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Foreword

These notes accompany the lecture to the class
Numerik partieller Differentialgleichungen 1+2

at the Leibniz Universitdt Hannover (LUH). This class is a classical 4 4+ 2 lecture in the German university
system.

The topics are:
e Recapitulation of characteristic concepts of numerical mathematics
e Brief review of mathematical modeling of differential equations
e Finite differences (FD) for elliptic boundary value problems
e Finite elements (FEM) for elliptic boundary value problems

e A posteriori error estimation of goal functionals using duality arguments (extra class; see Class 3¢ on
the next page)

e Numerical solution of the discretized problems

e A brief introduction to vector-valued problems (elasticity/Stokes) (if time permits)
e Methods for parabolic and hyperbolic problems

e Numerical methods for nonlinear and coupled problems (Class 5a)

The prerequisites are lectures in calculus, linear algebra and an introduction to numerics or as well classes
on the theory of ordinary (ODE) or partial (PDE) differential equations. Classes in continuum mechanics
may also be helpful, but are not mandatory to understand these notes. Also, functional analysis (FA) is
recommended.

On the other hand, for the convenience of all of us, many results from linear algebra, analysis and functional
analysis are included (often without the proofs though) in order to achieve a more or less self-contained booklet.

To fully enjoy these notes, the reader should have a taste for practical aspects and algorithms as well as he/she
should be ready to dive into theoretical aspects of variational formulations and numerical analysis. In most
sections, numerical tests complement algorithms and theory.

At this place I already want to thank my students from the WS 2017/2018 class and my PhD students for
letting me know about mistakes and typos. Furthermore thanks to Katrin Mang for some tikz pictures and
latex improvements.

I would be more than grateful if you let me know about errors inside these lecture notes via

thomas.wick@ifam.uni-hannover.de

Thomas Wick

(Hannover, November 2019)




Structure of a possible numerical analysis/scientific computing cycle

1. Class 1: Introduction to numerical analysis (Numerik 1)

2. Class 1b: Algorithmisches Programmieren in C++

3. Class 2: Numerical methods for ODEs and eigenvalue problems (Numerik 2)
4. Class 3: Numerical methods for PDEs (Numerik 3)

5. Class 3b: Finite-Elemente-Programmierpraktikum (C++)

6. Class 3c: Goal-oriented error estimation and adaptive finite elements

7. Class 4: Numerical methods for continuum mechanics

8. Special lectures:
e (Class Ha: Numerical methods for nonlinear and coupled problems,
e Class 5b: Numerical methods for phase-field fracture,
e Class 5c¢: Scientific computing
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2. MOTIVATION

2 Motivation

These lecture notes are devoted to the numerical solution of partial differential equations (PDEs).
PDEs arise in many fields and are extremely important in modeling of technical processes with applications
in physics, biology, chemisty, economics, mechanical engineering, and so forth. In these notes, classical topics
for linear PDEs, methods for nonlinear PDEs, and coupled problems are addressed.

2.1 Scientific computing (english) / Wissenschaftliches Rechnen (german)

Developing and analyzing algorithms for solving PDEs with a computer is a part of numerical methods,
which itself is a part of scientific computing. Scientific computing comprises three main fields:

e Mathematical modeling and analysis of physical, biological, chemical, economical, financial processes,
and so forth;

e Development of reliable and efficient numerical methods and algorithms and their analysis;
e Implementation of these algorithms into a software.

All these steps work in a feed-back manner and the different subtasks interact with each other. It is in fact
the third above aspect, namely software and computers, who helped to establish this third category of science.
Thus, a new branch of mathematics, numerical mathematics/scientific computing, has been established. This
kind of mathematics is experimental like experiments in physics/chemistry/biology.

Therefore, numerical modeling offers to investigate research fields that have partially not been addressable.
Why? On the one hand experiments are often too expensive, too far away (Mars, Moon, astronomy in general),
the scales are too small (nano-scale for example); or experiments are simply too dangerous. On the other hand,
mathematical theory or the explicit solution of an (ambitious) engineering problem in an analytical manner is
often impossible!

2.2 Differential equations
Let us first roughly define the meaning of a differential equation:

Definition 2.1. A differential equation is a mathematical equation that relates a function with its derivatives
such that the solution satisfies both the function and the derivatives.

Differential equations can be split into two classes:

Definition 2.2 (Ordinary differential equation (ODE) ). An ordinary differential equation (ODE) is an
equation (or equation system) involving an unknown function of one independent variable and certain of its
derivatives.

Definition 2.3 (Partial differential equation (PDE) ). A partial differential equation (PDE) is an equation (or
equation system) involving an unknown function of two or more variables and certain of its partial derivatives.

A solution u of a differential equation is in most cases (except for simple academic test cases in which a
manufactured solution can be constructed) computed with the help of discretization schemes generating a
sequence of approximate solutions {uy}n—0. Here h is the so-called discretization parameter. For h — 0
we (hopefully) approach the continuous (unknown) solution w.

2.3 Guiding questions in differential equations
1. What type of equations are we dealing with?

2. Are we dealing with a single PDE, coupled problems, nonlinear PDEs?
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10.

11.

12.

13.

14.
15.
16.
17.
18.

2.4

What are the physical conservation properties?

Are theoretical results known? Can the equations be related to (simplified) known PDEs?
What kind of discretization scheme(s) shall we use?

How do we design algorithms to compute the discrete solution up?

Can we proof that these algorithms really work?

Are they robust (stable with respect to parameter variations), accurate, and efficient?

Can we construct physics-based algorithms that maintain as best as possible conservation laws; in par-
ticular when several equations interact (couple)?

How far is uj, away from w in a certain (error) norm? Hint: comparing color figures gives a first impression,
but is not sciencel!

The discretized systems (to obtain up) are often large with a huge number of unknowns: how do we solve
these linear equation systems?

What is the computational cost?

How can we achieve more efficient algorithms? Hint: adaptivity, parallel computing, model order reduc-
tion.

Are analytical solutions or experimental results available to compare with?

How can we check that the solution is correct?

How do we present numerical results: figures, graphs, tables?

What parts of the solution are of interest? The entire solution? Only certain goal functionals?

What is my personal task or goal: theory, numerical analysis or implementation? For the latter, what

software is available on the market?

Errors

In order to realize these algorithmic questions, we go ahead and implement them in a software (for instance
Matlab/octave, python, fortran, C++) using a computer or cluster. Here, we face five major error sources
that need to be taken into account:

e The set of numbers is finite and a calculation is limited by machine precision (floating point arithmetics),

which results in round-off errors. Typical issues are overflow and underflow of numbers.

The memory of a computer (or cluster) is finite and thus functions and equations can only be repre-
sented through approximations. Thus, continuous information has to be represented through discrete
information, which results into the investigation of so-called discretization errors.

All further simplifications of a numerical algorithm (in order to solve the discrete problem), with the
final goal to reduce the computational time, are so-called systematic errors. Mostly, these are so-
called iteration errors, for instance the stopping criterion after how many steps an iterative method
terminates.

So called (numerical) model /regularization errors play a role when the governing PDE(s) need to
be extended in an artificial way in order to guarentee numerical robustness. Examples are pure (first-
order) hyperbolic problems in which artificial diffusion is added in order to solve them in a more or less
robust way. A second application are coupled and interface problems in which the interface needs to be
tracked (level-set, phase-field, fully Eulerian techniques).
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2. MOTIVATION

e Finally, programming errors (code bugs) are an important error source. Often these can be identified
since the output is strange. But there are many, which are hidden and very tedious to detect.

Numerical simulations are also subject to physical model errors that additionally the influence the inter-
pretation of numerical results:

e In order to make a ‘quick guess’ of a possible solution and to start the development of an algorithm
to address at a later stage a difficult problem, often complicated (nonlinear) differential equations are
reduced to simple (in most cases linear) versions, which results in the so-called model error.

e Data errors: the data (e.g., input data, boundary conditions, parameters) are finally obtained from
experimental data and may be inaccurate themselves.

It it very important to understand and to accept that we never can avoid all these errors. The important
aspect is to control these errors and to provide answers if these errors are too big to influence the interpretation
of numerical simulations or if they can be assumed to be negliable. A big branch of numerical mathematics is
to derive error estimates that allow to predict quantitative information about the arising errors.

2.5 Concepts in numerical mathematics

In introductory classes to numerical methods, we deal with concepts that are very characteristic for numerical
modeling. In [96], we summarized them into seven points, which will frequently encounter us in the forthcoming
chapters:

1. Approximation: since analytical solutions are not possible to achieve as we just learned in the previous
section, solutions are obtained by numerical approximations.

2. Convergence: is a qualitative expression that tells us when members a,, of a sequence (a,)nen are
sufficiently close to a limit a. In numerical mathematics this limit is often the solution that we are
looking for.

3. Order of convergence: While in analysis, we are often interested in the convergence itself, in numerical
mathematics we must pay attention how long it takes until a numerical solution has sufficient accuracy.
The longer a simulation takes, the more time and more energy (electricity to run the computer, air
conditioning of servers, etc.) are consumed. Therefore, we are heavily interested in developing fast
algorithms. In order to judge whether a algorithm is fast or not we have to determine the order of
convergence.

4. Errors: Numerical mathematics can be considered as the branch ‘mathematics of errors’. What does
this mean? Numerical modeling is not wrong, inexact or non-precise! Since we cut sequences after a
final number of steps or accept sufficiently accurate solutions obtained from our software, we need to say
how well the (unknown) exact solution by this numerical solution is approxzimated. In other words, we
need to determine the error, which can arise in various forms as we discussed in the previous section.

5. Error estimation: This is one of the biggest branches in numerical mathematics. We need to derive
error formulae to judge the outcome of our numerical simulations and to measure the difference of the
numerical solution and the (unknown) exact solution in a certain norm.

6. Efficiency: In general we can say, the higher the convergence order of an algorithm is, the more efficient
our algorithm is. Therefore, we obtain faster the numerical solution to a given problem. But numerical
efficiency is not automatically related to resource-effective computing. For instance, developing a parallel
code using MPI (message passing interface) will definitely yield in less CPU (central processing unit)
time a numerical solution. However, whether a parallel machine does need less electricity (and thus less
money) than a sequential desktop machine/code is a priori unclear.

7. Stability: Despite being the last concept, in most developments, this is the very first step to check. How
robust is our algorithm against different model and physical parameters? Is the algorithm stable with
respect to different input data? This condition relates to the third condition of Hadamard defined in
Section 2.7. In practice non-robust or non-stable algorithms exhibit very often non-physical oscillations.
For this reason, it is important to have a feeling about the physics whether oscillations in the solution
are to be expected or if they are introduced by the numerical algorithm.
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2. MOTIVATION

2.6 lllustration of physical oscillations versus numerical instabilities

To illustrate the numerical concept No. 7, we study an example (taken from [110]) of periodic flow interacting
with an elastic beam (fluid-structure interaction).

(0,0.41) Tp (2.2,0.41)
M- A—(6.02.0)
-~ [ -~
Tin Tou
HC):I/ R t
— Q
(0,0) Ty (2.2,0)

Figure 1: Fluid flow (Navier-Stokes) interacts with an elastic beam. Due to a non-symmetry of the cylinder,
the beam starts oscillating. These oscillations are physicall

e Observe the tip of the elastic beam!

— Physical oscillations! Shown in red color for a ‘good’ numerical scheme.

800 L TangentI CN (vw) I N
Secant CN shifted (v)
600 .
400
(@]
g
a
0 - -
-200 .
| | | |
2 4 6 8 10 12
Time

e The grey numerical scheme exhibits at some time around ¢ =~ 10 micro-oscillations which are due to
numerical instabilites. Finally the grey numerical scheme has a blow-up and yields garbage solutions.
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2. MOTIVATION
2.7 Well-posedness (in the sense of Hadamard 1923)

The concept of well-posedness is very general and in fact very simple.
Definition 2.4. Let A: X — Y be a mapping and X,Y topological spaces. Then, the problem
Az =y (1)
is well posed if
1. for each y € Y, Problem (1) has a solution x,
2. the solution x is unique,
3. the solution x depends continuously on the problem data.

The first condition is immediately clear. The second condition is also obvious but often difficult to meet - and
i fact many physical processes do mot have unique solutions. The last condition says if a variation of the
input data (right hand side, boundary values, initial conditions) vary only a little bit, then also the (unique)
solution should only vary a bit.

Remark 2.5. Problems in which one of the three conditions is violated are ill-posed.

Example 2.6 (Numerical differentiation). In view of the later chapters and that we shall deal with derivatives
throughout these notes, we consider the difference quotient Dyg as approzimation of the derivative g’ of a
function g. We know from introduction to numerics:

gz +h) —g(x)

Dhg(x):#, 0<xz<h/2,
Dhg(x)zg<x+h/2);g(x_h/2), hj2<x<1—h/2
g(z) —glz —h)

Dpg(z) = 1-h/2<z<1,

h b
with a step size h. We know that

|g'(x) — Drg(x)| = O(h?*)  for the central difference quotient

l9'(
when g is three-times continuously-differentiable. When g is only of class C2[0,1]. If we only have disturbed
data g. (e.g., data or model or round-off errors) with ||g — ge|| < &, then we have for the data error

2
|
-]
>
Q
—~
K
- =

I
2

>
~

for the forward/backward difference quotients,

2e
|Dn(g: — g)(x)| < T 0<z<1.

The total error is composed by the data error Dy(g. — g) and the discretization error ¢’ — Dpg:
Dhge —9' = Di(ge —9) + Dng — g’

yielding the estimate

2e 1
[Drge — 4’| < 5T §||9”||C°°h-

This means that for noisy data, i.e., € # 0, the total error cannot become arbitrarily small as we normally
hope to wish. This problem is ill-posed - specifically for h < c. The optimal step size is

2
g
1/2
19" [l ¢

if " # 0. In conclusion the total error is of order O(/?).
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Example 2.7 (An ill-posed elliptic equation from Hadamard). Let 2 := (—o00,00) x (0,48). We consider the
Laplace equation (defined in Chapter /). We define the following boundary value problem:

Au=0 1inQ
u(z,0) = o(x)
Oyu(x,0) =0
with the boundary function p(x) = Cosn(x). To this problem, we can compute the exact solution
cos(nz) cosh(ny
(o 5) = S )
For n — oo we easily see the limits:
lim ¢(xz) =0

n—o0
lim wu(z,y) = oo
n—oo
for the general cases when we do not sit in a period x = 7/2 of cos(nx) = 0. Consequently, small boundary
data cause large solution deflections, which is therefore an ill-posed problem.

2.8 Numerical methods for solving PDEs

There exist various methods for solving numerically PDEs:

e Difference methods: the derivatives in the differential equation will be replaced by difference quotients.
As they belong to the most simple methods and are still used frequently in engineering and industry, we
will provide a short introduction on them as well.

e Finite volume methods: they are based on local conservation properties of the underlying PDE.
e Variational methods such as Galerkin finite elements (FEM).

e Boundary element methods (BEM).

e Isogeometric analysis (IGA) [66].

e Spectral methods.

2.9 Chapter summary and outlook

In this first chapter, a motivation was given why PDEs are important. Moreover, we recapitulated the definition
of a partial differential equation and also recapitulated the characteristic concepts of numerical mathematics.
In the next chapter, we shall introduce the notation used throughout these lecture notes.
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3 Notation

In this chapter, we collect most parts of the notation and some important results from linear algebra, analysis,
vector and tensor analysis, necessary for numerical mathematics.

3.1 Domains

We consider open, bounded domains Q C R? where d = 1,2, 3 is the dimension. The boundary is denoted by
0Q. The outer normal vector with respect to (w.r.t.) to 9 is n. We assume that Q is sufficiently smooth
(i-e., a Lipschitz domain or domain with Lipschitz boundary) such that the normal n can be defined. What
also works for most of our theory are convex, polyhedral domains with finite corners. For specific definitions
of nonsmooth domains, we refer to the literature, e.g., [52].

3.2 Independent variables

A point in R is denoted by
T = (ml,...,xd).

The variable for ‘time’ is denoted by ¢. The euclidian scalar product is denoted by (z,y) =z -y = Z?:l Tl

3.3 Function, vector and tensor notation
We start with

Definition 3.1. Let x and y be variable. If x is given and there is a unique associated y, then y is a function
and we write

y = f(z)

The variable x is the ‘independent’ variable or also called the argument. All x values form the set of definition
of f(x). The variable y is called ‘dependent’. All y values form the image space of f(x).

In these notes, functions are often denoted by
w = u(x)

if they only depend on the spatial variable = (x1,...,24). If they depend on time and space, they are
denoted by
u=u(t,z).

Usually in physics or engineering vector-valued and tensor-valued quantities are denoted in bold font size or
with the help of arrows. Unfortunately in mathematics, this notation is only sometimes adopted. We continue
this crime and do not distinguish scaler, vector, and tensor-valued functions. Thus for points in R? we write:

l

x:=(z,y,2) =x=12.
Similar for functions from a space u : R? O U — R3:
u = (Ug, Uy, uz) = u = 1.

And also similar for tensor-valued functions (which often have a bar or two bars under the tensor quantity) as
for example the Cauchy stress tensor oy € R3*3 of a fluid:

Ozx Ozy Ozxz
Of =05 = | Oyz Oyy Oy
Ozx Ozy Ozz
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3.4 Partial derivatives

We frequently use:

ou
% = amu
and 9
U
E = 8t’U,
and o
U g2
aor ~ o
and
0%u B
0zdy wy
3.5 Chain rule

Let the functions ¢ : (a,b) = R™ and f : R™ — R and its composition h = f(g) € R be given and specifically
g = (t,.T) = (ta x2,T3,... 7xm,):

Dih(x) = Dif(g(x)) = Dif(t,x) = Dif(t, 32, .. 2n)

M-

O f(g(x)) - Orgr

=~
Il
—

Opf(t,zo,...,Tm)  Opxr, where xq:=1

=
Il
—

= 8tf~att+Zakf(t,$27...,1'k) - Oy,

=2
=hf+Vf (w2, -, Owm)".

For instance m = 4 means that we deal with a four-dimensional continuum (¢, z,y, 2).

Remark 3.2. See also [71][page 54 and page 93] for definitions of the chain rule.

3.6 Multiindex notation

For a general description of ODEs and PDEs the multiindex notation is commonly used.

e A multiindex is a vector @ = (ay, ..., ay,), where each component «; € Ny. The order is

la] = a1 4+ ...+ ap.

e For a given multiindex we define the partial derivative:
D%u(x) := 05} -+ 0p"u
e If k € Ny, we define the set of all partial derivatives of order k:
DFu(zx) == {D%(z) : |a| = k}.

Example 3.3. Let the problem dimension n = 3. Then, a = (a1, a9, as3). For instance, let o = (2,0,1).
Then |a| = 3 and D%u(z) = 020 u(x).
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3.7 Gradient, divergence, trace, Laplace, rotation/curl

Well-known in physics, it is convenient to work with the nabla-operator to define derivative expressions.
The gradient of a single-valued function v : R™ — R reads:

311)
Vv = :
Opv
The gradient of a vector-valued function v : R — R™ is called Jacobian matrix and reads:

811}1 e 8nv1
Vv =

NV, ... OpUm
The divergence is defined for vector-valued functions v : R™ — R™:

V1 n
diveo:=V.-v:=V- :Z&wk.
k=1

Un

The divergence for a tensor o € R™"*" is defined as:
80’@'
Vo= <Z oz, )1§i§n'
The trace of a matrix A € R™*" is defined as

tT’(A) = i (077
i=1

Definition 3.4 (Laplace operator). The Laplace operator of a two-times continuously differentiable scalar-
valued function u : R™ — R is defined as

n
Au = Z Gkku.
k=1
Definition 3.5. For a vector-valued function u : R™ — R™, we define the Laplace operator component-wise

as
n
uy > k=1 Okku1
Au=A = :
n
Um Zk:l 6kk:um

Let us also introduce the cross product of two vectors u,v € R3:

Uy U1 U2V3 — U3V2
Uz | X | v2 | = | Uzv1 — u1v3
us V3 U1V2 — UV

With the help of the cross product, we can define the rotation or curl :

8I 1 ayvg — azvg
rotv=Vxv= |0y, | x| va| =] 0:v1 —0pv3
(’)z V3 8301}2 — 8y1}1
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3.8 Some properties of matrices
3.8.1 Positive definite, eigenvalues and more

Let Q : R® — R be a quadratic form with Q(z) = 27 Az. The quadratic form (and also its representing matrix
A) have certain names according to their properties:

e (Q is positive definite, when Q(z) > 0 for all x # 0

e () is positive semi-definite, when Q(x) > 0 for all z

e () is negative definite, when Q(z) < 0 for all z £ 0

e () is negative semi-definite, when Q(z) < 0 for all =

e () is indefinite, when @ has positive and negative values.
The relation to the eigenvalues is:

e () > 0 if and only if all eigenvalues A; > 0

e () > 0 if and only if all eigenvalues \; > 0

e () < 0if and only if all eigenvalues \; < 0

e () > 0 if and only if all eigenvalues A\; < 0

e () indefinite if and only if eigenvalues A\; < 0 and \; > 0 arise.

3.8.2 Invariants

The principal invariants of a matrix A are the coefficients of the characteristic polynomial det(4 — AI). A
matrix A € R3*3 has three principal invariants; namely ia = (i1(A),i2(A),i3(A)) with

det (AT — A) = X% — i1 (AN +ig(A)\ —iz(A).
Let A1, A2, A3 be the eigenvalues of A. Then we have
11(A) =tr (A) = A1 + A2 + A,
ig(A) = = (tr A)? —tr (A)% = M A1+ A3 + A2 )s,
13(A) =det (A) = A1 \2As.
Remark 3.6. If two different matrices have the same principal invariants, they also have the same eigenvalues.

Remark 3.7 (Cayley-Hamilton). FEvery second-order tensor (i.e., a matriz) satisfies its own characteristic
equation:

A® — i1 A? + i A —is] = 0.
3.9 Vector spaces

Let K = R. In fact, K = C would work as well and any general field. But we restrict our attention in the
entire lecture notes to real numbers R.

Definition 3.8 (Vector space). A wvector space or linear space over a field K is a nonempty set X (later
often denotes by V,U or also W ). The space X contains elements x1,xs, ... which are the so-called vectors.
We define two algebraic operations:

o Vector addition: x + vy for x,y € X.
o Multiplication of vectors with scalars: ax for x € X and a € K.

These operations satisfy the usual laws that they are commutative, associative, and satisfy distributive laws.
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3.10 Scalar product

Let V be a vector space over R (note C would work as well). A mapping (+,-) : V x V — R is a scalar product
(or inner product) if

1. (u+v,w) = (u,w) + (v,w) for all u,v,w €V

2. (au,v) = a(u,v) for all u,v € V and o € R

3. (u,v) = (v,u) for all u,v € V

4. (u,u) >0forallueV

5. (u,u) =0 if and only if when u = 0.
Moreover:

1. (u,v+w) = (u,v) + (u,w) for all u,v,w €V
2. (u,av) = @(u,v) for all u,v € V and a € R

For real-valued functions, the scalar product is bilinear and in the complex-valued case the scalar product is
called sesquilinear.
It holds:

Proposition 3.9 (Cauchy-Schwarz). Let V' be a vector space with (-,-). Then, it holds

|(u,v)] < |lulll|v]]  for all u,v € V.

3.11 Normed spaces

Let X be a linear space. The mapping || - || : X — R is a norm if
i) |lz|]>0 VzreX (Positivity)
i) |lz||=0<2xz=0 (Definiteness)
iii) |azx|| = lal]lz]], «eK (Homogeneity)
) e+ ol < Izl + 1yl (Triangle inequality)

A space X is a normed space when the norm properties are satisfied. If condition ii) is not satisfied, the
mapping is called a semi-norm and denoted by |z|x for z € X.

Definition 3.10. Let || - || be a norm on X. Then {X, || - ||} is called a (real) normed space.
Example 3.11. We provide some examples:
1. R™ with the euclidian norm ||z|| = (X5, #2)1/? is a normed space.

2. Let Q) :=[a,b]. The space of continuous functions C(2) endowed with the mazimum norm
Julleq = mas ()]

18 a mormed space.

3. The space {C(Q), || - ||z2} with

fulls = ([ u(e)dz)

18 a mormed space.

Definition 3.12. Two norms are equivalent if converging sequences have the same limits.
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Proposition 3.13. Two norms || - ||a,|| - |lB on X are equivalent if and only if there exist two constants
C1,Cy > 0 such that
Cillella < llzllp < Coflz[|a Vo e X

The limits are the same.
Proof. See e.g., [109]. O

Remark 3.14. These statements have indeed some immediate consequences. For instance, often convergence
of an iterative scheme is proven with the help of the Banach fized point scheme in which the contraction
constant ¢ must be smaller than 1; see for instance Section 10. It is important that not all norms may satisfy
q < 1, but when different norms are equivalent and we pick one that satisfy g < 1, we can proof convergence.

3.12 Linear mappings
Let {U, || - lv} and {V, || - |[v} be normed spaces over R.

Definition 3.15 (Linear mappings). A mapping T : U — V is called linear or linear operator when
T(u) = T(auy + bug) = aT'(u1) + bT(us),
for u = auy + bus and for a,b € R.
Example 3.16. We discuss two examples:
1. Let T(u) = Au. Then:
T(auy + buz) = A(auy + buz) = aAuy + bAus = aT'(u1) + 0T (usg).
Thus, T is linear.
2. Let T(u) = (u- V)u. Then:
T(auy + buz) = ((auy + buz) - V)(auq + buz) # a(uy - V)ug + b(ug - V)ug = aT'(uy) + bT (ug).
Here, T is nonlinear.
Exercise 1. Classify T(u) = |ul.
Definition 3.17 (Linear functional). A mapping T : U — V with V =R is called linear functional.
Definition 3.18. A mapping T : U — V 1is called continuous when

lm v, =u = lim Tu, = Tu.
n— oo n—oo

Definition 3.19. A linear operator T : U — V is called bounded, when the following estimate holds true:
[Tullv < cllullu-

Theorem 3.20. A linear operator is bounded if and only if it is continuous.

Proof. See [109], Satz I1.1.2. O

Definition 3.21. Let T : U — V be a linear and continuous operator. The norm of T is defined as

IT|l = sup |[Tullv.

lullu=1

Since a linear T is bounded (when continuous) there exists | Tul|v < c|lu|lu for allu € U. The smallest number
for cisc=|T.
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Definition 3.22. The linear space of all linear and bounded operators from U to V is denoted by
L{U,V).
The norm of L(U,V) is the operator norm ||T||.

Definition 3.23 (Dual space). The linear space of all linear, bounded functionals on U (see Def. 3.17) is the
dual space, denoted by U™, i.e.,
U* = L(U,R).

For f € U*, the norm is given by:

[l = sup [f(u)].

lullu=1

The dual space is always a Banach space; see again [109]. For more details on Banach spaces, we also refer
to Section 7.1 of these lecture notes.

3.13 Little o and big O - the Landau symbols

Definition 3.24 (Landau symbols). (i) Let g(n) a function with g — oo for n — oo. Then f € O(g) if and
only if when

lim sup ‘f(n)‘ < 00
n—o0 g(n)
and f € o(g) if and only if
lim ’f(n)
n—oo | g(n)

(ii) Let g(h) a function with g(h) — 0 for h — 0. As before, we define f € O(g) and f € o(g):

lim sup
h—0

f(h)
g(h)‘<00 & [€0(g),

and
f(h)‘:() & feog).

lim o)

h—0

(iii) Specifically:
limsup |f(h)| <0 & feO(1),
h—0

and
lim |f(R)| =0 < fe€o(l).

h—0

Often, the notation f = O(g) is used rather than f € O(g) and similarely f = o(g) rather than f € o(g).

Example 3.25. Seven examples:

1. %zo(m%) (x —0),
2= =o0(3) (Jz] = o),

2.
3. e =o0(x"%) (z— o0).
4.

Let e — 0 and h — 0. We write
h=o(e)

when

h
— =0 forh—0, —0,
3

which means that h tends faster to 0 than e.
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5. Let us assume that we have the error estimate (see sections on the numerical analysis)

Hy(tn) - yn||2 = O(k)
Here the O notation means nothing else than

ly(tn) — ynll2

2 —C fork—0.

6. Let
ikt + eok® + k3 + ...

be a development in powers of k. We can shortly write:
k' + O(k?).

7. Complexity of algorithms, e.g., LR
On®) for n— oo.

Here the fraction converges to a constant C' (and not necessarily 0!), which illustrates that O(-) convergence is
weaker than o(-) convergence. On the other hand, this should not yield the wrong conclusion that ||y(tn) — Yn||2
may not tend to zero. Since k — 0, also ||y(tn) — Ynll2 — 0 must hold necessarily.

3.14 Taylor expansion

Let f: R — R be of class C™ around some point a. Then, the Taylor-Young formula is defined as

") (g _
Tf(m):zf ﬂ( )(o:fa)j+0(|x—a|").

The remainder o(|z — a|™) (Landau notation) is a function such that

_n
ofle—al")
z—a |z —al|®

=0.

Furthermore, we have the Taylor-Lagrange formula. Let f be of class C"*1! :

U (y)
(n+1)!

(x —a)" !

b

"6 (g A
Tf(z) = Zf j'( )(x—a)] +
j=0

for some intermediate point y between a and .
Finally, we recall the Fourier power series. Let f : R — R be of class C*°. The power series

> () (g ,
77@) =Y - oy
=0 7

is the Taylor series of f in the point a.

3.15 Transformation of integrals: substitution rule / change of variables

One of the most important formulas in continuum mechanics and variational formulations is the substitution
rule that allows to transform integrals from one domain to another.
In 1D it holds:

Proposition 3.26 (Substituion rule in 1D). Let I = [a,b] be given. To transform this interval to a new
interval, we use a mapping T(I) = [a, B] with T'(a) = o and T(b) = B. If T € C* (a continuously differentiable
mapping) and monotonically increasing (i.e., T' > 0), we have the transformation rule:

B T(b) b
/ fy) dy:/ f(y) dyz/ f(T(x))T'(x) d.

T(a)
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Proof. Any analysis book. Here Analysis 2, Rolf Rannacher, Heidelberg University [89). O

Remark 3.27. In case that T' < 0 the previous proposition still holds true, but with a negative sign:

/j f(y)dy:/;:)f(y) dyz—/T(a) dy—/ #(T T'(z)) da.

For both cases with T” # 0 the formula works and finally yields:

Theorem 3.28. Let I = [a,b] be given. To transform this interval to a new interval [a, ], we employ a
mapping T. If T € C' (a continuously differentiable mapping) and T' # 0, it holds:

T(I)f dyi/ 1y dy*/f NIT (= |d$*/f N |7 (z)| da.

Proof. Any analysis book. Here Analysis 2, Rolf Rannacher, Heidelberg University [89]. O
Remark 3.29. We observe the relation between the integration increments:
dy = |T'(z)|dz
Example 3.30. Let T be a affin-linear transformation defined as
T(x) =ax +b.
Then,
dy = |a|dz.

In higher dimensions, we have the following result of the substitution rule (also known as change of
variables under the integral):

Theorem 3.31. Let Q2 C R™ be an open, measurable, domain. Let the function T : Q — R be of class C*,
one-to-one (injective) and Lipschitz-continuous. Then:

o The domain Q := T(Q) is measurable.
e The function f(T(-))|detT’(:)| : @ — R is (Riemann)-integrable.

e For all measurable subdomains M C ) it holds the substitution rule:

/ [ @ = / F(T(@))|detT (z)| d,

and in particular as well for M = Q.
Proof. Any analysis book. See e.g., [89] or [71][Chapter 9]. O
Remark 3.32. In continuum mechanics, T' is the so-called deformation gradient and J := det(T"), the

volume ratio.

3.16 Gauss-Green theorem / Divergence theorem

The Gauss-Green theorem or often known as divergence theorem, is one of the most useful formulas in
continuum mechanics and numerical analysis.
Let Q C R™ an bounded, open domain and 99 of class C!.

Theorem 3.33 (Gauss-Green theorem / Divergence theorem). Suppose that u = u(z) € CY(Q) with x =

(z1,...,2pn). Then:
/uxidx:/ un;ds, fori=1,....n
Q [219)

/divudx:/ u - nds
Q a0
for each vector field u € C*(€; R™).

Proof. The proof is nontrivial. See for example [71]. O

In compact notation, we have
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3.17 Integration by parts and Green's formulae

One of the most important formulae in applied mathematics, physics and continuum mechanics is integration
by parts.
From the divergence Theorem 3.33, we obtain immediately:

Proposition 3.34 (Integration by parts). Let u,v € C1(Q2). Then:

/umivdx:—/uvxidx—i—/ wvn; ds, fori=1,...,n.
Q Q o0

/Vuvdx:—/uVde—i—/ uvn ds.
Q Q e}

Proof. Apply the divergence theorem to uv. Exercise. O

In compact notation:

We obtain now some further results, which are very useful, but all are based directly on the integration by
parts. For this reason, it is more important to know the divergence theorem and integration by parts formula.

Proposition 3.35 (Green’s formulas). Let u,v € C%(Q). Then:

/ Audr = Opuds,
Q Fle)

/Vu~Vvdx:—/Auvdac+/ v Ouds.
Q Q oQ

Proof. Apply integration parts. O
Proposition 3.36 (Green’s formula in 1D). Let Q = (a,b). Let u,v € C%(Q). Then:

/ (@) v () de = — / o (2) o(x) d + [ ()o(x)]=b
Q Q
Proof. Apply integration parts. O

3.18 Main notation

Notation of scalar products, linear forms and bilinear forms. Let €2 be a domain in R™ with the usual properties
to ensure integrability and differentiability:

1. Let z,y € V C R™. Then the scalar product is denoted by:

(x,y)=/zydz r,yeV.
Q

2. Let X, Y € V. .C R™"*"™. Then the scalar product for a matrix is denoted by:
(X7Y):/X:de XY eV
Q

Here, : stands for the Frobenius scalar product.

3. Often, we use: Find u € V such that

a(u, ) = U(¢) VYpeV.

Here a(u, ) : V x V — R is a bilinear form and I(p) € V* is a linear form (linear functional).
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4. For nonlinear problems, the solution variable u € V' is nonlinear while the test function is still linear.
Here we use the notation: Find u € V such that

a(u)(p) =l(p) YeeV.

Here, a(u)(p) is a so-called semi-linear form.

5. For (linear) PDE systems, my notation is: Find U € X such that

A(U,T) = F(T) V¥ € X.

6. For nonlinear PDE systems, my notation is: Find U € X such that

AU)(T) = F(T) VU € X.

3.19 Chapter summary and outlook

Having the notation setup, we shall now begin by the specific topics promised in the title of these lecture notes.
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4 An extended introduction

In this introduction (despite being already in Chapter 4), we first start with modeling on how the Laplace
equation can be derived from physical fundamental principles.

4.1 Examples of differential equations

We start with some examples:

4.1.1 Variational principles in mechanics

Variational principles were developed in physics and more precisely in classical mechanics, e.g., [42, 50].

One of the first variational problems was designed by Jacob Bernoulli in the year 1696: how does a mass
point reach from a point p; in the shortest time 7" another point p, under graviational forces? In consequence,
we seek a minimal time T along a curve u(x):

min J(u) = min(7T)
with respect to the boundary conditions u(z1) = u1 and u(z2) = us. To obtain the solution u(x), we start
from energy conservation, which yields for the kinetic and the potential energies:
2

muv

2

=mg(u — ),

where m is the mass, v the velocity of the mass, g the graviational force, u; the boundary condition, and
u = u(z) the sought solution curve. We does have the functional:

/ ds / 1+ u/(

2g uyp — u(x
Proposition 4.1. The solution to this problem is the so-called Brachistochrone formulated by Jacob Bernoulli
in 1696 [42].

More generally, we formulate the unconstrained problem:

Formulation 4.2. Find u = u(z) such that
min J(u)
with 2
J(u) = / F(u,v,z)dx.
Tl

Here, we assume that the function F(u,u’,x) and the boundary values u(xz1) — uy and u(xs) = ug are known.

The idea is that we vary J(u + du) with a small increment du as we have formulated in Section 8.1.2. Then,
we arrive at the Euler-Lagrange equations:

Definition 4.3. The (strong form of the) Euler-Lagrange equations are obtained as stationary point of the
functional J(u) and are nothing else, but the PDE in differential form:

d OF (u,u',x)  OF(u,u,x)

dx o’ ou

Remark 4.4 (Weak form of Euler-Lagrange equations). An equivalent statement is related to the weak form
of the Euler-Lagrange equations in Banach spaces. Here, the functional J(u) is differentiated w.r.t. u into the
direction ¢ yielding J!,(u)(¢) as used in Section 8.1.2.
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Example 4.5. To compute the length of a curve u(z) between two points (x1,u(x1)) and (z2,u(xs)), the

following functional is used:
2 )
J(u) = / ds = / V14 (u)?de.
1 Xy

This brings us to the question for which function u(z) the functional J(u) atteins a minimum, i.e., measuring
the shortest distance between (x1,u(x1)) and (x2,u(x2)). This functional is the starting point to derive the

clothesline problem.
Moreover, we identify F(u,u',x) = /1 + (v)2. The Euler-Lagrange equation is then given by

4 )
dr /T (W)

When no external forces act (right hand side is zero), we can immediately derive the solution:

d u(x)
dx /1 + (u/)Q
The boundary conditions (not specified here) will determine the constants a and c. Of course, the solution,

i.e., the shortest distance between two points, is a linear function. When external forces act (e.g., gravity), we
will arrive at a solution similar to that in Section 8.1.1.

d
=0 = d—u’(x):O = u(z)=const = u(x)=azx+c.
T

4.1.2 Population growth

Let us compute the growth of a species (for example human beings) with a very simple (and finally not that
realistic) model. But this shows that reality can be represented to some extend at least by simple models, but
that continuous comparisons with other data is also necessary. Furthermore, this also shows that mathematical
modeling often starts with a simple equation and is then continuously further augmented with further terms
and coefficients. In the final end we arrive at complicated formulae.

To get started, let us assume that the population number is y = y(¢) at time ¢. Furthermore, we assume
constant growth g and mortalities rates m, respectively. In a short time frame dt we have a relative increase

of
dy

Y
of the population. Re-arranging and taking the limit dt — 0 yields:

= (g —m)dt

dy
lim = = (g —m)y
and thus
Y =(g—m)y.

This is the so-called Malthusian law of growth. For this ordinary differential equation (ODE), we can
even explicitely compute the solution:

y(t) = cexp((g —m)(t —to)).

This can be achieved with separation of variables:

y’:%:(gfm)y (2)
#/ny—y:/t(g—m)dt (3)
= Lnly| +C = (g — m)(t — to) (4)
=y = exp|[C] - exp[(g — m)(t — to)] (5)
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In order to work with this ODE and to compute the future development of the species we need an initial value
at some starting point Zg:

y(to) = vo.
With this value, we can further work to determine the constant exp(C'):
y(to) = exp(C) exp[(g —m)(to — to)] = exp(C) = yo. (6)

Let us say in the year ¢y = 2011 there have been two members of this species: y(2011) = 2. Supposing a
growth rate of 25 per cent per year yields g = 0.25. Let us say m = 0 - nobody will die. In the following we
compute two estimates of the future evolution of this species: for the year ¢ = 2014 and ¢ = 2022. We first
obtain:

y(2014) = 2exp(0.25 x (2014 — 2011)) = 4.117 ~ 4.

Thus, four members of this species exist after three years. Secondly, we want to give a ‘long term’ estimate
for the year t = 2022 and calculate:

y(2022) = 2exp(0.25 x (2022 — 2011)) = 31.285 = 31.

In fact, this species has an increase of 29 members within 11 years. If you translate this to human beings,
we observe that the formula works quite well for a short time range but becomes somewhat unrealistic for
long-term estimates though.

Remark 4.6. An improvement of the basic population model is the logistic differential equation that was
proposed by Verhulst; see e.g., [21]. In equations, this reads:

y =ay—by?, y(to) = vo.

which is obviously a nonlinear equation. For population growth, usually a > b. For instance, one example is
for the growth of the world population is [21] (as of the year 1993):

to = 1965, yo =3.34x10%°, a=0.029, b=2.695x 10712

4.1.3 Laplace equation / Poisson problem

Laplace’s equation (boundary value problem) . This equation has several applications, e.g., Fick’s law of
diffusion or heat conduction (temporal diffusion) or the deflection of a solid membrane:

Formulation 4.7 (Laplace problem / Poisson problem). Let §2 be an open set. The Laplace equation reads:
—Au=0 1in Q.

The Poisson problem reads:
—Au=f inQQ.

Definition 4.8. A C? function (C? means two times continuously differentiable) that satisfies the Laplace
equation is called harmonic function.

The physical interpretation is as follows. Let u denote the density of some quantity, for instance concentration
or temperature, in equilibrium. If G is any smooth region G C €2, the flux F' of the quantity u through the

boundary 0G is zero:
/ F-ndx=0. (7)
oG

Here F' denotes the flux density and n the outer normal vector. Gauss’ divergence theorem yields:

/ F-ndmz/V-dezO.
e G

Since this integral relation holds for arbitrary G, we obtain

V-F=0 inQ. (8)
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Now we need a second assumption (or better a relation) between the flux and the quantity u. Such relations do
often come from material properties and are so-called constitutive laws. In many situations it is reasonable
to assume that the flux F' is proportional to the negative gradient —Vwu of the quantity w. This means that
flow goes from regions with a higher concentration to lower concentration regions. For instance, the rate at
which energy ‘flows’ (or diffuses) as heat from a warm body to a colder body is a function of the temperature
difference. The larger the temperature difference, the larger the diffusion. We consequently obtain as further

relation:
F=—-Vu.

Plugging into the Equation (8) yields:
V- F=V-(-Vu)=-V-(Vu) = -Au=0.

This is the simplest derivation one can make. Adding more knowledge on the underlying material of the body,
a material parameter a > 0 can be added:

V-F=V-(—aVu) =—-V-(aVu) = —alAu = 0.
And adding a nonconstant and spatially dependent material further yields:
V-F=V-:(-a(x)Vu) ==V (a(z)Vu) = 0.

In this last equation, we do not obtain any more the classical Laplace equation but a diffusion equation in
divergence form.
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Figure 2: Solution of the Poisson problem on Q = (—1,1)? with the right hand side f = 1.
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4.1.4 Mass conservation / First-order hyperbolic problem

In this next example let us again consider some concentration, but now a time dependent situation, which
brings us to a first-order hyperbolic equation. The application might be transport of a species/concentration
in some fluid flow (e.g. water) or nutrient transport in blood flow. Let @ C R™ be an open domain, x € ) the
spatial variable and ¢ the time. Let p(z,t) be the density of some quantity (e.g., concentration) and let v(x,t)
its velocity. Then the vector field

F=pv inR"

denotes the flux of this quantity. Let G be a subset of 2. Then we have as in the previous case (Equation (7))

the definition:
/ F-ndz.
oG

But this time we do not assume the ‘equilibrium state’ but ‘flow’. That is to say that the outward flow through
the boundary G must coincide with the temporal decrease of the quantity:

d
F-nds=—— [ pdx.
oG dt Ja

We then apply again Gauss’ divergence theorem to the left hand side and bring the resulting term to the right
hand side. We now encounter a principle difficulty that the domain G may depend on time and consequently
integration and differentiation do not commute. Therefore, in a first step we need to transform the integrand
of p

— dx

dat /"
onto a fixed referene configuration G in which we can insert the time derivative under the integral sign. Then
we perform the calculation and transform lastly everything back to the physical domain G. Let the mapping
between G and G be denoted by 7. Then, it holds:

reG:x=T(%1), 2cG.

Moreover, dx = J(&,t)dz, where J := det(VT). Using the substitution rule (change of variables) in higher
dimensions (see Section 3.15) yields:

d d
pn G,o(x,t)dx— pn

[ o200 6

G

We eliminated time dependence on the right hand side integral and thus differentiation and integration com-
mute now:

/G%(p(T(@,t),t)J(m))d@:/(%p(T(f,t),t).J(:z,t)+p(T(;@,t),t)%J(@,t))d@

G

Here, 4 p(T(2,t),t) is the material time derivative of a spatial field (see e.g., [63]), which is not the same as
the partial time derivative! In the last step, we need the Eulerian expansion formula

d
%J—V'UJ.
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Then:

p(T(2,1),1) + p(T(&,1), )V - v)J(ge, t)di

Sl Sl S

p(z,t) + p(x, )V - v)dm

).

- /G (00, 1) +V - (pv) )

Op(z,t) + Vp(z,t)v+ pz,t)V - v) dz

Collecting the previous calculations brings us to:
/ (O +V-F)dx = / (Otp+ V- (pv)dz, where F = pv as introduce before.
€] €]

This is the so-called continuity equation (or mass conservation). Since G was arbitrary, we are allowed to write
the strong form:
Op+V-(pv)=0 1in Q. 9)

If there are sources or sinks, denoted by f, inside 2 we obtain the more general formulation:
Op+V-(pv)=f inQ.

On the other hand, various simplifications of Equation (9) can be made when certain requirements are fulfilled.
For instance, if p is not spatially varying, we obtain:

Otp+pV-v=0 1in Q.
If furthermore p is constant in time, we obtain:
V-v=0 in Q.

This is now the mass conservation law that appears for instance in the incompressible Navier-Stokes equations,
which are discussed a little bit later below.
In terms of the density p, we have shown in this section:

Theorem 4.9 (Reynolds’ transport theorem). Let @ := ®(x,t) be a smooth scalar field and 2 a (moving)

domain. It holds: d o
—/@dx:/ (I>v~nds+/7d$
dt Jq o0 o Ot

The first term on the right hand side represents the rate of transport (also known as the outward normal
fluz) of the quantity Pv across the boundary surface OQ. This contribution originates from the moving domain
Q. The second contribution is the local time rate of change of the spatial scalar field ®. If the domain Q)
does not move, the first term on the right hand side will of course vanish. Using Gauss’ divergence theorem it
holds furthermore:

d od
p Q@dx—/ﬂv-(q)U)dx—i—/ﬂadx.
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4.1.5 Elasticity (Lamé-Navier)
This example is already difficult because a system of nonlinear equations is considered:

Formulation 4.10. Let (AZS C R™",n = 3 with the boundary 00 = fD U fN. Furthermore, let I := (0,T]

where T > 0 is the end time value. The equations for geometrically non-linear elastodynamics in the reference
A () A (y)

configuration Q are given as follows: Find vector-valued displacements ts := (ts *, Us ,ﬂgz)) : ﬁs x I — R™
such that
POty — V- (FE) =0 inQ, x1,
us =0 on fD x I,
ﬁi-ﬁs:ﬁs oan x I,
a,(0) = in O, x {0},
5(0) = 9o in Q x {0}
We deal with two types of boundary conditions: Dirichlet and Neumann conditions. Furthermore, two initial

conditions on the displacements and the velocity are required. The constitutive law is given by the geometrically
nonlinear tensors (see e.g., Ciarlet [29]):

o~ . ~ PO PN

Y =34(ts) = 2uE + Mr(E)I, E= f(FTF —1). (10)
Here, p and X\ are the Lamé coefficients for the solid. The solid density is denoted by ps and the solid
deformation gradient is F=1+ Vi, where I € R3*3 is the identity matrixz. Furthermore, ng denotes the
normal vector.

Pseudocolor
Var: y_dis
-00l0&a8 _______-0.008010 =0.005340 -0.002670 e 1.000
Max: 0.000
Min: -0.01068

Figure 3: Deformed elastic flag.
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4.1.6 The incompressible, isothermal Navier-Stokes equations (fluid mechanics)

Flow equations in general are extremely important and have an incredible amount of possible applications
such as for example water (fluids), blood flow, wind, weather forecast, acrodynamics:

Formulation 4.11. Let Qy C R",n = 3. Furthermore, let the boundary be split into 0S¢ 1= I';5 UL 4, UT' pUL;.
The isothermal, incompressible (non-linear) Navier-Stokes equations read: Find vector-valued velocities vy :
Qf x I = R" and a scalar-valued pressure py : ¢ x I — R such that
prowvs + psvg - Vo —V-op(vg,pr) =0 in Qf x 1,
V.vp=0 in Qp x I,
v? = vy on 'y, x I,
vy =0 onT'p x 1, (11)
—psny +prvrVoy -np =0 on Uour X I,
vp=hy onlyxI,
vr(0) =vy in Qy x {t =0},
where the (symmetric) Cauchy stress is given by

or(vr,pyp) = —pfl + pvp(Vos + Vi),

with the density py and the kinematic viscosity vy. The normal vector is denoted by ny.

Figure 4: Prototype example of a fluid mechanics problem (isothermal, incompressible Navier-Stokes equa-
tions): the famous Karman vortex street. The setting is based on the benchmark setting [97] and
the code can be found in NonStat Example 1 in [51] www.dopelib.net.

Remark 4.12. The two Formulations 4.10 and 4.11 are very important in many applications and their coupling
results in fluid-structure interaction. Here we notice that fluid flows are usually modeled in Fulerian coordinates
and solid deformations in Lagrangian coordinates. In the case of small displacements, the two coordinate
systems can be identified, i.e.,  ~ Q. This is the reason why in many basic books - in particular basics of
PDE theory or basics of numerical algorithms - the ‘hat’ notation (or similar notation to distinguish coordinate
systems) is not used.

Exercise 2. Recapitulate (in case you have had classes on continuum mechanics) the differences between
Lagrangian and Eulerian coordinates.

Remark 4.13. In Section 9.14, we study in more detail the stationary Navier-Stokes equations (NSE) in
terms of a well-acknowledged benchmark problem.
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4.1.7 Coupled: Biot (porous media flow) and Biot coupled to elasticity

In this section the Biot model is considered, which is a standard model for porous media applications. In
fact, the Biot system [16-18] is a multi-scale problem which is identified on the micro-scale as a fluid-structure
interaction problem (details on the interface law are found in Mikeli¢ and Wheeler [79]). Through homoge-
nization, the Biot system is derived for the macro-scale level. This system is specifically suited for applications
in subsurface modeling for the poroelastic part, the so-called pay-zone. On the other hand, surrounding rock
(the non-pay zone) is modeled with the help of linear elasticity [29]. Therefore, the final configuration belongs
to a multiphysics problem in non-overlapping domains.

7

Remark 4.14. The Biot system allows for modeling of fluids and solids in porous media. In contrast to ‘true
fluid-structure interaction, the displacements are assumed to be small and therefore, all equations are modeled
in Eulerian coordinates. Please see literature on solid mechanics [63] or fluid-structure interaction [94] in
which Lagrangian or Eulerian coordinates are explained.

4.1.7.1 Modeling We begin by describing the setting for a pure poroelastic setting, the so-called pay-zone.
Let Qp the domain of interest and 9€)p its boundary with the partition:

90 =T, UT, =T, UTy,

where T, denotes the displacement boundary (Dirichlet), T'; the total stress or traction boundary (Neumann),
I',, the pore pressure boundary (Dirichlet), and I'y the fluid flux boundary (Neumann). Concretely, we have
for a material with the displacement variable u and its Cauchy stress tensor o:
u=u onlYy,
on=t onTy,

for given 4 and ¢, and the normal vector n. For the pressure with the permeability tensor K and fluid’s
viscosity 1y, we have the conditions:

p=p onl,

K _
f—(fopfg) ‘n=q only,
nr

for given p and ¢; and the density p; and the gravity g. For the initial conditions at time ¢t = 0, we prescribe
p(t=0)=po in Qp,
O'(tZO):O'O in QB-

The extension of the previous setting with some non-pay zone Qg (e.g., rock modeled as an elastic medium) is

displayed in Figure 5. In this case (if Qg is totally embedded in Qg) the boundary conditions on 9Q g reduce
to interface conditions 0Qp :=I'; = Qg N Q.

Qg

Qs
ry

N

NN

Qp

Figure 5: Configuration of the coupled Biot-Lamé-Navier system with the Biot equations in the pay zone Qg
and linear elasticity in the non-pay zone g.

Let I := (0,T) denote the time interval. The underlying Biot system reads:
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Formulation 4.15. Find the pressure pp and displacement up such that

1
Ot(cppp + apdivup) — n—divK(VpB —prg)=q inQpxI,
f

—div(a%or(uB)) =fp inQpxI,
with the total poroelastic stress tensor
o' (u) = op(up) — apVps,
with the elastic stress tensor
op(up) := upe(up) + Apdivugl,

and the coefficients cg > 0 (related to the compressibility of the fluid; cg = 0 means incompressible fluid), the
Biot-Willis constant ap € [0,1], (in fact, this constant relates to the amount of coupling between the flow part
and the elastic part) and the permeability tensor K, fluid’s viscosity and its density ny and py, gravity g and
a volume source term q (i.e., usually, wells for oil production and fluid injection). In the second equation, the
Lamé coefficients are denoted by A\p > 0 and up > 0 and fp is a volume force.

The velocity vp in the porous medium is obtained with the help of Darcy’s law [32] and the Darcy equations
which are obtained through homogenization of Stokes’s equations [12]. It holds:

1
vg = ——K(Vpp — prg).
ny

Usually the non-pay zone is described in terms of linear elasticity:

Formulation 4.16. Find a displacement ug such that
—div(as(us)) =fs inQgxI,
with
os(us) = ps(Vug + Vuk) + Agdivusl,
with the Lamé coefficients pus and Ag and a volume force fg. On the boundary 0Q0g := I'pUT N, the conditions
us =1tug onlp, og(ug)ng=1ts onTy,

are prescribed with given g and tg.

4.1.7.2 Interface conditions It finally remains to describe the interface conditions on I'; between the two
sub-systems:
up = ug,

op(up)np — og(us)ns = appnag, (12)
1

——K(Vpg — prg) -ng =0.
nr

It is important to notice that the second condition in (12), requires careful implementation on the interface.

4.1.7.3 The coupled problem in variational form The coupled system of equations is formulated in terms
of a variational monolithically-coupled system (also known as fully coupled system). This solution algorithm
provides better stability properties than a partitioned algorithm [82] and is therefore our method of choice.
However there are good reasons to employ iterative solution techniques since in many practical applications
one needs to couple different software packages and here it is clear that partitioned solvers are often the only
way for coupling.

Let d be the dimension and Vp := {¢? € H(Qp)|f = pPonT,} and Vs := {¢* € [H(Qp U Qs)]|%g =
uPon 'y} be Hilbert spaces and p” and u” extensions of Dirichlet data.

The definition of a weak formulation follows standard argumentation and leads to the system:
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Problem 4.17 (Biot Problem). Find {p,u} € {p” + Vp} x {uP + Vs}, such that p(0) = p°, for almost all
timest e I, and

c5(0p, &) + ap(V -, ¢) + %(W, Vo)
_pF(g7 ¢[)) - (qa ¢p> =0 V(bp S VPa
(05, V") — ap(pl,Vo™) — (f5.6") =0 Vé" € V.

By augmenting the domain with an outer elastic part we must account for an additional elastic equation
and yields

Problem 4.18 (Biot-Lamé-Navier Problem). Find {p,u} € {p” + Vp} x {uP + Vis}, such that p(0) = p°, for
almost all times t € I, and

e5(0p, &) + (¥ - u, ¢7) + 5(% 2

)
or(.6") — (0,67 =0 VP € Vi,
(UBaV¢ ) - aB(pI V(bu) (fB7¢u) =0 V(bu S VSa
(05, V¢") = (fs,9") =0 Vo¢" € Vs.

4.1.7.4 Mandel’s problem We now present the results of two test cases. Specifically, we consider the well-
known Mandel problem, which is an acknowledged benchmark in subsurface modeling. In the second example,
the augmented Mandel problem [46] is used as verification. The configuration and parameters are taken from
[45, 55].

