [u'(a:, t)u(x,t)]o

=) e [ () o 703
0 0
= 5 (P + S111P) = o

Thus, the quantity
Lo 1o :
§Hu|| + §||u || = Constant, independent of . (7.0.6)

Therefore the total energy is conserved. We recall that 1||a/|? is the kinetic
energy, and 3||u/||? is the potential (elastic) energy.
U

Problem 67. Show that ||(4)'||* + ||u”||*> = constant, independent of t.
Hint: Multiply (DE): i —u” =0 by —(u)" and integrate over I.
Alternatively: differentiate the equation with respect to x and multiply by
. ...

Problem 68. Derive a total conservation of energy relation using the Robin

0
type boundary condition: u +u=0.

on

7.1 FEM for the wave equation

We seek the finite element solution u(z,t) for the following problem
i —u" =0, 0<z<l1 t>0 (DE)
u(0,t) =0, u'(1,t)=g(t,) t>0 (BC) (7.1.1)
u(z,0) = up(x), u(z,0) =v9(x), 0<x <1l (IC).

We let 4 = v, and reformulate the problem as a system of PDEs:

t—v=0 (Convection)

(7.1.2)
v—u" =0 (Diffusion).
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Remark 15. We can rewrite the above system as w + Aw = 0 with

u {7 0
w = = w+Aw=| |+ = , (7.1.3)

thus we get the following system of equations

au+bv = —1u
(7.1.4)
cu~+dv = —v.
Recalling that i = v and 0 = " (7.1.4) can be written as
au+bv = —v
(7.1.5)
cu~+ dv = —u".
Consequently we have a = 0,b = —1 and ¢ = —8‘9—;, d=0, ie.
U 0 —1 U 0
+ i — . (7.1.6)
v —% 0 v 0
w X w

eThe finite element discretization procedure
For each n we define the piecewise linear approximations as

Up-1(2)W,_1(t) + Uy (2) W, (1),

- O<z<l1, tel, (7.1.7)
Vo1 ()W, 1 (t) + Vo (2) W, (),

U(z,t)
V(x,t)

Un(r) = Un,l(x)S[)l () +...+ Un,M(x)SDm(x)a
Vie1(z) = Vosia(@)er(x) + .o 4 Vo m(2) om(2).

(7.1.8)
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U0 6; ()

th1 th  tha

Note that since & —v =0, t € I, = (t,_1, t,] we have

1 1
/ / o dxdt — / / vpdrdt =0, forall ¢(x,t). (7.1.9)
1, Jo 1, Jo

Similarly © — «” = 0 yields

1 1
/ / v drdt — / / updxdt =0, (7.1.10)
1, Jo I, Jo

where, in the second term we use partial integration in x and the boundary
condition u/(1,t) = g(t) to obtain

1 1 1
/ pde = [ o]} — / Wl de = g(t)p(L, £) — (0, £)p(0, ) — / i d.
0 0 0

Inserting in (7.1.10) we get

1 1
//i)gpdxdt—i-/ / u'cp'da:dt:/ g(t)e(1,1) dt, (7.1.11)
1, Jo 1. Jo I

for all ¢ such that ¢(0,¢) = 0. We therefore seek U(z,t) and V(z,t) such
that

/In /1 fjﬂ(x) = Un-1(@) oi(x) dedt—

L

(7.1.12)

[airy

_ /1 /0 (Vis (@)W () + Vi)W () 95 () it = 0,

fory=1,2,...,m,
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and

/In /1 Vo) = Vo (2) w;(z) dxdt

.

s

<-{

—_

+/ / <U;l—1(x)‘1’n—1(t)+U{z($)\1/n(t)) (@) dedt (7113)

'

U/

= / g(t)p;(1)dt, for j=1,2,...,m.

In

The equations (7.1.12) and (7.1.13) is reduced to the iterative forms:

\/0 1 Un(:c)cpj(:c)dgj _ g ﬂ ' Ve @)y @)z

MU, MV,
1 k 1
:/ Up—1(x)p;(z)dx +§/ Voo1(x)p;(z) de, for j =1,2,...,m,
0 0
M[}:lfl M‘;;‘,lfl

and

Vil @+ [ Ul ) de
J 7

MV, SU,
1 k 1
= /0 Vie1(z)p;(x) dx —5/0 U, 1 (2)¢}(x) dv +gy, for j =1,2,...,m,
M‘Z_1 SJ;—I

respectively, where as we computed earlier

2 -1 ... 0 2 0
N
szﬁ , M=nh )
0 -1 2 -1 1ozl
00 -1 2 |0 R
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and we use the vector functions:

Una 0
Un,2 e
U, = , and g, = where g, = / g(t) dt.
. 0 I,
Un,m 9n,m

In compact form the vectors U,, and V,, are determined through solving the
linear system of equations:

MU, =MV, = MU,y + £MV,_,

(7.1.14)
ESU, + MV, = —4SU,_1 + MV,_1 + g,.
This is a system of 2m equations with 2m unknowns:
M -£S Uy, M iM Up—1 0
i = i + . (7.1.15)
385 M Vi -5 M Vi1 9n
A W b

with W =A\b, U, =W(1:m), V,=W(m+1:2m).

7.2 Exercises

Problem 69. Derive the corresponding linear system of equations in the case
of time discretization with dG(0).

Problem 70 (discrete conservation of energy). Show that c¢G(1)-cG(1) for
the wave equation in system form with g(t) = 0, conserves enerqy: i.e.

12 4+ 1Vall? = 1Tl + (Ve |1 (7.2.1)

Hint: Multiply the first equation by (U,_1 + U,)'SM ™1 and the second equa-
tion by (V,_1+V,)! and add up. Use then, e.g., the fact that UL SU, = ||U!|?,
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where
Un,l
Un,2
U, = , and U, =U,(x) = Uy1(x)p1(x) + ...+ Upn (@) om ().
Unm

Problem 71. Apply ¢G(1) time discretization directly to the wave equation
by letting

U(,t) = U1 Wn 1 () + Up(2)Tn(t),  te€ I, (7.2.2)

Note that U is piecewise constant in time and comment on:

//ngjdxdt—i-/ / ugojdxdt /g(t)goj(l)dt, ji=12,....m
In In In

s

g

% Un 1+Un) In

Problem 72. Show that the FEM with the mesh size h for the problem:

—u"=1 0<z<l1

(7.2.3)
u(0) =1 «'(1) =0,
with
U(z) = Teo() + Urpr(x) + ... + Uppm(2). (7.2.4)
leads to the linear system of equations: A-U = b, where
-1 2 -1 0 7 h
0 -1 2 —1... Uy
~ 1 ) ~ ) ~
A=— = b=
. U h
0 0 | | Un | 5]
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which is reduced to AU = b, with

2 -1 0 ... 0 s h+ 1
Uy
-1 2 -1 0 ... h
1 Uz
h Y )
0 -1 2 -1 h
Un
0o 0 0 -1 2 - - b

Problem 73. Construct a FEM for the problem

i+u—u" =f, 0<zx<l1l t>0,
u(0,t) =0, W'(1,t) =0, t>0, (7.2.5)
u(z,0) =0, u(z,0)=0, 0<z<l.

Problem 74. Assume that u = u(x) satisfies

1 1
/ uv'dr = / fvdz,  for allv(z) such that v(0) = 0. (7.2.6)
0 0

Show that —u" = f for 0 <z <1 and v'(1) = 0.
Hint: See Lecture notes, previous chapters.

Problem 75. Determine the solution for the wave equation

i — " = f, x>0, t>0,

u(z,0) = up(x), uz,0)=uwvy(x), x>0,

uz(1,t) =0, t >0,
in the following cases:

a) f=0.
b)le, UOZO, UOZO.



Chapter 8

Piecewise polynomials in
several dimensions

8.1 Introduction

eVariational formulation in R?

All the previous studies in the 1 - dimensional case can be extended to R™,
then the mathematics of computation becomes much more cumbersome. On
the other hand, the two and three dimensional cases are the most relevant
cases from both physical as well as practical point of views. A typical problem
to study is, e.g.

—Au + au = f, x:= (z,y) € Q2 C R?
u(z,y) =0, (z,y) € 0N

(8.1.1)

The discretization procedure, e.g. with piecewise linears, would require the
extensions of the interpolation estimates from the intervals in 1D to higher
dimensions. Other basic concepts such as Cauchy-Shwarz and Poincare in-
equalities are also extended to the correspoding inequalities in R"™. Due to
the integrations involved in the variational formulation, a frequently used
difference, from the 1-dimensional case, is in the performance of the partial
integrations which is now replaced by the following well known formula:

159
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Lemma 7 (Green’s formula). Let u € C*(Q2) and v € C'(Q), then

2u ou Ou
// 92 + — vda:dy = / <%, 8_y) -n(z,y)vds
8u 0u 81} Ov
dxd
// O’ 8y 81’ 8y>xy’
where n(x,y) is the outward unit normal at the boundary point x = (z,y) €
00) and ds is a curve element on the boundary 0S). In concise form

(8.1.2)

/Q (Aujvdz = /Q (Vu - n)ods — /Q Vu - Voda. (8.1.3)

Figure 8.1: A smooth domain 2 with an outward unit normal n

In the case that 2 is a rectangular domain. Then we have that

// @dedy_/ / ) (2,y) - v(x,y)dxdy = [P.I]

= [ (e vt y)}a [y Sy dy

=0 0

_/b<8u(a y)-v(a,y) — ZZ(O,y)-U(O’dey_

//0u ava:ydacdy
Ox



8.1. INTRODUCTION 161

n(z,b) = (0,1)
. Ty = 9,
n(0.4) = (-1.0) ; | nfa.y) = (1.0)
Ty == 9 S,
T, = 0%, a
n(z,0) = (0, —1)

Figure 8.2: A rectangular domain €2 with its outward unit normals

Now we have on I'; : n(a,y) = (1,0)
onI's :n(z,b) =(0,1)
on I's : n(0,y) = (—1,0)

onI'y : n(z,0) = (0,—1)
Thus the first integral on the right hand side can be written as

ou Ou 0u 8u
9z’ 9y = d
/89 <ax’ ay> n(z, y)vds = /F1 / 97 @ n(z,y)v(z,y)ds

and hence

ou Ou ou  Ov
// dxdy = /FIUF3 <%, a_y) ‘n(z,y)v(z,y)ds — //Q e %dxdy

Similarly, for the y-direction we get

u ou Ou ou Ov
//Q a—yzvdxdy = /FQUM <8_x’ 8_y) -n(z,y)v(z,y)ds — //Q o 8_ydxdy‘

Now adding up these two recent relations gives the desired result. The case of
general domain €2, is a routine proof in the calculus of several variables. [
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8.2 Piecewise linear approximation in 2 D

The objective in this part is the study of piecewise polynomial approxima-
tions for the solutions for differential equations in two dimensional spatial
domains. In this setting, and for simplicity, we focus on piecewise linear
polynomials and polygonal domains. Thus we shall deal with triangular
mesh without any concerns about curved boundary.

8.2.1 Basis functions for the piecewise linears in 2 D

We recall that in the 1-dimensional case a function which is linear on a
subinterval is uniquely determined by its values at the endpoints. (There is

only one straight line connecting two points)
Y

Tk—1 I, Tk

Figure 8.3: A picewise linear function on a subinterval I, = (x_1, xy).

Similarly a plane in R? is uniquely determined by three points. Therefore
it is natural to make partitions of 2-dimensional domains using triangular
elements and letting the sides of the triangles to correspond to the endpoints
of the intervals in the 1-dimensional case.

The figure illustrates a “partitioning”: triangulation of a domain 2 with
curved boundary where the partitioning is performed only for a polygonal
domain Qp generated by Q (a domains with polygonal boundary). Here we
have 6 internal nodes N;, 1 <17 <6 and €2, is the polygonal domain inside €2,
which is triangulated. The figure 1.4 illustrates a piecewise linear function
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on a single triangle which is determined by its values at the vertices of the
triangle.

Now for every linear function U on €2, we have
U(x) = Urp1(x) + Uppa(x) + . .. + Usps(x), (8.2.1)

where U; = U(N;), i=1,2,...,6 are numbers (nodal values) and ¢;(V;) =
1, while ¢;(N;) = 0 for j # i. Further ¢;(x) is linear in x in every trian-
gle/element. In other words

1, j=i
0, Jj#u

and, for instance with the Dirichlet boundary condition we take @;(x) =
0 on 0€2,.

In this way given a differential equation, to determine the approximate solu-
tion U is now reduced to find the values (numbers) Uy, Us, .. ., Us, satisfying
the corresponding variational formulation. For instance if we chosse x = N5,
then U(N;5) = Uy1(Ns) + Uspa(Ns) + ... 4+ Usps(N5) + Usps(Ns), where
©1(N5) = 2(N5) = p3(N5) = pa(N5) = ps(N5) = 0 and ¢5(N5) = 1, and
hence

U(Ns) = Uss(Ns) = Us (8.2.3)
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z= f(z,y)
(952792,22)

(xlaylyzl)l
|
! l
| : ! (23,93, 23)
I : I
: ! :
| : 1 y
: - :
: I ($27?J270) :
| I
| |

(xluyhO) :( )

! 1’3;31370

x
Figure 8.4: A triangle in 3D as a piecewise linear function and its projection
in 2D.

Example 27. | let Q@ = {(z,y) : 0 < x < 4,0 <y < 3} and make a FEM
discretization of the following boundary value problem:

—Au=f inQ
uw=0 on 02

(8.2.4)



8.2. PIECEWISE LINEAR APPROXIMATION IN 2 D 165

The variational formulation reads as follows: Find a function u vanishing at

the boundary I' = 02 of €2, such that

//Q(Vu-Vv)da?dy = //ﬂ fodzdy, Vv € Hy(9). (8.2.5)

Note that H}(Q) is the space of continuously differetiable functions in Q
which are vanishing at the boundary 0S). Now we shall make a test function
space of piecewise linears. To this approach we triangulate € as in the figure
below and let

V) = {v € C(Q) : vis linear on each sub-triangle and is 0 at the boundary.}

Since such a function is uniquely determined by its values at the vertices of
the triangles and 0 on the boundary, so indeed in our example we have only 6
inner vertices of interest. Now precisely as in the “1 — D7 case we construct
basis functions. (6 of them in this particular case), with values 1 at one of the
nodes and zero at the others. Then we get the two-dimensional telt functions
as shown in the figure above.
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8.2.2 Error estimates for piecewise linear interpolation

In this section we make a straightforward generalization of the one dime-
nensional linear interpolation estimate on an interval in the maximum norm
to a two dimensional linear interpolation on a triangle. As in the 1D case,
our estimate indicates that the interpolation error depends on the second
order, this time, partial derivatives of the functions being interpolated, i.e.,
the curvature of the functions, mesh size and also the shape of the triangle.
The results are also extended to other L,, 1 < p < oo norms as well as higher
dimensions than 2.

To continue we assume a triangulation 7 = {K} of a two dimensional
polygonal domain 2. We let v;, © = 1,2, 3 be the vertices of the triangle K.
Now we consider a continuous function f defined on K and define the linear
interpolant 7, f € P(K) by

mnf(v) = f(vi), i=1,2,3. (8.2.6)

This is illustrated in the figure on the next page. We shall now state some
basic interpolation results that we frequently use in the error estimates. The
proofs of these results are given in CDE, by Eriksson et al.

Theorem 28. If f has contionuous second order partial derivatives, then

1
1f = T f | Loor) < §h§(||D2f||Loo(K)v (8.2.7)
3

where hy 1s the largest side of K, ag is the smallest angle of K, and

2 Of 1/2
D= < Z(axiﬁxj)2> '

i,j=1
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z

I e

V2

U1

U3

Figure 8.5: The nodal interpolant of f in 2D case

Remark 16. Note that the gradient estimate (8.2.8) deteriotes for small
sin(ag); i.e. for the thinner triangle K. This phenomenon is avoided assum-
ing a quasi-uniform triangulation, where there is a minimum angle condition
for the triangles viz,

sin(ag) > C, for some constant C. (8.2.9)

8.2.3 The L, projection

Definition 15. Let V}, be the space of all continuous linear functions on a
triangulation T, = {K} of the domain Q). The Ly projection Pyu € Vi, of a
function u € Ly(QY) is defined by

(u— Ppu,v) =0, Yo € V. (8.2.10)

This means that, the error u — Pyu is orthogonal to V. (8.2.10) yields
a linear system of equations for the coefficients of P,u with respect to the
nodal basis of V},.
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Advantages of the L, projection to the nodal interpolation

e The Ly projection P,u is well defined for u € Lo(£2), whereas the nodal
interpolant m,u in general requires v to be continuous. Therefore the Lo
projection is an alternative for the nodal interpolation for, e.g. discontinuous
Ly functions.

e Letting v = 1 in (8.2.10) we have that

/Phudx:/uda:. (8.2.11)
Q Q

Thus the Ly projection conserves the total mass, whereas, in general, the
nodal interpolation operator does not preserve the total mass.

e Finally we have the following error estimate for the Ly projection:
Theorem 29.

|lu — mhul] < Ci||h*D?ul|. (8.2.12)
Proof. We have using (8.2.10) and the Cauchy’s inequality that

lu — mhul|* = (u — Thu, u — THY)
(u—mpu,u —v) + (U — Tpu, v — TRU) = (U — TRU, U — V)
< |lu = mpul|flu — o]
(8.2.13)
This yields
lu — mpu| < Jju— v, Yo € V. (8.2.14)

Now choosing v = m,u and recalling the interpolation theoren above we get
the desired result. 0J

8.3 Exercises

Problem 76. Show that the functionu : R* — R given by u(x) = log(|x|™!), = #
0 is a solution to the Laplace equation Au(z) = 0.

Problem 77. Show that the Laplacian of a C? function u : R?> — R in the
polar coordinates is written by

18<0u> 1 0%u

Au=—orar) T o

(8.3.1)
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Problem 78. Show using (8.3.1) that the function u = alog(r) + b where a
and b are arbitrary constants is a solution of the Laplace equation Au(zx) = 0
for x # 0. Are there any other solutions of the Laplace equation in R? which
are invariant under rotation (i.e. it depends only on r = |x|)?

Problem 79. For a given triangle K, determine the relation between the
smallest angle T, the triangle diameter hi and the diameter px of the largest
inscribed circle.

Problem 80. Prove that a linear function in R? is uniquely determined by
its at three points as long as they don’t lie on a straight line.

Problem 81. Let K be a triangle with nodes {a'}, i = 1,2,3 and let the
midpoints of the edges be denoted {a”,1 < i < j < 3}.

a) Show that a function v € PY(K) is uniqely determined by the degrees of
freedom {v(a”),1 < i< j < 3}.

b) Are functions continuous in the corresponding finite element space of piece-
wise linear functions?

Problem 82. Prove that if K1 and K, are two neighboring triangles and
wy € P*(Ky) and wy € P*(K>) agree at three nodes on the common boundary
(e.g., two endpoints and a midpoint), then wy = wy on the common boundary.

Problem 83. Prove that a linear function is uniquely determined by its
values at three points, as long as they don’t lie on a straight line.

Problem 84. Assume that the triangle K has nodes at {v*,v? v3}, v' =
(v, vh), the element nodal basis is the set of functions \; € PH(K), i =1,2,3
such that

1, i=j
0, i # 7.

Compute the explicit formulas for \;.

/\i (Uj) =

Problem 85. Let K be a triangular element. Show the following identities,
forj, k=1,2 and x € K,

Z Nlz) =1, > (v} —z)\(x) =0, (8.3.2)
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3 3

2-21 g (@) =0, ;(vj — )50 = Gk (8.3.3)
where v* = (vi,v), i = 1,2,3 are the vertices of K, x = (x1,22) and dj, = 1
if 7 =k and 6;;, = 0 otherwise.