Remark 4.19. The situation has very practical applications: Suppose a sponge filled with water that is
squeezed: first the fluid pressure inside increases, but with time, the water will flow out and the pressure
will decrease to zero.

4.1.7.4.1 Configuration The domain is [0,100m] x [0,20m]. The initial mesh is 4-times globally refined
corresponding to 256 cells and 2467 degrees of freedom.

1—’to;p

Ly (g T,

I

Figure 6: Configuration of Mandel’s problem.

4.1.7.4.2 Boundary conditions The boundary conditions are given as:

opn —agppn =t—apppn on Iy,
p=0 onT,,
uy =0 on I,
u, =0 onIYy.

4.1.7.4.3 Parameters As parameters, we choose: Mp = 2.5 % 1012Pa,cp = 1/MgPa~',ap = 1.0,vp =
1.0 % 1073m?2 /s, Kg = 100md = 10~ 13m?2, pp = 1.0kg/m>,t = F = 1.0 % 10" Pa - m. As elasticity parameters
in Biot’s model, we use ug = 1.0e + 8Pa,vs = 0.2. The time step is chosen as & = 1000s. The final time is
5% 10%s (corresponds to computing 5000 time steps).
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4.1.7.4.4 Discussion of our findings For different time steps t; = 1% 103,¢y = 5% 103,t5 = 1 % 10%, ¢4, =
1%10%,t5 = 5% 10% and t19 = 5 * 10%[s] (the numeration of time steps is taken from [45]) the solution of
the pressure and the z-displacement evaluated on the z-axis is shown in Figure 7. These values coincides
with the literature values displayed in [45, 55, 76, 77]. In particular, the well-known Mandel Creyer effect
(non-monotonic pressure behavior over time) is identified.

26+07 ; ; ; ; 5
o —— 45|
t2 2l
1.5e+07 - 13 eeeeeenn u as [
V— s
= 5 — i
&  teso7 | T TR 10 H £ 25|
[} =} 2 L
Be+0f [ 1'? .
05 |
0 : 0
0 20 40 60 80 100 0 20 40 60 80 100
x[m] x[m]

Figure 7: Mandel’s problem: Pressure trace and z-displacement on the z-axis.

4.1.7.5 Augmented Mandel’s problem This second example adds an elastic zone above the porous media.
Such a modification is very useful for practical problems. Specifically, we deal now with a problem in non-
overlapping domains. The configuration is inspired by Girault et al. [46]. This is considered as a new
benchmark configuration that is prototypical for reservoir simulations with some overburden. In the same
manner, an underburdon could have been added in addition. This leads, however, to no additional difficulties.
This second example can be computed by further modifying the programming code or can be immediately run
with another deal.Il-based package DOpElib [51].

4.1.7.5.1 Configuration The computational domain is enlarged in height such that [0,100m] x [0,40m]
and is sketched in Figure 8.

|
s Qg A
L;
.5 Qg .5
Ly

Figure 8: Configuration of augmented Mandel’s problem.

4.1.7.5.2 Boundary conditions As boundary conditions, we choose:

opn =1t on T,

opn=0 onl,g,

p=0 onTypz,
Uy =0 on I,

u; =0 on FZ,B U Fl,S~
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4.1.7.5.3 Parameters We use the same Biot-region parameters as in the previous example. In addition,
we use in the pure elastic zone the same Lamé coefficients, such that up = pg and A\gp = Ag.
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Figure 9: Augmented Mandel’s problem: Pressure trace on the z-axis.

4.1.7.5.4 Discussion of our findings The augmented Mandel problem shows also the well-known Mandel
Creyer effect as illustrated in Figure 9. Here, it is important to carefully implement the interface conditions
on I';. Otherwise the results are not correct from physical point of view. Graphical solutions of the surfaces
of pressure distribution is shown in Figure 10. Here, we detect the typical pressure behavior on the z-axis.

Surface
Var: p_fluid

11180407
8.3860+06
B 55908406

2.795e+06

0.000
Max: 1.118+07
Min: 0.000

Figure 10: Augmented Mandel’s problem

Surface
Var: p_fluid

4.948e+06
3.711e+06
B 24740406

1.237e+06

0.000
Mox: 4.9480+06
Min: 0.000

: Pressure surface for two time steps t; and 4.
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4.2 Intermediate brief summary: several PDEs in one view
4.2.1 Poisson
Find v: Q — R:

—Au=f
Properties: linear, stationary, scalar-valued.
4.2.2 Heat equation
Findu:QxI—R:
ou — Au = f
Properties: linear, time-dependent, scalar-valued.
4.2.3 Wave equation
FindU: Qx I —R:
OPu—Au=f
Properties: linear, time-dependent, scalar-valued.
4.2.4 Biharmonic
Find u: Q — R:
A%y =Ff
Properties: 4th order, linear, stationary, scalar-valued.

4.2.5 Eigenvalue

Find v : Q — R:
—Au = Au

Properties: linear, stationary, scalar-valued.
4.2.6 Linear transport
Find v : Q — R:

Ou+bVu=0
Properties: linear, nonstationary, scalar-valued.
4.2.7 Linearized elasticity
Find v : Q — R™:

V- o(u)=f

with o = 2pe(u) + Mr(e(u))I and e(u) = 2(Vu + VuT). Properties: linear, stationary, vector-valued.

46



4. AN EXTENDED INTRODUCTION

4.3 Three important linear PDEs

From the previous considerations, we can extract three important types of linear PDEs. But we refrain
from giving the impression that all differential equations can be classified and then a recipe for solving them
applies. This is definitely not true - in particular for nonlinear PDEs. However, often ‘new’ equations can be
related or simplified to these three types. For this reason, it is important to known them.

They read:

e Poisson problem: —Awu = f is elliptic: second order in space and no time dependence.
e Heat equation: d;u — Au = f is parabolic: second order in space and first order in time.
e Wave equation: 9?u — Au = f is hyperbolic: second order in space and second order in time.

All these three equations have in common that their spatial order is two (the highest derivative with respect
to spatial variables that occurs in the equation). With regard to time, there are differences: the heat equation
is of first order whereas the wave equation is second order in time.

Let us now consider these three types in a bit more detail.

4.3.1 Elliptic equations and Poisson problem/Laplace equation

The Poisson equation is a boundary-value problem and will be derived from the general definition (very similar
to the form before). Elliptic problems are second-order in space and have no time dependence.

Formulation 4.20. Let f : Q@ — R be given. Furthermore, ) is an open, bounded set of R™. We seek the
unknown function v : Q@ — R such that

Lu=f in{, (20)
u=0 on 0. (21)

Here, the linear second-order differential operator is defined by:

Lu:=— Z 0z, (aij(x)0p,u) + Z bi(z)udy, + c(z)u, u=u(x), (22)
i=1

i,j=1

with the symmetry assumption a;; = aj; and given coefficient functions a;, b, c. Alternatively we often use
the compact notation with derivatives defined in terms of the nabla-operator:

Lu := -V - (aVu) + bVu + cu.

Finally we notice that the boundary condition (21) is called homogeneous Dirichlet condition.
Remark 4.21. Other possible boundary conditions are introduced in Section 4.5.
Remark 4.22. If the coefficient functions a,b, c also depend on the solution u we obtain a nonlinear PDE.

Consider now the main part
n

Lu = Z a;;(x)0iju

1,j=1

and we assume symmetry a;; = a;;. The operator L (and also L of course) generates a quadratic form X,

which is defined as .

S(€) =) (@))€

4,j=1

The properties of the form ¥ (and consequently the classification of the underlying PDE) depends on the
eigenvalues of the matrix A:
A = (aij)ij=1-
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Definition 4.23 (Elliptic: sign of all eigenvalues is the same). At the a given point x € Q, the differential
operator L is said to be elliptic if all eigenvalues of A are non-zero and have the same sign.

Equivalently one can say:

Definition 4.24. A PDEFE operator L is (uniformly) elliptic if there exists a constant 8 > 0 such that

n

> aij(@)6g > 0)¢),

ij=1
for a.e. x€Q and all £ € R™.

Formulation 4.25 (Poisson problem). Setting in Formulation 4.20, a;; = 6;; and b; = 0 and ¢ = 0, we obtain
the Laplace operator. Let f : Q — R be given. Furthermore, (2 is an open, bounded set of R". We seek the
unknown function u : 0 — R such that

Lu=f 1inQ, (23)
u=0 on 0. (24)

Here, the linear second-order differential operator is defined by:
Lu:= -V - (Vu) = —Au.
Some important physical laws are related to the Laplace operator (partially taken from [41]):
1. Fick’s law of chemical diffusion
2. Fourier’s law of heat conduction
3. Ohm’s law of electrical conduction
4. Small deformations in elasticity.

In the following we discuss some characteristics of the solution of the Laplace problem, which can be generalized
to general elliptic problems. Solutions to Poisson’s equation attain their maximum on the boundary and not
in the interior of the domain. This property will also carry over to the discrete problem and can be used to
check the correctness of the corresponding numerical solution.

Definition 4.26 (Harmonic function). A C? function satisfying Au = 0 is called a harmonic function.

Theorem 4.27 (Strong maximum principle for the Laplace problem). Suppose u € C%(Q)NC(R) is a harmonic
function. Then

maxu = max u.
Q o

Moreover, if Q is connected and there exists a point y € €1 in which

u(y) = maxu,
(y) 2

then u is constant within Q2. The same holds for —u, but then for minima.
Proof. See Evans [41]. O

Remark 4.28 (Maximum principle in practice). An illustration of the maximum principle in practice for a
1D setting is provided in Figure 12, where the mazximum values are clearly obtained on the two boundary points
of the domain.
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Corollary 4.29. For finding u € C*(2) N C(), such that

Au=0 1inQ,
u=g on 0f,
with g > 0, it holds that
u>0 everywhere in Q if g >0 on some part of IN). (25)

This property also shows that the Laplace equation has an infinite propagation speed of perturbations: if we
change the solution by € in one point, the solution in the entire domain will (slightly) change.

From the maximum principle we obtain immediately uniqueness of a solution:

Theorem 4.30 (Uniqueness of the Laplace problem). Let g € C(052) and f € C(S2). Then there exists at
most one solution u € C*(Q) N C(Q) of the boundary-value problem:

—Au=f inQ, (26)
u=g on . (27)
Proof. If u; and us both satisfy the equation, we apply the maximum principle to the harmonic functions
w=u; —uz, w=—(u;—uz).

This yields u; = us. O

4.3.2 Parabolic equations and heat equation

We now study parabolic problems, which contain as the most famous example the heat equation. Parabolic
problems are second order in space and first order in time.

In this section, we assume 2 C R™ to be an open and bounded set. The time interval is given by I := (0,7
for some fixed end time value 7" > 0.

We consider the initial/boundary-value problem (IBVP):

Formulation 4.31. Let f: QxI = R and ug : © — R be given. We seek the unknown functionu: QxI - R
such that!

Ou+Lu=f inQxI, (28)
u=0 ondQ x[0,T], (29)
u=ug onx{t=0} (30)

Here, the linear second-order differential operator is defined by:

n

Lu:=— Z Oz, (asj(x,t)0z,u) + Z bi(x,t)0p,u+ c(z, t)u, u=u(z,t)

i,j=1 i=1
for given (possibly spatial and time-dependent) coefficient functions a;;, b;, c.
We have the following:
Definition 4.32. The PDE operator 0; + L is (uniformly) parabolic if there exists a constant 8 > 0 such that

ig—1

for all (z,t) € Q x I and all £ € R™. In particular this operator is elliptic in the spatial variable x for each
fized time 0 <t <T.

1For the heat equation, we should have better used the notation T, the temperature, for the variable rather than u. But to stay
consistant with the entire notation, we still use w.
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Definition 4.33 (Parabolic: one eigenvalue zero; all others have the same sign). For parabolic PDEs one
eigenvalue of the space-time coefficient matrix is zero whereas the others have the same sign.

Formulation 4.34 (Heat equation). Setting in Formulation 4.31, a;; = 6;; and b; =0 and ¢ = 0, we obtain
the Laplace operator. Let f : 2 — R be giwen. Furthermore, ) is an open, bounded set of R". We seek the
unknown function u : @ — R such that

Ou+Lu=f inQxI, (31)
u=0 ondQx][0,T], (32)
u=1wug onx{t=0} (33)

Here, the linear second-order differential operator is defined by:
Lu:= -V - (Vu) = —Au.

The heat equation has an infinite propagation speed for disturbances. If the initial temperature is non-
negative and is positive somewhere, the temperature at any later time is everywhere positive. For the heat
equation, a very similar maximum principle as for elliptic problems holds true. This principle is extended to
the parabolic boundary. We deal with a diffusions problem and flow points into the direction of the negative

gradient. Define Q@ = (0,7 x € the space-time cylinder. The parabolic boundary is given by T" := Q — @,
namely:

= ([O,T] x aQ) U ({0} x Q)

This definition contains the bottom and the vertical sides of @ x [0,T], but not the top. For f = 0 the
maximum temperature u is obtained on the parabolic boundary. In other words, the maximum is taken at the
initial time step or on the boundary of the spatial domain.

Theorem 4.35 (Strong parabolic maximum principle for the heat equation). Supposeu € C?(QxI)NC(QxI)
18 a solution of the heat equation:
Ou=Au inQxI=(0,T).

Then

max u = maxu.
QxI r

In other words: the mazimum w (or the minimum) is obtained either at t =0 or on [0,T] x 9Q. A numerical
test demonstrating the maximum principle is provided in Section 12.3.10.

Remark 4.36. As for elliptic problems, the mazximum principle can be used to proof uniqueness for the
parabolic case.

4.3.3 Hyperbolic equations and the wave equation

In this section, we shall study hyperbolic problems, which are natural generalizations of the wave equation. As
for parabolic problems, let 2 C R™ to be an open and bounded set. The time interval is given by I := (0,7
for some fixed end time value 7' > 0.

We consider the initial/boundary-value problem:

Formulation 4.37. Let f : Q@ x I — R and up,vo : 2 — R be given. We seek the unknown function
u:Qx I — R such that

Ru+Lu=f inQxI, (
u=0 onoQx][0,T], (35
u=ug on Qx{t=0}, (

Ou=wvy onQx{t=0} (
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In the last line, Oyu = v can be identified as the velocity. Furthermore, the linear second-order differential
operator is defined by:

Lu = — Z Oz, (asj(x,t)0z,u) + Z bi(x,t)0p,u+ c(x,t)u, u=u(z,t)

i,j=1 i=1
for given (possibly spatial and time-dependent) coefficient functions a;;, b;, c.

Remark 4.38. The wave equation is often written in terms of a first-order system in which the velocity is
introduced and a second-order time derivative is avoided. Then the previous equation reads: Findu : Q2 x1 — R
and v :Q x I — R such that

ov+Lu=f inQxI, (38)
Ou=v nQxI, (39)
u=0 ondQx][0,T], (40)
u=wug onx{t=0}, (41)
v=wvg onQx{t=0} (42)

We have the following:

Definition 4.39. The PDE operator 0? + L is (uniformly) hyperbolic if there exists a constant 0 > 0 such
that

Z aij(z, &€ > 0%,
=1

for all (z,t) € Q x I and all £ € R™. In particular this operator is elliptic in the spatial variable x for each
fized time 0 <t < T.

Definition 4.40 (Hyperbolic: one eigenvalue has a different sign than all others). A space-time differential
operator is called hyperbolic when one eigenvalue has a different sign than all the others.

And as before, setting the coefficient functions to trivial values, we obtain the original wave equation. In
contrast to parabolic problems, a strong maximum principle does not hold for hyperbolic equations. And
consequently, the propagation speed is finite. This means that a disturbance at some point z € Q at some
time ¢ € I is not immediately transported to any point x € € at any time ¢ € I.

4.4 Nonconstant coefficients. Change of the PDE types elliptic, parabolic, hyperbolic

Even so that we define separate types of PDEs, in many processes there is a mixture of these classes in one
single PDE - depending on the size of certain parameters. For instance, the Navier-Stokes equations (only
showing here the conservation of momentum):

1
Ov+v-Vo— —Av+Vp=f
Re

for modeling fluid flow, vary between parabolic and hyperbolic type depending on the Reynold’s number
Re ~ Zlf_l (respectively a characteristic velocity and a characteristic length). For Re — 0, we obtain a
first-order hyperbolic equation:

Ow~+v-Vuo+Vp=f,

while for Re — 0o, we obtain a parabolic type:
1

O — Re

Av+Vp=f.

Relating this to the general definition of the differential operator L, we can say that the coefficients a;; of the
differential operator L are non-constant and change with respect to space and time.
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4.5 Boundary conditions and initial data

As seen in the previous sections, all PDEs are complemented with boundary conditions and in time-dependent
cases, also with initial conditions. Actually, these are crucial ingredients for solving differential equations.
Often, one has the (wrong) impression that only the PDE itself is of importance. But what happens on the
boundaries finally yields the ‘result’ of the computation. And this holds true for analytical (classical) as well
as computational solutions.

4.5.1 Boundary conditions
In Section 4.3, for simplicity, we have mainly dealt with homogeneous Dirichlet conditions of the form u = 0
on the boundary 992 = 0Q2p U 0Qn U INg. In general three types of conditions are of importance:

e Dirichlet (or essential) boundary conditions: w = gp on 9Qp; when gp = 0 we say ‘homogeneous’

boundary condition.

e Neumann (or natural) boundary conditions: d,u = gy on 9x; when gy = 0 we say ‘homogeneous’
boundary condition.

e Robin (third type) boundary condition: au + bd,u = gr on IQg; when gr = 0 we say ‘homogeneous’
boundary condition.

On each boundary section, only one of the three conditions can be described. In particular the natural
conditions generalize when dealing with more general operators L. Here in this section, we have assumed
L:=—Au.

Remark 4.41. Going from differential equations to variational formulations, Dirichlet conditions are ex-
plicitely built into the function space, for this reason they are called essential boundary conditions. Neu-
mann conditions appear explicitly through integration by parts; for this reason they are called natural bound-
ary conditions.

4.5.2 Initial conditions

The number of initial conditions depends on the order of temporal time derivatives. The usual notation is:
u=uwo inQx {t=0}.

As examples, we have:

e Oiu — ...: first order in time: one initial condition.

e 9?u — ...: second order in time: two initial conditions.

4.5.3 Example: temperature in a room

Example 4.42. Let us compute the heat distribution in our room b302. The room volume is . The window
wall is a Dirichlet boundary OpS) and the remaining walls are Neumann boundaries OnS). Let K be the air
viscosity.
We consider the heat equation: Find T : Q x I — R such that
T+ (v- VYT -V - (KVT)=f in Qx1,
T =18°C on dpQ x I,
KVT -n=0 on ONQ2 X I,
T(0) =15°C in Q x {0}.
The homogeneous Neumann condition means that there is no heat exchange on the respective walls (thus
neighboring rooms will have the same room temperature on the respective walls). The nonhomogeneous Dirichlet
condition states that there is a given temperature of 18°C, which is constant in time and space (but this
condition may be also non-constant in time and space). Possible heaters in the room can be modeled via the
right hand side f. The vector v : 8 — R? denotes a given flow field yielding a convection of the heat, for

instance wind. We can assume v = 0. Then the above equation is reduced to the original heat equation:

8T -V - (KVT) = f.
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4.6 The general definition of a differential equation

After the previous examples, let us precise the definition of a differential equation. In order to allow for largest
possible generality we first need to introduce some notation. Common is to use the multiindex notation as
introduced in Section 3.6.

Definition 4.43 (Evans [41]). Let Q@ C R™ be open. Here, n denotes the total dimension including time.
Furthermore, let k > 1 an integer that denotes the order of the differential equation. Then, a differential
equation can be expressed as: Find u : 2 — R such that

F(D*u,D* Yu,...,D*u, Du,u,z) =0 z € Q,

where X . ,
F:R*" xR" X...xR" xR"xRxQ—=R.

Example 4.44. We provide some examples. Let us assume the spatial dimension to be 2 and the temporal
dimension is 1. That is for a time-dependent ODE (ordinary differential equation) problem n = 1 and for
time-dependent PDE cases, n =2+ 1 = 3, and for stationary PDE examples n = 2.

1. ODE model problem: F(Du,u) :=u' —au =0 where F : R x R = R. Here k = 1.

2. Laplace operator: F(D?*u) := —Au = 0 where F : R* — R. That is k = 2 and lower derivatives of order
1 and 0 do not exist. We notice that in the general form it holds

Dy — (amu 8yg;u)

Opytt Oyytt

and specficially now for the Laplacian (consider the sign as well!):

D2y — (—(%zu 0 )
0 —Oyyu

3. Heat equation: F(D?*u, Du) = Oyu — Au =0 where F : R x R® — R. Here k = 2 is the same as before,
but a lower-order derivative of order 1 in form of the time derivative does exist. We provide again details

on D?u:
O Ogyu Oypu Oy
D?u= | dwpu Oypu Oyztt |, Du= 1| Ou
Oy Opyu Oyyu Oyu
and for the heat equation:
0 0 0 O
D*u= |0 —0,u 0 , Du= 0
0 0 —Oyyt 0

4. Wave equation: F(D?u) = 0?u — Au = 0 where F : R® — R. Here it holds specifically

8ttu 0 0
D*u=| 0 —8pu O
0 0 —Oyyu

We finally compare the coeffcient matrices and recall the type classifications. Let us denote the coefficient
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matriz by A. Then:

—Opztt

D2 _ xT

u ( -
0 0

D*u= |0 —8,u
0 0
8tt 0

D?u = 0 —0szu
0 0

0
—Oyyt

0

0
—Oyyt

0
0

—Oyy

)

-1 0
A= < 0 _1> —  Same sign: elliptic
0 0 0
A=10 -1 0 —  One eigenvalue zero; others same sign: parabolic
0 0 -1
1 0 O
A=10 -1 0 —  One eigenvalue has different sign: hyperbolic
0 0 -1

4.7 Classifications into linear and nonlinear PDEs

Based on the previous notation, we now provide classifications of linear and nonlinear differential equations.
Simply speaking: each differential equation, which is not linear is called nonlinear. However, in the nonlinear
case a further refined classification can be undertaken.

Definition 4.45 (Evans[41] ). Differential equations are divided into linear and nonlinear classes as follows:

1. A differential equation is called linear if it is of the form:

Z ao(x) D% — f(x) = 0.

la| <k

2. A differential equation is called semi-linear if it is of the form:

Z ao(x) D% + ao(Dk_lu, ..., D*u, Du,u,z) = 0.

Here, nonlinearities may appear in all terms of order |a| < k, but the highest order || = k is fully linear.

3. A differential equation is called quasi-linear if it is of the form:

Z ao(D* tu, ..., D*u, Du,u, ) D% + ag(D* ', ..., D*u, Du,u,z) = 0.
lo|=k

Here, full nonlinearities may appear in all terms of order |a| < k, in the highest order |a| = k, nonlinear

terms appear up to order |a| < k.

4. If none of the previous cases applies, a differential equation is called (fully) nonlinear.

Remark 4.46. In theory as well as practice it holds: the more nonlinear and equation is, the more difficult
the analysis becomes and the more challenging is the design of good numerical methods.

4.7.1 Examples

How can we now proof in practice, whether a PDE is linear or nonlinear? The simplest way is to go term by
term and check the linearity condition from Definition 3.15.

Example 4.47. We provide again some examples:

1. All differential equations from Example 4.44 are linear. Check term by term Definition 3.15!

2. Euler equations (fluid dynamics, special case of Navier-Stokes with zero viscosity). Here,n = 2+1+1 =4
(in two spatial dimensions) in which we have 2 velocity components, 1 pressure variable, and 1 temporal
variable. Let us consider the momentum part of the Euler equations:

aﬂ)f +wvy - Vo +Vpp = f-

Here the highest order is k = 1 (in the temporal variable as well as the spatial variable). But in front
of the spatial derivative, we multiply with the zero-order term vy. Consequently, the Euler equations are
quasi-linear because a lower-order term of the solution variable is multiplied with the highest derivative.
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3. Navier-Stokes momentum equation:
Oy — prveAvy + vy - Vor + Vpy = f.

Here k = 2. But the coefficients in front of the highest order term, the Laplacian, do not depend on vy.
Consequently, the Navier-Stokes equations are neither fully nonlinear nor quasi-linear. Well, we have
again the nonlinearity of the first order convection term vy - Vvy. Thus the Navier-Stokes equations are
semi-linear.

4. A fully nonlinear situation would be:
8,5’Uf — pfl/f(A’Uf)2 + v va + fo = f.

Example 4.48 (Development of numerical methods for nonlinear equations). In case you are given a nonlinear
IBVP (initial-boundary value problem) and want to start developing numerical methods for this specific PDE,
it is often much easier to start with appropriate simplifications in order to build and analyze step-by-step your
final method. Let us say you are given the nonlinear time-dependent PDE

Vud?u +u - Vu — (Au)? = f
Then, you could tackle the problem as follows:

1. Consider the linear equation:

Ofu—Au=f
which is nothing else than the wave equation.

2. Add a slight nonlinearity to make the problem semi-linear:
Ofu+u-Vu—Au=f
8. Add Vu such that the problem becomes quasi-linear:
Vud?u+u-Vu— Au = f

4. Make the problem fully nonlinear by considering (Au)?:

Vud?u +u - Vu — (Au)? = f.

In each step, make sure that the corresponding numerical solution makes sense and that your developments so
far are correct. If yes, proceed to the next step.

Remark 4.49. The contrary to the previous example works as well and should be kept in mind! If you have
implemented the full nonlinear PDE and recognize a difficulty, you can reduce the PDE term by term and make
it step by step simpler. The same procedure holds true for the mathematical analysis.

Exercise 3. Classify the following PDEs into linear and nonlinear PDEs (including a short justification):

=V (|Vul"7*Vu) = f

det(V?u) = f
8t2u +2a0iu — Opzu =0, a>0
Ou +udzu =20

atthUﬁ’sz:O, m > 0.

How can we linearize nonlinear PDEs? Which terms need to be simplified such that we obtain a linear PDE?
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4.8 Further remarks on the classification into three important types

The previous general definitions into elliptic, parabolic, and hyperbolic types can be made clearer when we
simplify the situation of (22) in R?:

Lu:= anaiu +2a120,0yu + a228§u + a10,u + a20yu + au = f

with, for the moment, constant coeflicients a;;. Moreover, ai1, ai2, a2 should not be zero simultaneously. The
main part of L can be represented by the quadratic form:

q(z,y) = anna® + 2a122y + azy’.
Solving ¢(z,y) = 0 yields conic sections in the xy plane. Specifically, we have a relation to geometry:
o Circle, ellipse: z2 + 4% = 1;
e Parabola: y = z?;
e Hyperbola: 22 — 32 = 1.

In order to apply this idea to L we write the main part of L in matrix-vector form:

0 T aip ai2 0
. 2 2 T T
LO = allar + 2@128r8y + a226y = <8y) <a21 a22) <8y > .

The type of the PDE can now be dermined by investigating the properties of the coefficient matrix:

Proposition 4.50. The differential operator L can be brought through a linear transformation to one of the
following forms:

1. Elliptic, if a4 < a11a22-
— u+0ju+...=0 PP Ny =
2. Parabolic, if a?y = a11a22.
- u+...=0 emgpleatquu:O
3. Hyperbolic, if a2y > ajjass.
—>3§u—8§u+...:0 emﬂ’”leafu—Au:o
The ... represent terms of lower order.

Remark 4.51. Recall that this corresponds exactly to our previous definitions of elliptic, parabolic, and hy-
perbolic cases.

Proof. We proof the result for the elliptic case. The other cases will follow in a similar manner.
Without loss of generality, we assume a1; = 1,a; = as = ag = 0. Completing the square yields

0= (0s + a120,)*u + (ag2 — a%2)8§u
= (02 + 2a120,0y + a3,02)u + (ag2 — a3y)Ou

under the assumption that a?, < a1y - age. Set b:= \/azs — a?y > 0.
We now do a coordinate transformation

r=§ y=ay-§{+b-n (linear in £ and n)
Recall how derivatives transform under coordinate transformations. We define

U(€7 77) = u(x, y)
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and interprete x and y as functions:

z(&,n),y(&n) = v(&n) =u(@(&,n),y(&n))-

We compute (O¢v, 0,v):

8530 8:::)
Oev, Opv) = (Ozu, Oyu !
(0c0.0,0) = @0, v O

- (&Cu,@yu)( ! O)

ai2 b
= (Opu + a120,u,0 - yu + b - dyu).

This yields: 0¢ = 0, + 120, and 0,y = b - 0.
We plug the result into (43). The resulting equation is:

2 2 _
92 + 02 =0,

i.e., the Laplace equation.
O

Remark 4.52. This definition also works for L that depends on space and time. Just replace the variable y
through the time t.

Example 4.53. Classify the following equations:
1. Opau — 50zyu =0
2. 4 Opat — 120,y u + 90yyu + Oyu = 0
3. 4 Opau + 602yu + 90y, u =0

As previously discussed we compute the discriminant D = a%z — aj1a22 in order to see which case we have on

hand:
1.D=(-5)2-1-0=2 >0 — hyperbolic
2. D=(-6)2-4-9=36-36=0 — parabolic
3. D=32-4-9=9-36=-25<0 — elliptic.
Example 4.54. Determine subdomains of the xy plane in which
YOrat — 205yu + 0yyu = 0

is elliptic, hyperbolic or parabolic. First, we have D = (—1)2 —y-x = 1 — yx. The equation is parabolic for
xy =1 because 1 —1 = 0. The elliptic parts are convex xy > 1 because D =1 —yx < 0. In the connected part
xy < 1, the equation is hyperbolic.

4.9 Chapter summary and outlook

In this extended introduction, we formulated several important PDEs and discussed prototype applications
and equations. Furthermore, we classified PDEs and introduced their level of linearity. In the next section, we
introduce finite differences as a first class of numerical methods for elliptic equations. In Section 8, we then
discuss finite elements as another class of discretization methods.
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5 Classifications

In this chapter we classify PDEs into different categories:
e Order of a PDE
e Single equations and PDE systems

e Nonlinear problems:
— Nonlinearity in the PDE

— The function set is not a vector space yielding a variational inequality
e Coupled problems and coupled PDE systems.

Since variational inequalities are themselves a very rich research field, we devote them extra attention. To this
end we deal with three sections with definitions:

e PDE systems: Section 5.2

e Nonlinear problems: Section 5.3

e Coupled problems: Section 5.4

e Variational inequalities: Section 5.5

Of course, as we have seen before, all three types can be mixed together resulting in a nonlinear, coupled,
variational inequality system.

5.1 Order of a PDE

As we have already seen in the previous chapters, the first property that we can distingish and which is quite
important is the order of a PDE. Most problems have probably order 2 in space. Examples are the Laplacian,
heat equation, wave equation, p-Laplace, Navier-Stokes. In time we deal mainly of order 0 (Poisson) to 2
(wave equation). In elasticity, several equations are of order 4 in space. Examples are beams.

5.2 Single equations versus PDE systems

Definition 5.1 (Single equation). A single PDE consists of determining one solution variable, e.g.,
u:QCRY R

Typical examples are Poisson’s problem, the heat equation, wave equation, Monge-Ampére equation, Hamiliton-
Jacobi equation, p-Laplacian.

Definition 5.2 (PDE system). A PDE system determines a solution vector
w=(u,...,ug): Q=R

For each u;,i =1,...,d, a PDE must be solved. Inside these PDFEs, the solution variables may depend on each
other or not. Typical examples of PDE systems are linearized elasticity, nonlinear elasto-dynamics, Mazwell’s
equations.
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5.3 Linear versus nonlinear

Simply speaking: each differential equation, which is not linear is called nonlinear. However, in the nonlinear
case a further refined classification can be undertaken as we have seen before.
When we deal with a nonlinear equation, we often in terms of the notation: Find v € V' such that

a(u)(¢) =1(¢) VoeV.

In the so called semi-linear form a(u)(¢), the first argument v may be nonlinear while the text function ¢ is
still linear.

Remark 5.3 (Semi-linear vs. semi-linear). The wording semi-linear should not be confused. A semi-linear
form is a weak form of a nonlinear PDE in which the test function is still linear. Nonlinear equations can be
distinguished into semi-linear, quasi-linear, fully nonlinear. Therefore, the notation of a semi-linear form does
not indicate with which level of nonlinearity we are deadling with.

5.4 Decoupled versus coupled

We shall specify how decoupled PDE systems can be characterized.

5.4.1 Definitions

Definition 5.4 (Coupled PDEs). A coupled PDE (system) consists of at least two PDEs that interact with
each other. Namely, the solution of one PDE will influence the solution of the other PDE.

Remark 5.5. Coupled problems may also decouple by changing certain coefficients (e.g., Biot equations in
porous media) or designing solution algorithms based on partitioned procedures. Due to decoupling, the single
semi-linear forms may even become linear (e.g., Biot equations), but not always (e.g., fluid-structure interaction
in which the subproblems NSE and elasticity are still nonlinear themselves).

5.4.2 Coupling situations
The coupling can be of various types:

e Volume coupling (the PDEs live in the same domain) and exchange information via volume terms, right
hand sides, coefficients.
Example: Biot equations for modeling porous media flow, phase-field fracture, Cahn-Hilliard phase-field
models for incompressible flows.

e Interface coupling (the PDEs live in different domains) and the information of the PDEs is only exchanged
on the interface.
Example: fluid-structure interaction.

The coupling is first of all based on first physical principles. Based on this information, appropriate numerical
schemes can be derived. Specifically, interface-based coupling is not simple! Imagine a regular finite element
mesh and assume that the interface cuts through the mesh elements.

In principle two approaches are distinguished:

e Interface-tracking: the interface is resolved in an exact fashion

e Interface-capturing: the interface moves through the mesh and detected with the help of an additional
function (level-set or phase-field).

The situation becomes even more challenging when the coupled problems are modeled in different coordinate
systems as it is the case for fluid-structure interaction. Fluids are described in Eulerian coordinates and solids
usually in the Lagrangian framework. Here we first have to decide in which coordinate system we want to
work. Four choices are possible:

e Eulerian (fluid) / Lagrangian (solid) - natural systems;
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e Lagrangian/Eulerian (fluid) / Lagrangian (solid) - arbitrary Lagrangian-Eulerian;
e Lagrangian (fluid) / Eulerian (solid) - unnatural ! Not in use!

e Eulerian (fluid) / Eulerian (solid) - fully Eulerian.

5.5 Variational equations versus variational inequalities

Variational inequalities generalize weak forms such that constraints on the solution variables can be incorpo-
rated.

Let (V,||-]|) be a real Hilbert space and K a nonempty, closed, convex subset of V. We define the mapping
A: K — V* where V* is as usual the dual space of V. Then, we define the abstract problem:

Formulation 5.6 (Abstract variational inequality). Find u € K such that
Alu)(p—u) >0 Vope K.

If K is a linear subspace (and not only a set!) of V, then we have the linearity properties, see Section 3.12,
which allow us to take
p=utwe kK

for each w € K. Since the semi-linear form A(-)(-) is linear in the second argument, we obtain:
A(u)(w) >0 and A(u)(—w) >0

from which follows:
A(u)(w) =0 Yw e K.

This shows that weak equations are contained in the more general setting of variational inequalities.

5.5.0.1 On the notation In the literature, the notation of the duality pairing is often found for describing
weak forms and variational inequalities. This notation highlights better in which spaces we are working. Here,
the previous statements read:

Formulation 5.7 (Abstract variational inequality - duality pairing notation). Find u € K such that
(A(u),p—u) >0 VoeK.
Here we see more easily that A(u) € V* and p —u € V.
If K is a linear subspace (and not only a set!) of V, then
p=utwe K
for each w € K. Since the semi-linear form A(-)(-) is linear in the second argument, we obtain:
(A(u),w) >0 and (A(u),—w) >0
from which follows:
(A(u),wy=0 Ywe K.
5.5.0.2 Minimization of functionals Let {V,| - ||} be a reflexive, real Hilbert space and K be a nonempty
closed convex subset of V and F': K — R be a real functional defined on K.

Formulation 5.8 (Minimization problem). Find u € K such that

or equivalently

F(u) < F(v) YveK.
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Definition 5.9 (Convexity). A functional F': K — R is convex if and only if
Fllu+(1-0w) <0F(u)+(1—-0)F(v) w,veK, 0<6<I1.

The functional is strictly conver when < holds true.

Definition 5.10. Let

. d / ’
lim = F(u + ev) = F'(u)(v) = (F'(u), v)

be the Gateaux derivative of F.

Theorem 5.11. Let K be a subset of a normed linear space V and let F : K — R be Gateaux differentiable.
If u is a minimizer of F in K, then u can be characterized as follows:

1. If K is a nonempty closed convez subset of V, then

F'(u)(v—u)>0 YveK.

2. If K is a nonempty closed convex subset of V' and u € int(K), then

F'(u)(v) >0 YveK.

3. If K is a linear variety with respect to w (i.e., K is a linear subspace translated by a factor w with respect
to the origin), then
F(u)(v)=0 YveV

andv —w € K.

4. If K is a linear subspace of V', then
F'(u)(v) =0 veK.

Proof. Sketch.

1. The set K is convex. Thus w := u+0(v—u) € K for 6 € [0,1] and for every u,v € K. If u is a minimizer
of K, then we have

Fu) < F(w)=Fu+0(v—u)) VYvekK.

Differentiation yields:

P+ 60 —w) — F@)lomo = F'(u)(v — ) > 0

2. If u € int(K) and any v € K. Then there exists € > 0 such that u + ev € K. Therefore, we insert
element in into the previous characterization and obtain:

F'(u)(u+ev —u) = F'(u)(ev) >0

Since ¢ is arbitrary, this implies the assertion.

3. Let K = {w}+ M, where M is a linear subspace of V. Then w —v € K implies v € M. The same holds
for —v € M. Then,
F'(u)(v)=0 veV suchthatv—weK.

4. Take w = 0. Then,
F'(u)(v) =0 veK.
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6 Finite differences (FD) for elliptic problems

In this section, we address finite differences (FD) for boundary value problems (BVP). The key idea using
FD is to approximate the derivatives of the PDEs with the help of difference quotients. Despite that finite
differences are very old and other methods are better (in terms of domain shapes, general material coefficients)
in state-of-the art approximations of PDEs, it is still worth to discuss them:

e They are very simple to understand and implement and yield a fast numerical solution and idea how a
solution could look like;

e They are still used in (big) research codes in industry;

e Parts, such as difference quotients, serve as basis in all kind of software implementations of numerical
methods for computing ODEs and PDEs in which derivatives need to be approximated.

First, we complete the missing properties of the continuous problem and show well-posedness for the one-
dimensional Poisson problem with non-homogeneous Dirichlet boundary data. Then, we provide few words on
the maximum principle and come afterwards to the discretization and finish by the numerical analysis.

6.1 A 1D model problem: Poisson

We study in this section a finite difference discretization for the one-dimensional Poisson problem:

Find w € C?*([0,L]) such that

—u'(z)=f ,Yxe€(0,L),

(44)
u(0) = a,
u(L) = b,
where f is a given right hand side function C°([0, L]) and a,b € R.
For f = —1 and a =0 and L = 1 we obtain a situation as sketched in Figure 11.
o]
| |
I 1
0 1
| |
0 u(z) /
Figure 11: The clothesline problem: a uniform force f = —1 acts on a 1D line yielding a displacement u(x).

Remark 6.1. A derivation based on first principles in physics is provided in Section 9.3.2.

6.2 Well-posedness of the continuous problem

We investigate in the following well-posedness, the maximum principle and the regularity of the continuous
problem.
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6.2.1 Green's function and well-posedness

We start with Green’s function that represents the integral kernel of the Laplace operator (here the second-
order derivative in 1D). Using Green’s function, we obtain an explicit representation formula for the solution
u. We define Green’s function as:

s(L —x)

G(x,s) = L
() @ifogxgsgL.

if 0<s<z<L,
(45)

We now integrate two times the differential equation (44). For all Va € [0, L], we obtain

u(z) = —/0 (/0 f(s)ds) dt + Cyz + Cs, (46)

where C7 and Cy are integration constants. Using Fubini’s theorem (see e.g., [71]), we obtain

/OI (/Otf(s)d5> CltZ/Om (/:f(s)dt> dS:/Oz(x—s)f(s)ds

u(x) = —/Ox(x — ) f(s)ds + Crx + Cs.

and therefore

Using the boundary conditions from (44), we can determine Cy and Cs:

v z [ —x x
u(x):ffo (xfs)f(s)derZ/O (L—s)f(s)deraLL +bz
v x—38) z [F -z x
:/0 (—L(L)—&-L(L—s))f(s)ds—i-L/x (L—s)f(s)ds—i—aLL +bf (47)

B L (L—1x) x
—/0 G(z,s)f(s)ds + a 7 —|—bz

in which we employed Green’s function G defined in (45).
Now, we are able to investigate the well-posedness (see Section 2.7 for the meaning of well-posedness):

Proposition 6.2. Problem (44) has a unique solution and depends continuously on the problem data via the
following stability estimate:

lulle2 = max([Jullco, Lllw'llco, L*|u”[|co) < Cillfllco + Colal + Cslbl,

where the constants may be different than before. If a = b = 0 (homogeneous Dirichlet conditions), the estimate
simplifies to:
[ulle2 < Chllflico-

An analoguous result for more general spaces is stated in Proposition 8.82.

Proof. Existence and uniquness follow immediately from the representation of the solution as

L i X
u(a:):/o Glz, s)f(s)ds + a(LL ) +b3. (48)

The stability estimate follows via the following arguments. Green’s function G(z,s) is positive in (0, L) and
we can estimate as follows:

L
u(2)] < IIfllco/0 G(x,5)ds + |a| + [b]

and Vz € [0, L], we have
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/OLG(x,s)ds: (L;x) /Oxsds—ki/zL(L—s)ds (49)

N2 )2 _
_ (L—2)x n x(L —x) _ (L—2x)x <
2L 2L 2 -

L2
o inz=1L/2, (51)

yielding
L2
fulleo = mase [u(@)] < - flleo + la] + .

All values on the right hand side are given by the problem data and are therefore known. However, the estimate
is not yet optimal in the regularity of u. In the following we will see that we can even bound the second-order
derivative of u by the right hand side f.
Indeed, by differentiating the solution (48) (actually better to see for the G(z, s) function in (49)), we obtain
Vz € [0, L]:
ron ¥ d 1 [t I d a b
@ == [ st [E-srea- 7+ 7

Since the integrand is still positive, we can again estimate:

1 (" 1 [ b
|u'(z)|§Hf||Cof/O SdSJrZ/E (L —s)ds +|%|+LL|

and Vz € [0, L], the Green’s function part yields:

T L 2 _ 2
0 T

L L 2L 2L
thus . b
Joleo = s (@) < ZN o+ 12+ .

Differentiating a second time, we obtain (of course) Va € [0, L] :

i.e., our original PDE. Therefore, we obtain the third estimate as:
o en = max [u(@)] < [ o
Consequently, the solution depends continuously on the problem data and therefore the problem is well-
posed. O
Exercise 4. Recapitulate and complete the above steps:
e Derive step-by-step the explicit form (46);
o Determine Cy and Csy and convince yourself that (47) holds true;

e Convince yourself by an explicit computation that v’ (z) = — f(x) follows from (48).

6.2.2 Maximum principle on the continuous level

Since G(z, s) is positive in (0, L), the representation (48) yields immediately the maximum principle. That is
to say:
£>0,a>0,b>0 = u>0.
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Remark 6.3. Intuitively this is immediately clear. Just consider a parabola function u(x) = %(—xz + x),
which is —u”(xz) = 1, where f = 1. The function is positive with mazimum in 0.5 and has its minima on the

boundaries 0 and 1.

Moreover, the maximum principle yields also uniqueness of the solution. Assume that u; and us are two
different solutions. Their difference is w = u; — ug. Of course the original PDE, namely —u”(z) = f, also
holds for w. Thus: —w”(z) = f. We apply f,a,b and —f, —a, —b and obtain —Aw = f from which we get
w >0 and —A(—w) = —f from which we get w < 0, respectively. Consequently, w = 0 and therefore u; = us.

6.2.3 Regularity of the solution

The regularity in the case of Poisson’s problem carries over from the right hand side. If f € C°([0, L]) we
have shown that v € C2([0, L]). For higher regularity k& > 1, if f € C*([0, L)), therefore for 1 < k' < k,
u®+2) = —f() ¢ ([0, L]) and consequently u € C*+2([0,L]). The solution is always two orders more
regular than the right hand side data f.

6.3 Spatial discretization

After the previous theoretical investigations we address now a finite difference discretization for Poisson’s prob-
lem. As previously mentioned, using finite differences, derivatives are approximated via difference quotients.
For simplicity we consider homogeneous Dirichlet boundary values. We recall the corresponding problem:

Formulation 6.4.
Find weC*([0,L]) such that
—u"(z) = f Vz€(0,L),

(52)
u(0) =0,

u(L) = 0.

In the first step, we need to discretize the domain by introducing discrete support points. Let n € N and
the step size (spatial discretization parameter) h (the distance between two support points) and the support
points x; be defined as

zj=jh forall0<j<n+1.
By this construction, we have

e 1 inner points;

e n + 2 total points (including the two boundary points);

e n + 1 intervals (so-called mesh or grid elements).

The difference quotient for approximating a second order derivative is given by (recall classes to the introduction
of numerical methods, e.g., [96]):
Uj+1 — 2Uj + Uj,1

h? ’
where we used a capitel letter U to distinguish the discrete solution from the exact solution w. In the following,
be careful with the minus sign since we approximate the negative second order derivative of u:

u'(x5) ~

—Ujp1 + 2Uj — Uj,1
h? '

—u" (x;) =

Consequently, the approximated, discrete, PDE reads:

—Uj+1 + 2Uj - Uj,1
h2

:f(xj)a 1<j5<n,

66



6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

with Uy = U,,41 = 0. Going from j = 0,...n, we obtain a linear equation system

2 -1 0 0 Uy f(@1)
Us f(z2)
-1 2 -1
1
nz| O 0 . =
: —01 21 —21 Uns )
Un f(mn)
—_—
=AgRnxm =U€eR" =FERn
In compact form:
AU = F.

The ‘only’ remaining task consists now in solving this linear equation system. The solution U vector will then
contain the discrete solution values on the corresponding support (inner) points.

Remark 6.5. We could have formulated the above system for all points (including the two boundary points):

B2 0 0 Uo 0
12 -1 0 0 Uy Fla)
Lo . Us f(x2)
1
72 0 0 =
: 1 2 -1 ' '
0 0 -1 2 01 U f(@n-)
0 0 0 0 0 B U fl@)
Upit 0
—AcR(+2) X (n+2) —_—
=UeRn+? =FcRn+2

But we see immediately that we can save this slightly bigger matrix since the boundary values are already known
and can be computed immediately.

6.4 Solving the linear equation system

Depending on the fineness of the discretization (the smaller h, the smaller the discretization error as we will
see later), we deal with large matrices A € R"*" for n ~ 10% and larger. For moderate sizes, a direct solution
a la LU or Cholesky is competitive. For large n, due to

e computational cost,
e and memory restrictions,

we have to approximate U with the help of iterative solution schemes such as Jacobi, Gauss-Seidel, conjugate
gradient, multigrid, and so forth. We come back to this topic in Section 10 in which we provide a basic
introduction.

6.5 Well-posedness of the discrete problem

We now investigate well-posedness of the discrete problem.

67



6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

6.5.1 Existence and uniqueness of the discrete problem

We first show that the matrix A is symmetric (A = AT, where A7 is the transpose), positive definite. A direct
calculation for two vectors X,Y € R™ yields

< AX,Y >n = iiAUXJY;

i=1 j=1
n

1
- ﬁ Z(_Xifl +2X; — X;11)Y; (apply entries of A to X;)

= h2 Z X Xz+1 h2 Z X Xz 1

= 1
n+1
= 73 Z (X; — X;11)Y; h2 Z (X; — X;-1)Y; (index shift due to bc)
'IZL+01 1 n+1
= hQZ i—-1— 1+h22X XY,
1 n+1 =1
= hQZX Xio)(Yi = Yic)
_ i Xi— X1 Yi—Yia
P h h
n+1
Yi-Y 1 Xi — X .
= Z o ! o L (switch factors)
i=1

= ... (do all steps backwards)
< X, AY >,,

with Xg =Yy = X,,4+1 = Y41 = 0. This first calculation shows the symmetry. It remains to show that

< AX)Y >,
is positive definite. We now consider the term
n+1
<AX)Y >=...= 3 Z(Xi — X, ) (Y; = Y1)

from the previous calculation. Setting Y = X yields:

n+1 2

Xi— X1
<AX, X >,= — ] >0.

> (25=)
This shows the positivity. It remains to show the definiteness: < AX, X >,= 0 when X = 0. For all
1 <i<n+1, we first obtain

Xo=X1==Xia1=X; ==X, = Xp1,

and the zero boundary conditions finally yield X = 0. Consequently, the matrix A is symmetric positive
definite. The eigenvalues are in R and strictly positive. Therefore, A is regular (recall the results from linear
algebral!) and thus invertible, which finally yields:

Proposition 6.6 (Existence and uniqueness of the discrete problem). The discrete problem

—Ujs1 +2U; —Uj
h2

with Uy = Upy1 = 0, has one and only one solution for all F € R™.

=f(z;) 1<j<n, (53)
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6.5.2 Maximum principle on the discrete level

As previously stated, the maximum principle on the continuous level has a discrete counterpart. Let F' be
given such that F; > 0 for 1 < j < n. We perform an indirecte proof and show that p := 1I<m£1 U; > 0. We
<j<n

suppose p < 0 and take ¢ € {1,---,n} as one index (it exists at least one!) such that the minimum is taken:
U, = 12112 Uj=p. If1 <i<n,and U is solution of AU = F, the ith row can be written as:
<j<n

2U; —Uip1 —Uim1 = R°F; >0
under the assumption on F' being positive. Therefore, we split
0< Ui =Uit1) + (Ui =Ui—1) = (p = Uip1) + (0 = Ui—1) <0

because U; = p is the minimum value, which we assumed to be negative. To satisfy this inequality chain it
must hold:
U1 =U; = Ui+1 = W,

which shows that also the neighboring indices i — 1 and ¢ 4 1 satisfy the minimum. Extending this idea to all
indices yields finally, Uy = U,, = u. Therefore, we can investigate the first or the last row of the matrix A:

0§F1:2U1+U2:U1+(U1—U2)§U1:,u<0.

But
0§U1=,u<0

is a contradiction. Consequently, p > 0. Respecting the boundary conditions, we notice that for Uy = U,,41 =0
and F; > 0 for all 1 < j < n, we have the desired result

= min U; >0
H 0<j<nt1 7~

showing that we have a discrete maximum principle.

Proposition 6.7 (Monotone inverse). The matriz A corresponding to the finite difference discretization is a
so-called M matriz (inverse-monotone), i.e., the inverse A~! is element-wise non-negative, i.e.,

At >0.
Proof. For 1 < j <n, wefix F/ = (0---1---0) = (8;j)1<i<n, where &;; is the Kronecker symbol and X7 is the
solution of AX7 = FJ. By construction, X7 = A7'FJ and for 1 < i < n, the ith row can be written as

X] =" A F =N ALl = AL (54)
k=1 k=1

Using the maximum principle, we know that for 1 <, 7 < n and Fij = §;; > 0, the solution is positive, i.e.,
X! >0

(j is the jth solution and i is the component of that solution). Thanks to (54), we have X7/ = Ai_jl, and we
obtain
A5l >0,

which means that the inverse of the matrix A is an M matrix. O
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6.6 Numerical analysis: consistency, stability, and convergence

We finally investigate the convergence properties of the finite difference discretization. As we know from ODE
numerics, for linear schemes, consistency plus stability will yield convergence.

6.6.1 Basics in error estimation

We recall the basics. Let AZ = b the continuous problem and Az = b the discrete approximation. Then, we
define:

e Approximation error: e : =T — x

e Truncation error: 7 := AZ — b (exact solution into numerical scheme)

e Residual (defect): p := Az — b (discrete solution into continuous problem)
Furthermore, when the underlying numerical scheme is linear (see ODE lectures), we have:

e Truncation error plus stability yields convergence.

In the following, it will be the same procedure that we use.

6.6.2 Truncation error

We first derive an expression for the truncation error 7 (the local discretization error), which is obtained by
plugging in the exact (unknown) solution into the numerical scheme.
Let
ej:Uj—Uj for 1 <j<n,

where Uj = (Ui)igign = (’U,(Z‘i))lgign € R™. Then, we have for 1 <7 <n:

(Ae)i = [A(U -D)], = (F - AU); = f(z;) — (AU);
S Y Jiv1 +20; — Uiy
= u (xr;) — h2

_ u(ajl )_2u($i) +u(xif ) "
_ +1 - Y _ ()

and thus
Ae=n (55)

where 7 € R"” is the local truncation error that arises because the exact solution u does not satisfy the
numerical scheme (it is only the discrete solution U that is a solution of the discrete scheme!). Consequently,
for all 1 < i < n, we have

i = ulria) = QU}gi) *ul@io) u’ ().

6.6.3 Consistency

The consistency is based on estimates of the local truncation error. The usual method to work with is a Taylor
expansion (see Section 3.14). We have previously established that for f € C%([0, L]), we have u € C*([0, L]).
Consequently, we can employ a Taylor expansion up to order 4 at the point x;,1 < i < n. This brings us to:

2

/ h " h? (3) h*
w(zis1) = w(x;) + hu'(z;) + —u"(z;) + —u' (z;) +

ne oy
2 6 g (1)

2

2 h3 h4
u(wion) = ulw) = b (i) + o (20) = u® (@) + ()
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with Tf € [zi, xi41] and 7, € [x;_1,2;]. It follows that for all 1 < i <n

h2 h2 h2 h2
T @y @ < P, @ = e
Imil = | 5740 7) + 570 ()] < T3 lew = 1o

in which we used that u(*) = —f”. As final result, we obtain:

Proposition 6.8. The local truncation error of the finite difference approzimation of Poisson’s problem can
be estimated as

. 1
)l = e |l < Cy 2, with Cp = ="l (56)

Therefore, the scheme (53) is consistent with order 2.

Remark 6.9. We notice that the additional order of the scheme (namely order two and not one) has been
obtained since we work with a central difference quotient to approzimate the second order derivative. Of course,
here it was necessary to assume sufficient regularity of the right hand side f and the solution w.

Remark 6.10. The requirements on the regularity of the solution u to show the above estimates is much higher
than the corresponding estimates for finite elements (see Section 8.13). In practice, such a high regularity can
only be ensured in a few cases, which is a drawback of finite differences in comparison to finite elements. But
still, we can use the method in practice, but one has to be careful whether the results are still robust and reliable.

6.6.4 Stability in L>

We now investigate the stability of the finite difference scheme. We recapitulate the matrix norm |.||oo
(maximum row sum) for M € R™" defined by

1<i<n

n
|M]|oe = max > [M;]
j=1

Moreover, we denote by w(z) the exact solution for the problem in which f =1 on [0, L]. The choice of f =1
is only for simplicity. More general f work as well, but will require more work in the proof below.

Proposition 6.11. [t holds: -
A oo = Wl

and
A oo < —-

Proof. For f =1, the second derivative vanishes: f” = 0. From Section 6.6.3 with (56) we know that in this
case
[7lloc =0

and therefore
0=Ae=AW -W)

where W € R"™ denotes the discrete solution corresponding to f = 1 (the full right hand side vector is denoted
by Fj in the following). Moreover, we denote W = (w(z;))1<i<n € R™ the continuous solution. Consequently,

AW -W)=0 = AW =AW = F =AW
= W:AilFliAil.
The last step holds because we work with f =1 and therefore F; = 1. For 1 <4 < n, we obtain

n

Wo=D AN ED =3 AG =) 145
j=1 j=1

Jj=1
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The last step holds because A is an M-matrix. Otherwise, we would not be allowed to take absolute signs.
We finally obtain:

n

1y —1y _ T — TR

147 oo = fgiagn;IAij | = max [Wil = [W]|.
p

The exact solution to the problem —w”(z) = 1 on (0, L) with homogeneous Dirichlet conditions is w(z) =
(L — x)

5 which atteins its maximum at # = L/2. This yields max(w) = L?/8 and therefore,

||A_1||00 < Q!

which shows the assertion. O

Remark 6.12. The case f =1 with n = Ae = 0 has a very practical implication. Here, the discrete solution
matches the continuous solution in the support points x;,1 < i < mn. This can be confirmed by numerical
simulations; see e.q., Setion 6.7. But be careful, this correspondance is in general only true for f” = 0 and
only in 1D cases.

Remark 6.13. The previous result can be extended to other right hand sides f, which are not necessarily

F=1.

6.6.5 Convergence L™

With the previous two results, we can now proof convergence of the finite difference scheme. We assume as
before f € C%([0, L]) and obtain:

Proposition 6.14. For the convergence of the finite difference scheme (53), it holds:
1 1 L o L7 2 2
— — "
lellae = 147 nlloe < 1A ol < 20 02 = Zel7com® = 00,

where we employed the stability and consistency estimates and (56). Consequently, we have quadratic conver-
gence as h tends to zero.

6.6.6 Convergence L2

In this final section, we proof a second convergence result, but now in the L? norm. We define two norms:

1
2 2

n+1 n
1
IXla= > 71X = Xjl? XN = | > hIX;P
Jj=1 j=1

and notice that <. >4 and < . >4 are the corresponding scalar products.

Proposition 6.15. It holds for each X € R":
1X1l2 < L2 X |oo < LIIX]|a-

Proof. Let X € R™ for all 1 <14 <n and we set as usually Xy = X,,;1 = 0. Then:

: X - X, X, — X,
X;| = |Xo+ X, —X; 1) = hj7“*1:<J731,1>i
J J h h
=1 =1
) 0 1/2 ) 1/2
—~ | X~ X - 2
< (o) (S
— j=1
< || X||aLt?
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where we used the Cauchy-Schwarz inequality. It follows that
X loo < LY?[1X]| 4.

Moreover,
IX15 = | Do RIXP | <X [ Doh | < IXI%L.
j=1 j=1

We finally obtain
1X1l2 < 1X[loo L2 < L||X ]| a-

O

Remark 6.16. We notice that || X||2 < L|| X||a holds because Xo = 0 and Z h|1]? is bounded. Otherwise the
j=1
previous result would be not correct.

Proposition 6.17. Let X, Y € R". For a symmetric, positive, definite matriz A, we can define the so-called
A-norm; see also Section 10.4. It holds

< XY >a=< AX,Y >,

and
lella < Liinl2

Proof. We already have shown that for all X,Y € R™, it holds

n+1
<AX,)Y >p=)

i=1

Xi— XYY
h h '

Therefore,

n+1
Xi— X1 Y, -Y,_
<AX)Y >p=h < AX)Y >,=h)_ h ! - !

=1

=< X,Y >4

from which follows
el =< e,e >a=< Ae,e >o=<n,e >2< ||nll2]le]l2 < Llnl2llella

in which we used again the Cauchy-Schwarz inequality. This shows the assertion. O

Proposition 6.18. [t holds:
lella < Liinlla < L2 |nl|o < L¥2Cy 12

and
lell2 < Lllella < L>2Cy b?.

In other words: the scheme (53) converges in the L? norm and the A norm with order 2 when h tends to zero.

6.7 Numerical test: 1D Poisson

We finish this 1D section with a numerical test implemented in octave [37].
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6.7.1 Homogeneous Dirichlet boundary conditions

Formulation 6.19. Let Q = (0,1)

Find weC*Q) such that

—u'(zx)=f inQ

(57)
u(0) =0,
u(l)=0
where f = —1. The continuous solution can be computed here (see Section 8.1.1) and is
1 2
u(x) = 5(—x + ).

For the discretization we choose n = 4. Thus we have five support points
Lo, L1, L2, T3, T4
and h =1/4 =0.25.
With these settings we obtain for the matrix A (see Section (6.3)) including boundary conditions:

1 0 0 0 0
-16 32 -16 0 0
0 -16 32 -16 0
0 0 -16 32 -16
0 0 0 0 1

and for the right hand side vector b:

0
-1
-1
-1
0

We use the famous backslash solution operator (in fact an LU decomposition):
U = A\b
and obtain as solution U = (Uy, Uy, U, Us, Uy):

0.00000
-0.09375
-0.12500
-0.09375

0.00000

A plot of the discrete solution is provided in Figure 12. Moreover, the continuous solution can be evaluated
in the support as well. Here, we see that both solutions match. This was already suggested by our numerical
analysis; see in particular Remark 6.12.
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0

-0.02
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-0.14

FD éolution am—

0.2

0.4

0.6

0.8

Figure 12: Solution of the 1D Poisson problem with f = —1 using five support points with A = 0.25. We
observe that the approximation is rather coarse. A smaller h would yield more support points and
more solution values and therefore a more accurate solution.

Remark 6.20 (Matrix A in FD vs. FEM). In the above matriz A and RHS b, we have implicitly 1/h? and 1

as factors, respectively. Indeed

h? 0
-1 2
-1
1
Arp =33 0
0
0 O

-1
2

0
-1

-1
0
0

2
-1
0

0
0
0
-1 0
2 -1
0 h?

The corresponding matriz using an FEM scheme (Section 8) looks slightly different, but is in fact the same.
Here, we integrate only u’, but multiplied with a test function ¢'. On the right hand side we also have . Here,

we obtain:

h O
-1 2
-1

A L
FEM = 3 0
0
0 O

-1
2

-1

-1
0
0

2
-1
0

2
0

-1

0

0
-1

h

y bFEM:h*(l,...,l)T,

Dividing over h in Apgy and bpgas yields directly App and bpp.
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6.7.2 Nonhomogeneous Dirichlet boundary conditions 4(0) = u(1) =1

We change the boundary conditions to
u(0) = u(l) = 1.

The right hand side then reads b = (1, —1,—1,—1,1)7. We obtain as solution:

1.00000
0.90625
0.87500
0.90625
1.00000

6.7.3 Nonhomogeneous Dirichlet boundary conditions «(0) = 3 and u(1) = 2

We change the boundary conditions to

The right hand side then reads b = (3, -1, -1, —1,2)7.
We obtain as solution:

3.0000
2.6562
2.3750
2.1562
2.0000

Figure 13: Solution of the 1D Poisson problem with f = —1 and nonhomogeneous boundary conditions.

6.7.4 How can we improve the numerical solution?

An important question is how we can improve the numerical solution? A five-point approximation as employed
in Figure 12 is obviously not very accurate. After all previous subsections in this chapter, the answer is clear:
increasing the number of support points z,, i.e., n — oo in the given domain Q will yield A — 0 (recall
h = xj41 — x;). According to our findings in the numerical analysis section, the discretization error will
become very small and we have therefore an accurate approximation of the given problem. On the other hand,
large n will require a lot of computational resources. We have finally to find a compromise between accuracy
of a numerical solution and computational cost (recall the concepts outlined in Section 2.5).

6.8 Finite differences in 2D

We extend the idea of finite differences now to two-dimensional problems. The goal is the construction of the
method. For a complete numerical analysis we refer to the literature, e.g., [54, 90].
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In this section we follow (more or less) [93]. We consider
—Au=f in (0,1)% (58)
u=up onoQp. (59)

6.8.1 Discretization

In extension to the previous section, we now construct a grid in two dimensions. The local grid size is h. We
define
Q= {(x45),4,j = 0,...,N| 2, = (ih, jh),h = N~}

We seek a solution in all inner grid points
Q) == {(xij),4,j =1,...,N — 1| ;; = (ih, jh),h = N~'}
For the following, we introduce a grid function uy := (uij)gj_:ll and seek unknown function as the solution of
—Apup = Fh, Tij € Q%
Using a central finite difference operator of second order we obtain
1
—(Bnun)ij = 7 (dij = Uim1j = Uirrj = Uig—r = Uigi1),  (Fn)ig = f(zig)

On the boundary, we set
Uo,j = UN,j = Uj0 = Ui, N

This difference quotient is known as a five-point stencil:

1 -1
Sh 72 -1 4 -1
-1
In total we obtain the following linear equation system:
Ahuh = fh (60)
with
B, -I, 4 -1
I, Bpn —I, -1 4-1
Ay, = .|, B:= . (61)

The matrix has size 4, € RY *xN* and bandwidth 2N + 1. Further properties are:
Proposition 6.21. The matriz A has the following properties:

1. Ay has five entries per row;
it 18 symmetric;

weakly diagonal-dominant;

™o

positive definite;
5. an M matriz.

It holds:
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6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

Proposition 6.22. The five-point stencil approzimation of the Poisson problem in two dimensions satisfies
the following a priori error estimate:

L. 4 4
mi?xlu(xw) — ui| < %h rngx(|8lu| + |0y ul).

Proof. Later. O

The resulting linear equation system Ajup = Fj is sparse in the matrix A, but maybe large, for large NV
(i-e., very small h and consequently high accuracy).

To determine the condition number (which is important for the numerical solution), we recall the eigenvalues
and eigenvectors:

et = h%(4 — 2(cos(khr) + cos(lhr))),

wy = (sin(ikhm) sin(jlhm) )g;} .

The largest and smallest eigenvalues are, respectively:
Amaz = h72(4 — 4cos(1 — h)m) = 8h ™2 + O(1),
Amin = h™2(4 — 4cos(hm)) = h™2(4 — 4(1 — 0.5(7%h?)) + O(h?) = 2% + O(Rh?).

Therefore, the condition number is

Am,{lfl' 2
COndg(Ah) = N = W’

which is similar to the heat equation.

Remark 6.23 (on the condition number). The order O(h~2) of the matriz Ay, is determined by the differential
equation and mneither by the dimension of the problem (here 2) nor the quadratic order of the consistency
error. This statement holds true for finite differences as well as finite elements; see also Section 10.1.

6.9 Finite differences for time-dependent problems: 1D space / 1D time

We extend our developments to time-dependent problems and restrict ourselves again to one-dimensional
spatial problems. As model problem we consider the heat equation. As spatial interval, we choose = (0, 1).
The time interval is denoted by I := (0,T) where T' > 0 is the end time value. The problem reads:

Formulation 6.24 (Heat equation). Let v > 0 be a material parameter. Find u := u(x,t) such that

Ot — VOgeu =0 in Qx 1T PDE, (62)
u(t,0) = u(t,1) on 0N Boundary condition, (63)
uw(0,2) =ug(z) in Q x {0} Initial condition. (64)

The PDE is complemented with a boundary condition of Dirichlet type, here a 1-periodic boundary condition,
and an intial condition for time t = 0.
6.9.1 Algorithmic aspects: temporal and spatial discretization

For spatial and temporal discretization, we introduce a spatial mesh parameter h and a temporal mesh pa-
rameter k:

> 0, k> 0.

We define the (mesh) nodes
(tn,z;) = (nk,jh) Vn>0, j€{0,1,...,N+1}.

A discrete value that approximates the (unknown) exact solution in a point (¢,,;) is denoted by u}. The
initial value is discretized by

u) =ug(z;), j€{0,1,....N+1}
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6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

As boundary values we have in the discrete sense
uy =unyq Vn>0.
To this end, at each time point, we compute the values
(u})i1<j<n €RY

In the following we introduce some schemes (i.e., algorithms) in order to compute these solution values. Each
scheme yields a system of N equations (for each spatial point z; for 1 < j < N) in order to compute the N
components of u7.

Definition 6.25 (Explicit scheme). An explicit scheme (explicit in terms of n) is

n+1
u; - uy N Vfu;[l +2u} —ulyy 0
k h?
forn>0andje{l,...,N}. This scheme is known from ordinary differential equations as the forward Euler

scheme .

Definition 6.26 (Implicit scheme). An implicit scheme (implicit in terms of n, i.e., the solution is not
immediately obtained) is
n+1 n+1 n+1 n+1
uj " —uy P 2 i
k h?

forn>0and j€{1,...,N}. This scheme is the well-known backward Euler scheme.

It must be further justified that indeed the implicit scheme can be used the values u;-LH. To this end, we
have to write out explicitly all N equations, yielding a linear equation system. Now, we need to check whether
the resulting matrix is invertible. Specifically, we have

1+2¢c —c 0
—c 1+42c —c

—c 1+2¢ —c
0 —c 14 2¢

with ¢ := Vh%.
A combination of the two previous schemes yields a famous scheme, the so-called 6 scheme:

Definition 6.27 (One-Step-0 scheme). The 0 scheme is defined as:

Tt — —un Tl ot gl —u”_ 4+ 2u” —u”
e L - I 414 0) —L R o

=0

forn >0 and j € {1,...,N}. Here the classification (whether implicit or explicit) depends on the choice
of 8 € [0,1]. For 8 = 0 the scheme is clearly explicit. For 8 > 0 the scheme is implicit, but care has to be
taken about the meaning. Indeed for 0 < 6 < 0.5, it can be shown that the scheme has problems in robustness.
For 8 > 0.5, we have a better properties. Indeed, for 6 = 1, we obtain the very stable (implicit) backward
Euler scheme. Finally for 8 = 0.5, the resulting scheme has similarities with the trapezoidal rule in numerical
quadrature, can specifically in application of the heat equation it is known as Crank-Nicolson scheme..

Remark 6.28. Further schemes can be obtained with the same rules known from ordinary differential equa-
tions.

79



6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

6.9.2 Consistency and precision

As before, based on Taylor developments, we now investigate the consistency of our numerical schemes and
also their precision. In abstract form we write the PDE as (see also Definition 4.43):

F(u)=0
In a general fashion, the corresponding FD scheme can be written as:

Fkh(u;bilm) =0 form™ <m<mt,i~ <i<it

The values m~, m*,i7,iT define the size of the so-called stencil

Definition 6.29 (Truncation error). The finite difference scheme Fkh(uyilm) = 0 is consistent with the PDE
F(u) =0 when for all sufficiently smooth solutions u(t,x), the truncation error, it holds

Fipn(u(t +mk,z+ih)) =0 forh—0,k— 0.

Furthermore, the order is
Fin(u(t +mk,z +ih)) = O(hP + k%)

We say then that the finite difference scheme is consistent with order p in space and order q in time when the
last approximation holds true.

Remark 6.30. The truncation error is always obtained by inserting the exact solution into the numerical
scheme.

Proposition 6.31. For the forward Euler scheme, it holds ¢ = 1 (first order in time) and p = 2 (second order
in space).

Proof. We choose a function « € C% and perform Taylor. Then, we re-organize all terms such that we obtain
the original PDE. The remainder terms constitute the order of the scheme. O

6.9.3 Stability

We now concentrate on the stability. As outlined in Section 2.5, the non-stability often results in non-physical
oscillations of the numerical solution. The investigation of stability in PDEs for finite differences follows simply
the concepts of those learned in ODEs. For the stability, we need to define proper norms to work with. We
recall first that u™ = (u?)1<;<n is our numerical solution. We define the following norm:

J
N 1/p
el = (32 by 7)
j=1

for 1 < p < o0. For p = oo, we use
n _ n
o oe = ma
Due to the weighting with h, the norm ||u™||, is identical with the norm L?(0, 1) for constant function on the

half-open sub-interval [z}, zj41).

Definition 6.32 (Stability). A finite difference scheme is (unconditionlly) stable with respect to the norm
Il - || defined before, if there exists a constant K > 0 independent of the mesh sizes k and h such that

|u™|| < K|[ul||  forn > 0.

Here u™ is the numerical solution at time step t* and u® the initial value. A finite difference scheme is

conditionally stable if the stability estimate only holds under certain conditions on h and k.
Definition 6.33 (Linear numerical schemes). A finite difference scheme is linear when Fkh(u?_ﬂ”) is linear

. . n+m
with respect to its argument Ui
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For linear one-step schemes, the stability can be investigated in the equivalent formulation
u" Tt = Au"

where A is a linear operator (a matrix) from RY mapping to RY. For instance, we know already for the

forward Euler scheme:
14+2¢c —c 0

—c 1+42c —c

—c 1+2¢ —c
0 —c 14 2c

The matrix A is nothing else than the inverse of B:

1—2c c 0
c 1-2¢ ¢
A= .
c 1—-2c c
0 c 1—-2c
If we now iterate, we obtain
u" = A"

Consequently, the stability becomes
A" < K|[u®| for n >0, Vu® € RY.

From introductory classes into numerical analysis, we know the definition of matrix norm:

Mu
M= sup M
u€RN u#0 ||u||

Hence, the stability of the scheme is equivalent to
[A™] < K, n=>0,

which means nothing else than that the powers of A are bounded.

6.9.4 Stability in >
In the following, we investigate the stability in the L°°. This is linked to the discrete maximum principle.

Definition 6.34. A finite difference scheme satisfies the discrete mazximum principle if for all n > 0 and all
1<j <N, it holds

" <max (0, max u9)

min (0 )
( I ] ’OSJSN+1 7

min u?) <u
0<j<N+1

Using the maximum principle, we obtain the following result:

Proposition 6.35. For forward Euler scheme is stable in the L norm if and only if the CFL (Courant-
Friedrichs-Lewy) condition
2vk < h?

1s satisfied. The implicit Fuler scheme is unconditionally stable in the L norm.
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6.9.5 Convergence

Having the consistency and stability, we can now address the convergence of the scheme. The main theorem
is based on Lax, saying that for a linear numerical scheme, stability and conistency yield the convergence. In
practice the theorem of Lax says that if we use a consistent scheme and we do not observe any non-physical
oscillations, then the numerical solution is ‘close’ to the sought (unknown exact) solution.

Theorem 6.36 (Lax). Let u(t,z) be a sufficiently smooth solution of the heat equation posed in Formulation
6.24. Let uj the discrete solution obtained by a finite difference scheme using the initial condition uJQ = up(z;).
We assume that the finite difference scheme is linear, a one-step scheme, consistent, and stable in the || - ||
norm. Then the scheme is convergent and it holds for all T > 0

lim ( ") =0
kBl b 17

where €} 1= u} — u(tn, ;) is the error vector. Moreover, the order of convergence is p in space and g in time.
For all T > 0, there exists a constant Cr > 0 such that

> lletll < Cr (h? + k7).
tn<T
Proof. We assume that we work with Dirichlet conditions. From before we know that
u" Tt = Au™.

Let u be an exact solution of Formulation 6.24. We denote v" = (v})1<j<n With v? = u(t,, ;). Since the
scheme is consistent, there exist a vector £ such that

,UTL+1 _ A’Un —‘rké‘n
with limp, ;0 ||€™|| = 0, where the convergence is uniformely for 0 < ¢,, < T'. Furthermore,
lle™ || < C(hP + k7).

‘We now use

e} = uj —u(ty, ;)

Subtraction of the perturbed iteration and exact iteration yields
"t = Ae" — ke,

By recursion, we obtain
n
el = AneO _ k‘§ :An—'LEz—l.
i=1

We now argue with the stability
lu™]| = A" < K[Ju’|

ie.,

A" < K
Since €% = 0, the recursion yields
le | < kD> IA e < knKC(RP + k7).
i=1

This was to show, where we recognize that C'pr := TKC. O
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6.9.6 Extended exercise

Let T > 0 and v > 0. We define the domains  := R and I := (0, 7). Furthermore, let u® € C°(Q) a 1-periodic
function, i.e., u®(0,t) = u°(1,t). Find u(x,t) : Q x I — R such that
Opu(x,t) — vOpzu(x,t) =0 in Q x I,
u(z,0) = u’(z) in Q x {0}.

We assume that this probem is well-posed. In the following we are now interested in

1. Mass conservation: Show that for all ¢t € I, it holds

/Olu(x,t) dx = /01 u®(z) da.

2. Energy dissipation: Show that for all ¢ € I, it holds
1t 1t
f/ lu(z, £)[2 dz < f/ 0 ()2 do
2 Jo 2 Jo

3. Discretization with a 6-scheme in time (see also Section 12.3.2). Let 6 € [0,1]. Let N € N with N > 1.
We define the time step size as k = % For all 0 < n < N, we introduce the discrete time points t" = nk.
For the spatial discretization, we work with J € N with J > 1. The spatial mesh size is defined by h = %

(since 1-periodic, we only consider the interval (0,1)). We now introduce the discrete nodes x; = jh for

—1 < j < J+1. The 0 discretization of the heat equation yields:

n+1 n n+1 n+1 +1 n n n
k h? h?

foral0<n<N—1landforalll<j<J.

Task 1: Justify for yourself that the 6 discretization makes sense and corresponds to the finite differences
from classes introducing numerical methods

We now add the boundary conditions. Because of the 1-periodicity, we have:
VO<n<N-1, Uy=U}, Uj,=U/
It remains to pose the initial conditions at n = 0:
Vi<j<J, U =u’(z).

We introduce further )

Cd = Vﬁ.
For all 0 <n < N we introduce the vector U™ = (U]")1<i<s € R”.

Task 2: Write the 6 scheme in the following matrix form for 0 <n < N — 1:
(B)) 10 = BLU
with
BY=(I+6CyB)"', BY=1-(1-0)Cy4B

where I € R7*7 is the identity matrix and B € R7*/ a quadratic matrix (please explain its entries!).
Task 3: What happens to BIG and BGE when § =0 or 17
Task 4: Please justify furthermore the existence of BY.

83



6. FINITE DIFFERENCES (FD) FOR ELLIPTIC PROBLEMS

4. Truncation error / convergence error. We introduce the vector e” € R’ with

e =Ur—Vvp,

J J

where the exact solution evaluated at the discrete time and spatial points is denoted by Vj” = (V") 1<i<s =
(u(z;,t"))1<i<s € R7. Because of the boundary conditions, we have

eg =€ and e, =ef
forOﬁnSN—landbecauseofe?zOfor1§j§J. Show that for 0 < n < N — 1, it holds
(BY)~tentt = BYem — kn.
Furthemore, please provide the details of the truncation error n™ € R”.

5. Consistency. Show that the 6-schema is consistent with the order 1 in time and 2 in space. Please specify
which order of the exact solution is necessary to obtain these (optimal) results. Finally, what happens
for the choice 6 = 0.57

6.10 Chapter summary and outlook

In this chapter, we considered finite differences for elliptic problems. Despite that finite elements or isogeometric
analysis have become in general more important, finite differences still serve their purposes because they are
simple to implement and do still exist in large industrial codes. FD are nevertheless further developed (mimetic
finite differences, etc.), and are also often used in combination with other methods such as finite elements. For
instance, a widely used discretization method for initial boundary value problems is to discretize in time with
a finite difference scheme (e.g., One-Step-0) and to discretize in space with a finite element method, which is
the topic in Section 12. But let us first investigate FEM in the next chapter.
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7 Functional analysis and approximation theory

In this chapter, we gather all ingrediants from analysis, functinal analysis, and approximation theory in order
to study PDEs from a theoretical point of view. Most results have immediate practical consequences on the
development of good numerical schemes.

7.1 Analysis, linear algebra, functional analysis and Sobolev spaces

Functional analysis is the combination of classical analysis (i.e., calculus) and linear algebra. The latter one
is introduced for finite dimensional spaces in first semester classes. In functional analysis, infinite dimensional
vector spaces are considered, which require tools from analysis such as functions, operators, and convergence
results. The extension to infinite dimensions leads to many nontrivial results. Classical books are [3, 24, 72,
109, 119].

We cannot provide a complete introduction, but only the most important concepts necessary for the further
understanding of the present notes. At the beginning on the next two pages, we partially follow in the spirit of
Troltzsch [106][p. 17-19] since therein a nice, compact, introduction to the basic tools is provided. The analysis
results (in particlar the Lebuesgue integral) can be studied in more detail with the help of Konigsberger [71].

Before we begin, we refer the reader to Section 3.11 in which the definition of a normed space is recapitulated.

7.1.1 Convergence and complete spaces

Definition 7.1 (Convergence). A sequence (un)nen C {V, |||} converges, if there exists a limit u € V' such
that

lim |lu, —ul| =0
n—oo

or in other notation
lim u, = u.
n— 00

Definition 7.2 (Cauchy sequence). A sequence is called a Cauchy sequence if for all ¢ > 0, there exists
N € N such that
lun, —um| <e VYVn>N, Vm>N

Any sequence that converges is a Cauchy sequence. The opposite is in general not true.
Example 7.3. Let Q = (0,2). We consider the space {C(Q), || - |12} with

Up (z) = min{l, 2" }.
We see (check yourself)

2
2m+1

2
||’U,n7”u,m||%2:/ (Uy — Up)?dr=...=... <
0

for m < n. It is clear that this is a Cauchy sequence. However the limit u is not contained in the space
{C(Q), ]l - |2} because it is not a continuous function:

u(z) = nh—>Holo up(z) = )

A very important class of function spaces are those in which all Cauchy sequences do converge:

Definition 7.4 (Complete space, Banach space). A normed space {V,|| - ||v} is a complete space, if all
Cauchy sequences converge (i.e., the Cauchy sequence has a limit that belongs to V). A complete, normed
space is a so-called Banach space.

Example 7.5. We continue our examples:
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1. The set Q of rational numbers is not complete (e.g., [72]).
2. R™ with the euclidian norm |z| = (3, 2?)*/? is a Banach space.

3. C(Q) endowed with the mazimum norm
ey = max u(x)]

is a Banach space.

4. The space {C(Q), ] - ||p2} with

fulle = ( [ o as) ™

1s not a Banach space; please see the previous example in which we have shown that the limit u does not
belong to C()) when we work with the L? norm.

Remark 7.6. The last ezample from before has already several consequences on our variational formulations.
So far, we have mainly worked and proven our results using classical function spaces C,C* C>®. On the other
hand, we work with integrals, i.e, (Vu,V¢) = [, Vu-Vodz. Observing that {C(Q),|| - ||z2} is not a Banach
space and that the limit may be not contained in C(Q) will influence wellposedness results and convergence
results (recall that we try to proof later results similar as for finite differences).

7.1.2 Scalar products, orthogonality, Hilbert spaces

In R™ a very important concept is associated to orthogonality, which does not come automatically with the
Banach-space property. Those spaces in which a scalar product (inner product) can be defined, allow the
definition of orthogonality. These spaces play a crucial role in PDEs and functional analysis.

Definition 7.7 (Pre-Hilbert space). Let V' be a linear space (see Section 3.9). A mapping (-,-) : V — R is
called a scalar product if for all u,v,w € V and A € R it holds

(u,u) >0 and (u,u)=0 & u=0
(u,v) = (v,u)
(u+v,w) = (u,w) + (v,w)
(Au,v) = AMu,v)

If a scalar product is defined in V', this space is called a pre-Hilbert space.

Definition 7.8 (Hilbert space). A complete space endowed with an inner product is called o Hilbert space.
The norm is defined by
l[ull == v/ (u, u).

Example 7.9. The space R™ from before has a scalar product and is complete, thus a Hilbert space. The
space {C(Q), || - ||z2} has a scalar product, but is not complete, and therefore not a Hilbert space. The space
{C(Q), ] - lle)} is complete, but the norm is not induced by a scalar product and is therefore not a Hilbert
space, but only a Banach space.

Specifically, for studying PDEs we provide the following further examples:

Definition 7.10 (The L? space in 1D). Let Q = (a,b) be an interval (recall 1D Poisson). The space of
square-integrable functions on § is defined by

2 =10 : UQI' xXO
12(Q) = { /Qd<}

The space L? is a Hilbert space equipped with the scalar product

(v,w):/ﬂvwdx
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and the induced norm
lellzs = /(@ 0).

Using Cauchy’s inequality
(v, w)| < [lvllz2llwllz2,

we observe that the scalar product is well-defined when v,w € L?. A mathematically very correct definition
must include in which sense (Riemann or Lebesque) the integral exists. In general, all L spaces are defined in
the sense of the Lebuesgue integral (see for instance [71][Chapter 7]).

Definition 7.11 (The H' space in 1D). We define the H*(Q) space with Q = (a,b) as
HY Q) ={v: v and v belong to L*}

This is space is equipped with the following scalar product:

(v, w) g :/(varv’w')d:c
Q

and the norm
ol == v/ (v,0)g1.

Definition 7.12 (The H} space in 1D). We define the H}(Q) space with 2 = (a,b) as
H}(Q) ={ve H (Q): v(a) =v(b) = 0}.
The scalar product is the same as for the H' space.

Remark 7.13. With the help of the space H} we are now able to re-state the 1D Poisson problem. Rather
than working with the space V (see (70)), we work with H}. In fact this is the largest space that allows to
define the 1D Poisson problem:

Findu e HY(Q): a(u,d) =1(¢) Vo e Hy(Q)

with
a(u,¢) = (u',¢), 1) = (f,¢).
We also recall Definition 3.23 of a dual space. For instance, the dual space of H! is the space H~!.

Definition 7.14 (Notation). When there is no confusion with the domain, we often write
L?:=1%Q), H':=HY(Q)

and so forth.

7.1.3 Lebuesgue measures and integrals

To formulate variational formulations, we have worked with function spaces so far, mostly denoted by V', that
contain integral information and classical continuous functions.

However, to enjoy the full beauty of variational formulations, the Riemann integral is too limited (see
textbooks to analysis such as [71][Chapter 7]) and the Lebuesgue integral is usually used. The latter one does
hold for a larger class of integrable functions, which is the biggest advantage in comparison to the Riemann
integral. In consequence, one also obtains deep results in exchanging limiting processes such as passing to the
limit with sequences and integration (see Chapter 8 in [71]). For instance, when does

/fdx:klingo/fkdx for fr — f

hold true?

Based on the Lebuesgue integral, we can then formulate function spaces with derivative information, so-
called Sobolev spaces, which become Hilbert spaces when a scalar product can be defined, i.e., when the
basic underlying space is the Lo space. The key feature of the Lebesgue integral is that Lebuesgue-measurable
functions are considered for integration [71][Chapter 7]. Here, the set of Lebuesgue measure zero plays an
important role.
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Definition 7.15 (Lebesgue measurable, [71], Chapter 7.5). A set Q C R" is Lebesgue measurable (or in
short measurable) when the characteristic function 1 can be integrated over 2. The number

V(Q) = Vi) (Q) ::/qu:/n Lo do

is the n-dimensional volume or Lebesques measure of A. In the case n = 1, this is the length of the interval.
For n =2 it is the area. For n = 3 it is the classical three-dimensional volume. The empty set has Lebesgue
measure zero.

Definition 7.16 (Zero set in the sense of Lebesgue, [71], Chapter 7.6). A set N C R™ is a Lebesgue-set of
measure zero if N is measurable with measure zero: V(N) = 0.

Example 7.17. We give two examples:
o The set Q of rational numbers has Lebesque measure zero in R (see for instance [71][Chapter 7.6]).

o In R™ all subsets R® with dimension s < n have Lebesque measure zero. (see for instance [71][Chapter
7.6]).

The second example has important consequences for PDEs: boundaries T C R"™! of domains Q C R™ have
Lebesgue measure zero.

Definition 7.18 (Almost everywhere, a.e.). Let Q C R™ be a Lebesgue-measurable open domain. Measurable
functions are defined almost everywhere, in short a.e., in 2. When we change the function value on a
subset of Lebuesgue measure zero, then we do not change the function value. In other words

f(x) =g(x) almost everywhere in Q
when there is T C Q) such that the Lebesgue measure of T is zero and
f@)=g(z) forallz e Q\T.
Short: Almost everywhere means except on a set of Lebesque measure zero.

Definition 7.19 (L? space in R"). Let Q C R" be a Lebesque-measurable open domain. The space L? = L%()
contains all square-integrable functions in €):

L? = {v is Lebesgue measurable | / v?dx < oo}
Q

The space L? is complete (each Cauchy sequence converges in the norm defined below) and thus a Banach-
space. For a proof see for instance [72][Section 2.2-7] or [109][Kapitel I]. Moreover, we can define a scalar

product:
(u,v) = / vudx
Q

such that L? is even a Hilbert space with norm
lull> =/ (u, w).
In the same way, one obtains all LP spaces:

Definition 7.20 (L? spaces). Let 1 <p < co. Then,

L? = {v is Lebesgue measurable | / vPdzr < oo}
Q

folls = ([ o ae)”

lu||Loe := esssup |ul.

equipped with the norm.:

For p = 0o, we define the norm via:

which are the essentially bounded functions.
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Proposition 7.21. Let Q be bounded. Then:
L*c..cl’PcLPtc...cL*clL"

We recall several important results from analysis that have an important impact on variational formulations
of PDEs and numerics. The first result is:

Definition 7.22 (Deunsity, e.g., [72]). A metric space U is dense in V when
U=V.
Here U means the closure of U.
Example 7.23. Two examples:
o The set Q of rational numbers is dense in R (e.g., [72])

e The space of polynomial functions Py is dense in Cla,b] (see lectures on Analysis 1, e.g. [70]. The key
word is Weierstrass approximation theorem,).

Theorem 7.24 (Density result for L?). The space C2°(Q2) is dense in L*(Q). In other words: for all functions
f € L?, there exists a sequence (fn)nen C C°(S2) such that

lim || f — full = 0.

n—oo
Remark 7.25. The previous result means that we can approzimate any L? function by a sequence of ‘very
nice’, smooth, functions defined in the usual classical sense.

Remark 7.26 (Density results). In analysis and functional analysis, density arguments are often adopted
since it allows to work with simple functions in order to approximate ‘abstract’ and complicated functions.

As second result, we generalize the fundamental lemma of calculus of variations:

Theorem 7.27 (Fundamental lemma of calculus of variations). Let f € L?(Q). If

/ Fodr =0 Yo Cx(Q),
Q

then f(z) =0 almost everywhere in 2.
Proof. For f € L? according to the density result, there exists a sequence (fy,)neny C C°(Q) with
[fn = fIl =0 (n—o0).

This yields

If1Z2 = / Prde=(f. )=~ (Ffa) =0 F=Fa) < flle2llf = falle =0 forn — oo.
Q ~——

=0 assumpt.!

Therefore, ||f||2. = 0 if and only if f =0 a.e..

7.1.4 Weak derivatives

The definition of the space L? now allows us to define a more general derivative expression, the so-called
weak derivative. In fact, this is the form of derivatives that we have implicitly used so far in our variational
formulations.
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Definition 7.28 (Weak derivative). Let Q C R"™ be an open, measurable, domain. Let u € L?. We say
that u is weakly differentiable in L?, when functions w; € L% i =1,...,n exist such that for all functions

¢ € C(Q), we have
/ UOy, ¢ da = —/ w;(z)o(x) da.
Q Q

In our usual compact form:
(u, 8x1¢) = _(wi7 ¢)

Each w; is the ith partial derivative of u. Thus
Oz, u=w; 1 the weak sense.

Remark 7.29 (Example). As the terminology indicates, the weak derivative is weaker than the usual (strong)
derivative expression. In classical function spaces both coincide.

Example 7.30 ([106]). Consider u(z) = |z| in Q = (=1,1). Then, the weak derivative is given by:
-1 z€(-1,0)

v (7)== w(z) =
+1 z€]0,1)

Indeed it holds that for all v € C°(Q) we have
1 0 1 1
/ |z|v'(z) doe = / (—z2)v' () +/ ' (2)de = ... = —/ w(z)v(z) dz.

—1 -1 0

We notice that it is not important which value u' has in zero since it is a point of measure zero; see Example
7.17.

We can simply extend the weak derivative to higher-order derivatives. Here we remind the reader to the
multiindex notation presented in Section 3.6. It holds:

Definition 7.31. Let u € C*(Q) and v € C*(Q) and o a multiinder with || < k. Then employing multiple
times partial integration, we obtain

w(x)D(x) dz = (=)l [ v(2)D%u(z) dx.
/Q<>D (2)do = (~1) /Q()D (2)d

Definition 7.32 (Higher-order weak derivative). Let Q C R™ be an open, measurable, domain. Let u be locally
integrable in the sense of Lebesgue and o be a multiindex. If there exists a locally integrable function w with

w(z)D%(z) dz = (=) [ v(z)w(z)dx
[ w@Du(@)de = (1) [ v@yuie) .

then w = D*u(z) and the so-called weak derivative (of higher-order).

7.1.5 Sobolev spaces

With the help of weak derivatives, we now define Lebuesgue spaces with (weak) derivatives: Sobolov spaces.
When their norms are induced by a scalar product, namely Ly-based spaces, a Sobolev space is a Hilbert space.

Definition 7.33 (The space H'). Let Q C R™ be an open, measurable, domain. The space H' := H'(Q) is
defined by
H':={veL*Q)|0,vel? i=1,...,n}

In compact form:
H':={ve L*(Q)| Vv € L?}.

The nabla-operator has been defined in Section 3.7.

90



7. FUNCTIONAL ANALYSIS AND APPROXIMATION THEORY

Remark 7.34. In physics and mechanics, the space H' is also called the energy space . The associated
norm s called energy norm.

Proposition 7.35 (H! is a Hilbert space). We define the scalar product
(u,v) 1 := / (uv + Vu - Vo) dx
Q

which induces the norm:
lullgr = v/ (w,w) g

The space H' equipped with the norm ||ul| g1 is a Hilbert space.

Proof. Tt is tivial to see that (u,v)y: defines a scalar product. It remains to show that H! is complete. Let
(un)nen be a Cauchy sequence in H'. Specifically (uy)neny and (0, u,)nen are Cauchy sequences in L2
Since L? is complete, see Definition 7.19, there exist two limits « and w; with

u, = u in L2 forn — oo

Op,up — w; in L?  for n — oo.

We employ now the weak derivative:

/Q (@), () da = — /Q Do i (2) () d.

Passing to the limit n — oo yields
/ w(2) Oy, ¢() dx = —/ w;(z)e(x) du.
Q Q

This shows that u has a weak derivative w. Therefore, the element w is contained in H' and (Un)neny C H L
which shows the assertion. O

Remark 7.36. The space H! is the closure of C1(Q) with respect to the H' norm. It also holds for Q) that is
regular, open, bounded that C°(Q) is dense in H'(Q).
7.1.6 Relation between Sobolev spaces and classical function spaces

Even so we can approximate Lebuesgue-measurable functions in L? or H! with functions from C2°(Q), the
limit function may not have nice properties. The most well-known example is the following:

Proposition 7.37 (Singularities of H! functions). Let Q C R™ be open and measurable. It holds:
e Forn=1, H{(Q) C C(Q).
e Forn > 2, functions in H*(Q) are in general neither continuous nor bounded.
Proof. Let n =1. Let Q = [a,b] and C°*°(2). Then, we have for |z — y| < § and using Cauchy-Schwarz
Y Y /2, (Y 1/2
o) —ut)| = [ v@ar< ([ rza) ([ wwra) " < VB,

x

Consequently, each Cauchy sequence in H! N C* is equicontinuous and bounded. Using Arcela-Ascoli (for a
general version we refer to [109]), the limit function is continuous.
Now let n > 2. Let the unit circle be defined as

D = {(z,y) e R?| 22 +4? < 1}.

We define the function
2
u(@,y) = loglog —
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where r is the radius with r? = 22 +2. It is obvious that u is unbounded. On the other hand, v € H' because

1/2 1
/ 5 dr < oo.
0 rlog”r

u(z) =r"% a<(n-2)/2.

It holds v € H' with a singularity in the point of origin. It seems that the higher n is, the more significant
the singularities are. O

For n > 3, we have

Definition 7.38 (H}). The space H}(Q) contains vanishing function values on the boundary 9. The space
HLY(Q) is the closure of C°() in H'.

One often writes:
Definition 7.39 (H}). The space H} (spoken: ‘H,1,0° and not ‘H,0,1°) is defined by:
H}(Q) = {ve H'v=0 ondQ}.
We finally introduce higher-order Sobolev spaces:

Definition 7.40 (Higher-order Sobolev spaces). Let 1 < p < oo and k € N. The normed space W*?(Q)
contains all functions v € LP, which derivatives D®y with |a| < k also belong to LP. The norm is defined by

1/p
ol = (X [ ipootar) "
lal<k 79
For p = 0o we define
co0 = D%|| .
lollws = max [ D%l

The spaces WP are Banach spaces. For p = 2, we obtain Hilbert spaces. For instance choosing k = 1 and
p =2 yields
H :=Wh2,

7.2 Useful Inequalities
The Hélder inequality reads:

Proposition 7.41 (Holder’s inequality). Let 1 < p < oo and % + % =1 (with the convention = =0). Let
f€LP and g € LY. Then,
fgelLl,
and
Ifgllr < I fllzr [l za-
Proof. See Werner [109]. O

Corollary 7.42 (Cauchy-Schwarz inequality). Set p = ¢ =2. Then
£l < Ifllz2 llgllz=-
Proposition 7.43 (Minkowski’s inequality). Let 1 < p < oo and let f € L? and g € LP. Then,
If +gllee < 1 fllee + llgllze-

Proposition 7.44 (Cauchy’s inequality with €).

b2
ab < ea® + —
4e

fora,b>0 and e > 0. Fore= %, the original Cauchy inequality is obtained.
Proposition 7.45 (Young’s inequality). Let 1 < p,q < oo and % + % = 1. Then,

X
ab< ™+, ab>0.
P q
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7.2.1 Some compactness results

A fundamental result in prooving well-posedness of PDEs in infinite dimensional spaces (recall that bounded-
ness and closetness are not equivalent to compactness for infinite-dimensional spaces) is the following result:

Theorem 7.46 (Rellich). Let Q be an open, bounded domain of class C*. The embedding of H' into L? is
compact. In other words: from each bounded sequence (u,) C H', we can extract a subsequence (uy,) C L?
with a limit in L?.

Proof. See for instance Wloka [117]. O

We have seen that H' in dimension n > 2 are not embedded into classical function spaces. However, higher-
order Sobolev spaces have continuous representations. These are the so-called Sobolev embedding theorems.
One simple result is

Proposition 7.47. Let ||ul|s be the supremums norm. Let @ C R? be convex polygonal or with Lipschitz
boundary. Then: B
H?*(Q) cc C(Q)

and with ¢ > 0, it holds
lulloo < cllullgz  for u e H*(Q)

Moreover, for each open and connected domain Q C R2, it holds:

H?(Q) cc C(Q).

7.3 Approximation theory emphasizing on the projection theorem

The best approximation is based on findings from approximation theory, which we briefly recapitulate in
the following.
We recall the main ingredients of orthogonal projections as they yield the best approximation properties.

7.3.0.1 Best approximation

Definition 7.48. Let U C X be a subset of a normed space X and w € X. An element v € U is called best
approzimation to w in U if
[w =] = inf [w—ul,
uelU

i.e., v € U has the smallest distance to w.

Proposition 7.49. Let U be a finite-dimensional subspace of a normed space X. Then, there exists for each
element in X a best approximation in U.

Proof. Let w € X. We choose a minimizing sequence (u,) from U to approximate w. This fulfills:
lw—u,|| = d withn— co

where d := inf, ¢y ||w — u||. Since

[unl = llunll = [lw]| + [lwll
< [ Hlunll = llwll |+ ]|
= [ lwll = ffunll [+ fJwl]

< lw = wn || + [|lw]|

the sequence (u,) is bounded. Because U is a finite-dimensional normed space, there exists a converging
subsequence (u, () with

lim u,) —veU.

l—o0

It follows that
lw—v| = lim [|w— u,q)| = d.
l—o00
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Definition 7.50. A pre-Hilbert space is a linear space with a scalar product.

Proposition 7.51. Let U be a linear subspace of a pre-Hilbert space X. An element v € U is a best approxi-

mation to w € X if and only if
(w—v,u) =0, forallu €U,

i.e., w—v L U. For each w € X, we have at most one best approximation w.r.t. U.
Proof. “« <
Let ||a|| := +/(a,a), which holds for all v,u € U:
lw —ul® = w—v+v—ul?

=((w=v)+ (v—u),(w—v)+ (v-u)
=w-v,w—v)+(w—-v,v—u)+ vV—-uw—ov)+ (v—u,v—u)
= w = + (w = v,0 = u) + (w —v,0 —u) + [Jv - ul®
= lw—v|*+ 2 Re((w — v,v —u)) + ||v — ul]>.

Since U is a linear space, we have v — u € U and we require (w — v,u) = 0Vu € U, it holds:

[w = ul® = flw —v[* + [Jo —ul]?
= Jw—ol?=w—u]?~[lv-ul®, YueU

= Jw—vl<|lw—ul]|, VueUu#0

Therefore,
o ol = in w ]

and thus v is a best approximation to w in U.
113 : 7’:
Let v be a best approximation to w in U. We assume that (w — v,ugp) # 0 for a ug € U. Let us assume

further that (w — v, ug) € R because U is a linear subspace of X. We choose u = v + Wuo and conclude
lw—ul? = |lw—2v|*+2Re | w—v,v— (U + (w_”v;o)uO)
[[uoll
2
+ (jv— (v + (wv,2u0)u0>
[[uol|
= [|w —v||* +2Re w_y)_(w—v,uo)uo + (w_v7u0)u0
o1 [|uoll?

w— v, U w — v, ug)?
= |lw —v|)* +2 —(72())Re(w—v,uo) —l—%”uon
[[woll [[uoll

(w—v,u0)®  (w—v,up)?

= [lw—v|* -2

uol? Tuol?
= o2 - (20t

Taol?
< v

This is a contradiction that v is a best approximation to w in U.
UNIQUENESS
Assume that vy, vy are best approximations. Then,

(w—wv1,v1 —v2) =0=(w—vg,v1 —v2), davy —vyeUlU.

94



7. FUNCTIONAL ANALYSIS AND APPROXIMATION THEORY

and
= (w,v1 —v2) — (v1,v1 — v2) = (w,v1 — v2) — (v2,v1 — V2)
= (v1,v1 —v2) = (v2,v1, —V2)
= (vi,v1 —v2) — (V2,01 —v2) =0
= (Ulf’UQ,’Ul*’UQ):O
= V1 — Uy = 0
= V1 = V2.
Thus, the best approximation is unique. O

Proposition 7.52 (Orthogonal projection). Let U be a complete linear subspace of a pre-Hilbert space X.
Then, there exists for each w € X a unique best approximation in U. The operator P : X — U, which maps
each w € X on its best approximation, is a bounded linear operator. The properties of P are:

P*=P and |P|=1
This is called an orthogonal projection of X on U.

Proof. We choose a sequence (u,,) with

1
lw—un||*> <d*+ =, neN
n

with d := inf,cy ||w — u||. Then:

1w = wn) + (w = ) I* + [l = |

= ((w —un) + (W = um), (W — un) + (W = u))
+ ((un = w) + (W = um), (Uun —w) + (W = um))

= (W — Up, W — Up) + (W — Up, W — Up) + (W — Uy, W — Up) + (W — Uy, W — Uy,
+ (tp — Wty — W) + (Up, — W, W — Uppy) + (W — Uy Uy, — W) F+ (W — Uy, W — Uy

= 2llw = un|* + 2[|w — um 1?
5 2 2
<4d“+ -+ — foralln,m e N.
nom

Since %(un + Uy) € U, it holds

1
0= 5t ) [ 2 2

and we can estimate ||u, — | via
2 2, 2 2 2
[t — um || < 4d +E+E_”(w_un)+(w_“m)”

2 2 1
=4d® + = 4 — — [|2(w — 5 (un + u)) |

2
2 2 1
=4d® + 2+ = —dflw — = (un + up)|?
F 2w — S + )
2 2
<4
n m

Therefore, (u,) is bounded and therefore a Cauchy sequence.
Since U is complete, there exists a v € U with u,, — v, n — oo. From

1
lw —u,|* < d*+ =
n
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it follows that lim,,_,., u, = v is a best apprioximation to w in U. The uniqueness follows from Proposition
(7.51).
Next, we show P? = P. Always, it holds P(u) = u. It follows

P%(w) = P(P(w)) = P(u) = u = P(w)

The linearity of P is shown as follows: let a # 0, then

Plaz)=v
& (ax—v,u)=0
& alr— 2,u) =0
& Pl)==
& aP(x) =w.

Consequently, P(az) = aP(x).
Let v1,v2 be best approximations of x,y, i.e., it holds P(x) = vy, P(y) = va. Then:
P(z)+ P(y) = v1 + v
& (z—v,u)=0 A (y—v2,u)=0
< (z—wv,u)+ (y—wvo,u) =0
=4
<~

Thus, P(z +y) = v1 +v2 = P(z) + P(y). It remains to show that || P|| = 1. It holds:

|w||* = (P(w) +w — P(w), P(w) + w — P(w))
= (P(w), P(w)) + (w — P(w),w — P(w))
+ (P(w),w — P(w)) + (w — P(w), P(w))
= [ P(w)[* + [[w — P(w)|*
> |P(w)|]* YweX

w

Thus, P is bounded with ||P|| < 1. Because P? = P and since for two lineaer operators A and B, it holds
IAB| < |AIIB], it follows finally

1Pl = [1P*|| = |PPI| < [IP]|Pl
= |Pl=1
= ||P|=1.

O

7.3.0.2 The Fréchet-Riesz representation theorem An important principle in functional analysis is to gain
information of normed spaces with the help of functionals.

7.3.0.2.1 Direct sum

Definition 7.53 (Direct sum). A vector space X can be written as direct sum of two subspaces Y and Z:
X=YeaZ
if each element x € X has a unique representation such as

r=y+z wyeY zeZ
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Remark 7.54. The space Z is the algebraic complement ofY in X.

In Hilbert space theory we are specifically interested in such representations. A general Hilbert space H can
be written as direct sum of a closed subspace Y and its orthogonal complement Y.

Proposition 7.55 (Projection theorem, direct sum). Let Y be a closed subspace of a Hilbert space H. Then:
H=Y®Z Z=Y"

7.3.0.2.2 The Fréchet-Riesz representation theorem

Definition 7.56. The space L = L(X,K) of the linear, bounded functionals on a normed space is called
the dual space of X. We often find the notations X' = £ = L(X,K) or if X is a Hilbert space, we write
X*=L=L(X,K).

One of the key theorems of Hilbert space theory is:

Proposition 7.57. Let X be a Hilbert space. For each linear, bounded functional F' € L, there exists a unique
element f € X, so that

F(u) = (u, f) Yu € X.
We have constructed a bijective, isogeometric conjugate linear mapping with
1= 11E1-

Proof. We divide the proof into several parts:

e Uniqueness
When f maps on F = 0, then

F(z)=(x,f)=0 Ve e X
and also
(f,f)=0
from which follows
f=0.
Thus, the mapping f — F' is unique because f = 0 is the only element, which induces the zero function

F=0.

e Equality of norms
Cauchy-Schwarz yields

WF[l = [F] = [(, )] <[] - [[£]]

1P|
= = < £
|||
|F' ()]
& < Il
=<1 ]l
= [IF|] <]
with F)|
X
|F|| = sup
[lz||<1 |||

We use specifically = f in F(x) = (z, f) and obtain:
(DI = AP =1FAOI< AL IR

Therefore:

LA < 11|
and therefore, we have on the one hand ||f|| > ||F||. On the other hand, we have || f|| < [|F||. From this
it follows:

LA = 11
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e Construction
For ' € X* = L we need to construct f € X:
The kernel
N(F)={ue X :F(u) =0}

is a closed, linear subspace of the Hilbert space X. If N = X, then f = 0 yields the desired result. If
N # X, then it holds
X=NeN*

We choose now a w € X with F(w) # 0. From the projection theorem it follows that if v is best
approximation of w onto the subspace N, then

w—v L N(F)
It holds with g := w — v,
F(g)u—F(u)g € N(F) Vue X
because
F(F(g)u— F(u)g) = F(g9)F(u) — F(u)F(g) = 0
Then:
(F(g)u— F(u)g,g) = 0 Vu e X

= (F(g)u,9) = (F(u)g,g) = 0

= (F(wg,9) = (F(9)u9)

= F(u)(g,9) = (u,F(g)g)

= Fu) = (u,b;(gz)g)

O

7.3.0.3 The Pythagorean theorem This section recapitulates and extends our findings from the previous
two sections. Let

pla) = (u— av,u — av) (65)
= (u,u) +a* - (v,v) —a- [(u,v) + (v, u)] (66)
=2Re(u,v)

The smallest distance is the minimum of (66). A necessary condition is
¢'(a) = 2a - (v,v) — 2Re(u,v) =0

The minimum is
Re(u,v)
(v,v)

Hence, we have found a minimal point ag, which fulfills the condition 0 < ¢(ag) < ¢(a). In detail:

ag =

(u,u) — ap - 2Re(u,v) + a3 - (v,v) < (u,u) +a?- (v,v) — a® - Re(u,v).

Furthermore
_ 2Re(u,v)Re(u,v) | [Re(u, v)|? -
0 < (u,u) 0, 0) + (0, 0)? (v,0)
_ () — Re(w o)
_( ) ) ('U,'U) .
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It follows:
|Re(u, v)| < (u,u) - (v,v)

We now define the projection of a vector w onto a vector v:

Peys(w) = —— -v.

For an illustration, we refer to Figure 14.

v A

v

\'
Peysw)

Figure 14: Projection of w on v.

7.3.0.4 Properties of the projection We investigate now the properties of the projection:
i) P, =P (Idempotenz (germ.))

i) Pf,s =Pcy> (Self-adjointness)
The second property can be shown easily using the scalar product. It says that the projection operator can
be shifted into the second argument. It follows that

(P> (w),w') = (w, Py (w')) & PZ,. =Py

Proof. To i)
Let w' = Py~ (w). We compute

)] _ (o)

sz> (w) = P<v>(w/) =Py |:(’U’U) W

Poys(v) = Poy> (w)
——

To ii)
On the one hand, we have
(w, v)
(P<ys(w),w') = (0, 0) (v,w").

Secondly,

(w',v) (v, w') - (w,v)

(0. Pe ) = (w0, 20 =

(v,v) (v,v)

Comparing both sides yields the assertion. O

7.3.0.5 The projection theorem (the Pythagorean theorem) Using Figure 14, we can derive the Pythagorean
theorem. It holds
[|w][* = || Pevs (w) + (w = Peys (w))|[?
= [|P<os (w)|* + [Jw = Peys (0)[” + (Peys (w), w = Peys () + (- )
= |[P<vs (w)|]? + [[w — Peys (w)|* + (P<v>(w)s w) = (P<y> (W), P<ys(w))
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Furthermore, using PZ, Pcy> = P2v> = P.,~, we obtain
[[w]|* = [|P<vs (w)]|* + [[w = Peys (w)|[* + (Peys (w) @) — (PZys Py (w), w)
= |[P<vs (W)|* + [[w — Peos (w)] 2.
Proposition 7.58 (Pythagorean theorem). We define:
[w][* = || Pcos (w)]]* + [Jw = Peys (w)]|?

Specifically, it holds
[lw][* > || Pcy (w)]]? (67)

The equality is obtained for w = ||P<y>(w)]|.

Remark 7.59. We can write in terms of scalar products:

w, v)|?
(w,w) > |((11711)>2 - (v,v)

and can obtain backwards the Cauchy-Schwarz inequality:

(w, w)(v,v) > |(w,v)*.

7.4 Differentiation in Banach spaces

We discuss in this section how to differentiate in Banach spaces.