Problem 86. Using (8.3.2), we obtain a representation for the interpolation
error of the form

flz) —mpf(x) = — Zrz(x))\z(x) (8.3.4)

=1

Prove that the remainder term r;(x) can be estimated as
1 ,
(@) < Sl D o, i=1,2.3, (8:3.5)

Hint: (I) Note that |v' — x| < hy. (II) Start applying Cauchy’s inequality to

show that
E .fEiCij.ij = E €Z; E Cijxj'
ij J

Problem 87. 7 is the smallest angle of a triangular element K. Show that
2

Ai < ——.
Ia?eai? |V (I‘)| hK SiIl(TK)

Problem 88. The Fuler equation for an incompressible inviscid fluid of
density can be written as

ur+ (u-Vyu+Vp=f, V-u=0, (8.3.6)

where u(x,t) is the velocity and p(x,t) the pressure of the fluid at the pint x
at time t and f is an applied volume force (e.g., a gravitational force). The
second equation V - u = 0 expresses the incopressibility. Prove that the first
equation follows from the Newton’s law.
Hint: Let u = (uy,us) with u; = u;(x(t),
i

t),
rule to derive 1; = g;‘iul + g;; up + 85?, =1,2

1 = 1,2 and use the chain

Problem 89. Prove that if u : R? — R? satisfies rotu = (M —%> =0

oz’ Oz
in a convex domian Q C R2, then there is a scalar function ¢ defined on Q
such that w = Vo in 2.

Problem 90. Prove that [,rotudr = [.n x uds, where Q is a subset of
R3 with boundary I with outward unit normal n.



Chapter 9

Riesz and Lax-Milgram
Theorems

9.1 Preliminaries

In part I, we proved under certain assumptions that to solve a boundary value
problem (BVP) is equavalent to a corresponding variational formulation (VF)
which in turn is equivalent to a minimization problem (MP):

BVP «+— VF <« MP.
More precisely we had the following 1-dimensional boundary value problem:

—<a(a:)u’(x)>/ =f(z), 0<z<l1
u(0) = u(1) =0,

(BVP) : (9.1.1)

with the corresponding variational formulation, viz

(VF): Find u(x), with w(0) = u(1) = 0, such that

/Ou’(a:)v'(x)da::/o f(z)v(z)dx, Yve Hy, (9.1.2)
17

1
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where H} := H}(0,1) is the Sobolev space of all square integrable functions
having square integrable first order derivatives on (0, 1) and vanishing at the
boundary of the interval (0,1):

1
Hy = {v : / (v(av)2 + v/(x)Q)dx < oo, v(0)=0v(1)= 0}, (9.1.3)
0
and a minimization problem as:

(MP): Find u(z), with u(0) = u(1) = 0, such that u(x) minimizes the func-
tional F' given by

F(v) = %/0 v'(x)de—/O f(z)v(x)d. (9.1.4)

Recalling Poincare inequality we may actually take instead of H}, the space

M = {f 0,1 = R: /0 F(x)2dx < 0o, Af(0) = f(1) = o}. (9.1.5)

Let now V' be a vector space of function on (0, 1) and define a bilinear form
onVia(,-): VxV =R ie. for a, 5,2,y € R and u,v,w € V, we have

{ alau + fv,w) = a-alu,w) + G- a(v, w) (9.1.6)

a(u,zv +yw) = x - a(u,v) + y - a(u, w)

Example 28. Let V = H} and define

a(u,v) := (u,v) ::/0 o' (z)v'(x)dz, (9.1.7)

then (-,-) is symmetric, i.e. (u,v) = (v,u), bilinear (obvious), and positive
definite in the sense that

(u,u) >0, and (u,u) =0<=u=0.

Note that .
(u,u) = / u'(z)?dr = 0 <= /(x) = 0,
0

thus u(x) is constant and since u(0) = u(1) = 0 we have u(x) = 0.
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Definition 16. A linear function L : V — R s called a linear form on V':

If
L(ou + pv) = aL(u) + BL(v). (9.1.8)

Example 29. Let
1
l(v) = / fodz, Vv € H,, (9.1.9)
0

Then our (VF) can be restated as follows: Find u € H} such that
(u,v) = L(v), YveH,. (9.1.10)

Generalizing the above example we get the following abstract problem: Find
u € V, such that
a(u,v) = L(v), Yo eV. (9.1.11)

Definition 17. Let || - ||y be a norm corresponding to a scalar product (-, -)y
defined on V' x V. Then the bilinear form a(-,-) is called coercive (' V-elliptic),
and a(-,-) and L(-) are continuous, if there are constants cy,cy and ¢y such
that:

a(v,v) > ci||v]|3, Yo eV  (coercivity) (9.1.12)
la(u,v)| < col|ullv]|v|ly, Yu,v €V  (ais continuous) (9.1.13)
|L(v)| < esllvlly, YveV (L is continuous). (9.1.14)

Note. Since L is linear, we have using the relation (9.1.14) above that
| L(u) = L(v)| = [L(u = v)] < esllu =]y,

which shows that L(u) = L(v) as uw = v, in V. Thus L is continuous.
Similarly the relation |a(u,v)| < ¢1]|ul|v]|v|ly implies that the bilinear form
a(-,-) is continuous in each component.

Definition 18. The energy norm on'V is defined by ||v||, = /a(v,v), v €
V.

Recalling the relations (9.1.12) and (9.1.13) above, the energy norm satisfies
12 < eallvll}- (9.1.15)

alllly < a(v,v) = |lv

Hence, the energy norm ||v||, is equivalent to the abstract |[v||y norm.
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Example 30. For the scalar product

(u,v):/o o' () (z)dx, in H, (9.1.16)

and the norm
lull = /(). (9.1.17)

the relations (9.1.12) and (9.1.13) are valid with ¢; = co = 1 : More closely
we have in this case that

(1): (v,v) = ||v||? is an identity, and
(1) |(u,v)| < ||ul|||v]| is the Cauchy’s inequality sketched below:
Proof of the Cauchy’s inequality. Using the obvious inequality 2ab < a®+1?,

we have
2| (u, w)| < JJul® + [Jwlf. (9.1.18)

We let w = (u,v) - v/[|v]|?, then

2
2w, 0)] = 2| (s 0) )| < TP o) @119)
v v
e (0, 0)f ol
u,v v
20 < lull® + [(w, v) P (9.1.20)
[v]|> ol
which multiplying by ||v]|?, gives
2|(u, 0)[* < - flofl* + [ (u, 0) P, (9.1.21)
and hence
[(u, 0) 2 <l - o], (9.1.22)
and the proof is complete. O

Definition 19. A Hilbert space is a complete linear space with a scalar
product.

To define complete linear space we first need to define a Cauchy sequence of
real or complex numbers.
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Definition 20. A sequence {z}32, is a Cauchy sequence if for every e > 0,
there is an integer N > 0, such that m,n > N = |z, — z,| < €.
Now we state, without proof, a classical theorem of analysis:

Theorem 30. Every Chaucy sequence in C is convergent. More precisely:
If {z}32, C C is a Cauchy sequence, then there is a z € C, such that for
every € > 0, there is an integer M > 0, such that m > M = |z, — z| < €.

Definition 21. A linear space V' (vector space) with the norm || - || is called
complete if every Cauchy sequence in V' is convergent. In other words: For
every {vg }32, with the property that for every e > 0 there is an integer N > 0,
such that m,n > N = ||[v, —v,|| < &, (i.e. for every Cauchy sequence) there
is a v €V such that for every ¢ > 0 there is an integer M > 0 such that
m>M = |v, —v| <e.

Theorem 31. Hj = {f:[0,1] = R : fol f(x)?dz < oo, Af(0) = f(1) = 0}

1s a complete Hilbert space with the norm

lul| = /Tu,w) = </01u’(x)2dx> v (0.1.23)

Lemma 8 (Poincare’s inequality in 1D). If u(0) = u(L) = 0 then

/OL u(z)?dr < Cy, /OL u'(z)d, (9.1.24)

where Cp, is a constant independent of u(x) but depends on L.

Proof. Using the Cauchy-Schwarz inequality we have
T T L
uw) = [ wwiy< [ Wiy < [ )y
0 0 0

< (/OL U’(y)Qdy)l/Q(/oL 12dy)1/2 = ﬁ(/OL U’(y)2dy)l/2-

Consequently

(9.1.25)

u(r)? < L/O u'(y)2dy, (9.1.26)
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and hence

/OLu(CE)de < L/OL (/OL u'(y)%y)dx =17 /OL u'(z)?dz, (9.1.27)

i.e. O, = L. Thus Poincare inequality deteriorates in unbounded domains.
O

Definition 22. We define a functional ¢ as a mapping from a (linear) func-
tion space V into R, i.e.,
(VSR (9.1.28)

o A funcitonal { is called linear if

(9.1.29)

O(u+v) =L(u) + £(v) for all u,v eV
lou) = o - l(u) forall weV and o €R.

o A functional is called bounded if there is a constant C' such that
() < C-|lull  forallueV (C isindependnet of u)

Example 31. If f € L?(0,1), i.e. fol f(x)*dx is bounded, then

() = /0 w(@)o(z)da (9.1.30)

15 a bounded linear functional.
Problem 91. Show that ¢, defined in ezample above is linear.

Problem 92. Prove using Cauchy’s and Poincare’s inequalities that £, de-
fined as in the above example , is bounded in H}.

9.2 Riesz and Lax-Milgram Theorems

Abstract formulations: Recalling that

(1, v) = /0 L@ (@)dr and (o) = /0 ' (z)o(2)d,
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we may redefine our variational formulation (VF) and minimization problem
(MP) in an abstract forn as (V) and (M), respectively:

(V) Find u € H{, such that (u,v) = ¢(v) for all v € Hy.

1
(M)  Find u € H}, such that F(u) = min F'(v) with F(v) = §HvH2 —{(v).
veH;

Theorem 32. There exists a unique solution for the, equivalent, problems

(V) and (M).