Definition 7.60 (Directional derivative in a Banach space). Let V' and W be normed vector spaces and let
U CV be non-empty. Let f:U — W be a given mapping. If the limit

fwmmyzg%f@+f?_f@ﬁ:%f@+dmﬁm velheV

exists, then f'(v)(h) is called the directional derivative of the mapping f at v in direction h. If the directional
derivative exists for all h € V, then f is called directionally differentiable at v.

Remark 7.61 (on the notation). Often, the direction h is denoted by dv in order to highlight that the direc-
tion is related with the variable v. This notation is useful, when several solution variables exist and several
directional derivatives need to be computed.

Remark 7.62. The definition of the directional derivative in Banach spaces is in perfect agreement with the
definition of derivatives in R at x € R (see [70]):

o) tim L D) = @)

e—=0 e ’

and in R™ we have (see [71]):
F(@)(h) = tim LT = I (@),

e—0 £

A function is called differentiable when all directional derivatives exist in the point x € R™ (similar to the
Gateaux derivative). The derivatives in the directions e;,i = 1,...,n of the standard basis are the well-known
partial derivatives.

Definition 7.63 (Gateaux derivative). Let the assumptions hold as in Definition 7.60. A directional-differentiable
mapping as defined in Definition 7.60, is called Gateaux differentiable at v € U, if there exists a linear contin-
wous mapping A : U — W such that

f'(w)(h) = A(h)

holds true for all h € U. Then, A is the Gateauz derivative of f at v and we write A = f'(v).
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Remark 7.64. The definition of the directional derivative immediately carries over to bilinear forms and for
this reason the derivatives in Example 9.21 are well-defined. Therein, the semilinear form a(u,z) is differen-
tiated with respect to the first variable u into the direction ¢ € V.

Remark 7.65. The Gateauz is computed with the help of directional deriatives and it holds f'(v) € L(U,W).
If W =R, then f'(v) € U*.

Definition 7.66 (Fréchet derivative). A mapping f : U — W is Fréchet differentiable at u € U if there exists
an operator A € L(U,W) and a mapping r(u,-) : U = W such that for each h € U with u+ h € U, it holds:

flu+h) = f(u)+ A(h) + r(u, h)

with
[[r(u, h)|lw
[hllo

The operator A(-) is the Fréchet derivative of f at u and we write A = f'(u).

=0 for||hllu — 0.

Example 7.67. The above bilinear form a(u,d) = (Vu, V) is Fréchet differentiable in the first argument u
(of course also in the second argument! But u is the variable we are interested in):
a(u+h,¢) = (V(u+h), Vo) = (Vu, V) + (Vh, V) .
—_— Y
=a(u,¢)  =al,(u,¢)(h)

Here the remainder term is zero, i.e., r(u,h) = 0, because the bilinear form is linear in w. Thus, the Fréchet
derivative of a(u, ®) = (Vu, Vo) is al,(u,d)(h) = (Vh, V).
Second exzample is J(u) = [u?dx. Here:

J(u+h):/(u+h)2dx=/uzda:+/2uhdx+/h2dx.

—_— —— -
J(u) =A(h) =r(u,h)

That J(u) is really Fréchet differentiable we need to check whether

[[7(u, b)|lw

—0 for|hlly — 0.
[l

Here we have
JE

and therefore:
[R]I3
IRy

For h — 0 we clearly have ||h|ly — 0. Consequently the directional derivative of J(u) = [u?dx is

= [Ipllv

J'(u)(h) = A(h) = /QQUh dx.
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8. THEORY AND FINITE ELEMENTS (FEM) FOR ELLIPTIC PROBLEMS

8 Theory and finite elements (FEM) for elliptic problems

In this section, we discuss the finite element method (FEM). Our strategy is to introduce the method first
for 1D problems in which deeper mathematical results with respect to functional analysis and Sobolev theory
are not required for understanding. Later we also provide deeper mathematical results. The discretization
parts are again complemented with the corresponding numerical analysis as well as algorithmic aspects and
prototype numerical tests. As before, we augment from time to time with nonstandard formulations, such as
for instance formulating a prototype coupled problem.

8.1 Preliminaries

8.1.1 Construction of an exact solution (only possible for simple cases!)
In this section, we construct again an exact solution first. In principle this section is the same as Section 6.2.1

except that we derive a very explicit representation of the solution (but we could have done this in Section

6.2.1 as well). We consider again the model problem (D)?:

—u" =f inQ=(0,1), (68)
w(0) = u(1) = 0. (69)

Please make yourself clear that this is nothing else than expressing Formulation 4.25 in 1D. Thus, we deal
with a second-order elliptic problem.
In 1D, we can derive the explicit solution of (68). First we have

W (F) = — /Ox F(s)ds + Cy

where C1 is a positive constant. Further integration yields

u(z) = /Ozu’(i")di" - —/j(/jf(s)ds)dfc+01x+02

with another integration constant Cy. We have two unknown constants C7,Cy but also two given boundary
conditions which allows us to determine C; and Cs.

ozu(()):—/ox( jf(s)ds)dfc+01~0+02

yields Cy = 0. For C4, using u(1) = 0, we calculate:

o /;(/jf(s)ds) d7.

Thus we obtain as final solution:

u(x):—/ol-(/oif(s)ds)d:i-i—x (/01(/jf(s)ds> di).

Thus, for a given right hand side f we obtain an explicit expression. For instance f = 1 yields:
1 2
u(x) = i(f:v + ).

It is trivial to double-check that this solution also satisfies the boundary conditions: u(0) = u(1) = 0. Fur-
thermore, we see by differentiation that the original equation is obtained:

1
u(z)=—z+ 5 = —u(z) = 1.

2 (D) stands for differential problem. (M) stands for minimization problem. (V') stands for variational problem.
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Exercise 5. Let f = —1.
o Compute C4;
e Compute u(z);
o Check that u(x) satisfies the boundary conditions;
o Check that u(x) satisfies the PDE.

8.1.2 Equivalent formulations

We first discuss that the solution of (68) (D) is also the solution of a minimization problem (M) and a
variational problem (V). To formulate these (equivalent) problems, we first introduce the scalar product

1
(v, w) :/ v(z)w(z) de.
0
Furthermore we introduce the linear space
V := {v| v € C[0,1],v" is piecewise continuous and bounded on [0, 1],v(0) = v(1) = 0}. (70)

We also introduce the linear functional ' : V — R such that

We state

Definition 8.1. We deal with three (equivalent) problems:
(D) Find u € C? such that —u" = f with u(0) = u(1) = 0;
(M) Findw €V such that F(u) < F(v) for allveV;
(V) Find uw € V such that (u',v") = (f,v) for allv e V.

In physics, the quantity F(v) stands for the total potential energy of the underlying model; see also Section
9.3.2. Moreover, the first term in F(v) denotes the internal elastic energy and (f,v) the load potential.
Therefore, formulation (M) corresponds to the fundamental principle of minimal potential energy and
the wvariational problem (V) to the principle of virtual work (e.g., [29]). The proofs of their equivalence
will be provided in the following.

Remark 8.2 (Euler-Lagrange equations). When (V) is derived from (M), we also say that (V') is the Euler-
Lagrange equation related to (M).

In the following we show that the three problems (D), (M), (V') are equivalent.

Proposition 8.3. It holds
(D) = (V).

Proof. We multiply v” = f with an arbitrary function ¢ (a so-called test function) from the space V defined
in (70). Then we integrate over the interval Q = (0,1) yielding

-’ =f (71)
:>—/Qu”¢)da:=/9f¢dm (72)
= /Q W/ e~/ (1)6(1) + o (0)6(0) = /Q féda (73)
é/u'gb’dz:/fqﬁdm Vo e V. (74)
Q Q
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In the second last term, we used integration by parts.
The boundary terms vanish because ¢ € V. This shows that

/Qu’gb’d:c:/ﬂfgbd:c

is a solution of (V). O

Proposition 8.4. It holds
(V) & (M).

Proof. We first assume that u is a solution to (V). Let ¢ € V and set w = ¢ — u such that ¢ = u + w and
w € V. We obtain

F((b):F(u—i—w):%(u'—&—w’,u'—&—w’)—(f,u—&-w)

L, ;o ..,
:§(u’u)_(fau)+(u’w)_(fvw)+§(waw)ZF(U)

We use now the fact that (V') holds true, namely
(', w') = (f,w) = 0.

and also that (w’,w’) > 0. Thus, we have shown that u is a solution to (M). We show now that (M) — (V)
holds true as well. For any ¢ € V and € € R we have

F(u) < F(u+e9),

because u + ¢ € V. We differentiate with respect to € and show that (V) is a first order necessary condition
to (M) with a minimum at € = 0. To do so, we define

1 g2
9(e) = Flu+ed) = 5(u'u) +e(u', ¢) + (¢, ¢) = (f,u) — (S, 9).
Thus
g'(e) = (', ¢") +e(¢',¢) = (f,9)-
A minimum is obtained for € = 0. Consequently,
g9'(0) =0.
In detail:
(u/a (b/) - (f) ¢) = 07
which is nothing else than the solution of (V). O
Proposition 8.5. The solution u to (V') is unique.
Proof. Assume that u; and us are solutions to (V') with
(uy,¢') = (f,¢) VoeV,
(ug, ¢') = (f.¢) VoeV.

We subtract these solutions and obtain:
(ull - U/Qa ¢/) = 0.
We choose as test function ¢’ = u} — u} and obtain

() —u,uy —uy) = 0.

Thus:
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Since the difference of the derivatives is zero, this means that the difference of the functions themselves is
constant:
(u1 — ug)(x) = const

Using the boundary conditions u(0) = u(1) = 0, yields
(ug —ug)(z) = 0.
Thus u; = us. O

Remark 8.6. The last statements are related to the definiteness of the norm. It holds:

Julfs = [ oo

lul =0 & w=0.

Thus the results follow directly because

Proposition 8.7. It holds
(V) = (D).

Proof. We assume that u is a solution to (V), i.e.,

(v, ¢") = (f,¢) VopeV.

If we assume sufficient regularity of u (in particular u € C?), then u” exists and we can integrate backwards.
Moreover, we use that ¢(0) = ¢(1) = 0 since ¢ € V. Then:

(~u" ~ ) =0 VoeV.

Since we assumed sufficient regularity for u” and f the difference is continuous. We can now apply the
fundamental principle (see Proposition 8.9):

welQ) = wodr=0 = w=0.
o

We proof this result later. Before, we obtain
(—uw'=f,0)=0 = —u'—f=0.

This yields the PDE. The boundary conditions are recovered because u € V and therein, we have u(0) =
u(1) = 0. Therefore, we obtain:

Since we know that (D) — (V) holds true, u has the assumed regularity properties and we have shown the
equivalence. 0

It remains to state and proof the fundamental lemma of calculus of variations. To this end, we introduce
Definition 8.8 (Continuous functions with compact support). Let Q@ C R™ be an open domain.

e The set of continuous functions from § to R with compact support is denoted by C.(Q2). Such functions
vanish on the boundary.

e The set of smooth functions (infinitely continuously differentiable) with compact support is denoted by
C(0).
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Proposition 8.9 (Fundamental lemma of calculus of variations). Let Q = [a, b] be a compact interval and let
w e C(Q). Let ¢ € C° with ¢p(a) = ¢((b) =0, i.e., p € CX(Q). If for all ¢ it holds

[ w@ta)dz o

then, w =0 in €.

Proof. We perform an indirect proof. We suppose that there exist a point z¢ € Q with w(xy) # 0. Without
loss of generality, we can assume w(zg) > 0. Since w is continuous, there exists a small (open) neighborhood
w C Q with w(z) > 0 for all x € w; otherwise w = 0 in Q \ w. Let ¢ now be a positive test function (recall
that ¢ can be arbitrary, specifically positive if we wish) in 2 and thus also in w. Then:

[t de = [ w@ole) ds

w

But this is a contradiction to the hypothesis on w. Thus w(z) = 0 for all in « € w. Extending this result to
all open neighborhoods in 2 we arrive at the final result. O

8.2 Derivation of a weak form

We continue to consider the variational form in this section and provide more definitions and notation. We
recall the key idea, which is a two-step procedure:

e Step 1: Design a function space V' that also includes the correct boundary conditions.
e Step 2: Multiply the strong form (D) with a test function from V and integrate.

The second operation ‘weakens’ the derivative information (therefore the name weak form because rather
evaluating 2nd order derivatives, we only need to evaluate a 1st order derivative on the trial function and
another 1st order derivative on the test function.

For Poisson with homogeneous Dirichlet conditions, we then obtain for Step 1: Take space

V = {v| v € C[0,1],v" is pc. cont. and bound. on [0, 1],v(0) = v(1) = 0}

from before. We now address Step 2:

—u' = f (75)
:—/Qu”qﬁdm:/ﬂfqﬁdx (76)
:/Qu'gzﬁ’dx—/aQE)nuqﬁds:/qude (77)
:>/Qu’¢’dx:/gf¢dx. (78)

To summarize we have:

/Q W' dr = /Q fodx (79)

A common short-hand notation in mathematics is to use parentheses for L? scalar products: fQ abdz =: (a,b):
(u',¢") = (f,9) (80)
A mathematically-correct statement is:

Formulation 8.10. Find uw € V such that

(u',¢') = (f.4) VoeV. (81)
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8.3 Notation: writing the bilinear and linear forms in abstract notation
In the following, a very common notation is introduced. First, we recall concepts known from linear algebra:

Definition 8.11 (Linear form and bilinear form). IfV is a linear space, [ is a linear form onV ifl : V — R
or in other words I(v) € R for v e V.. Moreover, | is linear:

l(av + bw) = al(v) + bl(w) Va,be R, Yv,weV.

A problem is a bilinear form * on V. xV ifa:V xV — R and a(v,w) € R for v,w € V and a(v,w) is
linear in each argument, i.e., for a, 8 € R and u,v,w € V, it holds

a(u, v + fw) = aa(u,v) + Balu, w),
a(au + Bv,w) = aa(u,w) + Ba(v, w).
A bilinear form is said to be symmetric if
a(u,v) = a(v,u).
A symmetric bilinear form a(-,-) on V- x V defines a scalar product on V if
a(v,v) >0 YveVv#0.

The associated norm is denoted by || - ||o and defined by

lv]la := Va(v,v) forveV.

Definition 8.12 (Frobenius scalar product). For vector-valued functions in second-order problems, we need
to work with a scalar product defined for matrices because their gradients are matrices. Here the natural form
1s the Frobenius scalar product, which is defined as:

<A,B >F:A:Bzzzaijbij
g

The Frobenius scalar product induces the Frobenius norm:

IAlr = V< A, B >.

Remark 8.13. For vector-valued PDEs (such as elasticity, Stokes or Navier-Stokes), we formulate in compact
form:

a(u, ¢) = 1(¢)
with some l(¢) and

a(u, ) = / Vu:Vodr
Q
where Vu : V¢ is then evaluated in terms of the Frobenius scalar product.

Definition 8.14 (Bilinear and linear forms of the continuous Poisson problem). For the Poisson problem, we
can define:

a(u, ) = (u',¢"),
(¢) = (f,¢)-
We shall state the variational form of Poisson’s problem in terms of a(-,-) and I(-):

Formulation 8.15 (Variational Poisson problem on the continuous level). Find v € V' such that

a(u,¢) =1(¢) VoeV, (82)

where a(-,-) and I(-) are defined in Definition 8.14. The unknown function u is called the trial or (ansatz)
function whereas ¢ is the so-called test function.

3For nonlinear problems we deal with a semi-linear form, which is only linear in one argument.
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8.4 Finite elements in 1D

In the following we want to concentrate how to compute a discrete solution. As in the previous chapter, this,
in principle, allows us to address even more complicated situations and also higher spatial dimensions. The
principle of the FEM is rather simple:

e Introduce a mesh 7;, := | K; (where K; denote the single mesh elements) of the given domain © = (0, 1)
with mesh size (diameter/length) parameter h

e Define on each mesh element K; := [x;,x;41],4 = 0,...,n polynomials for trial and test functions. These
polynomials must form a basis in a space V}, and they should reflect certain conditions on the mesh
edges;

e Use the variational (or weak) form of the given problem and derive a discrete version;
e Evaluate the arising integrals;

e Collect all contributions on all K; leading to a linear equation system AU = B;

)T

e Solve this linear equation system; the solution vector U = (ug, ..., u,)" contains the discrete solution at

the nodal points xg, ..., Zy;

e Verify the correctness of the solution U.
8.4.1 The mesh
Let us start with the mesh. We introduce nodal points and divide = (0, 1) into
o=0<2 <22 < ... < Ty < Tpy1 = 1.

In particular, we can work with a uniform mesh in which all nodal points have equidistant distance:

1
.’L'J:]h7 h:n+17 OSJSTL—FL h:l'jJrl—.’L'j.

Remark 8.16. An important research topic is to organize the points x; in certain non-uniform ways (keyword
is adaptivity!) in order to reduce the discrete error (see Section 8.13).

8.4.2 Linear finite elements

In the following we denote Py the space that contains all polynomials up to order k£ with coefficients in R:

Definition 8.17.

k
p, = {Z a;z'| a; € R}.
=0

In particular we will work with the space of linear polynomials
Py :={ap + a1z| ag, a1 € R}.

A finite element is now a function localized to an element K; € 7} and uniquely defined by the values in the
nodal points x;, ;1.
We then define the space:

Vh(l) =V, :={veCl0,1]| v|k, € P1,K; := [25,%i+1],0 < i < n,v(0) = v(1) = 0}.

The boundary conditions are build into the space through v(0) = v(1) = 0. This is an important concept that
Dirichlet boundary conditions will not appear explicitly later, but are contained in the function spaces.

All functions inside V}, are so called shape functions and can be represented by so-called hat func-
tions. Hat functions are specifically linear functions on each element K;. Attaching them yields a hat in the
geometrical sense.
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For j =1,...,n we define:
0 if o zj-1,2)41]
oj(x) = % if z€(z;_1, )] (83)
% if ze€ [xj,xj+1]
with the property
1 1=y
¢j(xi) = : (84)
0 i#j

/
/
/

Ti—1 T Ti+1

Figure 15: Hat functions.

For a uniform step size h = z; — ;1 = ;41 — x; we obtain

0 if @& lxj-1,241]
¢j($) = 79:7?571 if ze€ [a;j,l,xj]
Tjp1—T

if @€ [z, xj4]
and for its derivative:
0  if o [zj_1,2)41]

Pi(x) =4 +

if xe [xj,l,xj}

=

if @€ [z, xj4]

=

Lemma 8.18. The space V}, is a subspace of V := C[0,1] and has dimension n (because we deal with n basis
functions). Thus the such constructed finite element method is a conforming method. Furthermore, for each
function vy, € Vi, we have a unique representation:

vp(z) = thﬂ'(ﬁj(x) Ve e [0,1], wvp,; €R.
j=1

Proof. Sketch: The unique representation is clear, because in the nodal points it holds ¢;(x;) = d0;;, where 6;;
is the Kronecker symbol with 4;; = 1 for ¢ = j and 0 otherwise. O

The function vj,(x) connects the discrete values v, ; € R and in particular the values between two support
points x; and x;41 can be evaluated.
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(%

Ti—1 Z; Tit1

Figure 16: The function v, € Vj,.

Remark 8.19. The finite element method introduced above is a Lagrange method, since the basis functions
¢; are defined only through its values at the nodal points without using derivative information (which would
result in Hermite polynomials).

8.4.3 The process to construct the specific form of the shape functions

In the previous construction, we have hidden the process how to find the specific form of ¢;(z). For 1D it is
more or less clear and we would accept the ¢;(z) really has the form as it has in (83) . In R™ this task is a
bit of work. To understand this procedure, we explain the process in detail. Here we first address the defining
properties of a finite element (see also Section 8.4.7):

o Intervals [x;, z;11];
e A linear polynomial ¢(z) = ap + a2;
e Nodal values at z; and x; 1 (the so-called degrees of freedom).

Later only these properties are stated (see also the general literature in Section 1) and one has to construct
the specific ¢(z) such as for example in (83). Thus, the main task consists in finding the unknown coefficients
agp and a; of the shape function. The key property is (84) (also valid in R™ in order to have a small support)
and therefore we obtain:

¢j(l‘j) =ap+a1x; = 1,
d)j(fﬂl) = ap + a1 1xr; = 0

To determine ag and a; we have to solve a small linear equation system:

()=o)

We obtain )
ay = —
xZ; Xy
and
T
ag =
xX; &Zj
Then:
T, — X
i(r) =ap +a1x = .
¢j(z) = a0+ a P
At this stage we have now to distinguish whether x; := x;_1 or x; := x;41 or |i — j| > 1 yielding the three

cases in (83).
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Remark 8.20. Of course, for higher-order polynomials and higher-order problems in R™, the matrix system
to determining the coefficients becomes larger. However, in all these state-of-the-art FEM software packages,
the shape functions are already implemented.

Remark 8.21. A very practical and detailed derivation of finite elements in different dimensions can be found
in [99].
8.4.4 The discrete weak form

We have set-up a mesh and local polynomial functions with a unique representation, all these developments
result in a ‘finite element’. Now, we use the variational formulation and derive the discrete counterpart:

Formulation 8.22. Find u;, € V), such that

(U;” (b/h) = (f7 ¢h) v¢h S Vh- (85)
Or in the previously introduced compact form:

Formulation 8.23 (Variational Poisson problem on the discrete level). Find up, € Vi, such that

aun, ¢n) =U(én) Von € Vi, (86)
where a(-,-) and l(-) are defined in Definition 8.14 by adding h as subindex for u and ¢.

Remark 8.24 (Galerkin method). The process going from V to V}, using the variational formulation is called
Galerkin method. Here, it is not necessary that the bilinear form is symmetric. As further information:
not only is Galerkin’s method a numerical procedure, but it is also used in analysis when establishing existence
of the continuous problem. Here, one starts with a finite dimensional subspace and constructs a sequence of
finite dimensional subspaces Vi, C V' (namely passing with h — 0; that is to say: we add more and more basis
functions such that dim(Vy) — o0). The idea of numerics is the same: finally we are interested in small h
such that we obtain a discrete solution with sufficient accuracy.

Remark 8.25 (Ritz method). If we discretize the minimization problem (M), the above process is called Ritz
method. In particular, the bilinear form of the variational problem is symmetric.

Remark 8.26 (Ritz-Galerkin method). For general bilinear forms (i.e., not necessarily symmetric) the dis-
cretization procedure is called Ritz-Galerkin method.

Remark 8.27 (Petrov-Galerkin method). In a Petrov-Galerkin method the trial and test spaces can be
different.

In order to proceed we can express u; € Vj with the help of the basis functions ¢; in V3 1= {¢1,...,¢n},
thus:

up = Zuj¢j($)7 u; € R.
=1
Since (85) holds for all ¢; € V}, for 1 < i < n, it holds in particular for each i:

(un, @5) = (f.¢;) for 1 <i<n. (87)

We now insert the representation for u; in (87), yielding the Galerkin equations:
S ui(¢ ¢) = (f.6i) for1<i<n. (88)
j=1

We have now extracted the coefficient vector of u, and only the shape functions ¢; and ¢; (i.e., their
derivatives of course) remain in the integral.
This yields a linear equation system of the form

AU =B
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where
U= (uj)i<j<n € R", (89)
B=((f01),cicn €R™ (90)
e () (1)

Thus the final solution vector is U which contains the values u; at the nodal points z; of the mesh. Here we
remark that x¢ and x,, 1 are not solved in the above system and are determined by the boundary conditions
u(zo) = u(0) =0 and u(zpy1) = u(l) =0.

Remark 8.28 (Regularity of A). It remains the question whether A is reqular such that A=' exists. We show
this Tigorously using Assumption No. 8 in Definition 8.68 in Section 8.12.3.

8.4.5 Evaluation of the integrals

It remains to determine the specific entries of the system matrix (also called stiffness matrix) A and the right
hand side vector B. Since the basis functions have only little support on two neighboring elements (in fact
that is one of the key features of the FEM) the resulting matrix A is sparse, i.e., it contains only a few number
of entries that are not equal to zero.

Let us now evaluate the integrals that form the entries a;; of the matrix A = (a;j)1<; j<n. For the diagonal
elements we calculate:

i = [ @l = [ Gl s (92)
Q

Ti—1
Zq 1 Tit+1 1 2
= —dm—i—/ ——) dx (93)
[ e (5
h h
2
= 7 (95)

For the right off-diagonal we have:

T / Y I
tin = [ @l = [T 5o (<5) de= . (96)

i

It is trivial to see that a; ;41 = a;—1,;.
In compact form we summarize:

7“1_ : if j=i—1
Tj+1—Zj
— L if j=i
%=/%wwwm: A : (97)
Q —%__ijfl if j=i+1
0 otherwise

For a uniform mesh (as we assume in this section) we can simplify the previous calculation since we know that
h = hj = Tj41 — Ty

-3 if j=i-1
o 2 f j=i
0y = | &(@)oi(a)da = . (98)
-3 if j=i+1
0 otherwise
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The resulting matrix A for the ‘inner’ points z1,...,z, reads then:
2 -1 0
-1 2 -1
A=hn"t € R™*™,
-1 2 -1
0 -1 2
Remark 8.29. Since the boundary values at xo =0 and x,41 =1 are known to be u(0) = u(1) =0, they are
not assembled in the matriz A. We could have considered all support points xg,x1,...,Tn,Tnt1 we would have
obtained:
h 0 0
-1 2 -1
A—pt c R(H2)x(n+2)
-1 2 -1
0 0 h

Here the entries agp = an+1,n+1 = 1 (and not 2) because at the boundary only the half of the two corresponding
test functions do exist. Furthermore, working with this matriz A in the solution process below, we have to
modify the entries ap1 = a1,0 = Gnnt1 = Gny1.n from the value —1 to O such that upo = upnt1 = 0 can
follow.

It remains to evaluate the integrals of the right hand side vector b. Here the main difficulty is that the given
right hand side f may be complicated. Of course it always holds for the entries of b:

b, = / f(@)pi(x)de for 1 <i<n.
Q

The right hand side now depends explicitly on the values for f. Let us assume a constant f = 1 (thus the
original problem would be —u” = 1), then:

bi:/1~¢i(m)dfc:1~/¢i(x)dm:1~h for1<i<n.
Q Q

Namely
B=(h,....h)7T.
For non-uniform step sizes we obtain:
1 1
[ s@dn wd [ i@
hi K; hi‘f‘l Kiti

with hl =T; —Ti—-1, hi+1 = Ti+1 — X4 and K,L = [xi,1,$i] and KiJrl = [.’Ei, $¢+1]~
Exercise 6. Derive the system matriz A by assuming non-uniform step sizes hj = x; — Tj41.

Exercise 7. Derive the system matrixz A for a Py discretization, namely working with quadratic basis functions.
Sketch how the basis functions look like.

8.4.6 More comments on how to build-in boundary conditions

We briefly elaborate a little bit more on boundary conditions. If they are of Neumann type, they can be
immediately assembled as previously shown. On the other hand, Dirichlet conditions must be carefully applied
to the matrix. Usually the entries are locally modified as previously mentioned. In higher dimensions, this is
more work, and constraint matrix can be used. An alternative to the strong prescription of Dirichlet conditions
can be a weak formulation. The latter is as follows for instance:

Formulation 8.30 (Weak prescription of boundary conditions). Let ©Q be a domain and T its boundary
(sufficiently smooth). Let V := H'. Let g be the boundary function and ~ a penalization parameter. Find
u €V such that

a(u, ¢) +7/F<u—g>¢>ds —1(p) VoeV.
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8.4.7 Definition of a finite element

We briefly summarize the key ingredients that define a finite element. A finite element is a triple (K, Pk, X)
where

e K is an element, i.e., a geometric object (in 1D an interval);
e P (K) is a finite dimensional linear space of polynomials defined on K;

e Y. not introduced so far, is a set of degrees of freedom (DoF), e.g., the values of the polynomial at the
vertices of K.

These three ingredients yield a uniquely determined polynomial on an element K.

8.4.8 Properties of the system matrix A
We first notice:

Remark 8.31. The system matriz A has a factor % whereas in the corresponding matrix A, using a finite

difference scheme, we have a factor h—lfz The reason is that we integrate the weak form using finite elements

and one h is hidden in the right hand side vector b. Division by h we yield the same system for finite elements
as for finite differences.

Next, we show that A is symmetric and positive definite. It holds
(0, 95) = (¢, ¢%)-
Using the representation

u(@) = ujndjn(@),
j=1

we obtain . . .
Z uz((b;,v(b;)uj = (Z UZQS;» Z uj(b;) = (’U/,’U/) > 0.
,j=1 t,j=1 1,j=1
We have
(u',u") =0
only if v’ = 0 since u(0) = 0 only for v = 0 or wj, = 0 for j = 1,...,n. We recall that a symmetric matrix

B € R™ ™ is said to be positive definite if

§-BE= ) &bijg; >0 VEER™ A

i,j=1
Finally, it holds:

Proposition 8.32. A symmetric positive matriz B is positive definite if and only if the eigenvalues of B are
strictly positive. Furthermore, a positive definite matriz is reqular and consequently, the linear system to which
B is associated with has a unique solution.

Proof. Results from linear algebra. O

8.4.9 Numerical test: 1D Poisson

We compute the same test as in Section 6.7, but now with finite elements. Since we can explicitly derive
all entries of the system matrix A as in the finite difference method, everything would result in the same
operations as in Section 6.7. Rather we adopt deal.Il [4, 6] an open source C++ finite element code to carry
out this computation. Even that in such packages many things are hidden and performed in the background,
deal.IT leaves enough room to see the important points:
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Creating a domain 2 and decomposition of this domain into elements;
Setting up the vectors u, b and the matrix A with their correct length;

Assembling (not yet solving!) the system Au = b. We compute locally on each mesh element the matrix
entries and right hand side entries on a master cell and insert the respective values at their global places
in the matrix A;

In the assembly, the integrals are evaluated using numerical quadrature in order to allow for more
general expressions when for instance the material parameter a is not constant to 1 or when higher-order
polynomials need to be evaluated;

Solution of the linear system Au = b (the implementation of the specific method is hidden though;

Postprocessing of the solution: here writing the solution data U;,1 < j < n into a file that can be read
from a graphic visualization program such as gnuplot, paraview, visit.

-0.15 ¢ h=0.5, DoFs =3 —— 1

h=0.25, DoFs =5
0.2 | h=0.125, DoFs =9 ——
e h = 0.0625, DoFs =17 ——
h = 0.03125, DoFs = 33
Min. u(x) = -0.125 =-eeeme
'025 L I N

0 0.2 0.4 0.6 0.8 1
X

Figure 17: Solution of the 1D Poisson problem with f = —1 using finite elements with various mesh sizes

h. DoFs is the abbreviation for degrees of freedom; here the number of support points x;. The
dimension of the discrete space is DoF's. For instance for h = 0.5, we have 3 DoFs and two basis
functions, thus dim(V},,) = 3. The numerical solutions are computed with an adaptation of step-3
in deal.II [4, 6]. Please notice that the picture norm is not a proof in the strict mathematical sense:
to show that the purple, and blue lines come closer and closer must be confirmed by error estimates
as presented in Section 8.13 accompanied by numerical simulations in Section 8.16. Of course, for
this 1D Poisson problem, we easily observe a limit case, but for more complicated equations it is
often not visible whether the solutions do converge.

Level Elements DoFs

add wWwN -

2 3
4 5
8 9
16 17
32 33
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8.5 Algorithmic details

We provide some algorithmic details for implementing finite elements in a computer code. Of course, for
constant coefficients, a ‘nice’ domain 2 with uniform step lengths, we can immediately build the matrix, right
hand side vector and compute the solution. In practice, we are interested in more general formulations. Again,
we explain all details in 1D, and partially follow Suttmeier’s lecture [100]. Further remarks and details (in
particular for higher dimensions) can be found in the literature provided in Section 1.

8.5.1 Assembling integrals on each cell K

In practice, one does not proceed as in Section 8.4.5 since this only makes sense for very simple problems.
A more general procedure is based on an element-wise consideration, which is motivated by:

a(u,¢)=/u’¢'dx= Z / u' ¢’ du.
Q KeT, VK
The basic procedure is:

Algorithm 8.33 (Basic assembling - robust, but partly inefficient). Let K, s =0,...n be an element and let
i and j be the indices of the degrees of freedom (namely the basis functions). The basic algorithm to compute
all entries of the system matriz and right hand side vector is:

for all elements Ky with s =0,...,n
for all DoFsi withi=0,...,n+1
for all DoFs j with j =0,....,n+1

G+ = /K o(x) & () da

Here + = means that entries with the same indices i,j are summed. For the right hand side, we have

for all elements Ks with s =0,...,n
for all DoFs i witht=0,...,n+1

Again + = means that only the b; with the same i are summed.

Remark 8.34. This algorithm is a bit inefficient since a lot of zeros are added. Knowing in advance the
polynomial degree of the shape functions allows to add an if-condition to assemble only non-zero entries.

8.5.2 Example in R®
We illustrate the previous algorithm for a concrete example. Let us compute 1D Poisson on four support
points z;,¢ = 0,1,2,3,4 that are equidistantly distributed yielding a uniform mesh size h = x; — ;1. The
discrete space V}, is given by:

Vh = {¢0,¢15¢2a¢3a¢4}7 dlm(Vh) =5.

The number of cells is #K = 4.
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¢ P G2 Q3 Q4

Figure 18: Basis functions ¢;, elements K, and nodes z used in Section 8.5.2.

It holds furthermore:
UeR AecR™, beR5.

8.5.2.1 Element K; We start with s = 0, namely Kj:

1 1

=0 =0
i =am= [ ohdh =g airt=an= [ st =,
0 0

—0 —0 —0
agy = ag2 = Pody =0, agz° = ags = Pods =0, ag;° =aps = Py = 0.
Ko Ko Ko

Similarly, we evaluate a1j, azj, asj, asj, j = 0,...4. This yields the local matrix:

~ 1/ 1 -1
s=0 _ —
A h<—1 1>

and the global matrix

+1 -1 000
-1 +1 000
ASZOZEOOOOO
0 0 000
0 0 000

We also see that we add a lot of zeros when |i — j| > 1. For this reason, a good algorithm first design the
sparsity pattern and determines the entries of A that are non-zero. This is clear due to the construction of
the hat functions and that they only overlap on neighboring elements.

8.5.2.2 Element K; Next, we increment s = 1 and work on cell ;. Here we again evaluate all a;; and sum
them to the previously obtained values on K. Therefore the + = in the above algorithm.
This yields the local matrix:
~ 1/ 1 -1
As:l _
(47

and the global matrix

00 000
) 0 +1 =100
AS:l_E 0 -1 4+100
00 000
00 000
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8.5.2.3 Assembling all elements After having assembled the values on all four elements K, s = 1,2,3,4,
we obtain the following system matrix:

Es a(SJO Zs a“(le Zs a’82 Zs a’(s)3 Zs a84 1 -1 0 0 0

dosaig Do.afy Do aiy Do aiz Do aiy 3 N
A = Zs a;o Zs a’;l Zs a;Q Zs 053 Zs a§4 = Z A(S) - E 0 —1 1 + 1 —1 0

Ds30 D @31 D, Q3 D a3 Y. a3 5=0 0 0 -1 1+

Zs aflo Zs a’fll Zs aiQ Zs ai:ﬂ Zs afl4 0 0 O

To fix the homogeneous Dirichlet conditions, we can manipulate directly the matrix A or work with a ‘constraint
matrix’. We eliminate the entries of the rows and columns of the off-diagonals corresponding to the boundary
indices; here ¢ = 0 and ¢ = 4. Then:
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8.5.3 Numerical quadrature

As previously stated, the arising integrals may easily become difficult such that a direct integration is not
possible anymore:

e Non-constant right hand sides f(z) and non-constant coefficients a(x);
e Higher-order shape functions;
e Non-uniform step sizes, more general domains.

In modern FEM programs, Algorithm 8.33 is complemented by an alterative evaluation of the integrals using
numerical quadrature. The general formula reads:

/ g(x) ~ iwzg(qz)
Q 1=0

with quadrature weights w; and quadrature points g;. The number of quadrature points is n, + 1.

Remark 8.35. The support points x; of the FE mesh and the quadrature points q; do not need to be necessarily
the same. For Gauss quadrature, they are indeed different. For lowest-order interpolatory quadrature rules
(box, Trapez) they correspond though.

We continue the above example by choosing the trapezoidal rule, which in addition, should integrate the
arising integrals exactly:
A

where h, is the length of interval/element K, ny = 1 and w; = 0.5. This brings us to:

g(x) = he Y wig(a)
=0

s

Applied to our matrix entries, we have on an element Kj:

0= [ @it do~ 2 (6ilan)eian) + Silan)ol ().
K

For the right hand side, we for the case f = 1 we can use for instance the mid-point rule:

K;

Remark 8.36. If f = f(z) with a dependency on x, we should use a quadrature formula that integrates the
function f(x)¢;(x) as accurate as possible. The mid-point rule would read:

/ f(x)pi(x) dx ~ h; [f (W> b (W)
K, D) 5

Remark 8.37. It is important to notice that the order of the quadrature formula must be sufficiently high
since otherwise the quadrature error dominates the convergence behavior of the FEM scheme.

We have now all ingredients to extend Algorithm 8.33:
Algorithm 8.38 (Assembling using the trapezoidal rule). Let K, s = 0,...n be an element and let i and j be
the indices of the degrees of freedom (namely the basis functions). The basic algorithm to compute all entries
of the system matriz A and right hand side vector b is:
for all elements Ks with s =0,...,n
for all DoFs i withi=0,...,n+1
for all DoFs j with j =0,...,n+1
for all quad points | withl=0,...,n,

hs / /
Qi+ = ?@(Ql)%(m)
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where ng = 1. Here + = means that entries with the same indices are summed. This is necessary because on
all cells K we assemble again a;;.

for all elements Ks with s =0,...,n
for all DoFs i withi=0,...,n+1
for all quad points | withl=0,...,n,
bit = hsf(a)¢i(a)

Remark 8.39. In practice it is relatively easy to reduce the computational cost when a lot of zeros are
computed. We know due to the choice of the finite element, which DoF's are active on a specific element and
can assemble only these shape functions. For linear elements, we could easily add an if condition that only
these a;;j are assembled when |i — j| < 1. We finally remark that these loops will definitely work, but there is a
second aspect that needs to be considered in practice which is explained in Section 8.5.4.

8.5.4 Details on the evaluation on the master element

In practice, all integrals are transformed onto a master element (or so-called reference element) and
evaluated there. This has the advantage that

e we only need to evaluate once all basis functions;
e numerical integration formulae are only required on the master element;

e independence of the coordinate system. For instance quadrilateral elements in 2D change their form
when the coordinate system is rotated [90].

The price to pay is to compute at each step a deformation gradient and a determinant, which is however easier
than evaluating all the integrals.
We consider the (physical) element KM = [€i,xiy1],4 = 0,...n and the variable z € Ki(hi) with and

1
hi; = x;11 —z;. Without loss of generality, we work in the following with the first element Kéh") = [x9,x1] and
h = hg = 21 — ¢ as shown in Figure 19. The generalization to s elements is briefly discussed in Section 8.5.5.

Zo Tl

Figure 19: The mesh element KéhO).

The element Ki(}”) is transformed to the master element (i.e., the unit interval with mesh size h = 1)
KM :=0,1] with the local variable ¢ € [0, 1] as shown in Figure 20.

l |
| 1
0 1

Figure 20: The master element Kj.

For the transformations, we work with the substitution rule (see Section 3.15). Here in 1D, and in higher
dimensions with the analogon. We define the mapping

Ty : KO — K™
f’—)Th(f) :$:$0+€~($1 —!Eo) =xg + £h.

While function values can be identified in both coordinate systems, i.e.,

f(x) = f(€), f defined in KM,
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derivatives will be complemented by further terms due to the chain rule that we need to employ. Differentiation
in the physical coordinates yields

- dg
%. 1—(1‘1—1‘0)dx

= dx = (x1 — ) - d€.

The volume (here in 1D: length) change can be represented by the determinant of the Jacobian of the trans-
formation:
Ji=x1 —x9 = h.

These transformations follow exactly the way as they are known in continuum mechanics. Thus for higher
dimensions we refer exemplarily to [63], where transformations between different domains can be constructed.
We now construct the inverse mapping

T, K - kW
_ r — X r — X
2o T @) = €= b = ==

with the derivative
_da 1

0T, (w) = & = de  xy—x0

)

. . h
A basis function ¢! on K"’ reads:

i (@) == i (Ty, ' (2)) = 9} (€)
and for the derivative we obtain with the chain rule:
Ouipl () = Depi () - 0Ty, () = Depf (€) - &
with 7), ' (z) = €.

Example 8.40. We provide two examples. Firstly:

F@)h(@)de 2 [ F(Th(€)) - p}(€) - J - de, (99)
K K®
and secondly,
| ot -ond@do= [ (060H©) o (06}(©)) & T, (100)
Kp KM

We can now apply numerical integration using again the trapezoidal rule and obtain for the two previous
integrals:

(99) &
f@)pl@)de = ) wif (Ful()) ol (&) - T
Th k=1
and for the second example:

/T TSI i (Geeh(e) &) - (Det(60) - &0) - .
h k=1

Remark 8.41. These final evaluations can again be realized by using Algorithm 8.38, but are now performed
on the unit cell K.
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8.5.5 Generalization to s elements
We briefly setup the notation to evaluate the integrals for s elements:

e Let n be the index of the end point z:, = b (b is the nodal point of the right boundary). Then, n — 1 is
the number of elements (intervals in 1d), and n+1 is the number of the nodal points (degrees of freedom
- DoFs) and the number shape functions, respectively (see also Figure 18);

° ths) = [xs, Ts41],5=0,...n— 1.

® hs=Tst1 — Ts;

o To: KO 5 KM 60 T(6) = o + E(wann —a3) = @ + Ehs
o T71: K" o kMg T z) = £r%a;
o VI Yz) =0, T (x) = hi (in 1D);

o VI,(§) = 0.T5(§) = (w5 + hs)" = hs (in 1D);
o J,:=det(VT,(€)) = (s + Ehs) = hs (in 1D).

8.5.6 Example: Section 8.5.2 continued using Sections 8.5.4 and 8.5.5

We continue Example 8.5.2 and build the system matrix A by using the master element. In the following, we
evaluate the Laplacians in weak form:

aij = /K ¢;(x) - 65 (x) dx = $1() 0T () - ¢5(€) 0T () T dE

K@
o L e d
= [ O 03O e

1€) - dh(e) -
S GRAGEES

We now compute once! the required integrals on the unit element (i.e., the master element) K"). Here,
€ =0and & =1 with h() = ¢, — & = 1 resulting in two shape functions:

The derivatives are given by:
-1 1
IieN _ Iiey — _

$o(¢) ¢1(8)

| K |
§o =0 B &=1

Figure 21: The master element K including nodal points and mesh size parameter h(}).
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With these calculations, we compute all combinations on the master element required to evaluate the Lapla-
cian in 1d:

aé?:/ o) - ah©)de= [ (“1)Pde=1,
K1)

K

ol =/ o) -Gy de= [ (1) 1de =1,
K@) K1)

o =/ 06 ah©de= [ 1. (~1)de =1,
K1) K1)

a&?=/ 6 (6)- oy de= [ 1.1de=1.
K@) K1)

It is clear what happens on each element K, using Algorithm 8.33:

s  __ / 3 / i — i _ 2 _ i
aio= [ (O on© e = o [ (1ras= o

Y NS U L AR |
R R GIAGE T S IR

s

L p— / . b i :i -1)- =
dia= [ 06O 0x(e) g-de = [ (1) 0ds =0,

S

s / A i 1 — . =
b= [ 0@ oh(e) gmde = [ (1)-0ds =0,

" he
s / Y i :i —1) - =
dhi= [ 0@ ohe) gde =5 [ (1)-0ds=o.

Next, we increase i — ¢ + 1 resulting in ¢ = 1 and compute:

S S S S S
1o, @11, Q12, QA13, Q4.

We proceed until ¢ = 4. This procedure is done for all elements K with s = 0,1,2,3. As stated in Algorithm

8.33, the procedure is however inefficient since a lot of zeros are assembled. Knowing the structure of the

matrix (i.e., the sparsity pattern) allows us upfront only to assemble the entries with non-zero entries.
Anyhow, the system matrix is composed by (the same as in Section 8.5.2):

25000 D501 s Aoz D503 D Ads

26050 D5 Ai1 Dogair Do a3 Do, aiy

A= Zs asg Zs a3 Zs aso Zs ass Zs asy

D030 Dog A3 D3 Y. a3 Do, Qi

Zs aio Zs ai ZS ajo Zs ajs Zs aiy
1

B 0 0 0
T R tA 00
=10 m mtm w0
0 0 ™ mth
0 0 0 i

This matrix is the same as if we had evaluated all shape functions on the physical elements with a possibly
non-uniform step size hg,s = 0,1,2,3.

Remark 8.42. Good practical descriptions for higher dimensions can be found in [67][Chapter 12] and [99)].
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8.6 Quadratic finite elements: P, elements

8.6.1 Algorithmic aspects

We explain the idea how to construct higher-order FEM in this section. Specifically, we concentrate on P
elements, which are quadratic on each element K. First we define the discrete space:

Vi = {v € C[0.1]| vlx, € Py}
The space V}, is composed by the basis functions:

Vh = {QSOa"'a¢n+lv¢%a"'a¢)n+%}'

The dimension of this space is dim(V}) = 2n + 1. Here, we followed the strategy that we use the elements K
as in the linear case and add the mid-points in order to construct unique parabolic functions on each K. The
mid-points represent degrees of freedom as the two edge points. For instance on each K; = [x;,x;11] we have
as well Tip1 = x5+ 2, where h = ;11 — x;. From this construction it is clear (not proven though!) that
quadratic FEM have a higher accuracy than linear FEM.

o Gip1 i1
,

Figure 22: Quadratic basis functions

The specific construction of shape functions can be done as shown in 8.4.3 or using directly Lagrange basis
polynomials (see lectures on introduction of numerical methods).

Definition 8.43 (P, shape functions). On the master element K\, we have
$o(€) = 1 - 3¢ +2¢2,
01(6) = 46 — 1€,
$1(€) = —€ + 267

These basis functions fulfill the property:

1 i=j
¢i(&5) =
0 i#j

fori,7=0,5,1. On the master element, a function has therefore the prepresentation:

727
1
u(€) =D uidi(6) +urdi(é).

This definition allows us to construct a global function from V},:

Proposition 8.44. The space V}, is a subspace of V. Each function from Vi, has a unique representation and

is defined by its nodal points:
n+1

un(w Z“J% IEDIIISTIC)
j=0

Remark 8.45. The assembling of A,u and b 18 done in a similar fashion as shown in detail for linear finite
elements.

125



8. THEORY AND FINITE ELEMENTS (FEM) FOR ELLIPTIC PROBLEMS

8.6.2 Numerical test: 1D Poisson using quadratic FEM (P, elements)

We continue Section 8.4.9.

-0.05

>
0157 h=05, DoFs =5 —— 1
h =0.25, DoFs =9
02t h=0125, DoFs =17 —— |
e h = 0.0625, DoFs = 33 ——
h = 0.03125, DoFs = 65
Min. u(x) = -0.125 -=----eem-
0.25 (x) . .
0 0.2 0.4 0.6 0.8 1
X
Figure 23: Solution of the 1D Poisson problem with f = —1 using quadratic finite elements with various mesh

sizes h. DoFs is the abbreviation for degrees of freedom; here the number of support points z;. The
dimension of the discrete space is DoF's. For instance for A = 0.5, we have 2 mesh elements, we
have 5 DoFs and three basis functions, thus dim(V3) = 5. The numerical solutions are computed
with an adaptation of step-3 in deal.Il [4, 6]. Please notice that the picture norm is not a proof in
the strict mathematical sense: to show that the purple, and blue lines come closer and closer must
be confirmed by error estimates as presented in Section 8.13 accompanied by numerical simulations
in Section 8.16. Of course, for this 1D Poisson problem, we easily observe a limit case, but for more
complicated equations it is often not visible whether the solutions do converge.

Remark 8.46. Be careful when plotting the solution using higher-order FEM. Sometimes, the output data is
only written into the nodal values values defining the physical elements. In this case, a quadratic function is
visually the same as a linear function. Plotting in all degrees of freedom would on the other hand shows also
visually that higher-order FEM are employed.

Level Elements DoFs

1 2 5
2 4 9
3 8 17
4 16 33
5 32 65
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8.7 Galerkin orthogonality, a geometric interpretation of the FEM, and a first error
estimate

The finite element method has a remarkable geometric interpretation, which is finally the key how to solve
and analyze a given PDE in an infinite-dimensional vector space V using the finite-dimensional space V}, as
we have previously constructured from a practical point of view. The techniques are based on results from
functional analysis.

The goal is to study the accuracy of our FEM scheme in terms of the discretization error w — uy. Here,
u € V is the exact (unknown) solution and uy € Vj, our finite element solution. The key is to use first best
approximation results and later (see the later sections) interpolation estimates.

We have

(W', ¢') = (f,¢) VeV,
(uhs ®%) = (fsn) Yon € Vi
Taking in particular only discrete test functions from V}, C V' and subtraction of both equations yields:
Proposition 8.47 (Galerkin orthogonality). It holds:
(w—un)',¢n) =0 Vo, € Vi,

or in the more general notation:
alu —up, op) =0 VYo € V.

Proof. Taking ¢, € V}, in both previous equations yields:

(u/7¢l) - (u%ﬂqb;z) = (f7 (b) - (f7 (bh)

Taking both equations, in the discrete space V}, yields

(f,én) = (f, én) = 0.

a(u — up, ¢p) =0

up, Vi

Figure 24: Illustration of the Galerkin orthogonality.

Since (-, -) is a scalar product (for the definition we refer the reader to Definition 7.7); here in the L? sense, 4

Galerkin orthogonality yields immediately a geometric interpretation of the finite element method. The error
(measured in terms of the first derivative) stands orthogonal to all elements ¢, of V. Therefore, the solution
uyp, is the best approximation since it has the smallest distance to u.

4 We later define more precisely the L? space. The reader can think of a square-integrable functions defined on Q with

L2(Q) := {v] /9112 dx < oo}.
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Proposition 8.48 (Best approximation in finite-dimensional subspaces). Let U be a finite-dimensional sub-
space of V' (for instance U := V},, our finite element function space). Then, there exists for each element in V
a best approximation in U.

Proof. Let u € V. Choosing a minimizing sequence® (v, )nen from U to approximate u brings us to
lu —vy,]| = d for n — oo,

where d := inf, ¢y ||u — v]|. Moreover, we can estimate as follows:

l[onll = llonll = llull + [lull
< o] = llull] + {fu]
= llull = lonll] + [Jull

< lu = o] + [lull-

Thus, the sequence (vy,)nen is bounded. Since U is finite dimensional, there exists a converging subsequence
(vn, )ien (a result from functional analysis, e.g., [109]) with

lim u,, - veU.
l[—00

It follows that
=l = Jim = v, ]| = inf flu— o]

which shows the assertion. O

In the following, we use the fact that the L? scalar product induces a norm (this is due to the fact that L>

is a Hilbert space; see Section 7.8)
ol = +/(w, w) :,// w? da.
Q

We recall Cauchy’s inequality, which we need in the following;:
(v, w)| < [Jo[|wll
We show that uy, is a best approximation to wu.
Theorem 8.49 (Céa lemma - first version). For any vy, € V}, it holds
1w —un)'| < (1w —vn)ll

Proof. We estimate as follows:

= wn) 2 = (o — ey’ — )
= a(u — up,u — up)
= a(u — up,u — vy + vy — up)
= a(u — up,u —vp) + alu — up, vy — up)
=0, Galerkin ortho.
< 1w = un)'|| [[(w = va)[].

We can now divide by |(u — uy)’|| and obtain
1w = un)'[l < [(w = va)'ll,

which shows the assertion. We finally remark that this proof technique (using Galerkin orthogonality at some
point) is essential in finite element error analyis. O

5Working with minimizing sequences is an important concept in optimization and calculus of variations when minimizers to
functionals need to be established. If (vy) is a minimizing sequence and the functional F'(+) is bounded from below, we obtain
that F'(vn) < co (assuming that F is proper) and lim, F(v,) = inf, F(u).
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Remark 8.50. This theorem is a first version of Céa’s Lemma, which will be later augmented with certain
constants yielding a more precise result. However, this result itself is extremely important as it shows the best
approximation property: we choose the best approximation wy from the space Vi,. In particular, any inter-
polation error is based on the best approximation property. Specifically, vy will be chosen as an appropriate
interpolation ipv € Vi, from which we then can explicitely calculate the discrete functions and obtain a quan-
titative error estimate in terms of the mesh size h. Secondly, we also see (trivial, but nevertheless worth to
be mentioned) that if u is already an element of Vy,, the error would be identically zero, which is clear from
geometrical considerations.

The previous result can be extended as follows: not only does the Galerkin orthogonality yield the best
approximation property, but it does also hold the contrary, namely that a best approximation property yields

((u — uh)’, ¢h) = 0

Proposition 8.51. Let U be a linear subspace of a Pre-Hilbert space V. An element v € U is best approxi-
mation to u € V if and only if
(u—v,9)=0 VopeUl.

For each uw € V there exists at most one best approzimation with respect to U.

Proof. The backward part follows from Theorem 8.49. The forward direction follows from Section 7.3. O

8.8 Neumann & Robin problems

8.8.1 Robin boundary conditions

We briefly introduce and discuss well-posedness of Neumann and Robin boundary value problems. Let Q2 =
(0,1) and let f € C(R2) and 8 > 0. We consider the following problem:

Formulation 8.52 ((D)). Find u € C%(Q) such that

" =f inQ,
Bu(0) —u'(0) = ap, (101)
Bu(l) +u'(1) = .

Remark 8.53. For 8 =0 we would obtain a pure Neumann (or so-called traction) problem.

To derive a variational formulation, a first step is the definition of an appropriate function space V. We
recall that boundary conditions on function values (such as Dirichlet or the first terms «(0) and u(1) in the
Robin type conditions) are built into V. If we change the problem statement (thus other boundary conditions),
also the definition of V' will change. Here, we define

V =CHR)NC).
In the second step, we can state the variational form of (101):

Formulation 8.54 ((V)). Find u € V such that

a(u,¢) =U(¢) VeV

where
a(u, 6) = / W'¢! do + Bu(1)é(1) + Bu(0)$(0),
2 (102)
(6) = /Q fédz + and(1) + and(0).

Proposition 8.55. For u € C?(f), it holds
(D) < (V).
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Proof. First, we show (D) — (V). Multiplication with a test function, integration, and applying integration
by parts yield

[
= (v, ¢') = [w'(1)e(1) — u'(0)¢(0)
= (u',¢') = (a1 = Bu(1))p(1) + (Bu(0) — o)
= (u,¢) + fu(1)$(1) + Bu(0)¢(0
=a(u,) =l(¢)

We show the other direction (V) — (D). Let u be solution to the variational problem. After backward
integration by parts, we obtain:

(—u" = f,0) = —[u'(2)p(2)]5=5 + lao — Bu(0)]¢(0) + [a1 — Bu(1)](1)
= [ + v/ (0) = Bu(0)]¢(0) + [ar — v/ (1) — Bu(1)]$(1)

We work in a two-step procedure and discuss first the domain integral terms and in a second step the boundary
terms. First, we work with the test space C2° (see Definition 8.8). We note that C2° is a dense subspace of V
(see Definition 7.22) and therefore an admissible choice as test space. Using C2°, the boundary terms vanish
and we have

(—u" —f,9)=0 = —u'—f=0 = —u'=f VopeCr.
Since the domain terms fulfill the equation, the boundary terms remain:
[0 + /(0) — Bu(0)]6(0) + [ar — /(1) — Bu(1)]é(1) = 0.

We choose special test functions ¢ € V' with ¢(0) =1 and ¢(1) = 0 yielding

ag +u'(0) — Bu(0) =0
and thus the first boundary condition. Vice versa, we choose ¢(1) = 0 and ¢(0) = 1 and obtain

ap —u'(1) = Bu(l) =0,
which is the second boundary condition. In summary, we have obtained the strong formulation and everything
is shown. 0

Proposition 8.56. For § > 0 the solutions to (D) and (V') are unique.

Proof. We assume that there are two solutions u; and us and we define the difference function w = u; — us.
Thanks to linearity it holds:
a(w,$) =0 Vo eV.

We recall that a(-,-) has been defined in (102). As test function, we choose ¢ := w:
a(w,w) = 0.
In detail:
/ (w")? da 4 Bw(1)? + Bw(0)? = 0.
Q
Recalling that 3 > 0, the previous equation can only be satisfied when w(1) = w(0) = [,(w')* = 0. In

particular the integral yields that
w =0 = w=constant.

Since the solutions u; and ug are continuous (because we work with V' - the reader may recall its definition!)
the difference function w is continuous as well. Since on the boundary, we have w(0) = w(1) = 0, it follows
from the continuity of w that necessarily

w=0 =  up —ug =0.

130



8. THEORY AND FINITE ELEMENTS (FEM) FOR ELLIPTIC PROBLEMS

8.8.2 Neumann boundary conditions

Working with Neumann boundary conditions, we have derivative information on the boundaries.

Formulation 8.57 ((D)). Let Q = (0,1). Find u € C?(Q) such that

" =f inQ,
—u/(0) = ap, (103)
u' (1) = aj.

The minus sign in front of u'(0) is only for convenience.

Here, the solution is not unique anymore and only determined up to a constant:
u+c, c¢>0.

It is trivial to see that this solution satisfies Formulation 8.57. One possibility is to add an additional condition
to fix the solution. A common choice is to prescribe the mean value:

/ u(z)dz = 0. (104)

Figure 25: Sketch of possible solutions to the Poisson problem with Neumann boundary conditions. The red
solution fulfills the compatibility condition (104). But any other constant to fix the solution would
work as well such that one of the black solutions would be feasbile.

A variational formulation of (103) on V = C}(Q) N C(f) reads:
Formulation 8.58 ((V)). Find u € V such that

a(u,¢) =1(¢) VeV

where
a(u, ¢) = / W' da,
« (105)
(6) = /Q fédz + ard(1) + aod(0).
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Proposition 8.59. If Formulation 8.57 has a solution u € C%(Q), it is unique by applying the normalization
condition (104). Moreover, a compatibility condition, which is sufficient and necessary, must hold:

1
/ f(z)dz+ ap+a; =0.
0

Proof. More a sketch rather a rigorous result! It holds necessarily using integration by parts in 1D (Gauss
divergence theorem to be more precise)

/Qfdx:—/ﬂu"dx:—/Qu”-ldxz—[u’(x)]é

Consequently, we have shown the compatibility condition:

—[w'(1) = u'(0)] = —ag — en.

/fdx+a0+a1 =0.
Q
This condition is also sufficient to obtain a solution:
/ fde+ap+a; =0
Q
<:>/f-1dx+a0-1+oz1~1:()
Q

@/f¢d$+ao~¢+a1~¢:0
Q

=l(¢)
& / w'¢ =0 Vo= const.
Q
=a(u,®)

Therefore, a(u, @) = (). O

8.9 Variational formulations of elliptic problems in higher dimensions

In the previous sections of this chapter, we have restricted ourselves to 1D derivations in order to show the
principle mechanisms. In the forthcoming sections, we extend everything to R™.

However, going from 1D to higher dimensions requires a deeper mathematical theory because the
solutions to elliptic problems (e.g., Poisson) can be irregular such that strong solutions in classical function
spaces may become infeasible. Consequently, we need to enlarge the sets of adequate solutions.

To this end, one restricts often to finding only weak solutions. For the integrals, however, the classical
Riemann integral is again too restrictive. For this reason, the Lebuesgue integral must be adopted. We
refer the reader to Section 7.1.3. A rich theory has been developed in the literature that is subject in classical
lectures on the theory of PDEs and also functional analysis. We have gathered the most important aspects in
Chapter 7.

In all this, principle challenges are:

1. Singularities in the domain (not a problem in 1D!), in the equations, the data become more severe in
higher dimensions;

2. The natural function spaces (Sobolev spaces ), here H!(Q) with  C R? d > 2, for solving the weak
problem cannot be embedded into classical continuous spaces. This causes challenges in existence theories
(for linear problems Lax-Milgram can be adopted) and also the prescription of boundary and initial data.
These have to be formulated and interpreted in the Lebuesgue intergral sense.
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8.9.1 Model problem
The model problem is

Formulation 8.60 (Model problem). Let Q C R™. Find u € C?> N C(Q) such that

—Au=f inQ
u=0 on 0f.

The Laplace-Operator A has been previously defined in Definition 3.4.

8.9.2 Comments on the domain (2 and its boundaries 92

We recall the basic definitions of a domain and its boundaries. Let 2 C R™ be a domain (its properties are
specified in a minute) and 99 its boundary. The closure of € is denoted by 2. The boundary may be split

into non-overlapping parts
00 = 0Qp UOQN U IR,

where 0€p represents a Dirichlet boundary, 02 represents a Neumann boundary and 9Q2 g represents a Robin
boundary.

e By C(Q) we denote the function space of continuous functions in 2.

e Let k > 0 (an integer). Then we denote by C*(2) the functions that are k-times continuously differen-
tiable in Q.

e By C°°(Q2) we denote the space of infinitely differentiable functions.

In order to be able to define a normal vector n, we assume that € is sufficiently regular, here ) is of class
C! (or we also say 92 € C* or Q has a Lipschitz boundary). The normal vector points outward of the domain.

Remark 8.61. Depending on the properties of Q (bounded or not), its reqularity, and also the properties of its
boundary, one can obtain very delicate mathematical results. We refer exemplarily to Grisvard [52] or Wioka
[117]. We always assume in the remainder that ) is open and bounded and sufficiently regular.

8.9.3 Integration by parts and Green’s formulae

From the divergence Theorem 3.33, we obtain immediately:

Proposition 8.62 (Integration by parts). Let u,v € C1(Q). Then:

/uzivd:c:f/uvrlder/ uvn; ds, fori=1,...,n.
Q Q a0

In compact notation:

Vuvdx = —/ uVu dx —|—/ uvn ds.
Q Q o0

Proof. Apply the divergence theorem to uv. Exercise. O

We obtain now some further results, which are very useful, but all are based directly on the integration by
parts. For this reason, it is more important to know the divergence theorem and integration by parts formula.

Proposition 8.63 (Green’s formulas). Let u,v € C%(Q). Then:
/ Audr = Opuds,
Q a0
Vu-Vudr = — Auvdx—i—/ v Opuds.
Q a0

Q

Proof. Apply integration parts. O
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8.9.4 Variational formulations
We recall the details of the notation that we shall use in the following. In R", it holds:
6111, 81¢
(Vu, Vo) = / Vu- Ve da = / e | de= / (rutn + ... + Budno) da.
Q Q Q
We have
Proposition 8.64. Let u € C*(Q) and f € C(Q). Let V defined by

V={pecC Q)] ¢=0 ondQ}.
The function u is a solution to (D) if and only if w € V such that

(Vu, Vo) = (f,¢) VoeV.
Proof. The proof is the same as in the 1D case. Let u be the solution of (D). We multiply the PDE by a test

function ¢ € V, integrate and perform integration by parts:

~(Au,¢) =~ | Byudds + (Vu, Vo)
o0

where 0,u = Vu - n, where n is the normal vector as before. Since ¢ = 0 on 952, we obtain
—(Au, ¢) = (Vu, Vo)

thus
(Vu, Vo) = (f,9).
In the backward direction we show (V) — (D):

As before ¢ = 0 on 02 and we get

(vuv v¢) = _(Auv ¢)

thus

Consequently,

(—Au+ f,¢) =0.

Since —Awu + f is continuous on 2 we can employ the fundamental lemma of calculus of variations in higher
dimensions from which we obtain

—Au+ f=0 Vrel.

We recover the boundary conditions since we started from v € V', which includes that v = 0 on 9. O

Proposition 8.65 (Fundamental lemma of calculus of variations in R™). Let Q C R™ be an open domain and
let w be a continuous function. Let ¢ € C°(Q) have a compact support in Q. If

/ w(z)p(z)de =0 Vo e C(Q)

Q

then, w =0 in €.

Proof. Similar to the 1D version. O

Remark 8.66. We have not yet shown well-posedness of (D) and (V'), which is the topic of the next section.
Only we have shown so far that if solutions to (D) and (V) exist, then these solutions are equivalent.

134



8. THEORY AND FINITE ELEMENTS (FEM) FOR ELLIPTIC PROBLEMS

8.10 The Lax-Milgram lemma

We present in this section a result that ensures well-posedness (existence, uniqueness, stability) of linear
variational problems.

Formulation 8.67 (Abstract model problem). Let V' be a Hilbert space with norm || -||v. Find u € V such
that

a(w, ) =U(9) VoeV.
Definition 8.68 (Assumptions). We suppose:

1. I(:) is a bounded linear form:
[l(w)] < Cllu||  for allu e V.

2. a(-,-) is a bilinear form on V x V and continuous:

la(u, V)| <Allullv]vlv, >0, YuveV.
3. a(-,-) is coercive (or V-elliptic):
a(u,u) > allully,, «a>0, YuelV.

Lemma 8.69 (Lax-Milgram for convex sets). Let W be a closed and convex subset of a Hilbert space V. Let
a(-,-): VxV =R be a continuous, V-elliptic bilinear form. Then, for each | € V* the variational problem

a(u,¢) =1(¢) VoeV

has a unique solution u € W. Moreover, we have the stability estimate:
1
< = ll|v+-
lull < —lEllv

with

l
- += sup 1@
AP

Proof. The proof contains typical arguments often used in optimization and calculus of variations. Conse-
quently, we work with the minimization formulation (M) rather than (V) and finally transfer the result to (V)
as in the equivalent characterizations. The goal is to construct a sequence of solutions and to pass to the limit.
Then we must show that the limit is contained in the space V.

We define J(-) = %a(-,-) — I(-). We choose (recall the best approximation proofs and the remarks regarding
minimizing sequences therein) again a minimizing sequence (u,),en in V' is characterized by the property

lim J(u,)=d:= inf J(p).

n— o0 eV

Hence
2J(¢) = alp, ) — 2U(e) > allelly — 2/l le]lv, (106)

where, in the last term, the operator norm |I(¢)| < ||I||||¢|]v is used. In particular, the linear functional [ is
bounded and consequently ||/||y« < oo. This shows d > —oo because

(lell¥ =2l llellv) = oo for [|¢] — oo.
For further computations the parallelogram rule is defined as
llu = @ll} + llu+@lly = 2llully +2llellf, Vu,p € V.
Constructing a norm via the bilinear form gives

alu—p,u—¢)=(u—p,u—p)}y =|lu—q|}
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it holds
alu— @, u—@)+alu+e,u+ @) =2a(u,u) + 2a(p, ). (107)

Previous work is used in the next estimation. We begin at the V-ellipticity of a:

ollu, — um||‘2/ < a(tp — U, Up, — Up,)

(127) 2a(un, un) + 2a(um, um) - a(un + U, Up + um)

Up + Um Up + Um
2 ’ 2 ’

= 2a(tn, un) + 2a (U, Um,) — 4a <

Adding zero in form of

—Al(uy) — Al + A(un) + 4(tm) = —4(un) — 4(um) + 81 <“+2”T">
yields

|ty — ||} < 20(un, un) + 26 (U, Up) — 4a (u" J; Um, Un J;Um> (108)
— 4l(up) — 4l(um) + 81 (“;“) (109)
= 2a(tp, un) — 4 (un) + 2a (U, U ) — 4l () (110)

—4 [| —— 111
o ) e () am
U 4T () + 4T () — 8T (“”J;“m) . (112)

Hence J (Ya4£%=) > d (since W is assumed convex here) and

lim J(up)+ lim J(upm)=d+d=2d.

Therefore in the limit:
||ty — |} < 4d+4d — 8d = 0,

which shows the Cauchy property in V:
allu, — um||%, =0 (n,m— ).

Therefore, the limit u exists in V' (recall that V is a Hilbert space and therefore complete - each Cauchy
sequence converges) and consequently in W since it is closed in V. It holds lim, . u, = u. Since a(,-)
and I(-) are linear and bounded (i.e., continuous), the functional J(-) is linear and continuous as well, and it

follows:
J(u) = lim J(u,) = inf =d

n—00 veW

showing that the limit u exists and is an element of W.

Remark 8.70. Be careful when the functional J(u) is not linear anymore or when we deal with norms; e.g.,
in optimal control problems. Here, the continuity of J(-) is not sufficient to proof convergence. One needs to
go to weak convergence and deeper results in functional analysis. A nice idea for quadratic optimization
problems in Hilbert spaces recapitulating the basic ingredients of functional analysis is provided in [106][Section
2.4 and Section 2.5].

(M) vIELDS (V)
It remains to show that the minimum of (M) is equivalent to the solution of (V). The following strategy for
the minimizing problem is used:

J(u):gleigJ(go) & Juw) < Ju+tep), eeR. (113)
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A minimum is achieved by differentiation with respect to € and setting the resulting equation to zero:

d
=0. 114
ng(u + £9) . 0 (114)

The assertion is shown with the help of the equivalence of the variational problem (V') and the previous
minimization formulation (113). Thus,

a(u,0) =1l(p) VeV (115)

UNIQUENESS.
Consider two solutions uq,us € V of the variational equation (115) which imply

a(ui, ) =1(p) and a(ug, ) =1(p) foral peV.

Subtraction yields
a(u; —ug,p) =0 forall peV.

Choosing ¢ = u1 — ug gives us
a(uy — ug,uy —ug) = [luy — uall3,
and therefore
2 _ _
alluy —uzlly =0 © wup—ux=0 & u =us.

STABILITY.
Follows from consideration of
ol lullf < alu,u) =1(u) < Cllullv.

Hence

g )l

C
[lully < — with C = ||{|
a w0 |[ullv

All assertions were shown. O

Remark 8.71. For a symmetric bilinear form, i.e.,

a(u, ¢) = a(¢,u)

the Riesz representation Theorem 8.72 can be applied. The key observation s that in this case the mapping
u = y/a(u,u) defines a scalar product; and consequently a norm because we work in a Hilbert space. Then,
there exists a unique element u € V such that

1(6) = alu, @) Ve V.
The Laz-Milgram lemma is in particular useful for non-symmetric bilinear forms.

Theorem 8.72 (Riesz representation theorem). Let l:V — R be a continuous linear functional on a Hilbert
space V. Then there exists a unique element u € V' such that

(u, )y =U(¢) VoeV.
Moreover, this operation is an isometry, that is to say, ||l||« = ||ullv. This works since (u, @)y = a(u, ).
Proof. For a proof the Riesz representation theorem, we refer to [23]. O

Proposition 8.73. In the symmetric case, a(u,p) = (Vu, V) defines a scalar product on the Hilbert space
V. Moreover, the right hand side functional I(-) is linear and continuous. Thus, the assumptions of the Riesz
representation theorem are fulfilled and there exists a unique solution to the Poisson problem.

Exercise 8. Show that the assumptions of the Lax-Milgram lemma are verified for the 1D Poisson model
problem. Thus, the variational formulation is well-posed (existence, uniqueness and stability of a solution).
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8.10.1 The energy norm

As we have seen before, the (symmetric) bilinear form defines a scalar product from which we can define
another norm. The continuity and coercivity of the bilinear form yield the energy norm:

v)|? := a(v,v), veV.
This norm is aquivalent to the V-norm of the space V, i.e.,
lolly < Jolla < Cllollv, VeV

and two positive constants ¢ and C. We can even precisely determine these two constants:

allul[i < alu,u) < yllull?
yielding ¢ = /o and C' = /5. The corresponding scalar product is defined by

(v,w)g = a(v,w).

Finally, the best approximation property can be written in terms of the a-norm:

(uw—up,v)e =0 YoeV,.
8.10.2 The Poincaré inequality

In order to apply the Lax-Milgram lemma to partial differential equations complemented with homogeneous
boundary conditions, we need another essential tool, the so-called Poincaré inequality.

Proposition 8.74. Let Q C R™ be a bounded, open, domain. There exists a constant dg (depending on the
domain) such that

/ (@) d < dQ/ Vo) da.
Q Q
holds true for each v € H} ().

Remark 8.75. It is clear that the Poincaré inequality specifically holds true for functions from H} but not
H'. A counter example is v = 1, which is in H*, but violates the Poincaré inequality.

Proof. The proof can be found in all textbooks, e.g., Rannacher [90], Wloka [117] or Braess [20], page 29. O

Corollary 8.76. Let Q) C R™ be an open, bounded, domain. The semi-norm

olny = ([ 1voP )

is a norm on HE and equivalent to the usual H' norm.

Proof. Let v € HE. Tt holds on the one hand (trivial!):
[l < (vl g
On the other hand, using Poincaré’s inequality, we obtain:

ol < (da+1) [ [V do = (do + Dol

yielding
[0l < [0l3 < (da + 1)lofZ,.
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8.10.3 Trace theorems

We have seen that H' functions are not continuous when n > 2. Consequently, we cannot define pointwise
values and secondly, boundaries of measure zero. Thus, it is a priori a bit difficult to define boundary values
in Sobolev spaces. We face the question in which sense boundary values can be defined when working with
Sobolev spaces.

We have:

Theorem 8.77 (Trace theorem). Let 2 be an open, boundary domin of class Cl. We define the trace
v : HENCO(Q) — L2(02) N C(IQ) as
v = (V) = v]ag.

By continuity o can be extended to the entire domain 2. It holds

[vllz2(a0) < Cllvlla (@)
Proof. See Rannacher [90], page 30. O
Theorem 8.78 (Trace theorem for derivatives). Let  be an open, boundary domin of class Cl. We define
the trace o : H> N CY(Q) — L*(0Q) N C(9N) as

v = 1 (v) = Ipv|aq.
By continuity, v, can be extended from H?(2) mapped into L?(9). It holds
[0nv][22(00) < Cllv|l#2(0)-

Proof. The existence of 7, follows from the first trace theorem previously shown. Since v € H?, we have
Vv € (H')". Consequently, we can define the trace of Vv on 92, which is then a trace on (L*(9€))". Since
the normal vector is a bounded, continuous function on 92, we have Vv -n € L?(99). O

Remark 8.79. The second trace theorem has important consequences on the reqularity of the boundary func-
tions. In general, for variational problems we can only proof that the solution w is from H'. In this case, the
normal derivative is only from H=1 (a space with very low reqularity). Only under additional assumptions on
the data and the domain, we can show uw € H?, which would yield better reqularity of the normal derivative
Vu-n on 0.

8.11 Theory of elliptic problems (in higher dimensions)

Gathering all results from the previous sections, we are now in a state to proof well-posedness of the Poisson
problem in higher dimensions.

8.11.1 The formal procedure

In most cases, one starts with the differential problem (D). In order to establish well-posedness, one can work
in three steps:

e Derive formally a variational problem (V).
e Proof well-posedness for the variational problem (here for linear problems using Lax-Milgram).

e If the solution enjoys enough regularity, go back and show (V') — (D) (see also Section 8.1.2) using the
fundamental lemma of calculus of variations.
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8.11.2 Poisson’s problem: homogeneous Dirichlet conditions

Proposition 8.80. Let Q be a bounded domain of class C* and let f € L?. Let V := Hg. Then, the Poisson
problem has a unique solution u € V and it exists a constant ¢, (independant of f) such that the stability
estimate

[l < epl[ fllz2

holds true.

Proof. We use the Lax-Milgram lemma and check its assumptions. Since H{ is a subspace of H!, we work
with the H' norm.
CONTINUITY OF af(-, )

Using Cauchy-Schwarz, we obtain:
1/2 1/2
|a(u,¢)|:|/Vu~V¢dx| §/|Vu||V¢|dx§ (/ |Vu|2dw) (/ |V¢>\2d:r,>
Q Q Q Q

< ([ vapyae) ([ @+ V0P ) =l ol

COERCIVITY OF af+, ")

Using the Poincaré inequality, we obtain

a(u,w) /|Vu|2dxf /|Vu|2d:c+ /\Vu\zdz

1
2/ |Vul|? de + —— dQ u 2dr > 2Imn(l dQ)HuHHl
CONTINUITY OF ()

Using again Cauchy-Schwarz and Poincaré, we obtain:

LD = I(f, @)zl < [ fllz=ldllL> < W f 12l e

STABILITY ESTIMATE

From Lax-Milgram we know:

< O _ Izl
= \lellv g

lull < =

1
= =/l

Everything is shown now.

Remark 8.81 (On the dual norm). Previously we have had:

@) = [(f; &)l < Ifll2llllz>-

When f € L?. But this estimate works also for f € H™! the dual space of H'. Then:
@) = I(f, D) < [[f -1l -
v+ = |fllz-1 (see Section 3.12) is

I(f,9)]
e HE $£0 [layeem

The smallest possible choice for C = ||l

C =
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which is indeed a norm and in general denoted by || f| g-1. In the L? case we have

1fle = sup WL
I P

Here, we take the supremum over a larger space; recall that H' C L?. Consequently

1l < £l

and therefore
L*cH™!

and finally X , X
H CcL°“CcH .

Under stronger conditions, we have the following regularity result:

Proposition 8.82 (Regularity of the exact solution). Let Q be bounded, open and of class C%. Then, the
solution of the Poisson problem is u € H*(Q) and it holds the stability estimate:

[ull > < Clfl>-

Proof. See for instance [74]. O

Proposition 8.83 (Higher regularity of the exact solution). Let Q be bounded, open and of class C* (i.e.,
very smooth). Then, the solution of the Poisson problem is u € H**2(Q) and it holds the stability estimate:

[ull gree < ClF s

If the boundary is not smooth enough (even when f is sufficiently smooth), this result will not hold true
anymore. This is the case for reentrent corners (L-shaped domains) for instance.

8.11.3 Nonhomogeneous Dirichlet conditions

In this section, we investigate non-homogeneous Dirichlet boundary conditions. Despite one only needs to add
formally a value or a function for the boundary conditions, the mathematical formulations are non-trivial.
We have

Formulation 8.84. Let Q) C R™ an open and bounded domain. Let f € L*(Q2). Find u such that

—Au=f inQ,
u=h on 0.

Since we seek u € H1({2) we assume that there exists a function ug € H' such that
trace(ug) = h on 0S.

We know that h € L?(09).
In the following, we concentrate first on the derivation of a weak formulation. The idea is to work with the
space H! by extracting the nonhomogeneous Dirichlet condition. We write

u=uo+a, e H,.
Then:

/VchZ)dac:/V(uo+ﬂ)v¢dx:/(VUOVqﬁJrﬁng)dx
Q Q Q

This yields the variational problem:
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Formulation 8.85. Find u € Hy such that
(Va, Vo) = (f,6) = (Vuo, Vo) Vo € Hy.

Having found @, we obtain v € H' via
U = ug + u.

The equivalent formulation, often found in the literature, is:

Formulation 8.86. Find u € {h+ H}} such that
(Vu, Vo) = (f,6) Vo € H.
Example 8.87 (Poisson in 1D). Let

7,”//(‘%) = f,
h=4 on 0.

Here ug = 4 in Q. When we solve the Poisson problem with finite elements, we proceed as shown before and
obtain @ € H} and finally simply
u=1u-+4

to obtain the final u. For nonconstant ug (thus nonconstant h on 9, please be careful in the variational
formulation since the term
(VUO, VQZ))

will not vanish and needs to be assembled. For instance let u(0) =0 and u(l) =1 in Q@ = (0,1). Then, ug = x
and trace(ug) = h with h(0) =1 and h(1) = 1. Thus we solve Formulation 8.85 to obtain @ and finally:

uU=u-+uy=1u-+x.
Proposition 8.88. Formulation 8.85 yields a unique solution.

Proof. The proof is similar to Formulation 8.80. O

8.11.4 Neumann conditions
We have seen in the 1D case that the pure Neumann problem has solutions defined up to a constant value.

Formulation 8.89 (Pure Neumann problem). Let Q@ C R™ be an open, bounded, connected, domain and
f € L3(Q) and g € L*(092). We consider
—Au=f inQ,
Opu =g on 0N.
Remark 8.90. We call the problem ‘pure’ Neumann problem because it is of course possible to have different
boundary conditions on different boundary parts. But once we have Dirichlet conditions on some part of the

boundary 0Qp with OQp # O and on the remaining boundary 0Qn Neumann conditions, the problem of
non-uniqueness is gone since the solution is fixed on the Dirichlet part.

It only exists a solution if the following compatibility condition is fulfilled:

/Qf(x) dzr + /GQg(x) ds =0. (116)

The compatibility condition is necessary and sufficient. We have the following result:

Proposition 8.91. Let Q C R™ an open, bounded, connected domain of class C*. Let f € L?*(Q) and
g € L2(09), which satisfy the compabitiblity condition (116). Then, it exists a weak solution u € H(Q) of
Formulation 8.89, which is unique up to a constant value.
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Proof. The variational formulation is obtained as usually:
(Vu, Vo) = (f, )+ (g,¢) for all admissible ¢.

Here, we have the first difficulty, since the Hilbert space H! will not yield the coercivity of the corresponding
bilinear form (in fact this is related to the non-uniqueness). For this reason, we define the space:

Vi={ve H /vdsz}.
Q
Hence, the correct variational formulation is:

FindueV: (Vu,Vo)=(f,0)+{g,0) VopecV.

As before, we adopt the Lax-Milgram Lemma to show existence and uniqueness of the solution. The continuity
of the bilinear form and right hand side are obvious; see the proof of Proposition 8.80.
The only delicate step is the coercivity. Here, Poincaré’s inequality will not work and we have to adopt a
variant of Friedrichs inequality
lvllze < c(|o] + |v|gr) forve H

with ¢ := ¢(Q) and with o = [, vdxz/p(Q) being the mean value of v. Thus, it holds:
aww) = [ [Vaf de = [ = alulf,.
Q

Thus, the Lax-Milgram lemma yields a unique solution in the space V. We notice that this solution must
satisfy the compatibility condition (116) because Gauss’ divergence theorem yields

/fdx:—/div(Vu):— Vu~nds:—/ gds.
Q Q o9 o9

fdx+ / gds = 0.
Q o0
Interestingly this condition is also sufficient. Lax-Milgram says that we obtain the solution v € V' via solving

a(u, @) = (f,0) + (g,¢) Vo € V.

Using the compatibility condition we see the following:

/fd:rJr/ gds =0,
Q oQ

& c/fdx—i—c/ gds =20
Q oQ

& /f-cdm—l—/ g-cds=0
Q oQ

& /Qf-qﬁdx—k/mg-qﬁds:o
& a(u,9) = (f,9)+(9,9).

We observe that this relation holds in particular for ¢ = const. For more information see Braess [20]. O

Hence

8.11.5 Robin conditions
Given:

Formulation 8.92. Let  C R" and 0N its boundary. Furthermore, f € L*(Q) and g € L*(09Q) and
c € L>®(Q) and b€ L>(09Q). Then: Find u such that

—Au+cu=f, inQQ,
Opu +bu =g, on S
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We first formulate a weak formulation. As function space, we use V := H'. The bilinear and linear forms
are given by:

a(u,qS):/QVu~V¢dq:+/ch¢d:C+/agau¢ds,

z<¢)=/9fudx+/mg¢ds.

We notice that the functional I is not anymore a L? function, but only a linear functional on the space V.
To proof coercivity, we need the following general form of Friedrichs inequality:

Lemma 8.93 (Friedrichs inequality). Let Q C R"™ a bounded domain of class C* and T' C 99 a measurable
set with |T'| > 0. Then there exists a constant C' (independent of u) such that

s < € (tuli+ ([ wds)) e 1)

Proof. For a proof see [117]. O

Proposition 8.94. Let Q be a bounded domain of class C' and functions ¢ € L™= () and b € L>(9Q) almost
everywhere non-negative with the condition:

/Cde—F/ b2 ds > 0.
Q o0

Then, the variational Robin problem has for each f € L* g € L*(09Q) a unique solution v € H! =: V.
Furthermore, it holds the stability estimate:

lullm < C(IFllL2 + llgllz200))-

Proof. We verify again the assumptions of the Lax-Milgram lemma. We work with the Cauchy-Scharz inequal-
ity, the generalization of Friedrichs inequality and also the trace lemma since we have deal with functions on
the boundary 0€.

PRELEMINARIES

First:
I/chsbdxl < llellzeellullz2ll@lize < llellzoellullm @l -
With the trace lemma, we have:
|/89 bue dz| < bl Lo oe) [|ull L2 (00 |91l 2(80) < Clbll L= (a0 lull 1 (20 10l 12 (02) -
CONTINUITY OF af(-, )

We establish the continuity:

la(u, @) = [(Vu, Vo) + (cu, )2 + (bu, 8)r2(a0)| < Cllull [|6]] -

In the last estimates we used the inequalities derived in the preleminaries.
COERCIVITY OF af+, ")

min (1, Ch)

Ennnnal Sut At VA 2
a’(“”“’) = 02 max(l, |F|) ||’U’HH1

where b(x) > C;. We left out several steps, which can be verified by the reader.
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CONTINUITY OF [(¢)

We estimate:

1(¢)] = \/ fUdJH-/ gods| < C([|fllr2 + llgllz2) |l -
o o0
STABILITY ESTIMATE

From Lax-Milgram we know:

1 l C 2 + 2

=C 2 2).

Everything is shown now.

8.12 Finite element spaces

We have now a theoretical basis of the finite element method and for 1D problems we explained in Section 8.4
how to construct explicitely finite elements and how to implement them in a code.

It remains to give a flavour of the construction of finite elements in higher dimensions. Since the major
developments have been taken place some time ago, there are nice books including all details:

e Johnson [67] provides an elementary introduction that is easily accessible.
e The most classical book is by Ciarlet [30].
e Another book including many mathematical aspects is by Rannacher [90].

Consequently, the aim of this chapter is only to provide the key ideas to get the reader started. For further
studies, we refer to the literature. In addition, to the three above references the reader may consult the books
mentiond in Chapter 1 of these lecture notes.

We follow chapter 3 in [67] to provide an elementary introduction. The generalization is nicely performed by
Ciarlet [30][Chapter 2|. Moreover, Ciarlet also introduces in details rectangular finite elements and parametric
and isoparametric finite elements in order to approximate curved boundaries. Isoparametric elements are also
explained in detail by Rannacher [90].

Finite element spaces cousist of piecewise polynomials functions on a decomposition (historically still called
triangulation), i.e., a mesh,

Th = U K;
i
of a bounded domain R",n = 1,2,3. The K; are called mesh elements.
In particular:
e n = 1: The elements K; are intervals;
e n = 2: The elements K; are triangles or quadrilaterals;
e n = 3: The elements K — i are tetrahedrons or hexahedra.

A conforming FEM scheme requires V;, C V with V := H' for instance. Since V}, consists of piecewise
polynomials, we have -
Vi CHY Q) < V,cC'Q).

As we have seen in the 1D case, to specify a finite element (see Section 8.4.7 - we remind that this section
holds not only for 1D, but also higher dimensions), we need three ingrediants:

e A mesh 7 representing the domain 2.
e Specification of v € V}, on each element K.

e Parameters (degrees of freedom; DoFs) to describe v uniquely on K.
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8.12.1 Example: a triangle in 2D

Let us follow [67][Chapter 3] and let us work in 2D. Let K be an element of 7. A P;(K) function is defined
as
v(x) = ago + a10r1 + ap1z2, x = (z1,22) € K

and coefficients a;; € R.

Definition 8.95 (A basis of P; (linear polynomials)). A basis of the space Py is given by

Pl = {¢1a¢27¢3}

with the basis functions
=1, ¢2=1x1, ¢3=12.

The dimension is dim(Py) = 3. Clearly, any polynomial from Py can be represented through the linear combi-
nation:

p(x) = agog1 + aroo2 + ao1ds.

Definition 8.96 (A basis of P, (quadratic polynomials)). A basis of the space Py is given by

Py = {91, 02, 03, 04, 05, 06}

with the basis functions
pr=1, ¢a=z1, ¢s=1m2, ¢s=a1, ¢5=a3, ¢5=z1T.

The dimension is dim(Py) = 6. Again, any polynomial from Py can be represented through the linear combi-
nation:

p(x) = agpd1 + a0z + ao1d3 + az¢s + ao2ds + ar1de.
Definition 8.97 (A basis of Ps). A basis of the space Py is given by
P, ={v|v(z) = Z ai;xiah}
0<iti<s

with the dimension

dim(P,) = W

In the following, we explicitely construct the space of linear functions on K. Let
Vi ={ve Q)| vk € P(K), YK €T},

which we still know from our 1D constructions. To uniquely describe the functions in V}, we choose the global
degrees of freedom, here the values of the nodal points of 7j,.

Remark 8.98. Choosing the nodal points is the most common choice and is a Lagrangian scheme. Using for
instance derivative information in the nodal points, we arrive at Hermite polynomials.

We need to show that the values of the nodal points yield a unique polynomial in P; (K).

Definition 8.99 (Local DoFs). Let n = 2 and let K be a triangle with vertices a*,i = 1,2,3. These values
are called local degrees of freedom.

Proposition 8.100. Let K € T}, be an element (a triangle) with vertices a* = (a},a3) € K. A function on K
is uniquely determined by the local degrees of freedom from Definition 8.99. In other words, for given values
oy, there exists a unique function v € Py(K) such that

v(a') =y, i=1,2,3.
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Proof. Recalling the definition of a P; polynomial on K, we have
v(x) = ago + a10T1 + ap1T2.
In the support points a’, we have:
v(ai) = ago + aloai + a01aé =4, =123

This yields a quadratic system with three equations for three unknowns. Using matrix notation, we can plug
the coefficients into a system

Ba=b
with
1 a} a% apo o
B=|1ad} a2 |, a=|aw ]|, b=]
1 az{’ a% ao1 a3

The system Ba = b has a unique solution when det(B) # 0, which can be easily checked here and completes
the proof. O

Algorithm 8.101 (Construction of P; shape functions). For the explicit construction of such Py shape func-
tion, we simply need to solve

v(a’) = ago + arpal + aprah = a;, i=1,2,3,
for the unknown coefficients a;j. This means, we need to construct three basis functions 1; € Py(K) with
Pi(al) = by,
where §;; is the already introduced Kronecker delta. Thus, we have to solve the system Ba = b three times:
Yila?) = ago + ar0a] + agral = aj, i,j =1,2,3.
Then, we can build the local basis functions via
bi(x) = agy + ajpr1 + a2
with all quantities explicitely given.

We finally check that the continuity at the nodes a’ is sufficient to obtain a globally continuous function,
which is in particular also continuous at the edges between two elements. Let K7 and K3 be two elements in
Tr, with a common edge T and the end points b; and by. Let v; = v|g, € Pi(K;) be the restriction of v to K;.
Then, the function w = v; — vy defined on I' vanishes at the end points by and by. Since w is linear on I' the
entire function w must vanish on I'. Consequently, v is continuous across I'. Extending to all edges of 7, be
conclude that the function v is a globally continuous function and that indeed v € C°(Q).

Definition 8.102 (C° elements). The class of finite elements that fulfills the continuity condition at the edges
are called C° elements.

Remark 8.103. The generalization to n-simplicies can be found in [30][Chapter 2].

8.12.2 Example: a quadrilateral in 2D

In this section, we briefly present how quadrilaterals can be constructed. The work program of this section is
the same as in Section 8.12.1 and is based on [67][Chapter 3].
Let K be an element with four vertices a,i = 1,...4 and the sides parallel to the coordinate axes in R2.
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Definition 8.104 (A basis of ()1 (bilinear polynomials)). A basis of the space Q1(K) on an element K is
given by
Q1 = Q1(K) = {¢1, 92, ¢3, da}

with the basis functions
(bl Elv ¢2:$17 ¢3:I27 ¢4:I1LE2.

The dimension is dim(Py) = 3. Clearly, any polynomial from Py can be represented through the linear combi-
nation:
p(x) = ago1 + arop2 + ao1¢s + ar1Pa.

Proposition 8.105. A Q; function is uniquely determined by the values of the nodal points a’.

Proof. The same as for triangles. O
Proposition 8.106. The definition of Q1(K) yields globally continuous functions.

Proof. Same as for triangles. O
Remark 8.107. As for triangles, we can easily defined higher-order spaces.

Remark 8.108. Be careful, when quadrilateral elements are turned or shifted. Then, the nature of the local
polynomials will change. This is one major reason why in practice we work with a master element and all
other elements are obtained via transformations from this master element. To this end, we are not restricted
to a specific coordinate system and leaves the desired freedom for deformations of the single elements. A lot of
details can be found in [90[[Pages 105 ff].

8.12.3 Well-posedness of the discrete problem

With the help of the Lax-Milgram lemma, we obtain:

Proposition 8.109. Let V a real Hilbert space and Vi, C V. Let a(u,v) be a bilinear form and l(v) a linear
form. Then, the discrete problem

Find up, € V, : a(uh,céh) = l((ﬁh) Yon € Vi,
has a unique solution. This discrete solution u;, € Vj, is obtained by solving a linear equation system.

Proof. Existence and uniqueness are obtained from the Lax-Milgram lemma with the same arguments as for
the continuous problem. In particular, we have

AU =b
with
(A)?jzl = a(¢j7 ¢i)7 (b)zn:l = l(d)Z)

The coercivity yields the positive definitness of the matrix A and therefore (see lectures on linear algebra), A
is invertible:

AU -U 2 ol Y _uioill = ClU%.
Jj=1

In fact, we investigate the homogeneous system

a(un, ¢n) =0

and show that this only yields the zero solution, which is immediately true using the coercivity.
Furthermore, the symmetry of a(u,¢) yields the symmetry of A. Linear algebra arguments on matrices
(symmetric, positive, definite) yield a unique solution U. O
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8.13 Numerical analysis: error estimates

In this section, we perform the numerical analysis of our finite element derivations. We work as before and
focus on elementary aspects working out 1D results in order to show the mechanism and to explain the principle
ideas. For higher dimensions, we only provide the results and refer to the literature for detailed proofs.

8.13.1 The Céa lemma

The Céa lemma is the only result in this section that holds for higher dimensions. We investigate the best
approximation error (recall our 1D findings).

Proposition 8.110 (Céa lemma). Let V be a Hilbert space and Vi, C V a finite dimensional subspace. Let the
assumptions, Def. 8.68, of the Laz-Milgram Lemma 8.69 hold true. Let w € V' and up € V}, be the solutions of
the variational problems. Then:

Yo
_ — ' inf _
fu=nlly =2 it flugnllv
Proof. Tt holds Galerkin orthogonality:
a(u —up,wp) =0 Ywy, € V.
We choose wy, := up — ¢ and we obtain:
allu —up|* < alu —up,u —up) = alu —up,u — ép) < yl|u —upl||lu — énl|-
This yields
Y
lu—un| < —llu—¢nll
o

Passing to the infimum yields:

: v
—up|| = inf Llu— on.
Ju—wnll = inf L= gn]

O

Corollary 8.111. When a(-,-) is symmetric, which is the case for Poisson, then the improved estimate holds

true:
lu—unlly = /> inf [lu— onllv
o o€V}

Based on the Céa lemma, we have the first (still non-quantitative) error estimate. The key aspect is that
we work with a dense subspace U of V' which contains simpler functions than V itself from which we can
interpolate from U to the discrete space V;,. We have [2]:

Proposition 8.112. We assume that the hypotheses from before hold true. Furthermore, we assume that
U C V is dense. We construct an interpolation operator iy : U — V}, such that

lim ||[v —ip(v)]| =0 YoeU
h—0
holds true. Then, for allu € V and up € Vj:
li - =0.
hli% Hu up||
This result shows that the Galerkin solution up € Vi converges to the continuous solution w.

Proof. Let ¢ > 0. Thanks to the density, for each u € V, it exists a v € U such that ||u — v|| < e. Moreover,
there is an hg > 0, depending on the choice of ¢, such that

lv—in(w)|| <e Vh < hg.
The Céa lemma yields now:
[u—un| < Cllu —in(v)[ = Clu—v+v—in(v)]) < Clu -2l +[lv —in()]) < Cle + &) = 2Ce.

These proofs employs the trick, very often seen for similar calculations, that at an appropriate place an
appropriate function, here v is inserted, and the terms are split thanks to the triangular inequality. Afterwards,
the two separate terms can be estimated using the assumptions of other known results. O
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8.13.2 H! and L2 estimates in 1D

First, we need to construct an interpolation operator in order to approximate the continuous solution at certain
nodes.

Definition 8.113. Let Q = (0,1). A Py interpolation operator iy : H' — Vj, is defined by

n+1

(inv)(z) = Y v(z;)¢j(x) Voe H.

=0

This definition is well-defined since H' functions are continuous in 1D and are pointwise defined. The
interpolation 7j, creates a piece-wise linear function that coincides in the support points z; with its A I function.

Remark 8.114. Since H' functions are not continuous any more in higher dimensions, we need more as-
sumptions here.

The convergence of a finite element method in 1D relies on

Lemma 8.115. Let i, : H' — V}, be given. Then:
}lllg%) ||lw —ipu||gr = 0.
If u € H?, there is a constant C' such that
|lu —ipu||m < Chlu|ge.

Proof. Since

= inallZ = lu — il + Ju — inl,
the result follows immediately from the next two lemmas; namely Lemma 8.117 and Lemma 8.118. O
Definition 8.116. The global norm || - || is obtained by locally integrating and then summing up the results on

all elements. For instance, the L? norm is defined by

fuller = (X [ 1 a) ™

KeTy,
Lemma 8.117. For a function u € H?, it exists a constant C (independent of h) such that

lu —ipull2 < Ch2U”| L2,

|u — Z'}L’U,‘Hl < Ch||u”||L2.

Proof. We choose u € C2°(€) (the result will hold true for H? because of a density argument). The interpolant
ipu is a linear function on each element K; = (z;,2,41). We calculate:

() = u(@) — (u(e) ¢ M) —ul@s) o
u(e) = inu(@) = ula) = (ula) + “LE=TEE @ - 0y)

= ule) ~uleg) = L () — ()

z — . Tj4+1
:/ (1) dt—u/ /(1) dt.
T Tjt+1 —Tj Jg,

J J

Since v’ is continuous, we can apply the mean value theorem from calculus (see e.g., [70|[Chapter 11.3]) and
further obtain:

u(z) — ipu(e) = (v —z;)u' (2 + o) — 7;” _fﬂ' (@41 — ) (2 + B)
j+1 — Ty
Tt
e [ W,
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with0<a<z—=z;and 0 <3 < hh =241 —x;. Wenow take the square and apply the Cauchy-Schwarz
inequality (recall |(u,v)|? < |lul?|v[?):

Tt

ule) —inu(@) =@ =) [ ey

i+8

<@~y /:”1 W (t) dt)Q

J

Zj+1 2
/ u” (t) dt‘

J

< h? (/%Hl 12 dt) (/%M lu" (t)|? dt)
= n( / %M ()] ).

J

<h?

When we now integrate |u(z) — ipu(x)|? on K, we obtain a norm-like object what we wish:

/mzﬁl lu(z) — ihu($)|2 dx < h* (/Iﬁl |U//(t)|2 dt).

J Tj

Summing up over all elements K; = [z;,2;41],j =0,...,n, we obtain the global norm (see Definition 8.116):
A 2 2 4y, 12
S [ tute) = inu(e) do = u = il < Hfufe
5 U

Taking the square root yields the desired result:
lu —ipullr2 < Ch*|u" |2 for u € C(9).

By density the result also holds true for H2.
The second estimate is obtained by the same calculations. Here, the initial idea is:

o' (x) —ipu (z) = (z) — M
1

_1 / %Hl(u'(a?) () dt

h Je,

1/%‘+1 /I //( )d
= - u (s)as.

h Zj t

As before, taking the square root, then using Cauchy-Schwarz, then integrating over each element K, and
finally summing over all elements K; will yield the desired result

|u - i;Lu|H1 < Ch”u”HLz.

Lemma 8.118. There exists a constant C (independent of h) such that for all w € H'(Q), it holds
linull g < Cllull

and
llu — ipu||p2 < Chlu|g:.

Moreover:
lim ||u" —ipu/| g2 = 0.
n—oo
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Remark 8.119. The generalization of the estimate of the interpolation operator is known as the Bramble-
Hilbert lemma from 1970 (see e.g. [20]).

Proof. The proofs use similar techniques as before. However, to get started, let u € H*. In 1D we discussed
that H! functions are continuous. We therefore have:

linu|| L2 < max |ipu(z)| < max |u(z)| < C|lu||g:-
xT xT

Furthermore, we have

2
T4 w(xjp1) — u(xj) 1, [Tt 2 Tj+1
linu|2 z/ |(ipu) (2)|? de = ( - ) = E(/ u' () dx) < / lu' (2)|? dx = |u|%.

zj & T

As in the other Lemma 8.117, we sum over all elements and obtain
linullm < Clulgr < Cllullg
To obtain the second result, we use again (see the other Lemma 8.117):

w(@jr) —ulzy)
Tj+1 — Ty ( j))

- xu’tdt—ﬂ/% o () dt
| we S [

J Jjt+1

Tj41
< 2/ |u/ (x)|? da.

x;

u(@) — inu(e) = u(z) = (ula;) +

We then take again the square, integrate, use Cauchy-Schwarz and finally sum over all elements to obtain
llu —ipul|r2 < Chlulg:.
To establish the third result, let € > 0. Since C° is dense in H', we have for all u € H':
|lu" —0'||z2 <e, forwve CX.
With our first estimate on the interpolation error we have:
linu' — ipv'|| 2 < Cllu" — 0’| 2 < Ce.

For sufficiently small h we also have
|[v —ipv|g < e.

These results can be used in our final estimate:
[’ = (inw)[lz2 < u' =022 + [V = (ipv)'[[ L2 + [[(inw)” = (in0) ]| 22 < 3CE,
which yields the desired result. O
With the help of the previous three lemmas, we obtain the main result:

Theorem 8.120. Let u € H and uy, € Vi, be the solutions of the continuous and discrete Poisson problems.
Then, the finite element method using linear shape functions converges:

%12}) llu — upl|g: = 0.

Moreover, if u € H? (for instance when f € L? and in higher dimensions when the domain is sufficiently
smooth or polygonal and convex), we have

lw = unllgr < Chlju”|| 2 = Ch[f]| 2.

Thus the convergence in the H' norm (the energy norm) is linear and depends continuously on the problem
data.
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Proof. The first part is proven by using Lemma 8.115 applied to Lemma 8.112, which yields the first part of
the assertion. The estimate is based on the Céa lemma;:

lw = unl[gr < Cllu— énll < Cllu — inul| g1 < Chlu|gz = O(h).
In the last estimate, we used again Lemma 8.115. O
Corollary 8.121. We have
[u—unlzz < Chllu"||L2 = Ch| f|[r2 = O(h).
Proof. Follows immediately from
lu —unllgr < Chlju”|| 2 = Ch[ |2,
and then applying the Poincaré inequality to the left hand side term. O

Remark 8.122. Here the L? estimate seems to have order h. In the next section, we see that this result can
be improved.

8.13.3 An improved L? estimate - the Aubin-Nitsche trick

Proposition 8.123. Letu € H and uy, € Vj, be the solutions of the continuous and discrete Poisson problems.
Then:
lu = unllze < CR*|[u"||2 = CB?|| f|| 2 = O(B?).

Proof. The goal is to obtain one order better than in the previous subsection. To this end, we define an
auxiliary problem (the Aubin-Nitsche trick) that considers the error between the exact solution w and the
discrete solution uy: Find w € V' such that

a(w,d) = /Q(u —up)pdr forall ¢ € V.

We set ¢ = u — uy, € V), indeed since u € V and V}, C V the variable ¢ is in V', and obtain
alw,u —up) = /Q(u —up)?dz = ||u—up||2s.
On the other hand we still have Galerkin orthogonality:
a(u—up,¢n) =0 Von € Vi,
Herein, we take the interpolant ¢, := ipw € V}, and obtain
a(u — up,ipw) =0 Vo, € Vj,.
Combining these two findings, we get:
a(w,u —up) = alw —ipw,u —up) = ||[u—up3:.
To get a better estimate we now proceed with the continuity of the bilinear form:
lu—unlz2 = a(w — ipw,u —up) < y|w = ipw|| g llu — up| - (117)
The previous interpolation estimate in Theorem 8.120 can now be applied to the auxiliary variable w € V:
o = inwlls < Chlw" |2 = Chlfu— |- (118)
The last estimate holds true thanks to the auxiliary problem, which reads in strong form:

—w’" =u—wu, inQ, w=0ondN.
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and in which we need again that 2 is sufficiently regular, which still holds from the original problem of course,
and also that the right hand side is in L2. But the latter one is also okay since u € V' (in particular in L? and
up, € Vi, with V), C V.

Plugging (118) into (117) yields on the one hand:

lu = unll3e < YChllu — unllzzllu — un o

therefore
llu — upllrz < yChllu — up|| -

On the other hand, we know from Theorem 8.120 that
[ = unl|gr < ChI[f]|>-
Plugging the last equation into the previous equation brings us to:

lu = unllz2 < ¥Chllu — up|lm: < C*1?||f]|22 = O(h?).

8.13.4 Analogy between finite differences and finite elements
Having established the numerical analysis, we can draw a short comparison to finite differences:
e FD: convergence = consistency + stability

e FE: convergence = interpolation + coercivity

8.14 Numerical analysis in 2D and higher dimensions

The 2D and higher dimension results are much more involved and for the detailed proofs, we refer to the
literature {20, 30, 90].

Definition 8.124 ([20], Chapter 5). Let Q be a polygonal domain in R? such that we can approzimate this

domain with quadrilaterals or triangles. A triangulation T with M elements K;,i =1,..., M is admissible
when
1. 0=UM, K.

2. If K; N K results in one single point, it is a corner point of K; and K;.

3. If K; N K results in more than point, then K; N K; is an edge (or face) of K; and K.
Definition 8.125 (Quasi-uniform, shape regular). A family of triangulations Ty is called quasi-uniform or
shape regular, when there exists a k > 0 such that each K; € Ty, contains a circle with radius px with

PKZ}LK
K

where hy is half diameter of the element K. The diameter of K is defined as the longest side of K.

Definition 8.126 (Uniform triangulation). A family of triangulations Ty, is called uniform, when there exists
a k > 0 such that each K; € Ty, contains a circle with radius px with

h
PK = —
K

where h = maxgeT;, hi.

Remark 8.127. Geometrically speaking, the above conditions characterize a minimum angle condition ,
which tells us that the largest angle must not approach 180° in order to avoid that triangles become too thin.
The constant B is a measure for the smallest angle in K.
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Remark 8.128. For adaptive mesh refinement (see Section 9.10.1) in higher dimensions, i.e., n > 2, one has
to take care that the minimum angle condition is fulfilled when refining the mesh locally.

Definition 8.129. Let T, a decomposition of Q and m > 1. Then, we define the norm

lullm = [ D lull?, k-

Kjeﬂz

Remark 8.130. We recall that for m > 2, the Sobolev space H™ is compactly embedded into C°(2). Conse-
quently in these cases, we can construct a unique interpolation operator ipu. This allows us to define ipu and
to estimate the interpolation error ||u — ipu|| by higher-order norms.

8.14.1 The Bramble-Hilbert-Lemma and an interpolation estimate

Lemma 8.131 (Bramble-Hilbert-Lemma). Let us work in R? in order to have the standard Lagrange interpo-
lation. Higher dimensions with other interpolation operators yield, however, the same results. Let now € C R?
a domain with Lipschitz boundary. Let r > 2 and L a bounded, linear mapping from H" to a normed space Y .
If P._1 C ker(L), then it holds for ¢ >0 (i.e., ¢(Q) - || L] >0):

| Lu|| < clulgr Yu e H"(Q).
Proof. Braess [20] p. 74. O

Proposition 8.132 ([20], Chapter 6). Let r > 2 and Ty a quasi-uniform (i.e., shape-regular) triangulation of
Q. Then the interpolation via piecewise polynomials of degree r — 1 yields

llu —ipullgm < ch""™ulgr, weH", 0<m<r.

Proof. See [20][Chapter 6]. Be careful, these are long and nontrivial proofs in which one learns however a lot
of things. N
8.14.2 Inverse estimates

Working in the continuous function spaces allows for the previous approximation results. Specifically, we have
|l —ipul|gm < ch” ™" |u|gr,

where m < r. In other words: the approximation error is measured in a coarser norm than the function itself.
On the discrete level, we can show results the other way around: the finer norm of finite elements can be
estimated by coarser norms.

Proposition 8.133 (Inverse estimate). Let V}, := Vh(k) be discrete function spaces based on uniform decom-
positions. Then, there exists a constant ¢ := c(k, k,r) such that for 0 < m < r:

lunllr < ch™ " lullm Vun € Vi,

8.14.3 Error estimates

Definition 8.134. Let m > 1 and H* CV C H™. Let a(-,-) be a V-elliptic bilinear form. The variational
problem, find uw € V' such that

a(u,9) =1U(¢) VoeV
is H® regular if for each f € H*=2™ q solution u € H*(Q) exists. Furthermore, it holds

[ullze < ell fllrem2m

Here, we assume s > 2m. For negative norms, this last condition can be omitted.
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Theorem 8.135. Let T}, be a quasi-uniform decomposition of Q2. Then it holds for up € V,fk), k=123 and
triangular or quadrilaterals elements:

lu =g < chllullgz < chl|fllL2 = O(h)
Using a duality argument (Aubin-Nitsche; see our 1D proofs), we obtain:
Theorem 8.136. Let the previous assumptions hold true, then:

lu—unllzz < ch?||f]lz2 = O(R?).
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8.15 Numerical analysis: influence of numerical quadrature, first Strang lemma

Previously, we studied the Céa-Lemma in terms of approximation theory. Now, a second error estimate for
becomes important which is a consequence of numerical quadrature, we denote it error of consistence,
named first Lemma from Strang.
Our focus is combining both errors and give some answers about the order of convergence in the Hi-norm
[| - |]1, that means
lu = @]y < [Ju—wunlly + |lun — anlly

Céa Strang

This investigation leads to practical results in solving integrals with numerical integration. One could say
which degree of quadrature formula is necessary integrating finite elements at a given degree.

This discussion covers two possible ways: First, we study interpolation by Lagrange with exact integration.
The second way illustrates approximation theory for numerical quadrature formulae, the most common way
solving integrals in FEM.

Therefore, we study an elliptic variational problem in two dimensions. This includes the model problem
(Poisson problem). The results also hold for elliptic PDE’s of second order in 1D.

Formulation 8.137. Let Q C R? be a bounded, convez, polygonal domain. The task is finding a weak solution
u € HE(Q) for an elliptic boundary value problem in R? with homogeneous Dirichlet conditions

u€ HY} Q) a(u,v) = (f,v)o forve HH(Q)
with
2
a(u,v) = Z / aikOrud;v dz (119)
ik=1"%

and coefficient functions a;, = a;(x).
We assume a regular triangulation Ty, = {T'} from 2 with properties
) Q=U,T;
i) TPNTS =@, v#i

For more information see [20] p. 58.