Proof. That (V) and (M) are equvalent is trivial and shown as in part I.
Now, we note that there exists a real number o such that F'(v) > o for all
v € H}, (otherwise it is not possible to minimize F'): namely we can write

1 1
F(o) = Sl = e0) > 5ol = 7ol (921

where 7 is the constant bounding ¢, i.e. |[¢(v)| < 7||v||. But since

1 1 1
0 < S(llvll =7 = Slol® = vlloll + 577 (9.2.2)
thus evidently we have
1. 9 1,
F(v) 2 5lloll” =lloll 2 =57 (9.2.3)

Let now o* be the largest real number o such that

F(v) >0 forall v € H,. (9.2.4)

Take now a sequence of functions {uy}72 ), such that

F(ug) — o™ (9.2.5)

To show that there exists a unique solution for (V) and (M) we shall use the
following two fundamental results:
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F
F()
0_*
o] | 55 M)
U, ]{7:172,

Figure 9.1: The axiom of choice for existence of a solution of (V') and (M).

(i) It is always possible to find a sequence {uy}72,, such that F'(uy) — o°
(because R is complete.)

(ii) The parallelogram law (elementary linear algebra).

la + 0] + fla — blI* = 2lall* + 2{]b]1

Using (ii) and the linearity of ¢ we can write

llr — ujl|* = 2lluwell* + 2l|e]1* — [l + 2w — 40(ux) — 4€(u;) + 4(u + v)
= 2unll* — 40(ur) + 2llugl|* — 40(u;) — llux + wil* + 40(ue + uy)
— AF (uy) + 4F (u;) — 8F<uk il “j),

where we have used the definition of F(v) = 1[|v]|* — £(v) with v = wy, uj,

and v = (uy + u;)/2, respectivey. In particular by linearity of ¢:

(M) - sr (),

U + u;
2

— ||+ ]| * + 40 (up, +uy) = —4H
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Now since F(u;) — o* and F(u;) — o*, then
|up, — uj||* < 4F (u) + 4F (uj) — 8¢* — 0, as  k,j — oo.

Thus we have shown that {u;}$2, is a Cauchy sequence. Since {uy} C H}
and H} is complete thus {u;}32, is a convergent sequence. Hence

Ju € Hy, such that w = lim uy.

k—o00

By the continuity of F' we get that

lim F(u) = F(u). (9.2.6)

k—o0

Now (9.2.5) and (9.2.6) yield F(u) = o* and by (9.2.4) and the definition of
o* we end up with

F(u) < F(v),  Yvé&H,. (9.2.7)
This in our minimization problem (M). And since (M) < (V) we conclude

that:

there is a unique u € H} , such that {(v) = (u,v) Vv € H}. O

Summing up we have proved that:

Proposition 3. FEvery bounded linear functional can be represented as a
scalar product with a given function w. This u 1s the unique solution for both

(V) and (M).

Theorem 33 (Riesz representation theorem). If V' is a Hilbert space with
the scalar product (u,v) and norm ||u|| = v/(u,u), and €(v) is a bounded
linear functional on V', then there is a unique uw € V, such that {(v) =

(u,v), YvelV.

Theorem 34 (Lax-Milgram theorem). (A general version of Riesz theorem,)
Assume that ((v) is a bounded linear functional on V' and a(u,v) is bilinear
bounded and elliptic in V', then there is a unique u € V', such that

a(u,v) =L(v), YveV. (9.2.8)
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Remark 17. Bilinear means that a(u,v) satisfies the same properties as a
scalar product, however it need not! to be symmetric.

Bounded means:

la(u,v) < Bllul| [|v]|, for some constant 5 > 0. (9.2.9)

Elliptic means:

a(v,v) > allv||®>,  for some a > 0. (9.2.10)

Note
If a(u,v) = (u,v), then a = = 1.

9.3 Exercises

Problem 93. Verify that the assumptions of the Lax-Milgram theorem are
satisfied for the following problems with appropriate assumptions on o« and

f.

) —u" + au = f, in (0,1),
u(0)=4'(1)=0, «a=0andl.

(1 —u" 4+ au = f, in (0,1),
u(0) = u(l) u'(0)0u/(1) = 0.
—u" = f, in (0,1),

(I11)
u(0) —u/(0) = u(l) + u'(1)a = 0.

Problem 94. Let Q be a bounded domain in R? with boundary I', show that
there is a constant C' such that for all v € H'(Q),

[vllomy < Cllvll e, (9.3.1)

where ||v]|}py = V]I + V][>, Hint: Use the following Green’s formula

/UZA(,O:/UQan(p—/QUVU-VgO, (9.3.2)
Q r Q

with O, = 1. (9.3.1) is knowm as trace inequality, or trace theorem.
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Problem 95. Let u be the solution of the following Neumann problem:
—Au = f, in Q C RY,
—0pu = ku, on I'=01,.

where Op,u = n - Vu with n being outward unit normal to I' and k > 0. a)
Show the stability estimate

lulle < Co(llullr + [Vullo)-
b) Use the estimate in a) to show that ||u|lr — 0 as k — oc.

Problem 96. Using the trace inequality, show that the solution for the prob-
lem

—Au+u=0, mn 2
O,u = g, on I,
satisfies the inequality

lll* + IVoll* < CllgllZ,m)-

Problem 97. Consider the boundary value problem

Au =0, in Q C R?,

ou+u=yg, on I'=0Q, n is outward unit normal to I'.
a) Show the stability estimate

1 1
[ VullZ,q) + §||U||%2(r) < §H9||%2(r)‘

b) Discuss, concisely, the conditions for applying the Laz-Milgram theorem
to this problem.
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Chapter 10

The Poisson Equation

In this chapter we shall extend the study in Chapter 4 in Part I to solve the
Poisson equation

—Au = f, inQeRY, d=23
u=20 on 02,

(10.0.1)

where € is a bounded domain in R?, with d = 2 or d = 3, with polygonal
boundary I' = 0€2. For the presentation of problems from science and in-
dustry that are modeled by the Poisson’s equation we refer to Eriksson et
al. Computational Differential Equations [] and Folland: An introduction
to Fourier Analysis and its Applications [|. Below we shall prove stability
results and derive a priori and a posteriori error estimates for the problem
(10.0.1)

10.1 Stability

To derive stability estimates for (10.0.1) we shall assume an underlying gen-
eral vector space V' (to be specified below) of functions. We multiply the
equation by u and integrate over {2 to obtain

—/(Au)udm = / fudr, ze€Q anduelV. (10.1.1)
Q Q

183
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Using Green’s formula and the boundary condition: u = 0 on I'; we get that

|Vl = / Fu < £l (10.1.2)

where || - || denotes the usual Ly(€2)-norm.

Lemma 9 (Poincaré inequality; the 2D-version). For the solution u of the
problem (10.0.1) in a bounded domain 2 € R?, There exisists a constant Cq,
independet of u such that

[ull < Col[Vull (10.1.3)

Proof. Let ¢ be a function such that Ap = 1 in Q, and 2|Vy| < Cq in Q,
(it is easy to construct such a functiony ), then again by the use of Green’s
formula and the boundary condition we get

Jul|? = / u?Ap = —/ 2u(Vu - V) < Collu|l |Vul. (10.1.4)
Q Q
Thus
[ull < Cal|Vul|. (10.1.5)

Now combining with the inequality (10.1.2) we get that the following weak
stability estimate holds

[Vul < Call £ (10.1.6)
O
Problem 98. Derive corresponding estimates for following Neumann prob-
lem:
—Au+u=f, in
/ (10.1.7)
Gu— 0, on I = Q.

10.2 Error Estimates for FEM

We start with the variational formulation for the problem (10.0.1), through
multiplying the equation by a test function, integrating over {2 and using the
Green’s formula: Find a solution u(z) such that u(z) =0 on I' = 90 and

(VF): / Vu-Vvdr = / fvdx, Vv suchthatv=0onTl. (10.2.1)
Q Q
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We prepare for a finite element method where we shall approximate the
exact solution u(z) by a suitable discrete solution U(x). To this approach let
7 = {K : UK = Q} be a triangulation of the domain Q and ¢;,j =1,2,...,n
be the corresponding basis functions, such that ¢;(z) is continuous, linear in
x on each K and

1 fori =7
;i (Ni) = 7 (10.2.2)
0 for i # 5
where Ny, Ny, ..., N,, are the inner nodes in the triangulation.

Now we set the approximate solution U(z) to be a linear combination of the
basis functions ¢;, 7 =1,...,n:

U(z) = Uypr(x) + Uspa(x) + ... + Uppon(x), (10.2.3)

and seek the coefficients U; = U(N;), i.e., the nodal values of U(x), at the
nodes N;, 1 <17 < n, so that

(FEM) /VU-chidx:/f-cpidx, i=1,2,...n, (10.2.4)
Q Q

or equivalently
(V) / VU -Voudxr = / frvdx, YveVY (10.2.5)
Q Q

We recall that
V) = {v(x) : v is continuous, piecewise linear(on7), andv = 0onl = 9N}.
Note that every v € V)? can be represented by

v(z) = v(N1)e1(x) + v(Ne)a(x) + ... + v(Ny)n(x). (10.2.6)

Theorem 35 (a priori error estimate for the gradient Vu — VU). Let e =
u — U represent the error in the above piecelinear, continuous finite element
estimate approzimation of the solution for (10.0.1), let Ve = Vu — VU =
V(u—"U). Then we have the following estimate for the gradient of the error

Vel = [|[V(u—U) < C||h D*ul|. (10.2.7)
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Proof. For the error e = u — U we have Ve = Vu — VU = V(u — U).
Subtracting (10.2.5) from the (10.2.1) we obtain the Galerkin Orthogonality:

/(vu — VU)Vvdr = / Ve - Vuvdr =0, Vv e V. (10.2.8)

Q Q

Further we may write

||Ve||2:/Ve-Vedx:/Ve~V(u—U)da::/Ve-Vudx—/ Ve-VU dzx.
Q Q Q Q

Now using the Galerkin orthogonality (10.2.8), since U(z) € V0 we have
the last integral above: fQ Ve - VUdxr = 0. Hence removing the vanishing
VU-term and inserting [, Ve- Vodz =0, Vv € V) we have that

[Vel]* = / Ve-Vud:U—/ Ve-Vudr = / Ve-V(u—v)dz < ||Vel|-||V(u—v)].
0 0 0

Thus
IVu—0)| < IV, YveVy, (10.2.9)

that is, measuring in the Ly-norm the finite element solution U is closer to
u than any other v in V).