8.15.1 Approximate solution of A and b

There is often no chance or an enormous computational cost solving matrix A and right-hand side b. In
principle we have the reasons

i) The first case puts a;; = J;; in (119), so the computation uses integration formulae for polynomials
of degree 2m — 2. Exact formulae for higher m need many computations but convergence is sure for
quadrature rules of lower order.

ii) In general, the coefficient functions a;; are not constant. Therefore, exact computations for the elements
of A;; and b; are not possible.

iii) Numerical integration is the favorite way to determine isoparametric elements.

The next ideas where introduced by Strang and generalize the Céa-Lemma. Already known is the error of
approximation and now a second estimate becomes important, named error of consistence.
Calculations will be done on a reference element subsequently affine-transformed on each cell (triangle).
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8.15.1.1 Idea, deriving an approximate solution The matrix A = (Aij)f-\fj:l and right-hand-side b = (b;),i =
1,..., N leads to the linear equation system
Au=1>

Instead of solving this one, an approximate linear equation system is given by
Au=b (120)
with A = (Aij)f\szl and b= (b;),i =1,..., N. The solution of (120) brings us the approximate solution vector

N
ah:Zdiwi ESZ”.

i=1

Now the error
ep = up — Up

arises. Next we give an idea for the corresponding variational formulation of (120). We work with two linear
combinations of S}

N N
VR = E Lw; and wp = E N W;
i=1 j=1

These are necessary for the approximate bilinear form a(vy,,wy) and the approximate right-hand-side I (vp):

N N
a(vn,wp) = Z Ajj&n; and I(vy) = Zgifi (121)

ij=1 i=1
This leads to the variational formulation (V')
Gp € ST : alan,vp) =l(vy) Yo € SP & Au=b
The following lemma describes an error estimate for up — .

Lemma 8.138. (first Lemma from Strang) .
The approximate bilinear form a and the linear functional I satisfying the condition

Jon||3 < ~va(vn) (Uniform ellipticity of a) (122)
uniformly in 0 < h < hg and also holds the estimate

(@ — @) (un,v)| + |(f,vn)o — l(v)| < eh™ - [JonllL, vn € S} (123)

Then the problems (V') have unique solutions & € S}'. The quantitative error estimate of the Ritzapprozimation
up € S} is given by
[|lun — anll < cyh™
Proof.

The unique solvability may be proofed with the Theorem of Lax-Milgram. See [20]| p. 37 respectively [91]
p-41. We derive the quantitative error estimation by the following calculation. Denote e, = vy = up — Up,

alen) = alen, en) = alup, — ap, en) = alup, ep) — altp, en)
a(un, en) — alup, en) + alup, en) — altp, ep)

= (a — a)(un,ep) + alup, en) — altp, ep)

= (@ — a)(un,en) + (fren)o — U(en)

< ch7llen|x

The last estimation follows from second assumption (123). Since we have (122), we can conclude:

llenllt < va(en) < vehT|lenl]s
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Division by ||ex||1 shows the assertion.

With the aid of (121) we have a corresponding formulation for uniform ellipticity of a:
a(vn) = Ai&i&; > mle> VEER™, 11 >0 (124)
i

Hence the coeflicient matrix is uniformly definite in the variable x.
We point out two different ways for an approximate determination of A and b. In this context, we assume
that the coefficient functions a;; and the power vector f are sufliciently smooth,

aijafeLoo(E)a 7’3]:152

Secondly, we work with an affine family of finite elements, so we have the polynomial space P,,(E) for the
reference element. Interpolation and quadrature formulae were derived on that reference element and later
transformed on each cell of 2.

8.15.2 Interpolation with exact polynomial integration

There is a triangulation T),. Each triangle T' € T}, satisfies polynomial interpolation for a;; and f with
aij, f € Pr_(T), d,j=1,2
The error is determined by the remainder and we find the uniform estimation
llaij = @ijlloe + |1 = flloo = O(R7) (125)

This error is independent from step width A and holds for functions a,;, f € C"(T'). Higher differentiability
leads not to a better error estimation. See [58] p. 194ff.
We compute the elements of A and right-hand-side b with

2
Aij = / Z Ezwaﬂwi (’9ij dSU, Z,j = ].7 “e ,N,
Q

v,u=1

and b = fwidx, i=1,...,N.
Q
The advantage of these elements is exact integration. Therefore we have to evaluate the following integrals,
/xﬂdaﬁ, o<|pl<2m+r—3
T

Proof. Sketch. We give an answer that the degree of the polynomials must be 0 < || < 2m + r — 3.
The assumption says w; € S;* which means w;|r € P, (T). The coefficient function @;; is a polynomial of
€ P._1(T). Then

Gy w0y w; Oyw; € Pi_1)t2m—2(T)

The proof is finished. O
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An error estimation is given by Lemma (8.138). First task is to check the assumptions. Consider v, wy, € Sp*:

[(a = a)(vn, wn)| = |a(vn, wn) — alvp, ws)| (126)
2 2
= / Z Ay, 0pvn Opwh, dx—/ Z 0y vn Oywy, dx (127)
Gl/,;l.:l Gu,uzl
2
= / Z (v — Gyp)Opvp Oywy, da (128)
Gu,p:l
2
< clla —a|oo - / Z 0uvn Oywy, dx (129)
G v,u=1
c.s. R
< clla—allo - [lvnll1 - [lwnllx (130)
5)
< ch"[[onlly - [|wallx (131)

We proof the second part

(foow) = Ton)| = | [ fondo~ [ Fonds (132)
el G
~|[(¢=Ponds (133)
€]
< ellf = flloo - [fonlloo (134)
(125)
< ch” - lunllx (135)
We complement the proof showing (122),
llonll? < ca(vp) (V-ellipticity) (136)
< cla(vy) — a(vn) + a(vp)] (expansion with a(vy) ) (137)
< cla(vp) — a(vr)| + cla(vn)| (triangle inequality) (138)
= c|[(a —a)(va)| + cla(vn)] (139)
< ch"||vn)3 + calvp) (set vy, = wp, in (131)) (140)

The last estimate is a result from a(vy) > 0. For sufficient small step size 0 < h < hg we can conclude
llonll} < ca(vn)
Now, Lemma (8.138) delivers the error of the approximate Ritzapproximation

|[up, — @nllr < ch”

8.15.2.1 Total error We recall the roles of the different solutions
e vy : original function which is to approximate,
e the function u is approached by the solution uy of the Ritz-procedure,
e for lower computational cost, uy is approximated itself by y,.
The triangle inequality shows
lu = anlly < [lu—unlli + [[un — @n|[r = O(R™ + R")

The order for optimal convergence is » > m. The error of the interpolating functions can be neglected in
comparison with the procedure-error if r > m.
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8.15.3 Integration with numerical quadrature

In this context numerical integration formulae based on interpolated functions. The most common formulae is

L
frl9) = [ gdr ~Qrlo) = Y wig(é) (141

with distinct quadrature points §; € T' and quadrature weights w;. For construction of these formulae, please
visit other literature.

8.15.3.1 Affine transformation rules We define the unit triangle E as the reference element. Let op : E — T
be affine-linear mapping of £ onto the triangle T. Then we have the properties

x=or(&)=Bri+br, z€T,2€FE

with the functional matrix By.

A Or

=>

VA VA
aQ d,

Figure 26: Reference element E and arbitrary cell (triagle) T

Example 8.139. Let E = conv{ay, s, a3} with a; = (0,0)7, a2 = (1,0)T,a3 = (0,1)T. The triangle T has
the coordinates a1 = (3,1/4),a2 = (4,-1/2),a3 = (17/4,1).

A bijective mapping between E and a triangle T is given by op : E — T with op(&) = Brd + b, where
b=ay. The functional matrixz is defined by

1

Br = (a2 —ai,a3 —a1) = (

N[
FNIRN1SS
\_/

The determinant of Br is of order h*. That means detBy = O(h?).

We obtain the relation, also known as “affine-equivalence” between two Lagrange elements,

(&) =v(z), @=op'z, €T

between functions on F and T. The polynomial space for the reference element is charakterized by P,,(E). A
(linear) quadrature rule on F satisfies

L n
Qe(9) = ;d)ig(fi), w; 1= /ELz'(f%)d@» Li(2) = H
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with quadrature points él € E and positive weights w;, i =1,..., L.
Affine transformation of QF on F gives quadrature rules on each element 7" with

L
Qr(g) =Y wig(&)
i=1
with quadrature points & = o7&; and weights w; = |det Br|@w;,t =1,...,L. Then
L L R
Qr(g9) =Y wig(&) =Y _ |detBr|a;§(&) = |detBr||Qr(9)]
i=1

i=1

There is a short introduction of the very important transformation rule for integrals. It follows from the
substitution rule in 1D.

Lemma 8.140. Let Ty and Ty open subsets of R™ and o : Ty — Ty. Then, and only then, the function f on
T; is integrable if (f o o) - |deto’| is integrable over Ty. It is
flo(z)) - deto’|dx = | f(y)dy
T1 T2
Proof. See [71] p. 299. It follows directly for an affine mapping o = Bi + b, with derivation D(cZ) =
D(Bz +b) = B, that
/v(x) d:z::|detBT|/ o(3) di
T E
O

The next two estimations can directly derived from the geometry of our triangulation. Remember the use
of triangles in a regular triangulation. “Regular” means, that

or >chy VYh,T,c>0

where hp charakterises the maximum diameter for any triangle, that means the longest side. In general we
have the following two situations

h _ h _
|Brll2 < = = cihy and ||B7'|l2 < — = coop’ (142)
0 or
The symbol || B||2 means
2
IBll2 = | > [bil?
ik
Furthermore there is an estimation for determinants as follows
1Bz 17" < |detBr| < [|Br|ls
which may be proofed with the Laplace expansion theorem. Then
coo < |detBr| < c1hip
and L
[Brl2 1B ]2 < CE
It follows in 2D (n = 2)
1
Cohy < ———=— < |det(Br)| < ||Br|l5 < Cih7 (143)
|1Br 13
At last we mention R R
co|VO(2)| < hy|Vo(z)| < ¢1|V(2)|, z€T, =o'z (144)
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Proof. Sketch. Estimation (144) follows from the compound rule of three
Vi(d) = BEVo(x) (145)

We have N N
V()| = [Vo(o(2)] = [B~TVo(#)] < [|B™]|2[Vo(i)]

and on the other hand R
IVo(2)| = |BTVu(z)| < ||BT||2|Vu(z)|

Working with (142) show (144). O

8.15.3.2 Numerical quadrature We set QF as an abbreviation for quadrature formula.

Definition 8.141. (Order of a QF)
A QF Qr(-) on T is said to be of order r if it integrates exactly all polynomials of degree r — 1,

Qr(p) = /T pde, pe Py (T)

Another equivalent formulation is given by

QT(Q) = /TPTQ dx, PTg S Pr—l(T)

where Pr is an interpolating operator for g. Then, Qr(-) is named as an interpolatary approximation of fr(-).
The first result gives an estimation for the error of numerical quadrature. Therefore we need the seminorm

N ™
laj=r T
and we mention that C"(T) is dense in H™!(T).

Lemma 8.142. (Quantitative error of numerical quadrature)
Assume Qr(g) is a QF of order r > 3 of the function g € H™(T). Then

|fr(9) — Qr(9)| < ch[gly1, 0 VT (146)
for constant ¢ which is independent of T and h

Proof. The requirement r > 3 will be proofed with the inequality from Sobolev which is a consequence of the
embedding theorem. Note, that the case r = 2 is also possible but difficult to prove. The linear functional fr
is continuous with respect to the L'-norm,

Fr(@)] = ]/ngx

It follows for g € H™(T) and all T

S/Tlgldx = lglog,r, g€ LNT) (147)

|fr(9) — Qr(9)| = |fr(9) — fr(Prg)| (interpolated approximation of fr)

= [fr(g — Prg)|
(147)
< |9 — Prgloa
< ch"|glra1 (interpolation estimation)
We finished proof. O
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Definition 8.143. (Admissibility of a QF)
Each polynomial g € Py,—1(E), integrated by Q, has the property

For q(&)=0,i=1,...,L follows ¢=0 (148)

This property ensures that the Lagrange interpolation has a unique solution. The necessary condition for
(148) requires that the number of interpolation points L is greater or equal to dimP,,_1.

We need further results like a new norm, and after that definition, we give an estimation between QF and
integral.

Definition 8.144. (Norm on P,,_1(E)/Py(E))
On the finite dimensional quotient space Pp,_1(E)/Po(E) is a norm defined by

2

alll = { D@y (9;9)*(&)

i=1  j=1

Proof. We have to proof all attributes of a norm. But the friendly reader wants to show three properties. We
only check,

DEFINITENESS.

Property (67) holds. Since the quadrature weights &; are positive it follows for ¢ € P,,—1(E),

S > 0,02 =

i=1  j=1
= 9;q(&) =0, 1<j<2 1<i<L

Remark that any 0;q is an element of P,,_5(E) because ¢ € P,,,_1(E). Since (67), 0;¢ vanishes at &. This
implies 0;¢ = 0, j = 1,2 which shows the definiteness.
The reader may check

lall =0, lagl| = | llgll, @ € R, [lp+qll < [lpll + llqll

O
Lemma 8.145. (Ellipticity of QF)
For some constant ¢ which is independent of h we have
Qr(IVoP?) > c/ Volde Voe Sl VT (149)
T

Proof. There is some work to do. First we have the norm of definition (8.144). A second norm on P,,,_1(E)/Py(E)
is given by |§|1 g. The finite dimension of P,,_1(E)/FPy(E) leads to the equivalence of the two norms. It exists

some constant C, that

Clali < llalll,  q € Pu—1(E)/Po(E) (150)

We compute
|Vp| Z wi|Vp( gz

= |detBy| vap(&n? (with w; = |det Bp|@;)
i=1
(144)

> co|detBT\ ZwJVq «Ez

> ¢ - QE(W(J\ )
=cllldlll, G € Pn_1(E)/Po(E)
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We conclude with the aid of equivalence of the two norms (150)

Cas0)
Qr(IVaP) = &llldlll = Il s
— coldetBr[h2(q12 = eoldet Br|h? / S4[2 di
E

= co|detBT|h’2/ |BY Vq|? di
E

> coh™? / BRI Val? da
T

(143) -2 2 2
> coh™“Ch1h / |Vq|* dz
T
= C/ |Vp|? dx
T
for p € S,Tfl. Which completes the proof. O

8.15.3.3 Error estimation The central theorem leads to an error estimation of the FEM for numerical quadra-
ture formulae. ) )
We give the definitions of the approximate elements of the matrix A;; and the right-hand side b;

2
AUZZQT Z a0y w; Oyw; |, 4,j=1,...,N
T

v,p=1
and R
bi =Y Qr(fw), i=1,...,N
T
The main Theorem is a consequence of the Lemma from Strang (8.138). First, we proof the conditions, then

we have the error estimation for u — uy,.

Theorem 8.146. Assume the quadrature formula, of order r > 3,

Qr(g) = Z

on E, which is admissible for Py,,_1(E). Let r > m—1, m —2. The degree of the finite elements is m —1 that

1S Up, Vp, € S,T_l. The coefficient functions a,, € L>(E) are sufficiently smooth. Then we have

i9(&)

&>

[(a — @)(un,va)| < CH "2 |Jogll1, v €SP
and ~
[(fvn)o — L(vn)| < CR7"" 2 Jogll1, v € S

and also uniform ellipticity
cllvall} <a(vn), wne St

The constants ¢, C depending on u.
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Proof. Set m' := m — 1. Denote v, € S,TL”/:

(@ — @) (un, vn)| = |a(un, vy) — aun, vn)|

2 2
- Z /T Z aypOpun Oy dr — Qr Z Ay, Opup O,vn
T

v,u=1 v,u=1

2
= Z Z |:/ ayy,auuh auvh dr — QT (auﬂaﬂuh 8U1)h):|
T

T v,u=1

2

TRI
S Z Z |:/T au'uaﬂuh auvh dr — QT (a,,#auuh al/vh):|
T

v,u=1

(146)

2
< chrz Z @y Opup OLu,

T |v,pu=1 1T

)

The functions a,,, are bounded with ||a,, || < ¢ which implies

. (146) 2
|(a —a)(up,vn)| < ch” Z Z Ay Optn, Oy v, (151)
T jrp=l r1,T
C.s 2 : 2 :
< ch’ Z Z |Opun 371,T : Z |3uvh|?,17T (152)
T p=1 v=1
<eh™ Y lunllrrrr - [[onllrrar (153)
T

Now, a function wy € S;L”/ on each triangle T € Ty, is a polynomial of P,/ (T). Because of differentiability, we
compute

lwillrs1,r = l[wh||mr for r>m' (154)
The inverse estimation delivers ,
w2 < ch' =™ ||wh| |7 (155)
Using (154) and (155) for the function v show us
l[vnllr+1,0 < b= [onl 1,z (156)
We obtain with (154) for up
[unllr+1,0 = |un|lm T (157)

We put the last two results and the Cauchy-Schwarz inequality in (153),

(@ — @) (un, vn)| < b > l[unllrirr - |[vnllrprr
T

C.S.

< eh” Y Mol A Nl

>~ r+1,T r+1,T
T T

1
2

)
< ehm T oy - > sl o
T

ol
N

= Chrimurl”UhHl ||unlms
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We specify the last term with the Ritzapproximation uy. Taking an interpolation operator Ipu € S,’L"l for u
we conclude

HuhHm’,T = Huh - Ihu + Ihu —u—+ u||m/7T
< Mlun = Inul w7 + [[Int = vl 7+ [[ul e 7

ass
< ch " lup = Ipullyr + [ I — vl 7 + (|l 1

= '™ |up — u+u — Iyullyr + [ Tnw = ez + |[ulfm,r

< b ™ |lup — ullyr + b ™ [Ju — Dyullr + [ nw — ullnr 7 + |l 7

Remember the result from approximation with Ip:
= Ipul | < cht™™ uly < k™ |ju||; for u e HYQ), 0<m < t.
Then, we have
llen e 2 < b= Y| =l + ealul e 7 + 2]l 2 + [l e 7
< h ™ JJup, = ull 7 + Ol 1

The extension on € is

N

unllm = [ DMl z | < b= Ju—unlly + ¢l ful
T

Since [|u — up|]; = O™, gives
(@ = @), on)] < k"4 o1+ fun |
< ™ oy (eh' ™ = ]y + el ]l )

= ch" 72" 2w — wp | ||onll1 + b o - [l

= ch" ™ 2 Jun [y + (k™ fon |y

< c(u)h™™™ | fon |y
We explain in words: The third line uses the order of convergence ||u — up|| = O(h™). The number |[u||m
is not important for convergence, so it is some constant factor ¢(u). The order of convergence of h™~™ *1 is
not as good as h™~™ 2 which completes the last line. Remark that » > 3 and » > m/. Short summary of the

result (m’ =m —1):
(@ = @) (un, on)] < A" Flopl1, ¢ = c(w)

Analogous computation verifies y

[(f0n)0 = U(vn)| < ch™ ™ *2 |ug |2
The last estimation shows uniform ellipticity of a. Let vy € S}Z‘/ which implies v |1 € P,/ (T). Also, numerical
stability requires positive weights and we refrain that the bilinear form a is elliptic. Then

2
d(vh) = Z QT Z auuaﬂvh Oy vn
T

v,p=1

(121),(124)
> CZ Qr(|Vur|?) (uniform ellipticity of a)

T
(149)
> cZ/|Vvh|2da:
T Jr

= clon?

> c||vp]|? (Poincaré for functions of Hg(£2))
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The last estimation follows from the equivalence of || - ||; and |- |; on Hg.
The conditions of Lemma (8.138) are true and the proof is finished.

The previous theorem yields the order convergence of the FEM for numerical integration.

Corollary 8.147. The conditions of Theorem (8.146) hold. Then, Lemma (8.138) leads to a quantitative
error estimation, with T =r —m + 2,

[lun — anl[s = O(R""+2)
The total error is given by
llu = anlly < [Ju = uplly + ||lup = aplly = O™ + A77"F2)
Convergence is assured if r > m — 1. In other words
r>m' (158)
Remark that v’ denotes the degree of the quadrature rule and m' the degree of the finite elements.

Example 8.148. Forr =m — 1 we have,
|lu — @[y = O(h)
Optimal convergence is given if r > 2m — 3. In example r = 2m — 3:
[lu—anlls = O(A™)
The error of quadrature can be neglected if r > 2m — 3, because
||lu—an|ls = O(A™ )
18 more important for the order of convergence.

Remark 8.149. The inequality (158) is the main assertion of the report. But remind that v’ >> 2m’' — 1
(degree of quadrature rule very large in comparison to the optimal order of convergence) is not recommended
because the calculation of the coefficient functions a;,(x) and the gradients O, w; O,w;,4,j =1,... N, p,v =1,2
could be very expensive for higher order quadrature Tules.

8.15.3.4 Concluding remarks The central result is the Lemma of Strang (8.138) which gives a quantitative
error estimation for convergence and leads to Theorem (8.146).

The main condition is the uniform ellipticity of the approximate bi linear form a.

If the conditions are not satisfied it may be possible that the linear equation system Awu = b is not solvable
because matrix A is singular. We study one example for this situation.

8.15.4 Numerical tests

8.15.4.1 Example 1 We discuss one simple example for a situation where the system matrix will be singular.
Since 7’ > m we have convergence of the procedure. Where r’ means the degree of the quadrature rule and m
is the degree of the FEM polynomials.

We assume the one-dimensional Poisson problem, take quadratic finite elements and use the middle-point
rule as integration formula. So we solve

—u" =f w0)=(1)=0
and take quadratic basic functions in the interval [0, 1] with equidistant step size h = x; — x;—1. There is an
additional point required, so we take the middle point of the cells T;,
1

Ti—1/2 = 5(501‘—1 — ;)
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The construction of the quadratic function v satisfies

N

N
v(z) = Z v (x) + Zvi—1/2¢i—1/2(9€)

i=0 i=1
with the following properties

i) Yi(xr) = dir,  Yi(Tp—1/2) =0

ii) ¢i71/2($k) =0, z/11'71/2(51%71/2) = Ok
Now, we get three quadratic basic functions

(1*11‘—1)(1’*%‘71/2)

(mi—xi—1)(@i—x_1/2)’ xz €T

i = (z—mit1)(T—Tit1/2) A

¢z($) @i—2it1)@i—Ti41/2)° x €Ty
0, otherwise
and
B NIy
wi—l/Q(iﬂ) = i—1/27Ti)(Ti—1/2=Tit1

0, otherwise

Next task is constructing the derivatives and give the variational formulation of the one-dimensional Laplace
problem. Then solving integrals with middle-point rule,

b
[ r@dsx o= (50) + @0 -0 (159)

One know that the middle-point rule has degree 1. Using this quadrature formula for quadratic elements fails
and the resulting systemmatrix A will have some zeros, so it is singular. For a local element we obtain

2
Outpi—1(x) = ﬁ(% — Ti_1/2 — Ti)

2
Opthi_1/2(w) = ﬁ(% + 21 — 2x)

= ﬁ(% —Ti_1/2 — Ti-1)

and the following integrals

An = / (0pti—1)” da

i—1

Agy = / (Oati—1/2)® dx ~ hi(Dpthi—1/2(wi1/2))* =0

i—1

Ass =/ Z (0u1i)? dz

Ti—1

App = Ao = / Opti-1 - Opthi_1/2dx = h; [(aw"/]ifl '%%4/2)(%71/2)} =0

A13 = A31 = axwi—l : 8£w7/ d‘x
Agz = Asy = Oui_1/2 - Ot dx = hy {(5}1/)1'_1/2 . 3#/%)(501‘—1/2)} =0

Ti_
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At last we write the results in our matrix,

Ann 0 Ags
A=1 0 0 o0 (160)
Asz1 0 Ass

8.15.4.2 Example 2 The second example handles also with the Laplace equation but in 2D implemented
again in deal.IT [4]. Our focuss is on two lines in this program:

// m’ : degree of the finite elements
fe (m?),

and

// Gauss formula, where n gives the number of notes in each direction
QGauss<2> quadrature_formula(n)

The degree of Gauss quadrature is given by ' = 2n — 1. We made some calculations for different m’ and r’.
The results are

n 1 2 3 4
r’ 1 3 5 7
m’
1 OK OK OK OK
2 F OK OK OK
3 F ok OK OK
4 F F ok OK
) F F ok ok
6 F F F ok
7 F F F ok
8 F F F F
We shortly explain the notation:

e ok: (normal) convergence takes place
e OK: Optimal convergence is given with ' > 2m — 1

e F:no convergence
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8.16 Numerical tests and computational convergence analysis

We finish this long chapter with several numerical tests in 2D and 3D.

8.16.1 2D Poisson

0.07390

0.055420.8 0.8

0.036950.6 0.6

0.01847 , , 0.4

Figure 27: The graphical solution (left) and the corresponding mesh (right).

We compute Poisson in 2D on © = (0,1)? and homogeneous Dirichlet conditions on 9€2. The force is f = 1.
We use a quadrilateral mesh using @)1 elements (in an isoparametric FEM framework). The number of mesh
elements is 256 and the number of DoFs is 289. We need 26 CG iterations (see Section 10.4 for the development
of the CG scheme), without preconditioning, for the linear solver to converge.

Figure 28: )1 (bilinear) and @ (biquadratic) elements on a quadrilateral in 2D.
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8.16.2 Numerical test: 3D

Number of elements: 4096
Number of DoFs: 4913
Number of iterations: 25 CG steps without preconditioning.

 0.05655

—— s
T “:’:’3%53.3.:.:.‘,’. 1
NN I~ N
N TN T . .. .
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Figure 29: The graphical solution (left) and the corresponding mesh (right).

8.16.3 Checking programming code and convergence analysis for linear and quadratic FEM

We present a general algorithm and present afterwards 2D results.
Algorithm 8.150. Given a PDE problem. E.g. —Au = f in Q and u = 0 on the boundary OS.
1. Construct by hand a solution u that fulfills the boundary conditions.
2. Insert u into the PDE to determine f.
8. Use that f in the finite element simulation to compute numerically wuy,.
4. Compare u — uy, in relevant norms (e.g., L*, H').
5. Check whether the desired h powers can be obtained for small h.

We demonstrate the previous algorithm for a 2D case in Q = (0, 7)2:

—AU(.T, y) = f in Q7
u(z,y) =0 on 09,

and we constuct u(z,y) = sin(x) sin(y), which fulfills the boundary conditions (trivial to check! But please do
it!). Next, we compute the right hand side f:

—Au = —(Dppu+ yyu) = 2sin(z)sin(y) = f(z,y).
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8.16.3.1 Numerically-obtained reference values On a seven-times refined mesh (16 384 elements), we obtain
as point-value goal functionals using Q. elements:

u(0.5,0.5) = 0.0736749...
u(0.75,0.75) = 0.0452887...

For Q?, we obtain

u(0.5,0.5) = 0.0736714...
u(0.75,0.75) = 0.0452862...

These values can be compared to the previously-constructed manufactured solution evaluated in these point
values. Moreover, these values can be more easily taken into account to quickly check an own developed solver.
For a sophisticated numerical analysis, we go now into the next paragraphs below.

8.16.3.2 2D Poisson: Linear FEM with Q! elements We then use f in the above program from Section
8.16.1 and evaluate the L? and H' norms using linear FEM. The results are:

Level Elements DoFs (N) h L2 err H1 err

2 16 25 1.11072 0.0955104 0.510388

3 64 81 0.55536 0.0238811 0.252645

4 256 289 0.27768 0.00597095 0.126015

5 1024 1089 0.13884 0.00149279 0.0629697
6 4096 4225 0.06942 0.0003732 0.0314801
7 16384 16641 0.03471 9.33001e-05 0.0157395
8 65536 66049 0.017355 2.3325e-05 0.00786965
9 262144 263169 0.00867751 5.83126e-06 0.00393482
10 1048576 1050625 0.00433875 1.45782e-06 0.00196741
11 4194304 4198401 0.00216938 3.64448e-07 0.000983703

In this table we observe that we have quadratic convergence in the L? norm and linear convergence in the
H'! norm. For a precise (heuristic) computation, we also refer to Chapter 16 in which a formula for computing
the convergence orders « is derived.

8.16.3.3 2D Poisson: Quadratic FEM with Q? elements We use again f in the above program from Section
8.16.1 and evaluate the L? and H'! norms using quadratic FEM. The results are:

Level Elements DoFs (N) h L2 err H1 err

2 16 81 1.11072 0.00505661 0.0511714

3 64 289 0.55536 0.000643595 0.0127748

4 256 1089 0.27768 8.07932e-05 0.00319225
5 1024 4225 0.13884 1.01098e-05 0.000797969
6 4096 16641 0.06942 1.26405e-06 0.000199486
7 16384 66049 0.03471 1.58017e-07 4.98712e-05
8 65536 263169 0.017355 1.97524e-08 1.24678e-05
9 262144 1050625 0.00867751 2.46907e-09 3.11694e-06
10 1048576 4198401 0.00433875 3.08687e-10 7.79235e-07
11 4194304 16785409 0.00216938 6.14696e-11 1.94809e-07

In this table we observe that we have cubic convergence O(h?) in the L? norm and quadratic convergence
O(h?) in the H' norm. This confirms the theory; see for instance [20]. For a precise (heuristic) computation,
we also refer to Chapter 16 in which a formula for computing the convergence orders « is derived.
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We next plot the DoFs versus the errors in Figure 30 in order to highlight the convergence orders. For the
relationship between h and DoFs versus the errors in different dimensions, we refer again to Chapter 16.

1 T T T T T T T

0.1} ]
0.01 | -
0.001 -
0.0001 | -
§ 1e-05 1
W 1e-06 | -
1e-07 | Lin. FEM, L7 err. .

Lin. FEM, Hzen.————
1e-08 Quad. FEM, LY err. —— 1
0o L Quad. FEM, H' err. —— il

1e-09 O(g) ...........
1e-10 | ()(h3) .............. 4
fo] b o O(h™) e

1 10 100 1000 10000 100000 1e+06 1e+07 1e+08

DoFs

Figure 30: Plotting the DoFs versus the various errors for the 2D Poisson test using linear and quadratic FEM.
We confirm numerically the theory: we observe ||u —up||z2 = O(h"1) and ||u —up| g2 = O(h™) for
r = 1,2, where r is the FEM degree.

8.16.4 Convergence analysis for 1D Poisson using linear FEM

We continue Section 8.4.9. As manufactured solution we use
5 (_372 + $)7
on Q@ = (0,1) with »(0) = w(l) = 0, which we derived in Section 8.1.1. In the middle point, we have

u(0.5) = —0.125 (in theory and simulations). In the following table, we plot the L? and H'! error norms, i.e.,
lu — up||x with X = L? and X = H', respectively.

Level Elements DoFs (N) h L2 err H1 err

1 2 3 0.5 0.0228218 0.146131

2 4 5 0.25 0.00570544 0.072394

3 8 9 0.125 0.00142636 0.0361126

4 16 17 0.0625 0.00035659 0.0180457

5 32 33 0.03125 8.91476e-05 0.00902154
6 64 65 0.015625 2.22869e-05 0.0045106
7 128 129 0.0078125 5.57172e-06 0.00225528
8 256 257 0.00390625 1.39293e-06 0.00112764
9 512 513 0.00195312 3.48233e-07 0.000563819
10 1024 1025 0.000976562 8.70582e-08 0.000281909
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Using the formulae from Chapter 16, we compute the convergence order. Setting for instance for the L?
error we have

P(h) = 1.39293¢ — 06
P(h/2) = 3.48233¢ — 07
P(h/4) = 8.70582¢ — 08.

Then:
o 1 o (‘ 1.39293e — 06 — 3.48233e — 07
= log(2) “\I3.48233¢ — 07 — 8.70582¢ — 08
which is optimal convergence that confirm the a priori error estimates from Section 8.13.3. The octave code
is:

D = 1.99999696186957,

alpha = 1 / log(2) * log(abs(1.39293e-06 - 3.48233e-07) / abs(3.48233e-07 - 8.70582e-08))
For the H' convergence order we obtain:

alpha = 1 / log(2) * log(abs(0.00112764 - 0.000563819) / abs(0.000563819 - 0.000281909))
1.00000255878430,

which is again optimal convergence; we refer to Section 8.13.2 for the theory.

8.16.5 Computing the error norms ||u — uy||
To evaluate the global error norms |[u — up||z2(q) and |[u — un | g1 (), we proceed element-wise and define:

Definition 8.151 (See for example [20](Chapter 2, Section 6)). For a decomposition Tp, = {K1,...,Kum} of

the domain Q and m > 1 we define
el mrmey o= > Nl e, -
K;

Therefore we compute element-wise the error contributions:

iy = [ 3 10%ula

T al<m
where « is a multiindex representing the degree of the derivatives; see Section 3.6.

Example 8.152 (L% and H*'). For L? it holds:

2 _ 2
lulfsy = [ *da

For H' it holds:
el e, :/ (2 + Vu2) da
K;

Consequently for the errors:

Example 8.153 (Errors in L? and H'). For L? it holds:

le = wnlliz i,y = | (u—un)®do
(K5) X

j
For H' it holds:
Ju= sy = [ (= wn)? + (Fu = Tun?) da,
K;
which allow directly the evaluation of the integrals, or better, since up only lives in the discrete nodes (or
quadrature points), we use directly a quadrature rule.
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Then we obtain:

Proposition 8.154. It holds:

lu— wun ey = \/Z lu— wnllz2c, ).
K;

lu —unll g Q) = z llw = unl[ 1 (x;)-
K;

8.17 Chapter summary and outlook

In this key chapter, we have introduced the theoretical background of finite elements, namely variational
formulations. We discussed the properties and characteristic features of the finite element method in one
dimension and higher dimensions. The discretization is based on uniform meshes (grids). For large-scaled
problems and practical applications, uniform meshes are however unfeasible. In the next chapter, we introduce
a posteriori error estimation that can be used to extract localized error indicators, which are then used for
adaptive mesh refinement such that only ‘important’ parts of the numerical solution are resolved with a desired
accuracy. Less important solution parts can be still treated with relatively coarse meshes. In Chapter 10, we
discuss some numerical solution techniques such as the CG scheme, which has already been employed in the
current chapter.
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9 Goal-oriented a posteriori error estimation and adaptivity

This chapter is devoted to goal-oriented adaptivity based on a posteriori error estimation. The error estimation
is carried out with the dual-weighted residual method (DWR) in which an adjoint problem must be solved. This
method is particularly suited for problem in which general error functionals with only parts of the numerical
solution wuy is of interest. In these cases, we need a high accuracy of the numerical solution, but uniform
(i-e., global) mesh refinement is very expensive for large problems and three-dimensional computations. Here,
memory requirements and CPU wall clock simulation times are too high to be justified. Mesh adaptivity tries
to refine only a few mesh elements such that the envisaged discretization error reduces below a given tolerance.
Simultaneously, mesh regions out of interest for the total accuracy may be coarsened. Similarly these concepts
can be applied to the adaptive control of solution algorithms as for instance linear or nonlinear solvers.

9.1 Principles of error estimation

In general, we distinguish between a priori and a posteriori error estimation. In the first one, which we
already have discussed for finite differences and finite elements, the (discretization) error is estimated before we
start a numerical simulation/computation. Often, there are however constants ¢ and (unknown) higher-order
derivatives |u|gm of the (unknown) solution:

lu — up|| < ch™|u|gm.
Such estimates yield
e the asymptotic information of the error for h — 0.

e In particular, they provide the expected order of convergence, which can be adopted to verify program-
ming codes and the findings of numerical simulations for (simple?!) model problems.

However, a priori estimates do not contain useful information during a computation. Specifically, the deter-
mination of better, reliable, adaptive step sizes h is nearly impossible (except for very simple cases).

On the other hand, a posteriori error estimation uses information of the already computed u; during a
simulation. Here, asymptotic information of u is not required:

[ = un| < enun)

where n(uy) is a computable quantity, because, as said, they work with the known discrete solution up. Such
estimates cannot in general predict the asymptotic behavior, the reason for which a priori estimates remain
important, but they can be evaluated during a computation with two main advantages:

e We can control the error during a computation;

e We can possibly localize the error estimator in order to obtain local error information on each element
K; € Tj,. The elements with the highest error information can be decomposed into smaller elements in
order to reduce the error.

9.2 Preliminaries

Following Becker/Rannacher [10, 11], Bangerth/Rannacher [8], and Rannacher 88|, we derive a posteriori error
estimates not only for norms, but for a general differentiable functional of interest J : V' — R. This allows
in particular to estimate technical quantities arising from applications (mechanical and civil engineering, fluid
dynamics, solid dynamics, etc.). Of course, norm-based error estimation, ||u — uy|| can be expressed in terms
of J(-); for hints see Section 9.9.

When designing a posteriori error estimates, we are in principle interested in the following relationship:

Cin < |J(u) — J(up)| < Can (161)

where 7 := n(up) is the error estimator and Cp,Cs are positive constants. Moreover, J(u) — J(up) is the
true error.

177



9. GOAL-ORIENTED A POSTERIORI ERROR ESTIMATION AND ADAPTIVITY

Definition 9.1 (Efficiency and reliablity). A good estimator n := n(up) should satisfy two bounds:
1. An error estimator n of the form (161) is called efficient when
Crn < [J(u) = J(un)l,
which means that the error estimator is bounded by the error itself.
2. An error estimator n of the form (161) is called reliable when
|/ (u) = J(un)| < Can.
Here, the true error is bounded by the estimator.

Remark 9.2. For general goal functionals J(-), it is much more simpler to derive reliable estimators rather
than prooving their efficiency.

Remark 9.3 (AFEM). Finite element frameworks working with a posteriori error estimators applied to local
mesh adaptivity, are called adaptive FEM.

Definition 9.4 (Basic algorithm of AFEM). The basic algorithm for AFEM is always the same:
1. Solve the PDE on the current mesh T ;
2. Estimate the error via a posteriori error estimation to obtain n;
8. Mark the elements by localizing the error estimator;

4. Refine/coarsen the elements with the highest/lowest error contributions using a certain refinement
strategy.

A prototype situation on three meshes is displayed in Figure 31.

o
B

Figure 31: Meshes, say, on level 0, level 1 and 2. The colored mesh elements indicate high local errors and are
marked for refinement using bisection and hanging nodes.

9.3 Goal-oriented error estimation using duality arguments: dual-weighted residuals
(DWR)

9.3.1 Motivation

The goal of this section is to derive an error estimator that is based on duality arguments and can be used for
norm-based error estimation (residual-based) as well as estimating more general error functionals J(-).

The key idea is based on numerical optimization, but goes back to classical mechanics in the 17th century.
From our previous considerations, our goal is to reduce the error in the functional of interest with respect to
a given PDE:

min(J(u) — J(up)) st. a(u,¢) =1(¢), (162)

where J(-) and a(u, ¢) can be linear or nonlinear, but need to be differentiable (in Banach spaces).
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Remark 9.5. Of course for linear functionals, we can write
J(u) — J(up) = J(u—up) = J(e), e=u—up.

Such minimization problems as in (162) can be treated with the help of the so-called Lagrangian L :
V x V — R in which the functional J(-) is of main interest subject to the constraint a(-,-) — I(¢) (here the
PDE in variational form). Here, we deal with the primal variable u € V and a Lagrange multiplier z € V,
which is the so-called adjoint variable and which is assigned to the constraint a(u,z) — I(z) = 0. We then
obtain

Definition 9.6. The Lagrangian L :V xV — R is defined as
L(u,z) = (J(u) — J(up)) — a(u, 2) + 1(2).

Before we proceed, we briefly recapitulate an important property of the Lagrangian. Let V and Z be two
Banach spaces. A Lagrangian is a mapping L(v,q) : U XY — R, where U x Y C V x Z.

Definition 9.7 (Saddle-point). A point (u,z) € U x Y is a saddle point of L on U x'Y when
VyeY: L(u,y) <L(u,z) < L(v,z) YveU.
A saddle-point is also known as min-max point. Geometrically one may think of a horse saddle.

Remark 9.8. One can show that a saddle point yields under certain (strong) conditions a global minimum of
u of J(-) in a subspace of U.

The Lagrangian has the following important property to clear away the constraint (recall the constraint is
the PDE!):

Lemma 9.9. The problem

o f P
“€V’*a(g}z)+z(z):o( (u) (“h))

18 equivalent to
inf = inf sup L(u, 2)
ueV,—a(u,z)+1(z)=0 ueV ey
Proof. If a(u, z) + I(z) = 0 we clearly have J(u) — J(up) = L(u, z) for all z € V. If a(u, z) + I(2) # 0, then
sup, ey L(u, z) = +00, which shows the result. O

Remark 9.10. In the previous lemma, we prefer to work with the infimum (inf) since it is not clear a priori
whether the minimum (min) is taken.

9.3.2 Excursus: Variational principles and Lagrange multipliers in mechanics

In this excursus we shall give a mechanics-based motivation of Lagrange multipliers and constrained opti-
mization problems as they form the background of the current chapter. Specifically, we address a physical
interpretation of Lagrange multipliers. We have motivated the Poisson problem as the clothesline problem
in Section 6.1. The derivation based on first principles in physics, namely conservation of potential energy is
as follows. Let a clothesline be subject to graviational forces g. We seek the solution curve u = u(x). A final
equilibrium is achieved for minimal potential energy. This condition can be expressed as:

Formulation 9.11 (Minimal potential energy - an unconstrained variational problem). Find u such that
min J(u)
with

2 z2
I = By = [ gudm —pg [ uy/TH WP da,
1 1
right hand side left hand side

where g is the gravity, u the sought solution, dm mass elements, p the mass density. By variations du we
obtain solutions u + du and seek the optimal solution such that J(u) is minimal. Of course, the boundary
conditions uy; and ug are not varied.
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In the following, we formulate a constrained minimization problem. We ask that the length L of the

clothesline is fixed: o9
K(u)=L= / \/mdx = const.
ZT1

Formulation 9.12 (A constrained minimization problem). Find u such that
min J(u) s.t. K(u) = const.

The question is how we address Formulation 9.12 in practice? We explain the derivation in terms of a 1D
situation in order to provide a basic understanding as usually done in these lecture notes.
The task is:
min J(z,u(z)) st. K(z,u(z))=0. (163)

Let us assume for a moment, we can explicitly compute u = ug (z) from K(x,u(z)) = 0 such
K(z,uk(x)) =0.

The minimal value of J(x,u) on the curve ug(x) can be computed as minimum of J(z,ux(x)). For this
reason, we use the first derivative to compute the stationary point. With the help of the chain rule, we obtain:

0= 2L o ur) = To(o, k) + Tyl ur i (o). (164

With this equation, we obtain the solution x1. The solution u; is then obtain from u; = ugk (21).
Using Lagrange multipliers, we avoid the explicit construction of ux (x) because such an expression is only
easy to obtain for simple model problems. To this end, we introduce the variable z as a Lagrange multiplier.
We build the Lagrangian
L(z,u,2) = J(x,u) — 2K (z,u)

and consider the problem:
min L(z,u,z) s.t. K(z,u)=0.

Again, to find the optimal points, we differentiate w.r.t. to the three solution variables x, u, z:

Jo(z,u) — 2K, (z,u) =0
J(z,u) — 2K, (z,u) =0 (165)
K(x,u)=0

to obtain a first-order optimality system for determining x, u, z.
Proposition 9.13. The formulations (164) and (165) are equivalent.

Proof. We show (165) yields (164). We assume that we know u = ug(x), but we do not need the explicit
construction of that ux (x). Then, K (z,u) = 0 is equivalent to

K(z,u) =u—ug(zx) =0.

We differentiate w.r.t. 2 and u and insert the resulting expressions into the first two equations in (165):

JL(z,u) + 2u (z) = 0, (166)
J (z,u) —2=0. (167)
The second condition is nothing else, but
z=J (z,u).

Here, we easily see that the Lagrange multiplier measures the sensitivity (i.e., the variation) of the solution
curve u with respect to the functional J(z,u). Inserting z = J) (z,u) into (165) yields (164). The backward
direction can be shown in a similar fashion. O
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Remark 9.14. The previous derivation has been done for a 1D problem in which u(x) with x € R is unknown.
The method can be extended to R and Banach spaces, the latter one being addressed in Section 9.5.3.

Remark 9.15. We emphasize again that the use of Lagrange multipliers seems more complicated, but avoids
the explicit construction of uk (x), which can be cumbersome. This is the main reason of the big success of
adjoint methods, working with the adjoint variable z in physics and numerical optimization. Again, here,
the Lagrangian L(x,u, z) is minimized and the solution u = u(x, z) contains a parameter z. This parameter
is automatically determined such that the constraint K(x,u) = 0 is satisfied. The prize to pay is a higher
computational cost since more equations need to be solved using (165) in comparison to (164).

9.3.3 First-order optimality system

As motivated in the previous subsections, we seek minimal points and therefore we look at the first-order
necessary conditions. Now we work in Banach spaces rather than R. Differentiation with respect to u € V
and z € V yields the optimality system:

Proposition 9.16 (Optimality system: Primal and adjoint problems). Differentiating (see Section 7.4) the
Lagrangian in Definition 9.6 yields:

Ly (u,2)(¢) = J,(u)(9) — ay (u, 2)(8) Vo€V,
Li(u,2)(¥) = —d,(u, 2)(¥) + IL() VeV
The first equation is called the adjoint problem and the second equation is nothing else than our PDE, the

so-called primal problem. We also observe that the trial and test functions switch in a natural way in the
adjoint problem.

Proof. Trivial with the methods presented in Section 7.4. O

Remark 9.17 (on the notation). We abuse a bit the standard notation for semi-linear forms. Usually, all
linear and nonlinear arguments are distingished such that al (u,z)(¢) would read al (u)(z,¢) because wu is
nonlinear and z and ¢ are linear. We use in these notes however al,(u, z)(¢) in order to emphasize that u and
z are the main variables.

Corollary 9.18 (Primal and adjoint problems in the linear case). In the linear case, we obtain from the
general formulation:

L(¢= Z) = J((b) - a(¢7 Z)
L(u, ) = —a(u, ) +1(¥).

Definition 9.19. When we discretize both problems using for example a finite element scheme (later more),
we define the residuals for up € Vi, and zp, € Vi, The primal and adjoint residuals read, respectively:

p(un, ) = —a’(up, 2)(-) + 1.(*)
p*(2ny ) = Ty (w)(-) — @i, (u, 2) (")
In the linear case:
plun, ) = —alup,-) +1(-)
p*(zn, ) = J(-) — a(:, zn).

Proposition 9.20 (First-order optimality system). To determine the optimal points (u,z) € V x V, we set
the first-order optimality conditions to zero:

0= Jy,(u)(¢) — ay,(u)(2, )
0= —al(u)(z, ) + LL(¥).
Here, we easily observe that the primal equation is nothing else than the bilinear form a(-,-) we have worked

with so far. The adjoint problem is new (well known in optimization though) and yields sensitivity measures
z of the primal solution u with respect to the goal functional J(-).
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Example 9.21. Let a(u, ¢) = (Vu, V). Then: a(u,z) = (Vu,Vz). Then,

a,(u, 2)(¢) = (V¢,Vz),

and
a’(u, 2) () = (Vu, Vi).

These derivatives are computed with the help of directional derivatives (Gateaux derivatives) in Banach spaces.

9.3.4 Linear problems and linear goal functionals (Poisson)

We explain our developments in terms of the linear Poisson problem and linear goal functionals.

Formulation 9.22. Let f € L*(f), and we assume that the problem and domain are sufficiently reqular such
that the trace theorem (see Theorem 8.78 and also the literature, e.g., [117]) holds true, i.e., h € H=2(T'y),
and finally up € H2(Q). Find u € {up + V}:

a(u,¢) =1(¢) VoeV,

where

a(u, p) = (aVu, Vo)

M@:[jWM+Afmm

and the diffusion coefficient o := «a(x) € L*®(Q). In this setting fFN gods has to be understood as duality
product as for instance in [54]. If g € L*(T'yx) then it coincides with the integral.

and

As previously motivated, the aim is to compute a certain quantity of interest J(u) with a desired accuracy
at low computational cost.

Example 9.23. Examples of goal functionals are mean values, line integration or point values:

J(u):/ﬂudz, J(u):/Fuds, J(u):/rﬁnuds, J(u) = u(x0, Yo, 20)-

The first goal functional is simply the mean value of the solution. The third and fourth goal functionals are a
priori not well defined. In case of the second functional we know the Vu € [L?(Q)]¢. Using the trace theorem
(see Theorem 8.78), we can deduce that the trace in normal direction belongs to H~2 (). This however
leads to the problem that the second functional is not always well defined. Concerning the third functional, we
have previously shown in Section 7.1 that H' functions with dimension d > 1 the solution u is not any more
continuous and the last evaluation is not well defined. If the domain and boundaries are sufficiently regular
in 2D, the resulting solution is however H? regular and thanks to Sobolev embedding theorems (e.g., [29, 40])
also continuous.

Example 9.24. Let J(u) = [,udz. Then the Fréchet derivative is given by

J@:%M@:A@m

and, of course Ji(u)(¢) = 0.

The above goal functionals are however computed with a numerical method leading to a discrete version
J(up). Thus the key goal is to control the error J(e) := J(u) — J(up) in terms of local residuals, which are
computable on each mesh cell K; € Ty,.
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Proposition 9.25 (Adjoint problem). Based on the optimality system, here Corollary 9.18, we seek the adjoint
variable z € V:
a(¢,2) = J(¢) Ve V. (168)

Specifically, the adjoint bilinear form for the Poisson problem is given by
a(g, z) = (aVe,Vz).

For symmetric problems, the adjoint bilinear form a(-,-) is the same as the original one, but differs for non-
symmetric problems like transport for example.

Proof. Apply the first-order necessary condition. O

Remark 9.26. FExistence and uniqueness of this adjoint solution follows by standard arguments provided
sufficient reqularity of the goal functional and the domain are given. The regularity of z € V depends on the
reqularity of the functional J. For J € H=1(Q) it holds = € H*(2). Given a more reqular functional like
the L2-error J(¢) = |le||*(en, @) (where e := u — up) with J € L?*(Q)* (denoting the dual space), it holds
z € H*(Q) on suitable domains (convex polygonal or smooth boundary with C?-parameterization,).

We now work with the techniques as adopted in Section 8.13. Inserting as special test function ¢ := u—wuy, €
V, recall that up € V3 C V into (168) yields:

a(u —up, z) = J(u—up),

and therefore we have now a representation for the error in the goal functional.
Next, we use the Galerkin orthogonality a(u — up, 1) = 0 for all ¢, € Vj, and we obtain (compare to
Aubin-Nitsche in Section 8.13.3):

a(u—up, z) = a(u —up, 2) — alu — up, Yp) = alu — up, 2 — Yp) = J(u — up). (169)
=0

The previous step allows us to choose 15, in such a way that z—1;, can be bounded using interpolation estimates.
Indeed, since 1)y, is an arbitrary discrete test function, we can for example use a projection vy, := iz € Vj in
(169), which is for instance the nodal interpolation.

Definition 9.27 (Error identity). Choosing ¢y, 1= ipz € V3, in (169) yields:
a(u —up, z —ipz) = J(u — up). (170)

Thus, the error in the functional J(u —uyp) can be expressed in terms of a residual, that is weighted by adjoint
sensitivity information z — ip2.

However, since z € V is an unknown itself, we cannot yet simply evaluate the error identity because z is
only known analytically in very special cases. In general, z is evaluated with the help of a finite element
approximation yielding zp, € V.

However, this yields another difficulty since we inserted the interpolation i, : V' — V}, for z € V. When we
approximate now z by z; and use a linear or bilinear approximation r = 1: z, € Vh(l), then the interpolation
i, does nothing (in fact we interpolate a linear/bilinear function z;, with a linear /bilinear function 4z, which
is clearly

2n — tpzn = 0.

For this reason, we need to approximate z; with a scheme that results in a higher-order representation: here
at least something of quadratic order: zj € Vh(2).
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9.3.5 Nonlinear problems and nonlinear goal functionals

In the nonlinear case, the PDE may be nonlinear (e.g., p-Laplace, nonlinear elasticity, Navier-Stokes, and
Section 4.6) and also the goal functional may be nonlinear, e.g.,

J(u):/Qu2dx.

These nonlinear problems yield a semi-linear form a(u)(¢) (not bilinear any more), which is nonlinear in the
first variable u and linear in the test function ¢. Both the semi-linear form and the goal functional J(-) are
assumed to be (Fréchet) differentiable.

We start from Definition 9.16. Assuming that we have discretized both problems using finite elements (for
further hints on the adjoint solution see Section 9.4). We suppose that all problems have unique solutions. We
define:

Definition 9.28 (Primal and adjoint residuals). We define the primal and adjoint residuals, respectively:

p(un)(¢) =1(¢) — a(un)(®) Yo eV,
P (z1)(0) = Ty, (un)(¢) — @, (un)(p,2) Vo e V.

It holds:

Theorem 9.29 ([11]). For the Galerkin approximation of the first-order necessary system Definition 9.16, we
have the combined a posteriori error representation:

Jw) = ) =7 = 5 min plun)(z = 6n) + 5 min o (n)(u— 6n) + R

The remainder term is of third order in J(-) and second order in a(-)(-). Thus, for linear a(-)(:) and quadratic
J(:) the remainder term R vanishes. In practice the remainder term is neglected anyway and assumed to be
small. However, in general this assumption should be justified for each nonlinear problem.

Proof. We refer the reader to [11]. O

Corollary 9.30 (Linear problems). In the case of linear problems the two residuals coincide. Then, it is
sufficient to only solve the primal residual:

J(w) — J(up) = J(u—up) = mig plup)(z — o)

h€Vh
Primal
= min p*(zp)(u —
Jmin " () (u— 6n)
Adjoint
1

. r .,
= 5 o p(un)(z = én) + 5 min p"(zn)(u — én)

Combined

Indeed the errors are exactly the same for linear goal functionals using the primal, adjoint or combined error
estimator. The only difference are the resulting meshes. Several examples have been shown in Example 2 in

[95].

Proof. Tt holds for the adjoint problem in the linear case:

J(¢) = a9, 2).
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Then:
Ju—up)=Je)=alu—up,2)
—_————

=1(z) — a(up, 2)
—_———
=p(up,z)
=a(e,z) = ale,z — zp) = ale,e*) = alu — up, e*)

= a(u,e”)

:a(u,z)fa(u,zh):;](u) — a(u, Zh)
—_—
=p*(zp,u)

= J(e),

where e* := z — z;, and where a(e, z) = a(e, z — zp,) and a(u — up, e*) = a(u, e*) hold true thanks to Galerkin
orthogonality. O

Definition 9.31 (A formal procedure to derive the adjoint problem for nonlinear equations). We summarize
the previous developments. Based on Proposition 9.16, we set-up the adjoint problem as follows:

e Given a(u)(¢)

o Differentiate w.r.t. uw € V such that
a,, (u) (0u, §)

with the direction du € V.

o Switch the trial function du € V' and the test function ¢ € V such that:
a, (u)(¢, 6u)

e Replace du € V' by the adjoint solution z € V:
a,, (u)(, 2)

o This procedure also shows that the primal variable w € V' enters the adjoint problem in the nonlinear case.
However u € V' 1s now given data and z € V is the sought unknown. This also means that in nonlinear
problems, that primal solution needs to be stored in order to be accessed when solving the adjoint problem.

9.4 Approximation of the adjoint solution for the primal estimator p(uy)(-)

In order to obtain a computable error representation, z € V' is approximated through a finite element function
zn, € Vp,, that is obtained from solving a discrete adjoint problem:

Formulation 9.32 (Discrete adjoint problem for linear problems).
a(n, zn) = J(Yn)  Vibn € Vj. (171)
Then the primal part of the error estimator reads:
a(u —up, zn — ipzn) = plup)(zn — inzn) =~ J(u) — J(up). (172)

The difficulty is that if we compute the adjoint problem with the same polynomial degree as the primal problem,
then zj, —ipzn, = 0, and thus the whole error identity defined in (172) would vanish, i.e., J(u) — J(up) = 0.
This is clear from a theoretical standpoint and can be easily verified in numerical computations.