Figure 10.1: The orthogonal (Ls) projection of u on V.

In other words the error u — U is orthogonal to V.
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It is possible to show that there is a v € V}? (an interpolant), such that
I¥(u— v)l| < Cllh Dl (10.2.10)
where h = h(z) = diam(K) for z € K and C' is a constant, independent of

h. This is the case, for example, if v interpolates u at the nodes N;
T3

i

I
|
1
1
: %2
I
N, |
1
1
N !
I Ny
T
Figure 10.2: The nodal interpolant of u in 2D case
Combining (10.2.9) and (10.2.10) we get
Vel = [|[V(u —U) < C||h D?ul], (10.2.11)

which is indicating that the error is small if h(z) is sufficiently small depend-
ing on D?u. See the Fig. below

O

To prove an a priori error estimate for the solution we shall use the following
result:
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h large h small

D2u large A /\

DQU, small /\ /\\

Figure 10.3: The adaptivity priciple: to refine mesh for large D?u

Lemma 10 (regularity lemma). Assume that 2 has no re-intrents. We have
for w € H*(Q); with u =0 or (3¢ = 0) on Q. that

|D?ull < cq - [|Aul], (10.2.12)

where
D = (u2, + 2ul, +ul)". (10.2.13)

We postpone the proof of this lemma and first derive the error estimate:

Theorem 36 (a priori error estimate for the solution e = u — U). For a
general mesh we have the following a priori error estimate for the solution
of the Poisson equation (10.0.1):

lel| = |ju —U| < C?Cq (mgxh) -||h D?ul|. (10.2.14)

Proof. Let ¢ be the solution of the dual problem

—Ap =e, in ()
(10.2.15)
p =0, on 0f)



10.2. ERROR ESTIMATES FOR FEM 189

Then we have using Green’s formula

lefl? = / o(~Ap)dz = / Ve. Vo dr. / Ve V(o v)d
< Vel - V(e —v)l, VoeVy,

(10.2.16)

where in the last equality we have used the Galerkin orthogonality. We now
choose v such that

V(o —v)ell < Cllh- D*eC)| < Clmaxh)[h- D*Cl.  (10.2.17)
Applying the lemma to ¢, we get
ID*¢ll < Ca - [ Al = Callell. (10.2.18)
Now (10.2.11)-(10.2.18) implies that

lell* < [[Vell - V(e = v)| < [[Vell - Cmaxh | D*||

< || Vel 'CH]&X}ZOQH@H < C*Cq m&theHHh D?ul|. (10.2.19)

Thus we have obtained the desired result: a priori error estimate:
le]| = |lu—U|| < C*Cq (max h) - |h D?ul|. (10.2.20)
O

Corollary 3 (strong stability estimate). Using the Lemma, for a uniform
(constant h), the a priori error estimate (10.2.20) can be written as an sta-
bility estimate viz,

|lu— Ul < C*C3 (mgxh)Q £l (10.2.21)
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Theorem 37 ( a posteriori error estimate). For the solution of the Poisson
equation (10.0.1) we have that

Ju—U| < Cp*r|, (10.2.22)

where U is the continuous piecewise linear finite element approximation and
r=f+ AU s the residual with A, being discrete Laplacian defined by

(AU v) =) (VU, Vo). (10.2.23)

KeTy,

Proof. We consider the following dual problem

—Ap(z) = e(x), z € Q,
p(x) =0, €0, e(r)=ulx)—U(z).

Thus e(z) = 0, Vo € 0. Using (10.2.24) and the Green’s formula, the
Lo-norm of the error can be written as:

o = [ cto= [e-apde= [ Ve voar (0229

Thus by the Galerkin orthogonality: [, Ve - Vudz = 0, Vv € V), and the
boundary data: ¢(x), Vo € 02 we can write

HeHQ:/Ve-Vgodw—/Ve-Vvda::/Ve~V(gp—v)dx
Q Q Q
| (10.2.26)

(10.2.24)

:[}ﬁEXw—deSHWMMWf%w—mr
< C-IWr] - Al < C - 1R - il

where we use the fact that the —Ae = —Au+ AU = f + AU is the residual
r and v is an interpolant of ¢. Thus, for this problem, the final a posteriori
error estimate is:

|lu—U|| < C|h*r|. (10.2.27)

Observe that for piecewise linear approximations AU = 0 on each element
K and hence r = f and our a posteriori error estimate above can be viewed
as a strong stability estimate viz,

lell < € 11271l (10.2.28)
Note that now is Ve(¢ — v) # 0 on the enter-element boundaries. O
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Problem 99. Show that ||(u — U)'|| < C|lhr||.
Problem 100. Verify that for v being the interpolant of p, we have

h=2(p — < C Ay, d
lle|| < C'||R2f]| x I (e—v)l =ClAag|, an (10.2.29)

e —v)]| <C|Vel.

Problem 101. Derive the corresponding estimate to (10.2.27) in the 1-
dimensional case (d =1).

Now we return to the proof of Lemma:

proof of reqularity lemma. First note that for convex €2, the constant Cp < 1
in lemma, otherwise the constant C'g > 1 and increases from left to right for

the Q:s below.

c(Q)<1 c()>1 c(Q) larger c(Q)=w

Let now Q be a rectangular domain and set © = 0 on 0f2. We have then
| Aul|? = /Q(um + Uy, ) drdy = /Q(uiw + gty + ul,) dedy.  (10.2.30)

Further applying Green’s formula:

/Q(Au)vda::/F(Vu~n)vds—/QVu~Vvdx

to our rectangular domain {2 we have

/ Uy Uyydrdy = / Uy (Uyy - Mz )ds — / Uy Uyye drdy (10.2.31)
Q Py Q =~
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using Green’s formula once again ( with “v = w,”, “Au = uy,,”) we get

/uxuxyydxdy:/ ux(uyx~ny)ds—/uxyuxydxdy, (10.2.32)
Q Py Q

which inserting in (10.2.31) gives that

/umuyy dwdy:/ (uxuyynx—uxuyxny)dsjt/uxyuxy dxdy. (10.2.33)
Q Py

n(z,b) = (0,1)
u, =0
b
n(0,y) = (-1,0) n(a,y) = (1,0)
0 —>
Uyy =0 Uyy =0
U, =0 a
n(z,0) = (0,—1)

Figure 10.4: A rectangular domain 2 with its outward unit normals

Now, as we can see from the figure that (u,w,,n, — uzu,n,) =0, on 092 and
hence we have

/Qumuyyda:dy:/Quwugcydxdy:/guiy dxdy. (10.2.34)

Thus, in this case,

|Aul]* = /(um + Uy, ) dady = /(ufw +2ul, +ul, ) dxdy = || D*ul)?,
" 0

and the proof is complete by a constant = 1.
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10.3 Exercises

Problem 102. Consider the following two dimensional problem:

—Au=1, n §2

u =0, onIT'p (10.3.1)
g—z =0, on 'y
See figure below
X2 X2
N
1 1
rD Q FN
X1 X1
rD 1 1

Triangulate €2 as in the figure and let

U(.CL') = Ulgpl(l') + ...+ U169016(-T),

where ¥ = (z1,22) and ¢;, j = 1,...16 are the basis functions, see Fig.
below, and determine Uy, . ..U so that

/VU~Vgpjd:E:/cpjdx, j=1,2,...,16.
Q Q
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Problem 103. Generalize the procedure in the previous problem to the fol-
lowing case

—V(aVu) = f, in Q a=1 forz <3
u =0, onTp , where a=2 forw1>%
ag—z =7, on 'y f =xo. mesh-size=h.

Problem 104. Consider the Dirichlet problem
~V - (a(z)Vu) = f(z), z€QCR? u=20, forx e .

Assume that ¢ and ¢y are constants such that co < a(x) < ¢1, Vo € Q and let
U= Zjvzl ajwi(x) be a Galerkin approzimation of w in a finite dimensional
subspace M of HL(Q). Prove the a priori error estimate

lu = Ullma o) < Cxlgj\% lu = Xl )
Problem 105. Consider the following Schrodinger equation
i+ iAu=0, in ), u=0, ondf,

where 1 = \/—1 and u = uy + iug. a) Show that the the Ly norm of the
solution, i.e., [ |ul® is time independent.
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Hint: Multiply the equation by u = u; — ius, integrate over €2 and consider
the real part.

b) Consider the corresponding eigenvalue problem, of finding (A, u # 0), such
that
—Au=Au in €, u=0, on S

Show that A > 0, and give the relation between ||u|| and ||Vul|| for the corre-
sponding eigenfunction u.

c) What is the optimal constant C' (expressed in terms of smallest eigenvalue
A1), for which the inequality ||ul| < C||Vul| can fullfil for all functions u,
such that w =0 on 027

Problem 106. Determine the stiffness matriz and load vector if the ¢G(1)
finite element method applied to the Poisson’s equation on a triangulation
with triangles of side length 1/2 in both x1- and xy-directions:

—Au =1, n Q={(z1,29): 0< 21 <2, 0< g <1},
u =0, on Iy ={(0,22)} U{(21,0)} U{(21,1)},
g—Z:O, on Ty ={(2,29) : 0 <2y < 1}.

Problem 107. Let Q = (0,2) x (0,2), By = 092\ By and By = {2} x (0, 2).
Determine the stiffness matriz and load vector in the cG(1) solution for the
problem

_&_2%:17 in = (0,2) x (0,2),
2

u=0, on By, %:0, on By,

with piecewise linear approrimation applied on the triangulation below:

Problem 108. Determine the stiffness matriz and load vector if the ¢G(1)
finite element method with piecewise linear approximation is applied to the
following Poisson’s equation with mized boundary conditions:

—Au =1, on Q=1(0,1)x (0,1),
g—z =0, for x; =1,

u=0, for xe€dQ\{x; =1},
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X
2
B1
2
B
By
X

B 2 1

on a triangulation with triangles of side length 1/4 in the xi-direction and
1/2 in the xo-direction.

Problem 109. Formulate the ¢cG(1) method for the boundary value problem
—Autu=f =z, u=0, x¢&d.

Write down the matrix form of the resulting equation system using the fol-

lowing uniform mesh:

h
2 2
T




Chapter 11

The heat equation in RN

In this chapter we shall study the stability of the heat equation in RY, d > 2.
The one-dimesional case is studied in Part I. Here our concern will be those
aspects of the stability estimates for the higher dimensional case that are not
a direct consequence of the study of the one-dimesional problem. The finite
element error analysis in the higher dimensions are derived in a similar way
as the corresponding 1D case. Here we omit the detailed error estimates and
instead refer the reader to the text book CDE, Eriksson et al. [].

The initial boundary value problem for the heat equation can be formulated
as

u—Au=0, inQcCR, d=1,273) (DE)
u =0, on I' :== 09Q, (BC) (11.0.1)
u(0, ) = uy, for x € Q, (1C)
ou

where @ = L

The equation (11.0.1) is of parabolic type with signifacnt smoothing and
stability properties. It can also be used as a model for a variety of physical
phenomena involving diffusion processes. We shall not go in detail of the
physical properties for (11.0.1), instead we focus only on the stability issue.
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11.1 Stability

The stability estimates for the heat equation (11.0.1) are summarized in the
following theorem:

Theorem 38 (Energy estimates). The solution w of the initial-boundary
value problem (11.0.1) satisfies the stability estimates

[ul|() < [|uoll (11.1.1)
t
1
17l ds < ol (112)
0
1
Vaull(t) < — 11.1.3
IVul6) < ol (1113
t ) 12 1
( / sl ul(s)ds) " < £ ol (11.1.4)
0
1
A ) < — 11.1.5
I8ul) £ — ol (11.15)
. 1 t
HUH(S)d8§§ 1ng||UoH- (11.1.6)

Proof. To derive the first two estimates (11.1.1) and (11.1.2) we multiply
(11.0.1) by u and integrate over €2, viz

/Quudx—/Q(Au)udx:O. (11.1.7)

Note that wu = %%uQ and using Green’s formula with the Dirichlet boundary
data: u=0on I, we get

—/(Au)ud:ﬂ:—/(Vu~n)ud8+/Vu~Vu dx:/ \Vul?dz. (11.1.8)
Q r 0 0

Thus equation (11.1.7) can be written in the following, equivalent, form:

1d
2dt J,

1d
u2dx+/\Vu|2da::0 = Sl Ve =0, (1119)
Q
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where || - || denotes the Lo(£2) norm. We substitute t by s and integrate the
equation (11.1.9) over s € (0,%) to get

! /tiuumm / IVull*(s)s = g JulP(6)— (0 / | Val/*ds = 0
2 0 ds 0 B 2 N '

Hence, inserting the initial data «(0) = uy we have
¢
|w|l*(t) + 2/ Vul]*(s) ds = |Juo||*. (11.1.10)
0

In particular, we have our first two stability estimates

t
1
[ull () < luoll,  and /0 IVul*(s) ds < S luoll

To derive (11.1.3) and (11.1.4) we multiply the (DE) in (11.0.1): ©—Au = 0,
by —t - Au and integrate over €) to obtain

—t/u~Audx+t/(Au)2dx:O. (11.1.11)
0

Q

Using Green’s formula (v = 0 on I') yields

1d
/uAudx:—/Vu-Vudx:———HVu||2, (11.1.12)

so that (11.1.11) can be written as

1d

t=— * 4 t]|Aul]* = 0. 11.1.13
5 g Vull™ + ¢l Aull ( )
Now using the relation ¢t £||Vul]> = £(t[|Vu|?) — ||[Vul]?, we rewrite the
(11.1.13) as

d

%(tuqu?) + 2t Aulf? = ||V (11.1.14)

Once again we substitute ¢ by s and integrate over (0,t) to get:

! d 2 ! 2 ! 2 1 2
| (sIvae) ds2 [ siaul(s)as = [ [9ul*(s)ds < 5 Juo].
o as 0 0
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where in the last inequality we use (11.1.2). Consequently
! 1
| Vul]*(t) + 2/ s||Aul]?*(s) ds < §Hu0H2. (11.1.15)
0

In particular, we have:

V(¢ d (/t A 2()01)1/2<1
[Vul[(t) < \/—HUOH an i sllAul*(s)ds ) < glluoll,

which are our third and fourth stability estimates (11.1.3) and (11.1.4). The
stability estimate (11.1.5) is proved analogously. Now using (11.0.1): (4 =
Au) and (11.1.5) we may write

1
ul[(s)ds < —||u —ds = —ln— u 11.1.16
[ al)ds < Sl [+ s = - o] (11.1.16)

or more carefully

[ alsas = [ iaulsis = [ 1sulsns = [ 2 valsulsas
<([sras) 2-(/sr|Au||<> as)

> 13

1 t
< —4/In-
< 3y/m Sl

where in the last two inequalities we use Cauchy Schwartz inequality and
(11.1.4), respectively. O

Problem 110. Show that [|Vu(t)| < ||Vuel|l (the stability estimate for the
gradient). Hint: Multiply (11.0.1) by —Au and integrate over Q.

Is this inequality valid for ug = constant?

Problem 111. Derive the corresponding estimate for Neuman boundary con-
dition:
ou

5. =0 (11.1.17)

Problem 112. Prove the stability estimate (11.1.5).
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Example 32 (The equation of an elastic beam). This is an example of a
stationary biharmonic equation describing the bending of an elastic beam as
a one-dimensional model problem (the relation to the heat coductivity is the
even number of spatial diferentiation)

(au")" = f, Q2 =(0,1),
u(0) =0, w/'(0) =0, (Dirichlet) (11.1.18)
u’(1) =0, (au")'(1) =0,  (Neumann)
Ly
f
0 1
where a 15 the bending stiffness
au” is the moment
f 1s the function load

u=wu(x) is the vertical deflection

Variational form:
1 1
/ au"v"dx = / fvdz, Yu(zx) such that v(0) =v'(0) =0.  (11.1.19)
0 0

FEM: Piecewise linear functions won’t work (inadequate).
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11.2 Exercises

Problem 113. Work out the details with piecewise cubic polynomials having
continuous first derivatives: i.e., two degrees of freedom on each node.

A cubic polynomial in (a,b) is uniquely determined by ¢(a), ¢'(a), ¢(b) and
¢'(b), where the basic functions would have the following form:

Problem 114. Consider the following general form of the heat equation

u(z,t) — Au(x,t) = f(z,1), forz e, 0<t<T,
u(z,t) =0, forzel, 0<t<T, (11.2.1)
u(z,0) = up(x), forxz € €,

where Q € R* with boundary T'. Let u be the solution of (11.2.1) with a
modified initial data to(x) = ug(x)e(x).
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a) Show that w:= t — wu solves (11.2.1) with initial data wy(z) = e(x).
b) Give estimates for the difference between u and .

c¢) Prove that the solution of (11.2.1) is unique.

Problem 115. Formulate the equation for ¢cG(1)dG(1) for the two-dimensional
heat equation using the discrete Laplacian.

Problem 116. In two dimensions the heat equation, in the case of radial

symmetry, can be formulated as ru—(rul). = rf, wherer = |z| and w], = %2

a) Verify that u = %ﬁt exp(—g) is a solution for the homogeneous equation
(f = 0) with the initial data being the Dirac 6 function u(r,0) = d(r).

b) Sketching u(r,t) for t = 1 and t = 0.01, deduce that u(r,t) — 0 as
t— 0 forr>0.

¢) Show that [, u(x,t)dx =2 [ u(r,t)rdr =1 for all t.
d) Determine a stationary solution to the heat equation with data

1/(me)?, for r<e,

0, otherwise.

e) Determine the fundamental solution corresponding to f = 0, letting
e — 0.

Problem 117. Consider the Schrodinger equation
w—Au=0, €, u=0, on .

where 1 = /—1 and u = uy + tus.

a) Show that the total probability [, |u|?* is independent of the time.

Hint: Multiplying by u = uy — iug, and consider the imaginary part
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b) Consider the corresponding eigenvalue problem, i.e, find the eigenvalue
A and the corresponding eigenfunction u # 0 such that

—Au =X u in(, u=20, on €.

Show that A > 0 and give the relationship between the norms ||u|| and
||Vul| for the corresponding eigenfunction w.

c) Determine (in terms of the smallest eigenvalue A1), the smallest possi-
ble value for the constant C' in the Poincare estimate

[ul] < Cf[Vul],
derived for all solutions u vanishing at the boundary (u =0, on 0S2).

Problem 118. Consider the initial-boundary value problem

w(z,t) — Au(x,t) = f(z,1), forxzeQ, t >0,
u(z,t) =0, forz e, t>0, (11.2.2)
u(z,0) = up(x), for x € €,

a) Prove (with ||u| = ([, u*dx)"/?) that

2 ! V 2d 2 ! 2d
lu(®)? + / IV u(s) 2 ds < Jluol® + / 1 (s)]12 ds
\V4 2 A 2d \V4 2 2d

V(o) + / lAu(s)[2ds < [ Vo + / 1 ()] ds

b) Formulate dG(0) — c¢G(1) method for this problem.

Problem 119. Formulate and prove dG(0) — ¢G(1) a priori and a posteri-
ori error estimates for the two dimentional heat equation (cf. the previous
problem) that uses lumped mass and midpoit quadrature rule.



Chapter 12

The wave equation in RV

The fundamental study of the wave equation in R", n > 2 is an extension of
the results in the one-dimensional case introduced in Part I. Some additional
properties in 1D are introduced in Lecture Notes in the Fourier Analysis (see
homepage of the authors). The higher dimensional problem is considered in
details in our course text book: CDE. In the present Chapter we prove the
law of conservation of energy for the wave equation in R™, n > 2, and the
full study refer to CDE.