In fact normally an interpolation operator i, interpolates from infinite dimensional spaces V' into finite-
dimensional spaces V}, or from higher-order spaces into low-order spaces.
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Thus:
in:V— Vh(l) so far...
ip Vh(l) — Vh(l) first choice, but trivial solution, useless

i - Vh@) — fol) useful choice with nontrivial solution

From these considerations it is also clear that
in VY = v
will even be worse (this would arise if we approximate the primal solution with w; € Vh@) and zp, € Vh(l)).

9.4.1 Summary and alternatives for computing the adjoint
In summary:

e the adjoint solution needs to be computed either with a global higher-order approximation (using a
higher order finite element of degree r + 1 when the primal problem is approximated with degree r),

e or a solution on a finer mesh,
e or local higher-order approximations using a patch-wise higher-order interpolation [8, 11, 95].

Clearly, the last possibility is the cheapest from the computational cost point of view, but needs some efforts to
be implemented. For the convenience of the reader we tacitly work with a global higher-order approximation
in the rest of this chapter.

We finally end up with the primal error estimator:

Definition 9.33 (Primal error estimator). The primal error estimator is given by:

alu — up, z}(fﬂ) - ihz,(fﬂ)) = p(uh)(z,(fﬂ) - ihz,(fﬂ)) =:n=J(u)— J(up).

9.5 Approximation of the primal solution for the adjoint estimator p*(z;)(-)
To evaluate the adjoint estimator p(z,)(-), we need to construct
U — IpU

with i, : V — Vj, for u € V and uy, € V3. Here we encounter the opposite problem to the previous section. We
need to solve the primal problem with higher accuracy using polynomials of degree r + 1 in order to construct
a useful interpolation, yielding

u—ipu#0 ae.

Then: . )
J(u) = J(up) = 1= p*(zn) (@ — ipul™Y).
9.6 Measuring the quality of the error estimator 7
As quality measure how well the estimator approximates the true error, we use the effectivity index I.s:

Definition 9.34 (Effectivity index). Let n be an error estimator and J(u) — J(up) the true error. The
effectivity index is defined as:
n
L= Ls(up, 2p) = | —o0—|. 173
£f s ) () = T(an) (173)
Problems with good I.¢¢ satisfy asymptotically Ics¢ — 1 for h — 0. We say that
o for I.;r > 1, we have an over estimation of the error,

o for I.;; <1, we have an under estimation of the error.
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9.7 Localization techniques

In the previous sections, we have derived an error approximation n with the help of duality arguments that
lives on the entire domain 2. In order to use the error estimator for mesh refinement we need to localize the
error estimator 7 to single mesh elements K; € T;, or degrees of freedom (DoF) i. We present two techniques:

e A classical procedure using integration by parts resulting in an element-based indicator ng;
e A more recent way by employing a partition-of-unity (PU) yielding PU-DoF-based indicators 7;.
We recall that the primal estimator starts with z € V' from:
plup)(z —inz) = alu —up, z —ipz) = a(u, z — ip2) — alup, 2 — ipz) = U(z — ipz) — alup, 2 — ip2),

and the adjoint estimator
p*(zn)(u —ipu) = J(u —ipu) — alu — ipu, 2).

According to Theorem 9.29, we have for linear problems

1 1

(l(z —inz) — alup, 2 — ipz)) + %(J/(u —ipu) —a'(u—ipu, 2)) + R

where R is the remainder term. Furthermore on the discrete level, we have (for linear problems):

(l(zh — ihzh) — a(uh,zh — ihzh)) + 1(J(Uh — ihuh) — a(uh — ihuh, Zh)) (174)

J(u) — J(up) = n = 5

N |

We understand that the discrete solutions zp in the first part and uy in the second part have to be understood
computed in terms of higher-order approximations r + 1.

In the following we localize these error estimators on a single element K; € 7. Here, the influence of
neighboring elements K;,j # ¢ is important [28]. In order to achieve such an influence, we consider the error
estimator on each cell and then either integrate back into the strong form (the classical way) or keep the weak
form and introduce a partition-of-unity (a more recent way). Traditionally, there is also another way with
weak form, proposed in [19], which has been analyzed theoretically in [95], but which we do not follow in these
notes further.

In the following both localization techniques we present, we start from:

J(u—wup) =1z —inzn) — alun, zn — inzn) (175)
For the Poisson problem, we can specify as follows:
J(u—wun) = (f,zn — inzn) = (Vun, V(zn = inzn)) (176)
The next step will be to localize both terms either on a cell K € T, (Section 9.7.1) or on a degree of freedom
(Section 9.7.3).
9.7.1 The classical way of error localization of the primal estimator for linear problems

In the classical way, the error identity (170) is treated with integration by parts on every mesh element K € Tj,
which yields:

Proposition 9.35. It holds:

J(u — uh) ~nN= Z (f + V- (aVuh), Zh — ihzh)K + (a@nuh, Zh — ihzh)aK (177)
KeTh
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Proof. Idea: Take (174), insert specific form of the PDE, reduce to an element K, integrate by parts. Now in
detail: Let o = 1 for simplicity. We start from

J(u—wun) = (f, 20 —inzn) — (Vup, V(zn — inzn))
and obtain further

J(u — uh) = (f7 Zh — ihzh) — (Vuh, V(Zh — ihzh))
= Z(ﬁ zn —inzn)k — (Vun, V(zn — ih2n)) K
K

= Z(f, 2n —inzn) Kk + (Aup, 2 — inzn) g — (Opun, 20 — in2n)ok
) 1 )
= (f + Dup, zn — inzn)x — 5([8nuh]K7 Zh = Th2h)oK
K

with [Opup] = [Onuplk = Onun|k + Onup|rs where K’ is a neighbor cell of K. On the outer (Dirichlet)
boundary we set [Opunloq = 20, up. O

With the notation from the proof, we can define local residuals:
R = f + Auha
Tox = —[Onup]

Here, Rt are element residuals that measures the ‘correctness’ of the PDE. The ryx are so-called face
residuals that compute the jumps over element faces and consequently measure the smoothness of the discrete
solution wuy,.

Further estimates are obtained as follows:

ORI D E S

KeThn KeThn

where we assume z, — ¢, = 0 on 9Q2. With Cauchy-Schwarz we further obtain:

) 1 .
T —up)| <np=>_ [Hf +Aunllllzn = inznll i + S lOnunllloxvoollzn — ZhZh”BK]

K
= Z pi (un)wi (2n) + pox (un)wak (2n)-
K
In summary we have shown:
Proposition 9.36. We have:
[T(u) = J(un)| < ni= Y prwr, (178)
KeTn
with
1 1
pr = f+ V- (@Vun)llk + Shi lladnun]llox, (179)
1
wi = ||z = inzlx + i llz = inzlox, (180)

where by [ad,up] we denote the jump of the uy derivative in normal direction. The residual part px only
contains the discrete solution up, and the problem data. On Dirichlet boundaries T'p, we set [aOpup] =0 and
on the Neumann part we evaluate ad,up = gn. Of course, we implicitly assume here that gy € L?(T'x) such
that these terms are well-defined.

Remark 9.37. In practice, this primal error estimator needs to be evaluated in the dual space. Here, we
proceed as follows:
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e Prolongate the primal solution up, into the dual space;

(r+1)

e Next, we compute the interpolation iz, € Q, w.r.t. to the primal space;
e Then, we compute z,(fﬂ) — ihz,(fﬂ) (here, ihz}(lrﬂ) is prolongated to Q.11 in order to compute the

difference);

e FEualuate the duality product (-,-) and face terms.

Remark 9.38. When Vj, = Vh(l), then V - Vup = 0. This also demonstrates heuristically that face terms are
important.

9.7.2 The classical way for the combined estimator
The combined estimator reads:

Proposition 9.39. It holds:

1 1,
J(u) = J(up) = Z 5K + 5K
KeTn

with

nx = ((f+ V- (@Vup), zn — inzn) K +/ adnuy, - (21, — inzn) ds)
K

mic = (J(un — inup) — (/K ot /BK )

9.7.3 A variational primal-based error estimator with PU localization

An alternative way is an DoF-based estimator, which is the first difference to before. The second difference to
the classical approach is that we continue to work in the variational form and do not integrate back into the
strong form. Such an estimator has been developed and analyzed in [95]. This idea combines the simplicity of
the approach proposed in [19] (as it is given in terms of variational residuals) in terms of a very simple structure,
which makes it particularly interesting for coupled and nonlinear PDE systems (see further comments below).
Variational localizations are useful for nonlinear and coupled problems as we do not need to derive the strong
form.

To this end we need to introduce a partition-of-unity (PU), which can be realized in terms of another finite
element function. The procedure is therefore easy to realize in existing codes.

Definition 9.40 (PU - partition-of-unity). The PU is given by:

Veu = {1, ¥m}
with dim(Vpy) = M. The PU has the property

Remark 9.41. The PU can be simply chosen as the lowest order finite element space with linear or bilinear
elements, i.e.,
Voy = VY.

To understand the idea, we recall that in the classical error estimator the face terms are essential since
they gather information from neighboring cells. When we work with the variational form, no integration by
parts (fortunately!) is necessary. Therefore, the information of the neighboring cells is missing. Using the
PU, we touch different cells per PU-node and consequently we gather now information from neighboring cells.
Therefore, the PU serves as localization technique.

In the following, we now describe how the PU enters into the global error identity (170):
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Proposition 9.42 (Primal error estimator). For the finite element approzimation of Formulation 9.22, we
have the a posteriori error estimate:

M
|/ (u) = J (un)]| Sn:Zlml, (181)

where
ni = a(u —up, (2 — ip2)Y;) = (2 — in2)i) — alun, (2 — in2)i),

and more specifically for the Poisson problem:
mi = {{f, (2 = in2)i) = (@Vun, V(= = i) }. (182)

9.7.4 PU localization for the combined estimator
Proposition 9.43 (The combined primal-dual error estimator). The combined estimator reads:

M 1 1
() = T < 0= D 5l + 317

with
i = (I((2n — inzn) — alu, (20 — inz0)¥i) i)
n; = (Jo((un — inun)i) — af, ((un — inun) i, 2n))

9.8 Comments to adjoint-based error estimation

Adjoint-based error estimation allows to measure precisely at a low computational cost specific functionals of
interest J(u). However, the prize to pay is:

e We must compute a second solution z € V.

e This second solution inside the primal estimator must be of higher order, which means more computa-
tional cost in comparison to the primal problem.

e For the full error estimator in total we need to compute four problems.

e From the theoretical point of view, we cannot proof convergence of the adaptive scheme for general goal
functionals.

For nonlinear problems, one has to say that the primal problem is subject to nonlinear iterations, but the
adjoint problem is always a linearized problem. Here, the computational cost may become less significant of
computing an additional adjoint problem. Nonetheless, there is no free lunch.

9.9 Residual-based error estimation

Setting
J(9) = [IVenl| "' (V¢, Ven)

we obtain an estimator for the energy norm. And setting

J(@) = llenl " (4, en)

we obtain an estimator for the L? norm. For details we refer to [11] and [90].
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9.10 Mesh refinement strategies

We have now on each element K; € 7}, or each PU-DoF i an error value. It remains to set-up a strategy which
elements shall be refined to enhance the accuracy in terms of the goal functional J(-).

Let an error tolerance TOL be given. Mesh adaption is realized using extracted local error indicators from
the a posteriori error estimate on the mesh Tj,. A cell-wise assembling reads:

|[J(u) — J(up)| <n:= Z ng for all cells K € T},.
KeTy

Alternatively, the PU allows for a DoF-wise assembling:

[J(u) — J(up)| < n:= Zm for all DoFs 4 of the PU.

This information is used to adapt the mesh using the following strategy:
1. Compute the primal solution u; and the adjoint solution z; on the present mesh T},.

2. Determine the cell indicator nx at each cell K.
Alternatively, determine the DoF-indicator 7; at each PU-DoF i.

3. Compute the sum of all indicators 1 := ) rcr, Nk
Alternatively, n := . n;.

4. Check, if the stopping criterion is satisfied: |J(u) — J(upn)| < n < TOL, then accept wuj, within the
tolerance TOL. Otherwise, proceed to the following step.

5. Mark all cells K; that have values 7k, above the average §! (where N denotes the total number of cells
of the mesh Ty, and o ~ 1).
Alternatively, all PU-DoFs are marked that are above, say, the average 5.

Other mesh adaption strategies are discussed in the literature [8, 11]. For instance:

e Refining/coarsening a fixed fraction of elements. Here all elements are ordered with respect to their error
values:
m=n2 2 ... Z1N-

Then, for instance 30% of all elements are refined and for instance 2% of all cells are coarsened.

e Refining/coarsening according to a reduction of the error estimate (also known as bulk criterion or Dorfler
marking [36]). Here, the error values are summed up such that a prescribed fraction of the total error is
reduced. All elements that contribute to this fraction are refined.

Remark 9.44. We emphasize that the tolerance TOL should be well above the tolerances of the numerical
solvers. Just recall TOL = 0.01 would mean that the goal functional is measured up to a tolerance of 1%.

When the DoF-based estimator is adopted, the error indicators 7; are node-wise contributions of the error.
Mesh adaptivity can be carried out in two ways:

e in a node-wise fashion: if a node ¢ is picked for refinement, all elements touching this node will be refined;

e alternatively, one could also first assemble element wise for each K € 7}, indicators by summing up all
indicators belonging to nodes of this element and then carry out adaptivity in the usual element-wise
way.

On adaptive meshes with hanging nodes, the evaluation of the PU indicator is straightforward: First, the
PU is assembled in (182) employing the basis functions v¢; € Vpy for i = 1,..., M. In a second step, the
contributions belonging to hanging nodes are condensed in the usual way by distribution to the neighboring
indicators.
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9.10.1 How to refine marked cells

It remains to explain how marked cells are finally refined.

9.10.1.1 Quads and hexs Using quadrilateral or hexahedra meshes, simply bisection can be used. Here, a
cell is cut in the middle and split into 4 (in 2d) or 8 (in 3d) sub-elements. When the neighboring cell is not
refined, we end up with so-called hanging nodes. These are degrees of freedom on the refined cell, but on the
coarse neighboring cell, these nodes lie on the middle point of faces or edges and do not represent true degrees
of freedom. Their values are obtained by interpolation of the neighboring DoFs. Consequently, condition No.

3 in Definition 8.124 is weakened in the presence of hanging nodes. For more details, we refer to Carey and
Oden [26].

9.10.1.2 Triangles and prims For triangles or prisms, we have various possibilies how to split elements into
sub-elements. Here, common ways are red and green refinement strategies. Here a strategy is to use red
refinement and apply green refinement when hanging nodes would occur in neighboring elements.

9.10.1.3 Conditions on the geometry While refining the mesh locally for problems in n > 2, we need to
take care that the minimum angle condition (see Section 8.14) is fulfilled.

9.10.2 Convergence of adaptive algorithms

The first convergence result of an adaptive algorithm was shown in [36] for the Poisson problem. The con-
vergence of adaptive algorithms of generalized problems is subject to current research. Axioms of adaptivity
have been recently formulated in [27].

9.11 Numerical test: Poisson with mean value goal functional

We consider the following test first: Let Q = (0,1)? and find u € H{(£2) such that
(Vu, Vo) = (1,¢) V¢ € Hy.

The goal functional is

1
J(u) = ﬁ/gudx

The reference value has been computed on a very fine mesh (despite here a manufactured solution would have
been easy to derive) and is given by

Jref(u) = 3.5144241236e — 02.
The above goal functional yields the adjoint problem:
a(¢,z) = J(¢)

and in particular:

(V§,Vz) = A ¢pdr = (1,9).

The parameter « in Section 9.10 is chosen o = 4. The solution of the adjoint problem is the same as the
primal problem as also illustrated in Figure 32.
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I' 0.07369 l' 0.07367

0.05526 0.05525

0.03684
0.01842

0.000
Max: 0.07369
Min: 0.000

0.03684

0.01842

0.000
Max: 0.07367
Min: 0.000

Figure 32: Section 9.11: Solutions of the primal and adjoint problems.

The first goal in our computations is to investigate I.ry using the PU localization from Proposition 9.42;
again in short form:

M
) = Tl < ni= D[ D = inafP ) = (Tun, VD = inzf)sn)], (183)
i=1

A second goal is to show that a pure weak form without partial integration or without PU does yield an
over-estimation of the error:

M
) = T 0= D[ D = ina) = (Fun, V(D — i), (184)
=1

Findings using PU localization

Dofs True error Estimated error Effectivity
25 3.17e-03 3.14e-03 9.92e-01
69 1.66e-03 2.23e-03 1.35e+00
153 7.15e-04 1.02e-03 1.43e+00
329 2.01e-04 2.19e-04 1.09e+00
829 1.07e-04 1.43e-04 1.34e+00
1545 4.83e-05 5.62e-05 1.16e+00
4049 1.68e-05 2.28e-05 1.35e+00
6673 1.18e-05 1.35e-05 1.15e+00
15893 4.15e-06 5.35e-06 1.29e+00
24853  2.96e-06 3.29e-06 1.11e+00
62325 1.05e-06 1.38e-06 1.31e+00
96953  7.34e-07 8.21e-07 1.12e+00

Findings using a pure weak form without part. int. nor PU

Dofs True error Estimated error Effectivity
25 3.17e-03 1.26e-02 3.97e+00
69 1.66e-03 8.79e-03 5.31e+00
165 6.92e-04 4.12e-03 5.95e+00
313 3.47e-04 2.42e-03 6.98e+00
629 1.77e-04 1.02e-03 5.73e+00
1397 8.36e-05 5.64e-04 6.75e+00
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2277 4.57e-05 2.37e-04 5.19e+00
4949 2.14e-05 1.18e-04 5.54e+00
8921 1.04e-05 5.10e-05 4.90e+00
22469 4.71e-06 2.73e-05 5.78e+00
37377  2.66e-06 1.36e-05 5.12e+00
80129 1.83e-06 8.85e-06 4.83e+00

In the second table, we clearly observe an over-estimation of the error by a factor of 5. In the case of the
PU localization, we see I.;¢ around 1, what we expected due to the regularity of the problem.
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Figure 33: Section 9.11: Locally adapted meshes using PU localization for the refinement levels 7 and 8.
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Figure 34: Section 9.11: Locally adapted meshes using a pure weak form without partial integration nor PU
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9.12 Numerical test: L-shaped domain with Dirac rhs and Dirac goal functional

We redo Example 2 from [95]. Specifically, we consider Poisson’s equation on an L-shaped domain Q =
(—1,1)2\ (=1,0)? with bounddary 99y, where the right hand side is given by a Dirac function in zo =
(—0.5,0.5)

—Au =0y, in Qp, uw=0o0ndNL. (185)

As goal functional, we take the point evaluation in z; = (0.5, —0.5) such that J(¢) = &(z1). The adjoint
problem corresponds to solving Poisson’s equation —Az = §,, with a Dirac right hand side in ;. Both the
primal problem and the adjoint problem lack the required minimal regularity for the standard finite element
theory (see the previous chapter), such that a regularization by averaging is required, e.g. by averaging over
a small subdomain:

1
@) =5az [ la)da, (156)
lz—z1|<e
where € > 0 is a small parameter not depending on h. As reference functional quantity we compute the value
Jrep = 2.134929 - 1072 £ 1077 (187)

obtained on a sufficiently globally refined mesh.

Dofs True error Estimated error Effectivity
21 1.24e-03 1.41e-03 1.14e+00
65 2.74e-04 2.45e-04 8.97e-01
225 7.50e-05 6.32e-05 8.42e-01
677 2.65e-05 2.11e-05 7.95e-01
2021 9.93e-06 7.70e-06 7.75e-01
6089 3.59e-06 2.80e-06 7.81e-01
20157  1.38e-06 1.18e-06 8.51e-01
61905 5.16e-07 5.20e-07 1.01e+00
177221 1.34e-07 2.10e-07 1.56e+00
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- 1.253

0.5371

- 1.074
I 0.8057 @ 0.9396
0.6264
I I o0

0.2686 0.3132

0.000 0.000
Max: 1.074 Max: 1.253
Min: 0.000 Min: 0.000

Figure 35: Section 9.12: Poisson problem with Dirac right hand side (left figure on top) and Dirac goal func-
tional (right figure on top) on the l-shaped domain. For mesh refinement the primal error estimator
with PU localization is used. The primal problem is discretized with )7 elements and the adjoint
problem with @5 elements. The PU is based on @); elements. The mesh is refined around the
two Dirac functions and in the corner of the domain (bottom figure left). In order to highlight the
various mesh levels within one computation, the different element areas are colorized (bottom figure
right).
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9.13 Final comments to error estimation in numerical simulations

We give some final comments to error estimation. One should keep in mind several aspects. First:

e Numerical mathematics is its own discipline and we should aim to develop methods with best accuracy
as possible.

e On the other hand, numerical mathematics is a very useful tool for many other disciplines (engineering,
natural sciences, etc.). Here, an improvement of a process (i.e., approximation) by several percent is
already very important, while the total error may be still large though and in the very sense of numerical
mathematics the result is not yet satisfying.

Second (w.r.t. the first bullet point): A posteriori error estimation, verification of the developed methods, and
code validation are achieved in three steps (with increasing level of difficulty) after having constructed an
a posteriori error estimator 7 that can be localized and used for local mesh adaptivity. These steps hold true
for classical norm-based error-estimation ||u — uy|| or goal-oriented error estimation J(u) — J(up).

1. Does the solution make sense?

o If possible test your code with an acknowledged benchmark configuration and verify whether J(uy,)
matches the benchmark values in a given range and on a sequence of at least three meshes.
This first step can be performed with uniform and adaptive mesh refinement. In time-dependent
problems, please compute at least with three different time step sizes.

e If no benchmark configuration available, study a simple, prototype configuration and observe
whether the solution makes sense.

2. Do the true error J(u) — J(uyp,) and the error estimator 7 descrease under mesh refinement?

e Compute J(u) either on a uniformly-refined super-fine mesh or even analytically (i.e., a manufac-
tured solution). Compute the error J(u) — J(up) and observe whether the error is decreasing.

e If a priori estimates are available, see if the orders of convergence are as expected. But be careful,
often goal functionals are nonlinear, for which rigorous a priori error estimates are not available.

3. Compare n and J(u)—J(up) in terms of the effectivity index I ;r. Do we asymptotically obtain something
around I.sr ~ 17 For nonlinear problems, one easily observes 0.5 < I.¢y < 10, which might be still okay
depending on the problem.

In the very sense of numerical mathematics we must go for all three steps, but in particular the last step No.
3 is often very difficult when not all theoretical requirements (smoothness of data and boundary conditions,
regularity of the goal functional, smoothness of domains and boundaries) are fulfilled. Also keep in mind that
all parts of error estimators are implemented and that still the remainder term R may play a role. For instance,
in practice, very often when working with the DWR, method, only the primal error estimator is implemented
and the adjoint part neglected; see the following section.

9.14 Example: Stationary Navier-Stokes 2D-1 benchmark

We demonstrate the developements in this chapter with a well-known benchmark in fluid mechanics: the
2D-1 benchmark [97]. The underlying equations are the stationary incompressible Navier-Stokes equations
[47, 86, 102], which are vector-valued (more details in Section 11) and nonlinear (more details in Section 13).

The goals are the accurate measurements of drag, lift and a pressure difference.
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9.14.1 Equations

Formulation 9.45. Let Q C R? with boundary 0Q = Tyau U Tip U Tous.  Find vector-valued wvelocities
v:Q — R? and a scalar-valued pressure p : ) — R such that
p(v- Vv —div(o) =pf inQ,
div(v) =0 in Q,
v=0 on Uy,
v=g on i,

vo,v—pn=0 on Ty,
where f: Q — R? is a force, g : T' — R? a Dirichlet inflow profile, n the normal vector, p the density and
o =—pl+pv(Vv+VoT), [o] = Pa= N/m?

1s the Cauchy stress tensor for a Newtonian fluid. Moreover, I is the identity matriz and v the kinematic
ViSCcosity.

The Reynolds number Re is given by the dimensionless expression

_w

14

Re

where L is a characteristic length and U a characteristic velocity.

Remark 9.46 (Stokes). Neglecting the convection term (v-V)v for viscous flow, we obtain the linear Stokes
equations.

(0,0.41) Cwail (2.2,0.41)
—
Fin [ Q Q 1—‘out
P
(0,0) Twall (2.2,0)

Figure 36: 2D-1 benchmark configuration.

For a variational formulation, we define the spaces (for details see [47, 86, 102]):

V, :={ve H (Q)?* v=0onT, UTwwu},
V, = L*(Q)/R.

Here, V,, is a vector-valued space. The pressure is only defined up to a constant. For existence of the pressure,
the inf-sup condition is adopted [47, 86, 102].
On the outflow boundary I'y,¢, we apply a natural boundary condition:

propv — pn = 0.

This type of condition implicitly normalizes the pressure [62, 85] to a unique solution. Thus, the pressure
space can be written as
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Remark 9.47. Applying pv0,v —pn =0 on Tyt is not consistent with the total stress o-n = —pl + pv(Vo +
Vol') -n. The symmetric part pyNVoT -n needs to be subtracted on T pyy. For more details see [62, 113]. For a
better concentration on the main parts in this section, we neglect this term in the following.

As variational formulation, we obtain:
Formulation 9.48. Findv € {g+V,} and p € V,, such that

(p(v-V)v,¢) + (0, V) = (pf,8) Vo€V,
(div(v),y) =0 Vi €V,.

For the prescription of non-homogeneous Dirichlet conditions, we refer to Section 8.11.3.

For the finite element spaces we have to satisfy a discrete inf-sup condition [47]. Basically speaking, the
finite element space for the velocities must be large enough. A stable FE pair is the so-called Taylor-Hood
element Q2 X QQ1; here defined on quadrilaterals. The velocities are bi-quadratic and the pressure bi-linear.
Hence we seek (vp,pp) € V2 x V! with

Vg i={up € C(Q)| un|x € Qs(K),VK € Ty }.
This is a conforming finite element space, i.e., V;¥ C H*(Q).
Formulation 9.49. Find v, € {g+ V}*} and py, € V}} such that

(p(vn - V)vn, én) + (0,Ven) = (pf, dn) Von € V2,
(div(vn),Pn) =0 Vipn € V.

A compact semi-linear form is formulated as follows:

Formulation 9.50. Find Uy, := (vp,pp) € {g+ V?} x V}! such that
a(Un)(Wn) = (p(vn - Vv, é1) + (0, Vén) = (pf, én) + (div(vn),dn)  Y¥s = (¢n,9n) € Vi x V!

9.14.2 Functionals of interest

The goal functionals are drag, lift, and pressure difference, respectively:

Jl(U):/o~nel ds, JQ(U):/O"negdS, J3(U) = p(xo,y0) — p(x1,y1)
S S

with xg, x1,90,y1 € 2 and where e; and ey are the unit vectors in x and y direction. We are interested in the

drag and lift coefficients:
21 2Js

~ 2D P LvEp
with D = 0.1m (the cylinder diameter) and the mean velocity

CD

V=V(t) = ng(o, H/2)

where v, is defined below and with the height of the channel H = 0.41m.
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9.14.3 A duality-based a posteriori error estimator (primal part)

We develop an error estimator only based on the primal part. Since the problem is nonlinear, the adjoint part
should be better evaluated as well. On the other, the adjoint part is expensive for which reason it might be
justified only to work with the primal error estimator.

The adjoint bi-linear form is given by:

Formulation 9.51. From the optimality system, we obtain:
ay;(Un)(Wn, Zn) = (p(én - V)on + p(on - V)én, 21) + (—nd +vp(Von + Vor), Vap) + (div(én), 25).

Proposition 9.52 (Adjoint problem). The adjoint problem depends on the specific goal functional J;(U),i =
1,2,3. For example, for the drag, it holds: Find Zy = (z},2}) € V3 x V;2 such that

ap (U (Wn, Z) = J1(Uy) VU, = (én,Un) € V2 x V2

with ay;(Up) (W, Z) defined in Formulation 9.51 and

D) = [ (<on+ (Vo + VD)) -merds, Wi = (0n, ).

Recall that the adjoint solution must be approzimated with a higher-order method. Therefore, we choose the
space V3 x V2.
The primal PU-DWR error estimator reads:

Proposition 9.53. It holds:
[J(U) = T <= i,

with
i = 7a(Uh)((Zh - ihZh)Xi)7 Zh = (Z;)mzﬁ)v Xi € VPU
and the PU is realized as Vpy := V;' and where a(Uy)(+) has been defined in Formulation 9.50.

Remark 9.54. In the error estimator the non-homogeneous Dirichlet data g on 'y, are neglected and assumed
to be small. Also, the outflow correction condition, see Remark 9.47, is neglected.

9.14.4 2D-1 configuration

The configuration is displayed in [97][Figure 1].

9.14.5 Boundary conditions
As boundary conditions, we specified all boundaries previously except the inflow:

H

9= (91,92)" = (v2(0,9),v,)7 = (dvpmy—2,0)7

with v, = 0.3m/s. The resulting Reynolds number is Re = 20 (use D and V as defined above).

9.14.6 Parameters and right hand side data
We use p = lkg/m?,v = 1073m?/s and f = 0.
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9.14.7 Step 1: Verification of benchmark values

In Table 3 in [97], the following bounds are given:
e Drag, cp: 5.57 — 5.59.
e Lift, c¢z: 0.0104 — 0.0110.
e Pressure difference, Ap: 0.1172 — 0.1176.

We obtain on level 3 with 1828 elements and with 15868 velocity DoFs and 2044 pressure DoFs:

Functional Value
Drag: 5.5754236905876873e+00
Lift: 1.0970590684824442e-02

Pressure diff: 1.1745258793930979e-01

9.14.8 Step 2 and Step 3: Computing J(u) on a fine mesh, J(u) — J(uy) and I.¢f
The reference value J;(U) for the drag is:
5.5787294556197073e+00

and was obtained on a four times (Level 4) uniformely refined mesh.

We obtain:
Level Exact err Est err I_eff
0 3.51e-01 1.08e-01 3.07e-01
1 9.25e-02 2.08e-02 2.25e-01
2 1.94e-02 6.07e-03 3.12e-01
3 3.31e-03 2.45e-03 7.40e-01

We observe that the true error and the estimated error 1 both decrease. The effectivity indicies are less than
1 and indicate an underestimation of the true error (clearly seen in columns No. 2 and 3 as well). Because
of our several assumptions and relatively coarse meshes, the results are more or less satisfying w.r.t. Step 3.
Regarding Step 1 and 2, our findings are excellent.
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9.14.9 More findings - graphical solutions

0. 40_um|m

0.30- =
0.20] i
0.10 -

0.5 1.0 1.5 2.0

-0.01247 0.02370 0.05988 0.0?605 0.1322

Max: 0.1322
Min: -0.01247

a.5 1.0 1.5 2.0
-0.01607 0.08759 0.1912 0.2?49 0.3986

Max: 0.3986
Min: -0.01607

0.40
0.30
0.20

0.5 1.0 1.5 2.0
0.0002570 0.1007 0.2011

-0.2005  -0.1001

Max: 0.2011
Min: -0.2005

0.5 1.0 1.5 2.0

Figure 37: 2D-1 fluid benchmark: adaptively refined mesh with respect to J;(U), the pressure solution, a-
velocity, y-velocity.
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0.40
0.30
0.204
0.10

0.5 1.0 1.5 2.0

0.5 1.0 1.5 2.0

Figure 38: 2D-1 fluid benchmark: adjoint solutions of the pressure solution, z-velocity, y-velocity.

9.15 Chapter summary and outlook

In this chapter, we introduced goal-oriented a posteriori error estimation to control the error during a finite
element simulation a posteriori. Furthermore, these estimates can be localized on each mesh element and then
be used for mesh refinement to obtain a higher accuracy of the numerical solution with low computational
cost. The discrete systems in the present and the previous chapter lead to large linear equation systems that
can in general not be solved anymore with a direct decomposition (e.g., LU). We shall briefly introduce some
iterative methods in the next chapter.
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10 Numerical solution of the discretized problems

In this chapter, we provide some ideas how to solve the arising linear systems
Ax =10

where

AeR™" = (up,...,u,)T €R"”, beR"™

when discretizing a PDE using finite differences or finite elements. We notice that to be consistent with the
previous notation, we assume that the boundary points g and x,,4+1 are not assembled.

For a moderate number of degrees of freedom, direct solvers such as Gaussian elimination, LU or Cholesky
(for symmetric A) can be used.

More efficient schemes for large problems in terms of

e computational cost (CPU run time);
e and memory consumptions

are iterative solvers. Illustrative examples of floating point operations and CPU times are provided in
[96][Pages 68-69, Tables 3.1 and 3.2].

We notice that most of the material in this chapter is taken from [96][Chapter 7] and translated from German
into English.

10.1 On the condition number of the system matrix

Proposition 10.1. Let Tj, be a quasi-uniform triangulation. The condition numbers x(A) of the system matriz
A, and the condition number x(M) of a mass matriz M can be estimated by:

X(A) = 0(h72),  x(M)=0(1), h—0.

Here
A=y = al0;.0) = [ Voo
M =mg; =m(¢;,d;) = /Qﬁf?jéf)z’ dx.
Proof. See [90], Section 3.5 or also [67], Section 7.3. O

10.2 Fixed-point schemes: Richardson, Jacobi, Gauss-Seidel
A large class of schemes is based on so-called fixed point methods:
g(x) ==
We provide in the following a brief introduction that is based on [96]. Starting from
Ax =b

we write

0=0b— Ax

and therefore
x=uz+ (b— Ax).
—_———

g(x)

Introducing a scaling matrix C' (in fact C is a preconditioner) and an iteration, we arrive at
2 =g o — Ak,

Summarizing, we have
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Definition 10.2. Let A € R™*™ b€ R"™ and C € R ™. To solve
Az =b
we choose an initial guess ¥ € R™ and we iterate for k=1,2,...:
ab = 2Pl O — AP,
Please be careful that k does not denote the power, but the current iteration index. Furthermore, we introduce:
B:=1-CA and c:=Chbh.

Then:
a2 = Bz e

Thanks to the construction of
glx) =Bx+c=xz+C(b— Ax)

it is trivial to see that in the limit & — oo, it holds
g(z) =

with the solution
Ax =0

Remark 10.3. Thanks to Banach’s fized point theorem (see again [96]), we can investigate under which
conditions the above scheme will converge. We must ensure that

l9(z) = gl < [|B]l lz =yl

with ||B|| < 1. In fact we have:
g(x) =Bz +c, gly)=By+c

from which the above estimate is easily to see. A critical issue (which is also true for the ODE cases) is that
different morms may predict different results. For instance it may happen that

IBlla <1 but ||Be > 1.

For this reason, one often works with the spectral norm spr(B). More details can be found for instance in [96].
That we have a chance to achieve || B|| < 1 is the reason why we introduced the matriz C.

We concentrate now on the algorithmic aspects. The two fundamental requirements for the matrix C' (defined
above) are:

e It should hold C' ~ A~! and therefore |I — CA|| < 1;
e It should be simple to construct C'.

Of course, we easily see that these two requirements are conflicting statements. As always in numerics we need
to find a trade-off that is satisfying for the developer and the computer.

Definition 10.4 (Richardson iteration). The simplest choice of C is the identity matriz, i.e.,
C=uwl.
Then, we obtain the Richardson iteration
oF = 2Pt (b — AP

with a relaxation parameter w > 0.
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Further schemes require more work and we need to decompose the matrix A first:
A=L+D+U.

Here, L is a lower-triangular matrix, D a diagional matrix, and U an upper-triangular matrix. In more detail:

0 0 a1 0 0a12 A1n
a
A= + -
An—1,n
api -+ Gpp—1 0 0o ... Ann 0 ... 0
=:L =:D =:U

With this, we can now define two very important schemes:

Definition 10.5 (Jacobi method). To solve Az = b with A= L+ D + R let 2° € R"™ be an initial guess. We
iterate for k=1,2,...
oF =214 Db — Azb)
or in other words J :== —D71(L + R):
ot = J2* + D7,

Definition 10.6 (GauR-Seidel method). To solve Az = b with A= L+ D+ R let 2° € R™ be an initial guess.
We iterate for k=1,2,...
o =" 4 (D + L)1 (b — AzFTY)

or in other words H := —(D + L)™' R:
o = Hz" "+ (D + L)',
To implement these two schemes, we provide the presentation in index-notation:

Theorem 10.7 (Index-notation of the Jacobi- and Gaufs-Seidel methods). One step of the Jacobi method and
Gaup-Seidel method, respectively, can be carried out in n? + O(n) operations. For each step, in index-notation
for each entry it holds:

1 n

k k—1 ,

m-z; b; — g ai;T; , i=1,...,n,
" j=1.#i

i.e., (for the Gauss-Seidel method):

1

k k k-1 .

xi_a-- b; — E a;jT; — g ai;T; , i=1,...,n.
i j<i J>i

10.3 Gradient descent

An alternative class of methods is based on so-called descent or gradient methods, which further improve
the previously introduced methods. So far, we have:

Pl =gk dk k=1,2,3,...
where d* denotes the direction in which we go at each step. For instance:
d* =D Y(b— Az¥), d* =(D+ L)1 (b— Az")

for the Jacobi and Gauss-Seidel methods, respectively. To improve these kind of iterations, we have two
possiblities:
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e Introducing a relaxation (or so-called damping) parameter w® > 0 (possibly adapted at each step) such
that
eF = gk Rk

and/or to improve the search direction d* such that we reduce the error as best as possible. We restrict our
attention to positive definite matrices as they appear in the discretization of elliptic PDEs studied previously
in this section. A key point is another view on the problem by regarding it as a minimization problem for which

Ax = b is the first-order necessary condition and consequently the sought solution. Imagine for simplicity that

we want to minimize f(z) = %axQ — bzx. The first-order necessary condition is nothing else than the derivative

f/(x) = ax —b. We find a possible minimum via f’(z) = 0, namely
ar—b=0 = xz=a'b, ifa#0.
That is exactly the same how we would solve a linear matrix system Az = b. By regarding it as a minimum

problem we understand better the purpose of our derivations: How does minimizing a function f(z) work in
terms of an iteration? Well, we try to minimize f at each step k:

F@) > fa) > .. > flab)
This means that the direction d* (to determine z*+! = z* 4 wFd"*) should be a descent direction. This idea
can be applied to solving linear equation systems. We first define the quadratic form

Q) = 3(Av.1)2 — (v,

where (-, ) is the Euclidian scalar product. Then, we can define
Algorithm 10.8 (Descent method - basic idea). Let A € R™*" be positive definite and 2°,b € R™. Then for
k=0,1,2,...

e Compute d*;

k as minimum of w* = argmin Q(a* + wFd);

e Determine w
o Update ¢! = zF 4+ whdk.
For instance d* can be determined via the Jacobi or Gauss-Seidel methods.

Another possibility is the gradient method in which we use the gradient to obtain search directions d*. This
brings us to the gradient method:

Algorithm 10.9 (Gradient descent). Let A € R™*™ positive definite and the right hand side b € R™. Let the
initial guess be ° € R and the initial search direction d° = b — Ax®. Then k =0,1,2,...

e Compute the vector r* = Ad";

o Compute the relaxation

e ldl3
(r*,d");

o Update the solution vector zFt1 = zF 4+ wkdk.

e Update the search direction vector d*+! = d* — whrk.

One can show that the gradient method converges to the solution of the linear equation system Az =b (see for
instance [96]).

Proposition 10.10 (Descent directions). Let A € R™*"™ be symmetric positive definite. Then, two subsequent
search directions d* and d**' of the gradient descent scheme are orthogonal, i.e., (d*,d**+1) = 0.

Proof. We have

k gk
dk+1:dk_wkrk:dk_(Ejdlzzddlz)Adk'
Therefore,
k+1k_kk_(dk7dk) kE gky _ (qk gk\ _ (9k gky _
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10.4 Conjugate gradients (a Krylov space method)

This section is copy and paste from [96][Section 7.8] and translation from German into English. The relationship
in Proposition 10.10 is only true for pairwise descent directions. In general, we have d* [ d**2. For this reason
,the gradient descent scheme converges slowly in most cases.

10.4.1 Formulation of the CG scheme

In order to enhance the performance of gradient descent, the conjugate gradient (CG) scheme was developed.
Here, the search directions {d",...,d*~!} are pairwise orthogonal. The measure of orthogonality is achievend
by using the A scalar product:

(Ad",d°) =0 Vr#s

At step k, we seck the approximation z* = z0 + Ef:_ol a;d’ as the minimum of all o = (ag,...,ar_1) with
respect to Q(z*):
k—1 1 k—1 k—1 k—1
. 0 i _ . 1 0 A0 n| 0 i
;IEI}I?’CQ T +Zazd = Ofrelig 5 Ax +Za1Ad,x +Zazd b, +Zazd
i=0 =0 =0 i=0
The stationary point is given by
' 9 k—1
0L Q@b = (44D wAd,d | - bd) = —(b-Atd), j o= 0.k L
8aj =0
Therefore, the new residual b — Az* is perpendicular to all search directions d’ for j = 0,...,k — 1. The
resulting linear equation system 4
(b—Azk &)y =0 Vj=0,...,k—1 (188)

has the feature of Galerkin orthogonality, which we know as property of FEM schemes.
While constructing the CG method, new search directions should be linearly independent of the current d7.
Otherwise, the space would not become larger and consequently, the approximation cannot be improved.

Definition 10.11 (Krylov space). We choose an initial approzimation 2° € R™ with d° := b— Az® the Krylov
space Kj(d°, A) such that
K (d°, A) := span{d®, Ad°, ... A*"1d°}.

Here, A* means the k-th power of A.
It holds:

Lemma 10.12. Let A*d° € K,. Then, the solution x € R™ of Az = b is an element of the k-th Krylov space
Ky (do, A).

Proof. Let K} be given and x* € xy + K} the best approximation, which fulfills the Galerkin equation (188)
Let 7% := b — Az". Since
rk=b— Azd =b— Az® +A (20 — 2F) € d° + AK;,
N——— ——
=d° €Ky
it holds r* € K 11. Supposing that Kj,1 C Kj, we obtain r* € K. The Galerkin equation yields 1 Ky,
from which we obtain 7% = 0 and Az* = b. O

If the CG scheme aborts since it cannot find new search directions, the solution is found. Let us assume
that the A-orthogonal search directions {d", d',...,d* 1} have been found, then we can compute the next CG
approximation using the basis representation 2% = 2° + 3~ a;d’ and employing the Galerkin equation:

b—AxO—kZ_:la»Adid' 0 = (b ACd) = aAdd) = = )
/L:O 3 ] ) J b) Vi (Ad]7dj)
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The A-orthogonal basis {d°,...,d*~'} of the Krylov space Kj(d®, A) can be computed with the Gram-
Schmidt procedure. However, this procedure has a high computational cost; see e.g., [96]. A better procedure
is a two-step recursion formula, which is efficient and stable:

Lemma 10.13 (Two-step recursion formula). Let A € R™*" symmetric positive definite and z° € R™ and
d® :=b— Az®. Then, for k =1,2,..., the iteration

(rk, AdF—1)

kE._ k .
r®i=b— Ax", Brp_1:= —m,

d* =" — B yd"!
constructs an A-orthogonal basis with (Ad",d*) = 0 for r # s. Here x* in step k defines the new Galerkin
solution (b — Ax* d?) =0 for j=0,...,k— 1.

Proof. See [96]. O

We collect now all ingredients to construct the CG scheme. Let z° be an initial guess and d° := b — Az
the resulting defect. Suppose that K := span{d’,...,d*"'} and z* € 2° + K}, and r* = b — Az* have been
computed. Then, we can compute the next iterate d* according to Lemma 10.13:

(rk, Adk—1)

Br—1 = —ma d* =k — ﬁk71dk_1~ (189)

For the new coefficient oy in 2#+1 = 2% + Y% a;d’ holds with testing in the Galerkin equation (188) with
d*:

k
b— Az’ =Y a;Add" | = (b — A20,d¥) — i (AdF,d¥) = (b — Az® + A(z® — 2F),d¥) — ap(AdF, d¥).
- ; ( ) ( ) =( ( — ),d”) ( )
thats (Tk dk) k+1 k K
ap = m, x =T +Oékd . (190)
This allows to compute the new defect r*+1:
PRt = b — Aght = b — A2b — ap Ad® = r* — o Ad” (191)

We summarize (189 — 191) and formulate the classical CG scheme:

Algorithm 10.14. Let A € R™*" symmetric positive definite and 20 € R™ and r° = d° = b — Az® be given.
Iterate for k=0,1,...:

(Tk de;)
(AdF,dv)

1. ap =
2. okt = oF 4 qpd®
3. rhtl =k AdF

rFtl Adk
4 Be = ity

5. dk+1 — ’I“k+1 _ ﬁkdk

Without round-off errors, the CG scheme yields after (at most) n steps the solution of a n-dimensional
problem and is in this sense a direct method rather than an iterative scheme. However, in practice for huge
n, the CG scheme is usually stopped earlier, yiedling an approximate solution.

210



10. NUMERICAL SOLUTION OF THE DISCRETIZED PROBLEMS

Proposition 10.15 (CG as a direct method). Let 2° € R™ be any initial guess. Assuming no round-off errors,
the CG scheme terminates after (at most) n steps with x™ = x. At each step, we have:

k : k—1 k—1 :
Q = minQ d = m Q
(IE ) ocElllI% (’I to ) yEx‘)l—iI-lKk (y)
i.e.,

b= Az¥|[ 4+ = min_[|b— Ay[ls-

m

y€exO+ Ky

with the norm .
]| a-1 = (A 2, )3 .

Proof. That the CG scheme is a direct scheme follows from Lemma 10.12.
The iterate is given by

Q") = min_Q(y),

yexO+ Ky

with is equivalent to (188). The ansatz

k-1
ok = 20 4 Zakdk—l — 204 g1 oy dF
k=0 >
€K1
yields _ .
(b—Az® &) = (b— Ay* =1 d;) — oy 1(Ad* 1, dP) =0 Vj=0,...,t—1
that is
(b—Ay* 1 d;)=0Vj=0,...,t -2,

and therefore y*~1 = z#~1 and

Q(z") = min Q(z* 1 + ad" ).

acR
Finally, employing symmetry A = AT, we obtain:
Ib— Ay|% - = (A7 [b— Ayl,b — Ay)s = (Ay,y)2 — (A7, Ay)s — (y,)2
= (Ay,y)2 — 2(b,y)2,
i.e., the relationship [|b — Ay||% -, = 2Q(y). O

Remark 10.16 (The CG scheme as iterative scheme). As previosously mentioned, in pratice the CG scheme
is (always) used as iterative method rather than a direct method. Due to round-off errors the search directions
are never 100% orthogonal.

10.4.2 Convergence analysis of the CG scheme

We now turn our attention to the convergence analysis, which is a nontrivial task. The key is the following
characterization of one iteration 2% = 20 + K}, by

2k =20 +pk,1(A)d0,

where pr_1 € Py_1 is a polynomial in A:

k=1
pro1(A) = A’
=0

The characterization as minimization of Proposition 10.15 can be written as:

b — AzF|| 41 = in ||b—Aylla-r = min ||b— Az’ — Ag(A)d°||4-1.
qE€EPL 1

1
yexO+ Ky,
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When we employ the || - || 4 norm, we obtain with d° = b — Az° = A(z — 2°)
Ib— Az 41 = flo —2*|a = min [[(z —2%) — g(A) Az — 2°)||.a,
qEPK_1

that is
Iz = aMla = min (7 - o(A)A)(w — ")
qEP,_1

In the sense of the best approximation property (recall e.g., Section 8.7), we can formulate this task as:

pPE€Pi1: I =p(A)A(x —a")a= min [|[I +q(A)A](z —2°)||a- (192)

qEP 1

The characterization as best approximation is key in the convergence analysis of the CG scheme. Let g(A)A €
Py (A). We seek a polynomial g € Py, with ¢(0) = 1, such that

k_ < i A — 29 4.
= wIIA_QEP}f{l;?O):lllq( Nallz — 27 a (193)

The convergence of the CG method is related to the fact whether we can construct a polynomial ¢ € Py
with p(0) = 1 such that the A norm is as small as possible. First, we have:

Lemma 10.17 (Bounds for matrix polynomials). Let A € R™*™ symmetric positive definite with the eigen-
values 0 < Ay < -+ < Ay, and p € Py a polynomials with p(0) = 1:

[p(A]a <M, M:= min sup  [p(A)]-
PEPk, p(0)=1 xe[A1,\,.]

Proof. See [96]. O

Employing the previous result and the error estimate (193), we can now derive a convergence result for the
CG scheme.

Proposition 10.18 (Convergence of the CG scheme). Let A € R™ ™ be symmetric positive definite. Let
b€ R"™ a right hand side vector and let z° € R™ be an initial guess. Then:

k
1-1/v/k
||5Ek7—xHA §2 (W) ||{EO—$HA, ]CZO,

with the spectral condition k = conds(A) of the matriz A.

Remark 10.19. We see immediately that a large condition number k > 1 yields
1-1/vVk
14+1/Vk

and deteriorates significantly the convergence rate of the CG scheme. This is the key reason why preconditioners
of the form P~1 =~ A~ are introduced that re-scale the system; see Section 10.5:

—1

P 1Az =P .
N——"

~I
Computations to substantiate these findings are provided in Section 10.8.

Proof. Of Prop. 10.18.
From the previous lemma and the estimate (193) it follows

2% — zlla < Mj2® — 2|
with

M= min max _|g(A)].
q€ Py, q(0)=1 AE€[A1,An]
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We have to find a sharp estimate of the size of M. That is to say, we seek a polynomial g € P, which takes
at the origin the value 1, i.e., ¢(0) = 1 and which simultaneously has values near 0 in the maximum norm in
the interval [A1, A,]. To this end, we work with the Tschebyscheff approximation (see e.g., [96] and references
therein for the original references). We seek a best approximation p € Py of the zero function on [A1, A,]. Such
a polynomial should have the property p(0) = 1. For this reason, the trivial solution p = 0 is not valid. A
Tschebyscheff polynomial reads:

Ty, = cos (k arccos(z))

and has the property:

k—1
2 k-1 [rfl;?)f] [Tk (z)| = ao,.r.r.l,iélkq [rflfuf] |xk + ;aix’ﬂ.
We choose now the transformation:
- An+ A1 — 2t
An — A1
and obtain with )
An + A1 — 2t A+ A1)
=T, | —————— | T
=7 (225 ) 5 (223
a polynomial of degree k, which is minimal on [A1, A,,] and can be normalized by
p(0) = 1.
It holds: ) )
>\n —+ )\1 N K+ 1 N
sup |p(t Tk< > Tk< > 194
tE[MMI (t)] S 1 (194)
with the spectral condition:
An
R ‘= Tl

We now employ the Tschebyscheff polynomials outside of [—1,1]:

To(5) = L@+ V1) + @~ V1]

For x = z—ﬂ, it holds:

K1 k417 k+2vR+1  R+1
—+ —1: =
k—1 k—1 k—1 VE—1

and therefore

K41 K+ 1\’ VE—1
Kk—1 K—1 VE+1

Using this relationship, we can estimate (194):

k k k
n (i) -5l () + () 1= ()

It follows that

+1\' N 1-2\"
sup T} (K ) <2 i =2 \f
te[)\h)\n] Ii*l \/E‘i’l 1+ﬁ
This finishes the proof. O
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10.5 Preconditioning

This section is copy and paste from [96][Section 7.8.1] and translation from German into English.

The rate of convergence of iteratice schemees depends on the condition number of the system matrix. For
instance, we recall that for second-order operators (such as Laplace) we have a dependence on the mesh size
O(h=2) = O(N) (in 2D) (see Section 16 for the relation between h and N). For the CG scheme it holds:

v PRI (1)
pcG = =1-—= ~.
1+ o VE K
Preconditioning reformulates the original system with the goal of obtaining a moderate condition number for
the modified system. Let P € P™*™ be a matrix with

s

P=KK".
Then:
Az =b < K 'AK)'KTz=K"'b,
N——
=:A =z =:b
which is R ~
Az =10

In the case of

condy(A) < condz(A)

and if the application of K~ is cheap, then the consideration of a preconditioned system Az = b yields a

much faster solution of the iterative scheme. The condition P = K K7 is necessary such that the matrix A

keeps its symmetry.
The preconditioned CG scheme (PCG) can be formulated as:

Algorithm 10.20. Let A € R™ " symmetric positive definite and P = KK a symmetric preconditioner.
Choosing an initial guess x° € R™ yields:

1. 7 =b— Az®
2. Pp? =19

3. d° =p°

4. Fork=0,1,...

rk,dk
a) ar = ((Adk,dk)')

b) oF 1t =2k + apdb
c) =k —ap AdF
d) Ppk+1 — ,,,k+1

k k+1
7‘+1,p+

e
f) dk+1 _ pk+1 + Bkdk

At each step, we have as additional cost the application of the preconditioner P. We recall that P allows
the decomposition into K and K7 even if they are not explicitely used.
We seek P such that
P~ AL

On the other hand
P=I,

such that the construction of P is not too costly. Obviously, these are two conflicting requirements. Typical
preconditioners are:
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e Jacobi preconditioning
We choose P = D!, where D is the diagonal part of A. It holds

D= DD,
which means that for D;; > 0, this preconditioner is admissible. For the preconditioned matrix, it holds
A=D3AD" % = a;=1
e SSOR preconditioning

The SSOR scheme is a symmetric variant of the SOR method (successive over-relaxation) and is based
on the decomposition:

P=(D+wL)D™ (D +wR) = (D? + wLD~ %) (D? + wD 2 R).

K =KT

For instance, for the Poisson problem, we can find an optimal w (which is a non-trivial task) such that

condy(A) = v/condy(A)

can be shown. Here, the convergence improves significantly. The number of necessary steps to achieve a
given error reduction by a factor of e improves to

logle) 10809 7 (= 180 los(o)
log(1 — £~ 3) Vi log(1—w~1) VK~

Rather than having 100 steps, we only need 10 steps for instance, in case an optimal w can be found.

tcg(E) =

10.6 Comments on other Krylov space methods such as GMRES and BiCGStab

For non-symmetric systems the CG method cannot be used anymore. In practice in most cases, one works
with the GMRES (generalized minimal residuals) method or the BiCGStab (biconjugate gradient stabilized)
scheme. Both also belong to Krylov space methods. Typically, both schemes need to be preconditioned in
order to yield satisfactory results.

Let A € R™™™ be a regular matrix, but not necessarily symmetric. A symmetric version of the problem

Az =b
can be achieved by multiplication with A”":
AT Az = ATb.
The matrix B = AT A is positive definite since
(Bx,x)s = (AT Az, )y = (Ax, Ax)y = ||Az|s.

In principle, we could now apply the CG scheme to AT A. Instead of one matrix-vector multiplication, we
would need two such multiplications per step. However, using A” A, the convergence rate will deteriorate since

k(B) = condy (AT A) = condy(A)2.

For this reason, the CG scheme is not really an option.
The GMRES method, generalized minimal residual transfers the idea of the CG scheme to general matrices.
Using the Krylov space
Ki(d°, A) = {d°, Ad°, ..., A*=1d°},
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we first construct an orthonormal basis. Employing the GMRES method, orthogonality will be achieved with
respect to the euclidian scalar product:

(diadj)2:5ij7 ,j=0,...,k—1

To work with the A scalar product does not go anymore because A may not be symmetric.
The approximation z* € 2% 4+ K, is computed with the help of the Galerkin equation:

(b—Az* Ad)y =0, j=0,...,k—1. (195)

The computational cost is higher because a two-step procedure as in the CG scheme cannot be applied for the
GMRES scheme. Therefore, the orthogonal basis is constructed with the help of the Arnoldi procedure.