Theorem 39 (Conservation of energy). For the wave equation

i — Au=0,quad in ) (DE)
u =0, on Q=T (BC) (12.0.1)
(u=wup) AN (u=19) in$, fort=0, (IC)

where i = 0*u/Ot* we have that
Lo 1 5 :
éﬂuH + §HVUH = constant, independent of t, (12.0.2)

i.e., the total energy is conserved, where 3||u||* is the kinetic energy, and
s Vu||? is the potential (elastic) energy.
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Proof. We multiply the equation by % and integrate over €2 to get
/u-uda;—/Au-udxzo. (12.0.3)
Q Q
Using Green’s formula:
—/(Au)udx =— /(Vu -n)uds + / Vu - Vidz, (12.0.4)
Q r Q
and the boundary condition u = 0 on I, (which implies & = 0 on T"), we get
/u-udx+/vu-vuda;:o. (12.0.5)
Q Q
Consequently we have that

1d 1d 1d
[ 5@ dn [ 350V de =0 35 (il + | Val) =0
o o 2 dt

2 dt 2 dt
and hence
| 9 )
— || —||Vul||* = constant, independent oft,
2H H+2HV|| tant, ind dent oft
and we have the desired result. O

12.1 Exercises

Problem 120. Show that
|il|* + |Vu|®* = constant, independent of t.
Hint: Multiply (DE): i — Au = 0 by —Ad and integrate over €.

Alternatively: differentiate the equation with respect to x and multiply the
result by 1, and continue!

Problem 121. Derive a total conservation of energy relation using the Robin

ou
type boundary condition: — + u = 0.

on
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Problem 122. Determine a solution for the following equation
il — Au = e"6(z),

o 02 52 02 . o . .
}Uhm: A = awtoztom i= V=1, x = (1,29, x3) and § is the Dirac-delta
unction.

Hint: Let u = ¢"v(z), v(z) = w(r)/r where r = |z|. Further rv = w — 4

asr — 0.

Problem 123. Consider the initial boundary value problem
i — Au+u =0, re, t>0,
u =0, xedf), t>0, (12.1.1)
u(z,0) = up(x), W(z,0) =w(x), x e

Rewrite the problem as a system of two equations with a time derivative of
order at most 1. Why this modification is necessary?

Problem 124. Consider the initial boundary value problem
i — Au =0, re, t>0,
u =0, xedf), t>0, (12.1.2)

u(z,0) = up(x), u(z,0) = uy(x), =€

Formulate the ¢cG(1) method for this problem. Show that the energy is con-
served.
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Chapter 13

Convection - diffusion problems

Most of the multi-physical phenomena are described by the convection, diffu-
sion and absorption. Fluid- and gas dynamical problems, chemical reaction-
diffusion, electromagnetic fields, collisions in plasma of charged Coulomb par-
ticles (electron and ions), particle transport processes both in micro (neutron
transport) and macro-dimension (traffic flow with cars as particles) are often
modeled as convection diffusion and absorption type problems. In this chap-
ter we shall give a brief review of the problem in the one-dimensional case.
The higher dimensional case will be considered in a forthcoming version of
this notes.

13.1 A convection-diffusion model problem

We illustrate the convection-diffusion phenomenon by an example:

Example 33 (A convection model). Consider the traffic flow in a highway,
viz the Fig. below. Let p = p(x,t) be the density of cars (0 < p < 1) and
u = u(x,t) the velocity (speed vector) of the cars at the position x € (a,b)
and time t. For a highway path (a,b) the difference between the traffic inflow
u(a)p(a) at the point © = a and outflow u(b)p(b) at x = b gives the density

209
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variation on the interval (a,b):

b b b
& ot tyin = / oz, ) = p(ayu(a) — p(Bu(b) = — / (up)'de

or equivalently

/ab (p‘ + (up)/) dz = 0. (13.1.1)

@ e

e ooy leles

CA
I
NI

a
pP@=1 o

Since a and b can be chosen arbitrary, thus we have
p+ (up) = 0. (13.1.2)

Let now u =1 — p, (motiwvate this choice), then (13.1.2) is rewritten as

/
p+ ((1=p)p) =p+(p—p?) =0, (13.1.3)
Hence
p+(1—=2p)p =0 (A non-linear convection equation). (13.1.4)

Alternatively, to obtain a convection-diffusion model), we may assume that
u=c—ce-(p/p), c>0, € >0, (motivate). Then we get from (13.1.2) that

/

P+ <(c—€%)p)/ =0, (13.1.5)
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1.e.,
p+cp —ep” =0 (A convection - diffusion equation). (13.1.6)
The equation (13.1.6) is convection dominated if ¢ > €.

For e = 0 the solution is given by the exact transport p(z,t) = po(x — ct),
because then p = constant on the (c, 1)-direction.

(x +ct, 1)

X=X-ct

Note that differentiating p(z,t) = p(Z + ct,t) with respect to t we get
dp Oxr Odp

— / )= 0. 13.1.
p 8t+8t 0, <= c¢'+p=0 (13.1.7)

Finally, we may rewrite (13.1.6): our last convection-diffusion equation for
p, by changing the notation from p to u, and replacing ¢ by 3 to get

u+p-u —e-u" =0. (13.1.8)

Remark 18. Compare this equation with the Navier-Stokes equations for
incompressible flow:

u+ (8- Vu—eAu+VP =0, A divu=0, (13.1.9)

where B = u, u = (uy,us,u3) is the velocity vector, with u, representing
the mass, us momentum, and uz = enerqy. Further P is the pressure and

€= Te with Re denoting the Reynold’s number.
e
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Nauvier-Stokes equations are not easily solvable, for € > 0 and small, because
of difficulties related to boundary layer and turbulence. A typical range for
the Reynold’s number Re is between 10° and 107.

Example 34 (The boundary layer). Consider the following boundary value
problem

u —eu’ =0, 0<x<l1
(BVP) (13.1.10)
u(0) =1, u(l) =0.
The exact solution to this problem is given by
1
u(z) = (J<el/5 - eﬂﬂ/é), with €' = ———. (13.1.11)

which has an outflow boundary layer of width ~ €, as seen in the Fig. below

y

u(x)

13.1.1 Finite Element Method

We shall now study the finite element solution of the problem (13.1.10). To
this end we represent, as usual, the finite element solution by

U(x) = po(x) + Urpr(x) + ... + Uppn(x), (13.1.12)

where the ¢;:s are the piecewise linear basis function illustrated viz Fig.
below
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Evidently, the corresponding variational formulation is
1
/ (U’%dHeU’so;) dr =0, j=12,..n (13.1.13)
0

This yields the equations

%((m1 — UH) + %(zUj U — Uj+1) =0, j=1,2,...,n, (13.1.14)

where Uy = 1 and U,,;, = 0.

Note that, using Central -differencing we may also write

2h h?
— N ~~

corresp. to u'(x;)  corresp. to u”(x;)

Uiy —U. Uiq —2U. +U._ 1
Yj+1 — Ui j+1 i+ Y =0 <<:> EX equation(13.1.14)).

J/

Now for € being very small this gives that U;;; ~ U;_;, which results, for
even n values, alternating 0 and 1 as the solution values at the nodes:

i.e., oscillations in U are transported “upstreams” making U a “globally bad
approximation” of wu.



214 CHAPTER 13. CONVECTION - DIFFUSION PROBLEMS

A better approach would be to approximate u/(z;) by an upwind derivative

as follows
Uj — Uj_l

h Y
which, formally, gives a better stability, however, with low accuracy.

(13.1.15)

u'(x;) =

Remark 19. The example above demonstrates that a high accuracy without
stability is indeed useless.

A more systematic method of making the finite element solution of the fluid
problems stable is through using the streamline diffusion method which we,
formally, introduce in the following subsection.

13.1.2 The Streamline - diffusion method (SDM)

The idea is to choose, in the variational formulation, the test functions of the
form (v+ % Bhv'), instead of just v (this would finally correspond to adding an
extra diffusion to the original equation in the direction of the stream-lines).
Then, e.g., for our model problem we obtain the equation (5 = 1)

/1 [u’(v + %hv') —c- u”(v + %hv’)]dw = /
0 0

In the case of approximation with piecewise linears, in the discrete version
of the variational formulation, we should interpret the term fol U'v'dx as a

1

f@+%m)m.uw1®
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sum viz,
1
/ U'de = Z/ U"v'dx = 0. (13.1.17)
0 =

Then, with piecewise linear test functions, i.e., choosing v = ¢; we get the
discrete term corresponding to the second integral in (13.1.16) as

toa 1 1
/ Uléh@;dl' = Uj — §Uj+1 — infl, (13118)
0
which adding to the obvious relation
1
U1 —U;_
/ U'pdr = % (13.1.19)
0

we end up with (U; — U;_1), as an approximation of the first integral in
(13.1.16), corresponding to the upwind scheme.

Remark 20. The SDM can also be interpreted as a sort of least-square
method:

Let A = % then At = — 4

7. Now u minimizes ||w'— f| if u' = Au = f. This
can be written as

A'Au=A'f <= —u"=—f,  (the continuous form). (13.1.20)
While multiplying v’ = Au = f by v and integrating over (0,1) we have
1 1
/ U’v’dx:/ fo'dx (the weak form), (13.1.21)
0 0
where we replaced v’ by U’.

For the time-dependent convection equation, the oriented time-space element
are used. Consider the time-dependent problem

i+ pu —eu” = f. (13.1.22)
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THTT

Set U(z,t) such that U is piecewise linear in x and piecewise constant in the
(6, 1)-direction. Combine with SDM and add up some artificial viscosity, &,
depending on the residual term to get for each time interval I,,:

/IR/Q[(U+6U)<U+§M)+§ vy dxdt:/ln/gf<v+§;w') P

13.2 Exercises

Problem 125. Prove that the solution u of the convection-diffusion problem
—Uge + Uy +u = f,quadin I = (0,1), u(0)=wu(1l) =0,

satisfies the following estimate

(/Iu2¢d;1:>1/2 < (/If2¢dx)1/2.

where ¢(x) is a positive weight function defined on (0,1) satisfying ¢.(x) <0
and —¢,(x) < ¢(x) for 0 <z < 1.

Problem 126. Let ¢ be a solution of the problem
—e¢" =3¢ +20 =e, #'(0) = ¢(1) = 0.
Let || - || denote the Ly-norm on I. Show that there is a constant C' such that
61(O) < Cllell,  lle¢”ll < Cllell.
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Problem 127. Consider the convection-diffusion-absorption problem
—eu +xu' +u=f, inl=1(0,1), u(0)=1u(1)=0,
where € is a positive constant, and f € Ly(I). Prove that
e[ < I £1I,
where || - || denotes the Lo(I)-norm.

Problem 128. Use relevant interpolation theory estimates and prove an a
priori and an a posteriori error estimate for the ¢cG(1) finite element method
for the problem

—u"+u' =f inI=(0,1), u(0)=u(l)=0.

Problem 129. Prove an a priori and an a posteriori error estimate for the
c¢G(1) finite element method for the problem

—u"+u' +u=f, inl=1(0,1), u(0)=u(l)=0.
Problem 130. Consider the convection-diffusion-absorption problem
—EUgy +uz +u=f, in I=(0,1), u(0)=0, Veug +u(l) =0,

where € is a positive constant, and f € Lo(I). Prove the following stability
estimates for the solution u

IVeue|| + [lull + [u(D)] < C[If1,
luz | + llews) < CIII,
where || - || denotes the Ly((0,))-norm and C' is an appropriate constant.
Problem 131. Consider the convection problem
B-Vu+au=f, r €, u=g,quadr € I'_, (13.2.1)

Define the outflow I'y ans inflow I'_ boundaries. Assume that o — %V B>
c¢ > 0. Show the following stability estimate

1
CHUHQ/F n - Butdsdt < |lug||® + E||fH2 +/ In - B|g* ds. (13.2.2)
+

Hint: Show first that

28 - Vu, u) :/

r

n-ﬂqus—/ In - Bl|u®ds — (V- B)u,u).

Formulate the streamline diffusion for this problem.
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Problem 132. Consider the convection problem

u+3-Vu+au=f, re, t>0,
u=gq, xr € F77 t> O’ (1323)
U(.CL",O) = uO(x)? S Q>

where 'y and T'_ are defined as above. Assume that o — %V B >c>0.
Show the following stability estimate

T T
lu(- TP + ¢ / (- 6)|2de + / / 0 - B dsdt
0 I,
< [luoll? + / 1F 02 de+ / / n- Blg ds dt.

where |lu(-,T)[* = [, u(

(13.2.4)



Answers to Exercises

Piecewise Polynomial Approximation in 1D

Linear Least Squares

1.
a. ZE1:—7,ZE2:4
b. 21 = 1.66, 2o = 4.42
c. t11=2,10=1
d. T = 16, To = 06, T3 = 1.2

e.x1=1,29=1 23=3

2.
a. y=2t—-1
b.y=3t+1
c.y=4—t

3. a. y= 7—10(251’2+21x+76)
b. y = 5 (—5a2% — 9z + 37)

4. c¢. because r must be orthogonal against all columns of A.
5. x1 = 1.5942, x5 = 0.0088
6. Yes!
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Galerkin’s Method

7.
a. u(z) = 1z(1 — )
b. R(z) = n*Asinma + 4n?Bsin 2rx — 1
c. A=4/m and B = 0.
d. -
8.
a. -
b. R(z) = (7?+1)Asin Tz + (47°+1)Bsin 2rx+ (972 +1)C'sin 37z —x
¢ A=—2 B andC=— o
(2 +1) m(4m? + 1) 3m(972 + 1)
9.

a. u(x) = ¢(m* — 2%) + L (2 — 7?)

b. R(z) = -U"(z) —x+1=1&cosZ + 2& cos 2
c. & =8(2r —6)/mand & = §(2 — 3m)/m.

10. U(z) = (16sinz + 18 sin 3z)/7° + 227 /7.

Polynomial Interpolation in 1D

12. (a) z, (b) 0.

13.
4—11(x +m)/(2m), r<r< -1,

Lf@ = | A @rs/en,  —5<e<o

1 —Tx/(2m), 0<a<z,

L 3($—W)/(2ﬂ), %ngﬂ_

18. Check the conditions required for a Vector space.
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19.
2r—a—>b a+b 2(x—a)

L f (@) = flo)———+ (5= —

20. Hint: Use Theorem 5.1 from PDE Lecture Notes.

21,
7T4<e_8$2> ~ 0.252% — 1.2522 + 1.

22. For example we may choose the following basis:

07 T € [:Bi,l,xi],
pij(r) = ' |
Nij(x), i=1,....m+1, j5=0,1,2

(z = &)(z — ;)

(z — @i1)(z — )

)\w(x) - (%‘—1 - &)(%‘—1 - xi)’ )\M(aj) N (fi - xi—l)(fi - xi)’
O [ ) H S
hia() (zi — i) (2 — 52)’ i € (@i, o).
23. Trivial

24. Hint: Use Taylor expansion of f about x = 522,

Numerical linear algebra

26.
1 0 0 1 3 2
LU = 21 0 0 -1 3
-2 0 1 0 0 5
27.
0
xr =
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10 0 10 0 11 -3
LDU=10 1 0 01 O 01 1
3 1

—4 0 0 14 0 0 1

30. The exact solution is (1/15,—11/15) = (0.066666, —0.733333).
(a) (u},uy) = (5/64,—47/64), p(J)=1/4 and ||e3||- = 0.011.
(b) (u?, ud) = (0.0673828, —0.7331543), p(G) = 1/16 and
lles]|oo = 7 x 1074
(¢) (u3,u3) = (0.066789, —0.733317), p(wp) = 0.017 and

llesl|wo = 1 x 1074,

Two-Point BVPs

32. ¢) sinmz, xlnz and z(1 — x) are test functions of this problem. z? and
e — 1 are not test functions.

34. a) U is the solution for

2 —1 0 U, 1
AU=f<+<=1/h| -1 2 -1 Uy | =h| 1
0 —1 2 Us 1

with h = 1/4.

b) A is invertible, therefore U is unique.

37. a) ¢ is the solution for

2 —1 3 0
1 2 £ 7

b) (&1,&) =7(1/2,1) and U(x) = 7z (same as the exact solution).
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38. a) ¢ is the solution for

2 -1 0 & -5
AA=f<=1/h| -1 2 -1 & | = 0
0 -1 2 & 0

with & = 1/3. That is: (&, &1, &) = —35(15,10,5).

b) U(z) = 5x — 5 (same as the exact solution).

39. a) No solution!

b) Trying to get a finite element approximation ends up with the matrix

equation
2 =2 0 & 1
AA=f+=| -2 4 =2 L =] 2
0o -2 2 & 1

where the coefficient matrix is singular (detA = 0). There is no finite
element solution.

40. d) ||U]|% = €T A€ (check spectral theorem, linear algebra!)

41. a) For an M +1 partition (here M = 2) we get a;; = 2/h, a; ;41 = —1/h
except AM+1,M+1 = 1/h — 1, bZ = 0, 1= 1, .. .,M and bM_|_1 =—1.

42. ¢)
&1 -1 0
& | =2/3 1 [+3]0
& 1 2
43.
5 2 —1 &1 +i 4 1 & :1 1

-1 2| |&] Bl1i4]|le] 3|1
<= (MATLAB) & =& =0.102.
44. Check the theory.
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47.

49.

o4.

o7.

o8.
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Scalar Initial Value Problems

a)
o 1 1
Cj4i jHi+ 1

b)g=1: U(t) =1+ 3t q

2: U(t)=1+ 3t+ 192

Explicit Euler: U, = —-3U,_1, Uy=1.

Implicit Euler U, = %Un_l, Uy=1.

Crank-Nicholson: U, = % n_1, Uyg=1.

b)

Explicit Euler:  |U,| =1+ 0.01|U,—1|] = |U,| > |Un1l.

Implicit Euler:  |U,| = \/ﬁwn_l\ = |U,| < |Up-1].
Crank-Nicholson:  |U,| = |%HU“_1\ = |Up,-1]-

Heat Equation in 1D

Heat conduction with

u(z,t) = temperature at = at time ¢.

u(z,0) = up(x), the initial temperature at time ¢ = 0.

u(0,t) =0, fixed temperature at time z = 0.

u'(1,t) =0, isolated boundary at =1 (no hear flux).

f=20—u, heat source, in this case a control system to force u = 20.

lell < C (Il o) + VEIB ).

a) |[(u—U)'|la < Gil|RR(U)|]1/a-
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62.

63.

64.

73.

75.

78.
79.
81.
84.
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b)We have the matrix equation

1 -1 0 0 3 -3
12 -1 0 & | | o

0 -1 3 -2 s | o |
0 0 -2 4 £, 0

which yields the approximate solution U = —3(1/2, 1,2, 3)".

lel] < ||A% |
el < Ci( 1| + |1A2"])).

a) |lelle < (14 o)||u — v||g. b) ¢ = 0.

Wave Equation in 1D

Follow the procedure as in the lecture notes.
a) u(x,t) = Huo(x + ct) + uglet — )] + 2L<
b) u(x,t) = 5 fot 2c(t — s)ds = t?/2.

x+ct ct—x
o vt o UO) :

Calculs in Several variables /Piecewise Poly-
nomials

No! There are no other rotation invariant solutions.

TxhK
P < 5

b) No!
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Riesz and Lax-Milgram Theorems

93. (I) and (II) @ > 0 and f € Ly(0,1). (III) f € Ly(0,1).

Poisson equation

105. ¢) 1/v/A1.

106.
4 -1 0 0 2
1 4 -1 0 1] 2
A= h= =
0 —1 4 —1 81 2
0 0 —1 2 1
107.
6 —1 1
A= b=
1 3 1/2
108.
5 2 0 0 9
2 5 -2 0 11 2
A= h= —
0 -2 5 -2 16 | 9
0 0 -2 5/2 1
109. ] ) ] )
8 1 1 1 4 -1 -1 0
Rl14 01 -1 4 0 -1
M=— . S=
12011 041 1 0 4 -1
1118 0 -1 —1 4
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114.

122.

128.

129.
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Heat equation in ND

b)
T
(T2 + 2 / IVl dt <[]

Wave equation in ND

1 cos(r

P ) and the corresponding solution u = eit L <),

U= 4T r

Convection-Diffusion Equations
a priori: meganwwﬂm%m)
a posteriori:  |le]|gr < Ci||RR(U)]|.

a prioris lell < Cy( 1]l + [[2"]]).
a posteriori:  |le||p < Ci||hR(U)|].
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