The weak point of the GMRES method is the increasing computational cost with increasing iteration indices
because the orthogonalization needs to be re-done until the first step. In practice, often a restart is employed
and only a fixed number of search directions N, is saved. After N, iterations, a new Krylov space is constructed.

10.7 Geometric multigrid methods

In this section, we follow closely [9][Chapter 10]. Excellent descriptions including historical notes can be found
in Braess [20] and the famous book from Hackbusch [56].

10.7.1 Motivation

For elliptic problems, the linear systems are large, sparse and s.p.d. These properties already helped to use the
CG method for the iterative solution. However, the convergence properties depend on the condition number.
We recall again that the usual stiffness matrix behaves as (see Section 10.1)

K(A) = Amaz _ O(h™2).

/\min

The work amount in terms of arithmetic operations for often-used methods is listed in Table 1. Therein, we
already see that the CG method may perform extremely well; in particular in 3d.

Table 1: Operations for solving Az = b with A € R™*™ being large, sparse, and s.p.d.

Scheme d=2|d=3
Gauss (direct) n? n?
Banded-Gauss (direct) | n? n’/3
Jacobi (iterative) n? nb/3
Gauss-Seidel (iterative) | n? nb/3
CG n3/2 nd/3
SOR with opt. w n3/2 nd/3
Multigrid n n

Multigrid methods can solve linear systems with optimal complexity; namely n. Below is not possible since
each entry has to be looked up at least once.
The key idea of multigrid is:

e Solve a given PDE on a hierarchy of meshes
e Use on each mesh a (simple) iterative solver, e.g., Jacobi or Gauss-Seidel

e The previous two steps will smooth out the error contributions
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10.7.2 Smoothing property of Richardson iteration

In this first section, we explain the motivation why to solve on a hierarchy of meshes using a simple iterative
solver. Let
Axr=b

be given. Richardson iteration (Numerik 1) then reads:
aF T = 2F 4 w(b — Ax®)

with a relaxation parameter w. We know that Richardson converges when w < 2/\,q4.(A). Since A is s.p.d.
the spectrum of eigenvalues can be ordered as

O'(A) = {Amzn(A) = )\17)\2, .. .,)\n = )\mam(A)}

with
0< A <A< <A\,

k+1

We can now write the iteration error e =z — 21, Specifically:

k+1 k+1

e =x—x
=z — 2" — w(b— Az¥) (Richardson iteration function)

= (I —wA)(z —2")

= (I —wA)e"

= Me*.

The matrix M = (I —wA) is the so-called iteration matrix. In Numerik 1, we have analyzed under which
conditions for M we obtain convergence. Since we A is s.p.d. we can perform an eigenvalue decomposition.

Let (\;, z;) an eigenpair of A, where \; is the eigenvalue and z; the eigenvector. We recall that Az; = \;z; is
the eigenvalue equation. We apply this idea to the Me*:

Mz = (I —wA)z; = (1 —wj)z;.

k

We recall from linear algebra that the z;,4 = 1,...,n form a basis of R"™. Consequently, any vector e can be

written as linear combination with the help of the basis vectors. Thus:
n n
Me = MZaizi = Zai(l — w\;)zi,
i=1 i=1

where a; € R are the coefficients. Now we have a relation between the error e and the factor (1 —wl;). It is
clear that the error depends on the size of (1 — wl;). We set now w = 1/\,, and observe the reduction factor:

Ai . .
l—wX;=1-— ~ — 0 when i is large, i.e., \; & A,
i . .
1—wh=1-— W — 1 when i is small, i.e., \; € A\,
n

We remember from Numerik 1 that the first situation is much better, because we have a fast error reduction.
What does this observation mean? First, large eigenvalues with A\; &~ A, are damped (smoothed) quickly in
the iteration error. Second, smaller eigenvalues are not damped quickly. However, smaller eigenvalues become
larger on coarser grids (smaller n). And here we are: we use a hierachy of meshes in order to damp all
eigenvalues efficiently.
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10.7.3 Example: Poisson in 1D

For Poisson in 1D, we have our well known matrix

The eigenvalues are
A\i = 4sin’(inh/2), i=1,...n—1

and the corresponding eigenvectors:
(zi)k = sin(k/Nim), 1<ik<n.

Low frequency eigenvectors are ¢ small. High frequency eigenvectors are for i &~ n. Whether an eigenvalue is
low frequent or not depends on the mesh size h (and consequently on n). This means:

e High frequency errors with ¢ > n/2 are damped quickly with Richardson;
e Low frequency errors with ¢ < i/2 are damped slowly with Richardson.

Consequently, if we transfer low frequency errors to coarser meshes, they become high frequent and we could
again damp them with Richardson. The realization requires consequently are hierarchy of meshes.

10.7.4 Variational geometric multigrid

Usually the systematic procedure for multigrid is first explained for a two-grid method. This idea is then
extended to multiplemeshes.
Let Vi, = {p1,...,pn} and we consider the abstract problem: Find uj € V}, such that

a(un, pn) =Uen) Von € Va.

We know for vy, € Vj,:

n

Up = me%’

i=1

with z = (z1,...,z,) € R" being the coefficient vector. Consequently, we have the correspondance:
r e R v, €V

We now consider hierarchic refinement and ask that that the finite element spaces are nested:

1 (1)
V2(h) cV,

Figure 39: Hierarchical refinement and nexted FEM spaces Vo, C Vj,.

Formulation 10.21 (Two-grid method). A two-grid method can be formulated as:
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1. Let u’fb € W, be given. Compute uﬁ’l € V;, by iterating v times Richardson. This means:

kO _ Kk
Set x;" = xy,

Tterate xi’i/y = mﬁ’(i_l)/y +w(b-— Ahz’;’(i_l)/y) 1<i<w.

)
For i = v, we have obtained xfl’l e Rdm(Vi)

2. Coarse grid correction: we now solve the problem on the coarser grid Tap with Vap. Find w € Vo, such
that

a(uy! +w,v) =1(v) Vo € Vo, (196)

k1 . .
where u,’~ s now restricted to the coarser mesh. Set

k+1 _ k1
u, =, t+w,

where w s now prolongated back to the fine grid.

We explain the second step now in more detail. We define the bases

Vi ={oh, .. 0l
Vo, = {3", ..., o2},

Since Vaj, C V4, there exist coefficients r;; to restrict the fine grid function to the coarse grid:

n
%ghzzmj@;?, 1<i<m

j=1
©3h o3"
o o oh

Figure 40: Illustration of ¢?" = Z;—;l n-jgo?.

We now insert this basis representation into (196):

a(u;i’1 +w,v) =1l(v) YveVy
& a(uﬁ’l, v) =1(v) — a(w,v)

k
<~ Aghy = R’zlh(bh — Ahl‘h’l)
The rectangular restriction matrix is determined by (R%,)i; = 7ij.

Algorithm 10.22 (Two grid method (TGM) - algebraic version). We denote the linear equation systems by
Apxp, = by and Aopxap = bap, with Ay, € R™*™ and Ay, € R™*™ with m < n. Let the current iterate x’fL cR"”
be given. The following method computes the next iterate xﬁ“ e R"™:
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TGM (zF)
{
o =}

for(i=1,...,v)

af i = gm0 b — A2 OTDYY Pre-smoothing

dp = by, — Ahxﬁ’l Defect on fine grid

dop, = Rg‘hdh Restriction to coarse grid

Top = A;hldgh Coarse grid solve

yn = (RS, Txan,  Prolongation to fine grid

x’;’g = xﬁ’l +yn Coarse grid correction applied to fine grid solution

k.2
return xj,

}

We we see in this algorithm, the two-grid method can be extended to a multigrid method by applying
recursively the idea to the coarse grid solve yop = A;hldgh.

Algorithm 10.23 (Geometric multigrid (GMG) method). Let j € N be the mesh level. For instance j=h,
then j — 1=2h, and so forth. Let v1,vo € N be given parameters for the number of Richardson iterations.
Moreover, let v € N be the cycle form parameter (often v =1 or v = 2). The following method computes the

new iterate :c?“ on mesh level j:
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GMG(j, 2%, b))
{
if (j==0)

{

x;“ = Aj_lbj Solve on coarsest mesh with direct solve for instance

returnz?
kO _ k

l'j —l'j

for(i=1,...,11)

x;w’/v _ $f7(i—1)/u + w(b; — ijf*(i_l)/”) Pre-smoothing

dj =b; — Ajmf’l Defect on fine grid
dj_1 = Rg_ldj Restriction to coarse grid
// Coarse grid soluton now with multigrid

if (j==1)
y=1
else
="

for(i=1,...,%)

Tj—1 = GMG(] - 1,I’j_1,dj_1)
y; = (Rg_l)ij,l Prolongation to fine grid
k2 _
=
for(i=1,...,19)

k,2+i/v k,2+(i—1) /v k,2+(i—1)/v
T; / =z, -1/ —|—w(bj—Aja:j ( )/)

x x?’l +y; Coarse grid correction applied to fine grid solution

Post-smoothing

E,3
return x’;

}

The choice of v gives the GMG method specific names. For instance v = 1 results in a so-called V cycle.
The choice v = 2 is known as W cycle. Here, we do one V' cycle from j to 0 and back to 7 — 1 and do a second

V cycle from j — 1 to 0 back to j.

i = 3
RN P
j—1 = <
1 4 A
RN\ P
0 At
The V cycle.

(197)
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i s
R\, P
j—1 “ Bn A
1 n 3 n s
R\, P RN\, P/
0 Agt At
(198)
The W cycle.

10.7.5 Convergence analysis of the 1V cycle

For full proofs, we refer to [9, 20, 56]. Still following [9], we concentrate on the W cycle because the proofs
are relatively simple. The proofs of the V cycle are more involved requiring sufficient smoothing steps and H?
regularity.

The goal is to derive an estimation with the multigrid convergence rate p; on j + 1 meshes:

k+1

[P — ]| <l — g

where u; € V} is the discrete solution on mesh level j and u?**1 is the k+1-th iterate. Specifically, the multigrid
method is convergent when p; < 1 and p; is independent of the mesh size h. Then, the computational cost
would not increase while refining the mesh. The factor p; is the convergence rate. Of course, p; < 1, the faster
the convergence.

10.7.5.1 Norms
10.7.5.2 Approximation properties
10.7.5.3 Smoothing properties

10.7.5.4 Two- and multigrid convergence results

10.8 Numerical tests

We continue the numerical tests from Section 8.16 and consider again the Poisson problem in 2D and 3D on
the unit square and with force f =1 and homogeneous Dirichlet conditions. We use as solvers:

o CG

PCG with SSOR preconditioning and w = 1.2
GMRES

GMRES with SSOR preconditioning and w = 1.2
BiCGStab

BiCGStab with SSOR. preconditioning and w = 1.2

The tolerance is chosen as TOL = 1.0e — 12. We also run on different mesh levels in order to show the
dependency on n.
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Dimension  Elements  DoFs CG PCG GMRES GMRES prec. BiCGStab BiCGStab prec.

2 256 289 23 19 23 18 16 12
2 1024 1089 47 33 83 35 33 21
2 4096 4225 94 60 420 78 66 44
3 4096 4913 25 19 25 21 16 11
3 32768 35937 51 32 77 38 40 23
3 262144 274625 98 57 307 83 69 46

Three main messages:
e GMRES performs worst.
e PCG performs better than pure CG, but less significant than one would wish.

e BiCGStab performs best - a bit surprising.
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11 Applications in continuum mechanics: linearized elasticity and
Stokes

In this chapter, we undertake a short excursus to important prototype applications: linearized elasticity (solid
mechanics) and the Stokes problem (fluid mechanics). Both models lead to systems of equations since they
are vector-valued, but are still linear and consequently fit into the lines of our previous developments. We try
to provide an introduction that touches the aspects, which can be understood with the help of our previous
developments. For instance, linearized elasticity is still of elliptic type and we show, how the well-posedness can
be proven using Lax-Milgram (i.e., Riesz since the problem is symmetric). On the other hand, the maximum
principle does not hold anymore. These notes cannot provide all possible details since they fill entire books
such as [29] and [101]. In regard of fluid mechanics, the Navier-Stokes equations have been introduced in
Section 9.14 to demonstrate mesh adaptivity with respect to drag forces as goal functional.

11.1 Modeling

Since linearized elasticity is vector-valued, we design now the space H'! for three solution components i, iy, i
@ = (g, 4y, ;) € [H'(Q)?

Specifically, we define: K R
VY= [Hy ().

Remark 11.1. In linearized elasticity we deal with small displacements and consequently the two principle
coordinate systems, Lagrangian and Eulerian are identified; we also refer the reader to Remark 4.12. For large
displacements, one needs to distingish between a reference configuration in which the actual computations
are carried out. This reference configuration is indicated in a ‘hat’ notation, i.e., Q. Via a transformation,
the solution is mapped to the current (i.e., physical or deformed) configuration Q.

Problem 11.2 (SAtationary linearized elasticity). Let Q C R% d = 3. Given f : Q — R?, find a vector-valued
displacement @ € V) = H} such that

(Eli’rm V(ﬁ) = (fa (ﬁ) V(ﬁ € ‘/;07
where R N .
Ytin = 2pEin + AMrEp, 1.

Here, ilm is a matriz and specified below. Furthermore, the gradient 6@ is a matriz. Consequently, the scalar
product is based on the Frobenius Definition 8.12. The material parameters p, X > 0 are the so-called Lamé
parameters. Finally tr(-) is the trace operator. For further details on the entire model, we refer to Ciarlet [29].

Definition 11.3 (Green-Lagrange strain tensor E).

P P P P
E=_(C- ):i(FTF—I):5(Vﬁ+VﬁT+Vﬁ-VﬁT),

N

which is again symmetric and positive definite for all T € Q since C and of course, I have these properties. ©

Performing geometric linearization, which is reasonable for example when || Vi|| < 1, we can work with the
linearized Green-Lagrange strain tensor

Definition 11.4 (Linearized Green-Lagrange strain tensor Elm)
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Proposition 11.5. Let the following linear boundary value problem be given:

—div(Eyn) = f in €, (199)
=0 ondQp, (200)
Sinh =3¢ on 8. (201)

Finding a solution 4 of this strong form is formally equivalent to finding a solution of Problem 11.2.

Proof. We employ Green’s formula for any sufficiently smooth tensor field S and vector field , we obtain

/ﬁi-@d@:—/i:%d:ﬂ/ iﬁ-@déz—/i:ﬁlmdi—k/ Sh - @ ds.
Q Q BIOR Q IR

The last equal sign is justified with linear algebra arguments, i.e., for a symmetric matrix A is holds:

Definition 11.6 (Proof is homework). For the Frobenius scalar product, and A = AT, it holds
1 T
A:B:A:§(B+B )-

Furthermore, on the boundary part 9Qp the vector field ¢ vanishes by definition. Thus, the first direction
is shown. Conversely, we now assume that the variational equations are satisfied; namely,

[i:%dﬁ;: | fpdi
¢ Q

if =0 on all 09). By Green’s formula we now obtain

/i:%d:ﬁ:—/%-id@.
a a

Putting both pieces together and taking into account that the integrals do hold on arbitrary volumes yields

~

—@-i:f in Q.

Considering now the Neumann boundary, we use again Green’s formula to see

/ iﬁ-@ds:/ §ds.
8§N 6§N

This holds for arbitrary boundary parts 9 n~ such that $h = g can be inferred and concluded the second part
of the proof. O

11.2 Well-posedness

Even so that linearized elasticity is an elliptic problem and has much in common with the scalar-valued Poisson
problem, establishing existence and uniquenss for the stationary version is a non-trivial task. Why? Let us
work with Problem 11.2 in 3D and since this problem is linear we aim to apply the Riesz representation
theorem® (or the Lax-Milgram lemma - see Theorem 8.69) and need to check the assumptions:

e Determine in which space V we want to work;
e The form A(d, ) is symmetric or non-symmetric
e The form A(@, ¢) is continuous bilinear w.r.t. to the norm of V;

e The bilinear form A(4, Q) is V-elliptic;

6 Here, A(t, @) = (f]lm, @@) is symmetric and the Riesz representation 8.72 is sufficient for existence and unigeness!
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e The right-hand side functional f is a continuous linear form.
The ingredients to check are:

e From which space must f be chosen such that it is continuous? (This leads to Sobolev embedding
theorems [29, 40]);

e How do we check the V-ellipticity? (This requires the famous Korn inequality as it is stated in a minute
below).

For proofing existence of linearized elasticity, we need to check as second contition the V-ellipticity which is
‘easy for scalar-valued problems’ but non-trivial in the case of vector-valued elasticity. The resulting inequalities
are named after Korn (1906):

Theorem 11.7 (1st Korn inequality) Let us assume displacement Dirichlet conditions on the entire boundary
0Q. For vector-fields @ € HO( )3 it holds:

[Vl < cxornllErin(@)]]-
where Eiy (1) := %(6115 +vaTl) e L2(Q,).
Proof. See for example [20, 29, 86]. O

The more general form is as follows:

Theorem 11.8 (2nd Korn inequality). Let a part of the boundary of Neumann type, i.e. GQN # 0 and let the

entire boundary be of class C*, or a polygon, or of Lipschitz-type. For vector-fields i € Hl( )3 and Elm €L?
it holds

1/2 . PN
||7‘LSHHl(Q < CKOT”(|U‘S|L2 + |Elzn|L2(Q ) / Vus S Hl(QS),
and a positive constant Cx and secondly,

)1/2

U (|us| + |Elzn|

L2(@,) L2(@,)
is a norm that is equivalent to || - || g2 -

Theorem 11.9 (Existence of a weak solution of linearized elasticity ). Let QCR3 and T p >0 and T N>0
Dirichlet and Neumann boundary respectively. Let the Lamé constants be p > 0 and A > 0 and [ € LG/S(Q)
and § € L*3(Ty) be given. Furthermore, let

Vi={peH(Q)|¢=0onTp}

Then, there exists a unique element 4 € V such that

A(t,¢) = F(@) VpeV.
Here, the bilinear form and the right hand side functional are given by

A, @) = (S1in, V), and F() = (£, 8) + (4, ). (202)

where the linearized STVK model is given by

Stin = 20E i + MrEyn 1.
The function § is a prescribed traction condition on fN,' namely:

[20Ein + MrEn I 7 = §.

Proof. The proof is as follows:
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e Continuity of the right hand side functional F(:). In order to apply Hoélder’s inequality, we first
check the correct Sobolev embedding;:

m
d

for m < 2. Since we work in 3D, d = 3. Furthermore, m = 1,p = 2 in W™P. It can be inferred that
consequently, p* = 6. For the continuity of F', we calculate with Holder’s inequality:

(£, @) < 1Fllp 12 la=s

where 1 5T E = 1. Since, g = 6, this yields p = 7, ie., f € L%/5. In the same spirit, we obtain § € L*/3
while additionally employing the trace 1nequahty Let us verify this claim: From trace theorems, e.g.,
[29], p. 280, we know that for 1 < p < oo we have

tre LW, LP) & |-l <l lwis,
Withp%:%—(dll)( m L) if 1 < p < d. As before and still, d = 3. This means 1 < p < 2. Of course we
want to work again with W2, p = 2. Then,
Lol U opoty 11 2o
pr p (d-1)" p ' 2 (3-1)" 2~ 4

Consequently, p* = 4. Let us estimate with Holder’s inequality and the trace theorem:

/f gpds < ||§||Lq(f*N)H@HL4(fN) < ||§||Lq(fN)||¢||W1,2(§)-
N

In order to be able to apply Holder’s inequality we need to find the correct ¢q. This is now easy with

1 1 4
-+-=1 =q==.
P q 3

Consequently, § € L4/3.

e Symmetry of A(d, ). Let us now verify if A(a, ) is symmetric:

A0, @) = (Stin, V) = (2uBiin (@) + Atr(Eyin (), Eyin(2))
= 20(Byin (1), Eyin(#)) + A(tr(Biin ()1, Eiin($))
= 204(Evin($), Evin (@) + A(tr(Eyin ($))1, Evin (@)
= (21E1in () + Mr(Eyin ()1, Eyin (@)
= A(p,a).

Here, we used the relation defined in Definition 11.6.

e Continuity of A(u, ). We need to show that
[A(a, Q)| < ellafl gl Vi, ¢ in V.
Let us start with the definition and apply first Cauchy’s inequality:

|A(, ‘P)| = len7v§0)| ElmaElm( ))‘

1/2
/‘lenl ) /|Elzn |2

([ 1) + Atr(Ezmw))fF)” ([ 1Br) "

I A
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We use ||t7'(Elm(ﬁ))f|| < ||Elin(@)|| and |E(a)|rz < c||t||g1, where the latter one specifically holds for
all 4 € H'. Then,

’l}, (,5 S /|2//‘Elzn +)‘tT(El”1 /|Elzn
1/2 R 1/2
< /|2,UEZML( )+)\El1n( )| ) </|Elzn(90)|2)
L N1/2
<c lh /|Elm| /|Elm(90)|2>
= c(p, A)|E(@)| 2 |[E()] L2
< |t g (|l pe -

e V-ellipticity. First, we observe that
A(tt, @) = (210 (@) + Mtr(Epin (@)1, Eyin (@) > (21 E1in (1), Byin (@) = 20| Eyin| 12
because p, A > 0. The V-ellipticity can be inferred if we can show that on the space VSO, the semi-norm
G — \Ezml 12

is a norm that is equivalant to || - || g:. To do so, we proceed in two steps. We now employ the 2nd Korn
inequality (first step), see Theorem 11.8. In detail: if I'p > 0 and ¢ > 0 a given constant such that (the
second step)

e Hlall < [Eunlre < cllally Ya € H'(Q),

i.e., on V, the mapping u — |Ezm\ is norm equivalent to ||%||;. (This techniquality requires a seperate
proof!)

e Apply Riesz. Having proven that A is symmetric, continuous and V-elliptic as well as that F' is linear

For

continuous, we have checked all assumptions of the Riesz representation Theorem 8.72 and consequently,
a unique solution 4 € V does exist.

further discussions, the reader might consult Ciarlet [29]. O

Remark 11.10. Since this elasticity problem is symmetric, the problem can be also interpreted from the
energy minimization standpoint as outlined in Theorem 8.72. In this respect, the weak form considered here
corresponds to the first-order necessary condition, i.e., the weak form of the Fuler-Lagrange equations.

Remark 11.11. For linearized elasticity, even that it is of elliptic type, the maximum principle does not hold

anymore.
11.3 Finite element discretization
Problem 11.12 (Discretized stationary linearized elasticity). Find vector-valued displacements iy, € V}? such
that R R . R
(Eh,lina v@h) = (fa Sbh) v@h S V]—?a
where R R R R
Ehtin = 20En jin + MrEp i1
and 1
Eh,lm - §(Vﬁh + Vﬂf)
As previsously discussed, the spatial discretization is based upon a space V}? with basis {{1, ..., $n} where

N

= dim(f/ho ). We recall, that in 3D elasticity, we have three solution components such that the total dimension

is 3N = [V0]4,d = 3.
We solve the problem:
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Formulation 11.13. Find u), € Vh such that
A(iin, ¢1n) = F(én) Y € Vi,

with R R R
A(tp, &n) = (Bntin, Vén), F(on) = (f,on)-

This relation does in particular hold true for each test function ¢;,i =1,..., N:
Altp, %) = F(¢h) Ve¢i,i=1,...,N

The solution 4y, we are seeking for is a linear combination of all test functions, i.e., @), = Z;V:1 U; gbfl Inserting
this relation into the bilinear form A(-,-) yields

It follows for the ingredients of the linear equation system:
a= ()}, eRN, b= (F)L, eRY, B=A;=a(p],¢})

The resulting linear equation systems reads:
Bu=1»

Remark 11.14. In the matrix B the rule is always as follows: the @}L test function determines the row and the

trial function gbil the column. This does not play a role for symmetric problems (e.g., Poisson’s problem) but
becomes important for nonsymmetric problems such as for example Navier-Stokes (because of the convection
term).

Remark 11.15. In the matriz, the degrees of freedom that belong to Dirichlet conditions (here only dis-
placements since we assume Neumann conditions for the phase-field) are strongly enforced by replacing the
corresponding rows and columns as usual in a finite element code.

Example 11.16 (Laplacian in 3D). In this vector-valued problem, we have 3N test functions since the solution

vector is an element of R3: uy, = (ugll), uf),uf)), Thus in the boundary value problem

Find up € Vi, : (Vun, Vo) = (f,on) Veon € Va,

the bilinear form is tensor-valued:

_ ' 51@};]' Doy 83<pt’j A1y Doy’ 53@?
aLaplacian (90{” 4)0;1) = /QVSO% : VSD;L dl’ = / 81410%] 82410}217] a3<pi,j : 81410;2;1 8280}%7Z 8390%1 dCC
) (pid 82@2’] ag(pid 0, (pi,z aQ@i’l 8390271
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11.4 Numerical tests

11.4.1 3D

We use the above laws given Problem 11.12 and implement them again in deal.Il [4, 6].

11.4.1.1 Configuration The domain € is spanned by (0,0,0) and (5, 0.5,2) resulting in an elastic beam (see
Figure 41). The vertical axis is the y-direction (see again Figure 41). The initial domain is four times globally
refined resulting in 4096 and total 14739 DoFs (i.e., 4913 DoFs in each solution component).

11.4.1.2 Boundary conditions The specimen has six boundary planes. On the boundary I' = {(z,y, 2)|z =
0} the elastic beam is fixed and can move at the other boundaries:

u = (Ug,uy,u,) =0 onI (Homogeneous Dirichlet),

Yin-n=0 ondN\T (Homogeneous Neumann).

11.4.1.3 Material parameters and given data The material parameters are:

lame_coefficient_mu = 1.0e+6;
poisson_ratio_nu = 0.4;

lame_coefficient_lambda = (2 * poisson_ratio_nu * lame_coefficient_mu)/
(1.0 - 2 x poisson_ratio_nu);

and the force vector is prescribed as
f(z,y,2) = (0,-9.81,0)7.

11.4.1.4 Simulation results With a PCG scheme (see Section 10.8), we need 788 PCG iterations to obtain
convergence of the linear solver. The resulting solution is displayed in Figure 41.

Pseudocolor
Var: y_dis
-0.01068 ______-0.008010 -0.005340 -0.002670.___0.000
Max: 0.000
Min: -0.01068

L

Figure 41: 3D linearized elasticity: wu, solution and mesh. The elastic beam is attached at x = 0 in the
y — z plane by u; = uy, = u; = 0. All other boundaries are traction free (homogeneous Neumann
conditions).
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11.4.2 2D test with focus on the maximum principle

In the corresonding 2D test (because it is easier to show), we demonstrate the violation of the maximum
principle.

Pseudocolor Pseudocolor
Var: x_dis Var: y_dis
0000

-0.0007026 -0.0003513 0.000 00003513 0.0007026 -001061 -0.007958 -0.005306 -n.ntf%ss

Max: 0.000
Min: -0.01061

o000
[T
o000
o000
R LR
o000

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

Figure 42: 2D linearized elasticity. The same test as for 3D. At left, the u, solution is displayed. At right, the
u, solution is displayed.

Pseudocolor

Pseudocolor
d Var: y_dis

Var: x_dis

9.7350-09 -4.8670-09 0,000 4.66‘7.-07 9.7356-09 -5.4850-08 -4.1140-08 -2.7430-08 -1 .37‘1943 0000
Max: 9.7350-09 Max: 0.000
Min: -9.735e-09 Min: -5.485e-08
0.40 0.40
0.30 0.30
0.20 0.20
0.10 0.10

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

Figure 43: 2D linearized elasticity: all boundaries are subject to homogeneous Dirichlet conditions. In the u,
solution (left), we observe that the minimum and maximum are obtained inside the domain, which
is a violation of the maximum principle.
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11.5 Stokes - FEM discretization

In Section 9.14, we have formulated the stationary NSE system. Without convection term, we arrive at the
Stokes system for viscous flow (such as honey for instance). Without going into any theoretical details, we
briefly present the finite element scheme in the following. A classical reference to NSE FEM discretizations is
[47].

Let Uy, = {vn,pn}, Xpn := Vi X L, = H} x Ly and ¥ = {4)*,¢?}. The problem reads:

Find Uj,, € X}, such that: A(Uh, \I/h) = F(\If},) Vo € X},
where

A(Un, ¥n) = (Von, Vi) = (pr, V- 405) + (V- on, 13,),
F(Wn) = (fr,¥n)-

Let us choose as basis:

Vh = {wh ,’i = 1 NV = dith},
Lh = {wpz 1= 1 NP = dszh}

Please pay attention that V}, := (V4)¢ is a vector-valued space with dimension d. If follows:

(vvh7vw}1:,i)_(ph7V.,¢Zﬂ;> 1= 17"'7NV7
(V'Uha 271) izlv"'7NPa

Setting:
Nvy ] Np )
vp = Zvij’j, ph = Zpﬂ/)ﬁ’]
j=1 j=1

yield the discrete equations:

D (VU Ve =Y (W Vs, i=1,..., Ny,
j=1 j=1
N,
Zv 1ph)]71ph’ ) Z‘:1,...,]\]‘13,
j=1

With this, we obtain the following matrices:

= (Vo Vr NN Bi= (g VYNV BT = (W ) NNV

i7=1 17=1 i7=1

(5 0)()= () 9

These matrices form the block system:

where v = (v;)NY, p = (pi) N5
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11.6 Numerical test - 2D-1 benchmark without convection term (Stokes)

We take the same material parameters as in Section 9.14, but now without the convection term. The results
are displayed in Figure 44.

0.000 0.0?822 0.1964 0.2?46 0.3929

Max: 0.3929
Min: 0.000

0.5 1.0 1.5 2.0

8.703e-13 0.01577 0.03153 0.04‘730 0.06306

Max: 0.06306
Min: -8.703e-13
0.40

0.30

o.z20

o.10

0.5 1.0 1.5 2.0

Figure 44: Stokes 2D-1 test: x velocity profile and pressure distribution.

The functional values on a three times uniformly-refined mesh are:

P-Diff: 4.5559514861737337e-02
P-front: 6.3063021215059634e-02
P-back: 1.7503506353322297e-02
Drag: 3.1419886302140707e+00
Lift: 3.0188981539007183e-02

11.7 Chapter summary and outlook

In this chapter, we extended from scalar-valued elliptic problems to vector-valued elliptic problems. The well-
posedness analysis follows the same lines as the scalar cases. We notice that the maximum principle does not
hold anymore in the vector-valued case (not proven though, but shown in a numerical example.). The finite
element formulation is in principle the same as the scalar case, but we have to work with vector-valued function
spaces now. The formal procedure is the same as before, but the computational cost increases significantly
since now three variables need to discretized (in 3D) rather than only one variable.
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12 Methods for time-dependent PDEs: parabolic and hyperbolic
problems

By now, we have considered stationary, linear PDE problems. However, more realistic, and most notably
fascinating, modeling is

e nonstationary,

e and nonlinear.

We investigate the former one in the present chapter and give a brief introduction to nonlinear problems in
Chapter 13.
Therefore, the focus of this chapter is on

e time-dependent linear PDEs.

We concentrate first on parabolic PDEs and later study second-order-in-time hyperbolic PDEs. For first-order
hyperbolic PDEs, we refer to [67].

A prominent example of a parabolic PDE is the heat equation that we investigate in this section. In the
next section, we consider the second-order hyperbolic wave equation.

12.1 Principle procedures for discretizing time and space

Time-dependent PDE problems require require discretization in space and time. One can mainly distinguish
three procedures:

e Vertical method of lines (method of lines): first space, then time.
e Horizontal method of lines (Rothe method): first time, then space.

e A full space-time Galerkin method.

Using one of the first two methods, and this is also the procedure we shall follow here, temporal discretization
is based on FD whereas spatial discretization is based on the FEM. In the following we concentrate on the
Rothe method and we briefly provide reasons why we want to work with the Rothe method. In fact, the
traditional way of discretizing time-dependent problems is the (vertical) method of lines. The advantage of
the method of lines is that we have simple data structures and matrix assembly. This leads to a (large) ODE
system, which can be treated by (well-known) standard methods from ODE analysis (ordinary differential
equations) can be employed for time discretization. The major disadvantage is that the spatial mesh is fixed
(since we first discretize in space) and it is then difficult to represent or compute time-varying features such
as certain target functionals (e.g., drag or lift).

In contrast, the Rothe method allows for dynamic spatial mesh adaptation with the price that data structures
and matrix assembly are more costly.

12.2 Bochner spaces - space-time functions

For the correct function spaces for formulating time-dependent variational forms, we define the Bochner inte-
gral. Let I := (0,7) with 0 < T < oo a bounded time interval with end time value T. For any Banach space
X and 1 < p < oo, the space

LP(1,X)

denotes the space of LP integrable functions f from the time interval I into X. This is a Banach space, the
so-called Bochner space, with the norm, see [117],

1/p
Iollre. = (| IOl )
vl Lo (1,x) 1= esssup |[v(t)]| x.
tel

For the definition of the norms of the spatial spaces, i.e., [[v(t)||x with X = L? or X = H*, we refer to Section
7.1.5.
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Example 12.1. For instance, we can define a H space in time:
HY(I,X) = {v € L*(I,X)| 0 € LQ(I,X)}.
Functions that are even continuous in time, i.e., u : I — X, are contained in spaces like
CI; X)
with
Julloqr = guas [u(t)]| < oc.

Definition 12.2 (Weak derivative of space-time functions). Let u € L*(I; X). A function v € L*(I; X) is the
weak deriwative of v, denoted as
du=v

if

T T

/0 Opp(t)u(t) dt = —/0 e(t)u(t) dt
for all test functions p € C°(I).
In particular, the following result holds:
Theorem 12.3 ([40]). Assume v € L?(I,H}) and 0;v € L*(I, H~1). Then, v is continuous in time, i.e.,
ve C(I,L?)
(after possible redefined on a set of measure zero). Furthermore, the mapping
t o) Zax,)

s absolutely continuous with

d d

o) ax,) = 24500, 9(0)
forae 0<t<T.

Proof. See Evans [40], Theorem 3 in Section 5.9.2. O

The importance of this theorem lies in the fact that now the point-wise prescription of initial conditions
does make sense in weak formulations.

Remark 12.4. More details of these spaces by means of the Bochner integral can be found in [33, 116] and
also [40].

12.3 Methods for parabolic problems

To illustrate the concepts of discretizing we work in 1D (one spatial dimension) in the following.

12.3.1 Problem statement

Let Q be an open, bounded subset of R%,d = 1 and I := (0, T] where T > 0 is the end time value. The IBVP
(initial boundary-value problem) reads:

Formulation 12.5. Find u:=u(x,t): Q x I = R such that

pou — V- (aVu) = f inQx1,
u=a onddx[0,T],
u(0)=g mQAxt=0,
where f : QA x I — R and g: Q@ — R and o € R and p are material parameters, and a > 0 is a Dirichlet

boundary condition. More precisely, g is the initial temperature and a is the wall temperature, and f is some
heat source.
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For the variational formulation, we define the Sobolev space
Wy (I, Hy, L?)

with the norm 12
ullwy = (a2 gy + Nl )

Formulation 12.6 ([54, 118|). Let Q@ C R™ be bounded and sufficiently smooth boundary 0. Let f €

L3(I,HY). The variational form is given by: Find u € Wy (I, H}, L*) with the initial condition u(0) = ug €

L2(Q) such that

pus0) + (aVu, Vo) = (£,9) V6 € HY(®)

where (-,-) is the duality product since f is taken from the dual space H~'.

12.3.2 Temporal discretization via One-Step-6 schemes

We first discretize in time and create a time grid of the time domain I = [0, 7] with Ny intervals and a time
step size k = NLT:

O=to<t1 <...<tny=T.
Furthermore we set

I, =[th—1,tn], kn=tn —tn_1, k:= max k.
1<n<N

Moreover, we denote u™ := u(t"™).

Here we use finite differences and more specifically we introduce the so-called One-Step-6 scheme, which
allows for a compact notation for three major finite difference schemes: forward Euler (6 = 0), backward Euler
(# = 1), and Crank-Nicolson (6 = 0.5) well known from numerical methods for ODEs.

Definition 12.7 (Choice of 0). By the choice of 8, we obtain the following time-stepping schemes:
e 0 =0: 1st order explicit Euler time stepping;
e 0 =0.5: 2nd order Crank-Nicolson (trapezoidal rule) time stepping;

e 0 = 0.5+ k,: 2nd order shifted Crank-Nicolson which is shifted by the time step size k, = t" —t"~!
towards the implicit side;

e 0 =1: 1st order implicit Euler time stepping.

To have good stability properties (namely A-stability) of the time-stepping scheme is important for temporal
discretization of partial differential equations. Often (as here for the heat equation) we deal with second-order
operators in space, such PDE-problems are generically (very) stiff with the order O(h~2), where h is the spatial
discretization parameter.

After these preliminary considerations, let us now discretize in time the above problem:

Formulation 12.8 (One-Step-0 for the heat equation). The one-step-0 scheme for the heat equation reads:
Given the continuous PDE problem:

Ou—V - (aVu) = f,

we obtain
n __ unfl

k

Re-organizing in known and unknown terms, we obtain:

4 — OV - (aVu") — (1 — )V - (aVu" 1) = 0" + (1 — )"

u" — kOV - (aVu™) = u" "t + k(1 — 0)V - (aVu" L) + kOf" + k(1 —0)

unknown known

where u™ = u(t") and u" "' == u(t"" 1) and = f(t") and fPL = f(tL).
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12.3.3 Spatial discretization and an abstract One-Step-6 scheme

We take the temporally discretized problem and use a Galerkin finite element scheme to discretize in space
as explained in Section 8. That is we multiply with a test function and integrate. We then obtain: Find
up € {a + Vj,} such that for n =1,2,... Np:

(ufy, o) — kO(@Vuy, Vo) = ("', on) + k(1 = 0) (V"1 Vor) + kO(f™,on) + k(1= 0)(f" ", ¢n)
for all ¢y € V},.

Definition 12.9 (Specification of the problem data). For simplicity let us assume that there is no heat source
f =0 and the material coefficients are specified by a« =1 and p = 1.

With the help of the semi-linear forms, we can formulate an abstract time-stepping scheme.

Formulation 12.10 (Abstract one-step-6 scheme). The one-step-0 scheme can be formulated in the following
abstract way: Given u"~' €V, find u™ € V such that

ar(u™*, ) + Oar(u", ) = —(1 = O)ar(u" ™", 0) + 0" () + (1 — )" (p).

Here:
n,k 1 n n—1
aT(uﬁaQO):E(U’ —u 7(10)
ar (una (10) = (aVu", V(P)

"(p) = (", 9)-

12.3.4 Spatial discretization for the forward Euler scheme
Let us work with the explicit Euler scheme 6 = 0. Then we obtain:
(upp,on) = (up =" on) — k(Vup ", Veon)
The structure of this equation, namely
yn — yn—l + k‘f(tn_l,yn_l),

is the same as we know from ODEs. On the other hand, the single terms in the weak form are akin to our
derivations in Section 8. This means that we seek at each time ¢" a finite element solution u} on the spatial
domain 2. With the help of the basis functions ¢}, ; we can represent the spatial solution:

Ny
up(x) == Zuh,jgoh,j, up,; € R.
j=1
Then:
NI
> g (engroni) = W' oni) — k(Vup ™, Vi)
j=1

which results in a linear equation system: MU = B. Here
No .
(Mij); =1 = (Pn,j: Phii),
(Uj)jv:dvl = (uh,17 e auh,N)
(Bl)fvle = (’U’Z_lv (,Oh,i) - k(vu2_17 v‘ﬂh,i)-

Furthermore the old time step solution can be written as well in matrix form:

Ny

W oni) = > _upt (Pngroni)
- — —
Jj=1

=M
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and similarly for the Laplacian term:

N,

(Va1 Vi) = Z it (Vng, Vipnsi)
: —_—
]:1

=K

The mass matrix M (also known as the Gramian matrix) is always the same for fixed h and can be explicitely
computed.

Proposition 12.11. Formally we arrive at: Given uzfl, find uj, such that
Mu} = Mu} ' —kKu}™' = uf =u) - kM KW
form=1,... Nrp.

Remark 12.12. We emphasize that the forward Euler scheme is not recommended to be used as time stepping
scheme for solving PDEs. The reason is that the stiffness matriz is of order % and one is in general interested
in h — 0. Thus the coefficients become very large for h — 0 resulting in a stiff system. For stiff systems, as
we learned before, one should better use implicit schemes, otherwise the time step size k has to be chosen too
small in order to obtain stable numerical results; see the numerical analysis in Section 12.3.9.

12.3.5 Evaluation of the integrals (1D in space)

We need to evaluate the integrals for the stiffness matrix K:
N Tj+1
x — / / _ / /
K=Kz = [ eha@pta@de= [ @i do

resulting in

0 -1 2

Be careful and do not forget the material parameter « in case it is not a = 1.
For the mass matrix M we obtain:

Tj+1
M = (Mij)ﬁﬁ“;l = /Q@h,j(x)s@h,z‘(x) dzx Z/ O (@) pn,i(r) dz.
Tj—1

Specifically on the diagonal, we calculate:

T4

M;; = /Q‘Ph,i(x)@h,i(x) dr = /m_1 (x—;i_lfdx—’—/:ﬂl(wh_xfdx

i

1 T 1 Tit1 h h
2 fi_l(x_mi_l)de+mLi ($i+1—x)2dx:§+§
_ 2k
=5

For the right off-diagonal, we have

Vitl x— X Xip1 — X /mi+1x_mi x;i—x+h
il = i i(x)dx = : dr = ’ d
My i+1 /Q@h, +1(@)pn,i(v) dx /x h h v - h h ’

i

i
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It is trivial to see that m; ;1 = m;_1,;. Summarizing all entries results in

1 0

12.3.6 Final algorithms
We first setup a sequence of discrete (time) points:

O=tg<ti <...<ty=T.
Furthermore we set

I, = [tnflvtnL kp =1t — tn—1, k= 12@% k.

Forward (explicit) Euler:
Algorithm 12.13. Given the initial condition g, solve form =1,2,3,..., Np
Mu} = Mup™ ' —kKu}™' = uf =u) ' = kM TKup !
where uy, uZﬁ1 € RN=,
Algorithm 12.14. The backward (implicit) Euler scheme reads:
Muj} + kKujl = Mu} ™!
An example of a pseudo C++ code is

final_loop()
{

// Initalization of model parameters, material parameters, and so forth
set_runtime_parameters();

// Make a mesh - decompose the domain into elements
create_mesh();

apply_initial_conditions();

// Timestep loop

do
{
std::cout << "Timestep " << timestep_number << " (" << time_stepping_scheme
<L II)II <L Il: n <L tlme <L n (Il <L tlmeStep <L II)II
<< "\n

<< std::endl;
std::cout << std::endl;

// Solve for next time step: Assign previous time step solution u~{n-1}
old_timestep_solution = solution;

// Assemble FEM matrix A and right hand side f
assemble_system ();
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// Solve the linear equation system Ax=b
solve ();

// Update time
time += timestep;

// Write solution into a file or similar
output_results (timestep_number);

// Increment n->n+1
++timestep_number;
}
while (timestep_number <= max_no_timesteps);

3

12.3.7 Recapitulation of ODE stability analysis using finite differences

This section is optional. We recall the stability analysis for ODEs. The principle ideas are exactly the same
as in Section 6.

12.3.7.1 The Euler method The Euler method is the most simplest scheme. It is an explicit scheme and
also known as forward Euler method.

We consider again the IVP from before and the right hand side satisfies again a Lipschitz condition. Ac-
cording to ODE theory (e.g., [87]), there exists a unique solution for all ¢ > 0.

For a numerical approximation of the IVP, we first select a sequence of discrete (time) points:

to<t1 <...<ty=tog+T.

Furthermore we set

I, = [tn—htn]a kp =1ty —th_1, k:= 12}?;(]\] k.
The derivation of the Euler method is as follows: approximate the derivative with a forward difference quotient
(we sit at the time point ¢,,_1 and look forward in time):

Yn — Yn—1

y/(tn_l) ~ kn

Thus: ¥/ (tn—1) = f(tn—-1,Yn—1(tn—1)). Then the ODE can be approximated as:

Yn — Yn—1

~ t'”/_) n— t7l_
" Jtn—1,Yn—1(tn-1))

Thus we obtain the scheme:

Algorithm 12.15 (Euler method). For a given starting point yo := y(0) € R™, the Euler method generates a
sequence {Yn tnen through
yn:ynflﬁ‘knf(tnflaynfl); n:1,...N,

where Yy, = y(t,).

Remark 12.16 (Notation). The chosen notation is not optimal in the sense that y, denotes the discrete
solution obtained by the numerical scheme and y(t,) the corresponding (unknown) exact solution. However,
in the literature one often abbreviates y, := y(t,), which would both denote the exact solution. One could add
another index y (k for discretized solution with step size k) to explicitely distinguish the discrete and exact
solutions. In these notes, we hope that the reader will not confuse the notation and we still use y, for the
discrete solution and y(t,,) for the exact solution.
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12.3.7.2 Implicit schemes With the same notation as introduced in Section 12.3.7.1, we define two further
schemes. Beside the Euler method, low-order simple schemes are implicit Euler and the trapezoidal rule. The
main difference is that in general a nonlinear equation system needs to be solved in order to compute the
solution. On the other hand we have better numerical stability properties in particular for stiff problems (an
analysis will be undertaken in Section 12.3.7.3).

The derivation of the backward Euler method is derived as follows: approximate the derivative with a
backward difference quotient (we sit at ¢, and look back to t,,—1):

Yn ~ Yn-1

/ —

Consequently, we take the right hand side f at the current time step y'(¢t,) = f(tn,yn(t,)) and obtain as
approximation

Yn — Yn—-1 _

Consequently, we obtain a scheme in which the right hand side is unknown itself, which leads to a formulation
of a nonlinear system:

Algorithm 12.17 (Implicit (or backward) Euler). The implicit Euler scheme is defined as:
Yo = 9(0)7
yn_knf(tnayn):ynflu n:17-~'7N

In contrast to the Euler method, the ‘right hand side’ function f now depends on the unknown solution y,.
Thus the computational cost is (much) higher than for the (forward) Euler method. But on the contrary, the
method does not require a time step restriction as we shall see in Section 12.5.7.4.

To derive the trapezoidal rule, we take again the difference quotient on the left hand side but approximate
the right hand side through its mean value:

L O R T )

which yields:
Algorithm 12.18 (Trapezoidal rule (Crank-Nicolson)). The trapezoidal rule reads:

Yo := y(0),

1
Yn = Yn—1 + ikn (f(tnvyn) + f(tnfhynfl)v n= ]-» .- ~7N'

It can be shown that the trapezoidal rule is of second order, which means that halving the step size k, leads to
an error that is four times smaller.

12.3.7.3 Numerical analysis In the previous section, we have constructed algorithms that yield a sequence
of discrete solution {y, }nen. In the numerical analysis our goal is to derive a convergence result of the form

lyn —y(tn)l| < Ck®

where « is the order of the scheme. This result will tell us that the discrete solution y™ really approximates
the exact solution y and if we come closer to the exact solution at which rate we come closer. To derive error
estimates we work with the model problem:

yl = )‘y7 y(o) = Yo, Yo, AeR. (204)

For linear numerical schemes the convergence is composed by stability and consistency.
First of all we have from the previous section that y, is obtained for the forward Euler method as:

Yn = (L+kNyn—1, (205)
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Let us write the error at each time point t,, as:

en ' =Yn —y(ty,) for1<n < N.
It holds:

€En = Yn — y(tn)a

= Bryn—1 — y(tn),

= BE(en—l + y(tn—l)) - y(tn)a

- BEenfl + BEy(tnfl) - y(tn)v
k(BEy(tn—l) — y(tn))

= Bgeénp—_1 + A )
t,) — B T
pe ) = Beylta )
k
::T]n_l

Therefore, the error can be split into two parts:
Definition 12.19 (Error splitting of the model problem). The error at step n can be decomposed as
én:=Bge,_ 1— kn,_1 . (207)
—— ——
Stability Consistency

The first term, namely the stability, provides an idea how the previous error e,_1 is propagated from t,_1 to t,.
The second term n,—1 is the so-called truncation error (or local discretization error), which arises because the
exact solution does not satisfy the numerical scheme and represents the consistency of the numerical scheme.
Moreover, n,—1 yields the speed of convergence of the numerical scheme.

In fact, for the forward Euler scheme in (207), we observe for the truncation error:

Y(tn) — Bey(tn-—1) Y(tn) — (1 +kXN)y(tn—1)

N1 = 3 = 2 (208)
_ % () (209)
= =o)L, (210

Thus,

() = L= W) (211)

which is nothing else than the approximation of the first-order derivative with the help of a difference quotient
plus the truncation error. We investigate these terms further in Section 12.3.7.5 and concentrate first on the
stability estimates in the very next section.

12.3.7.4 Stability The goal of this section is to control the term Br = (1 + k). Specifically, we will justify
why |Bg| < 1 should hold. The stability is often related to non-physical oscillations of the numerical solution.
We recapitulate (absolute) stability and A-stability. From the model problem

y/(t) = Ay(t)) y(tO) = Yo, A€ (Ca
we know the solution y(t) = yg exp(At). For ¢ — oo the solution is characterized by the sign of Re A:
ReA <0 = |y(t)| = |yo| exp(Re ) — 0,

Red=0 = |y(t)| = [yo| exp(Re A) = [yol,
ReA>0 = |y(t)| = |yolexp(Re ) — oo.

For a good numerical scheme, the first case is particularly interesting whether such a scheme can produce a
bounded discrete solution when the continuous solution has this property.
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Definition 12.20 ((Absolute) stability). A (one-step) method is absolute stable for Ak # 0 if its application
to the model problem produces in the case Re A < 0 a sequence of bounded discrete solutions: sup,,~ |yn| < 00.
To find the stability region, we work with the stability function R(z) where z = Mk. The region of absolute

stability is defined as:
SR={z=XceC:|R(z)| <1}

Remark 12.21. Recall that R(z) := Bg.
The stability functions to explicit, implicit Euler and trapezoidal rule are given by:

Proposition 12.22. For the simplest time-stepping schemes forward Euler, backward Euler and the trapezoidal
rule, the stability functions R(z) read:

R(z) =1+z,
1
R(Z)_i7
1+ 1
R(z) = i fz
1-1
2

Proof. We take again the model problem 3 = A\y. Let us discretize this problem with the forward Euler
method:

T = M (212)

= Yn = Yn—1 + Ak)Yn—1 (213)

= (14 Me)yn—1 (214)

= (1+2)yn (215)

(216)

= R(2)Yn—1.

For the implicit Euler method we obtain:

. = AYn (217)
= Yn = (yn—l + /\k)yn (218)
oy = L (219)
In =1 ak Yn
1

——

=:R(z)
The procedure for the trapezoidal rule is again the analogous. O

Definition 12.23 (A-stability). A difference method is A-stable if its stability region is part of the absolute
stability region:

{z€C:Rez<0} C SR,

here Re denotes the real part of the complex number z. A brief introduction to complex numbers can be found
in any calculus lecture dealing with those or also in the book [96].

In other words:

Definition 12.24 (A-stability). Let {y, }n» the sequence of solutions of a difference method for solving the ODE
model problem. Then, this method is A-stable if for arbitrary A € C~ = {A : Re(\) < 0} the approzimate
solutions are bounded (or even contractive) for arbitrary, but fized, step size k. That is to say:

[Ynt1] < |yn] < o0 forn=1,2,3,...
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Remark 12.25. A-stability is attractive since in particular for stiff problems we can compute with arbitrary
step sizes k and do not need any step size restriction.

Proposition 12.26. The explicit FEuler scheme cannot be A-stable.

Proof. For the forward Euler scheme, it is R(z) = 1+ z. For |z| — oo is holds R(z) — oo which is a violation
of the definition of A-stability. O

Remark 12.27. More generally, explicit schemes can never be A-stable.
Example 12.28. We illustrate the previous statements.

1. In Proposition 12.22 we have seen that for the forward Fuler method it holds:
Yn = R(2)yn—1,

where R(z) = 1+ z. Thus, according to Definition 12.28 and 12.24, we obtain convergence when the
sequence {yn} is contracting:
|R(z)| <142z <1. (221)

Thus if the value of X (in z = k) is very big, we must choose a very small time step k in order to achieve
|1 — Ak| < 1. Otherwise the sequence {yn}rn will increase and thus diverge (recall that stability is defined
with respect to decreasing parts of functions! Thus, the continuous solution is bounded and consequently
the numerical approzimation should be bounded, too). In conclusions, the forward Fuler scheme is only
conditionally stable, i.e., it is stable provided that (221) is fulfilled.

2. For the implicit Euler scheme, we see that a large A and large k even both help to stabilize the iteration
scheme (but be careful, the implicit Euler scheme, stabilizes actually too much. Because it computes
contracting sequences also for case where the continuous solution would grow). Thus, no time step
restriction is required. Consequently, the implicit Fuler scheme is well suited for stiff problems with large
parameters/coefficients \.

Remark 12.29. The previous example shows that a careful design of the appropriate discretization scheme
requires some work: there is no a priori best scheme. Some schemes require time step size restrictions in
case of large coefficients (explicit Euler). On the other hand, the implicit Euler scheme does not need step
restrictions but may have in certain cases too much damping. Which scheme should be employed for which
problem depends finally on the problem itself and must be carefully thought for each problem again.

12.3.7.5 Consistency / local discretization error - convergence order We address now the second ‘error
source’ in (207). The consistency determines the precision of the scheme and will finally carry over the local rate
of consistency to the global rate of convergence. To determine the consistency we assume sufficient regularity
of the exact solution such that we can apply Taylor expansion. The idea is then that all Taylor terms of
combined to the discrete scheme. The lowest order remainder term determines finally the local consistency of
the scheme.

We briefly formally recall Taylor expansion. For a function f(z) we develop at a point a # z the Taylor
series:

> £()(q ,
77 =3 L2 -

Let us continue with the forward Euler scheme and let us now specify the truncation error 7,1 in (211):

y(ta) = yltn)

yl(tnfl) +77n71 = A

To this end, we need information about the solution at the old time step "1 in order to eliminate y(,).
Thus we use Taylor and develop y(t") at the time point "~ !:

1
y(E") =yt ) +y Dk + Sy (7R
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We obtain the difference quotient of forward Euler by the following manipulation:
") —y(t" ! 1
y(t") — y( ) _ y/(tnfl) + *y”(Tnil)k.
k 2
We observe that the first terms correspond to (210). Thus the remainder term is

1
§y//(7'n_1)/€

and therefore the truncation error 7,1 can be estimated as

1
< a0 — i
71 < e, 2IIy t)[[k = O(k)

Therefore, the convergence order is k (namely linear convergence speed).
12.3.7.6 Convergence With the help of the two previous subsections, we can easily show the following error
estimates:

Theorem 12.30 (Convergence of implicit/explicit Euler). We have

max [yn — y(tn)| < (T, y)k = O(k),

where k := max,, k,,.

Proof. The proof does hold for both schemes, except that when we plug-in the stability estimate one should
recall that the backward Euler scheme is unconditionally stable and the forward Euler scheme is only stable
when the step size k is sufficiently small. It holds for 1 < n < N:

n—1
[Yn = ()| = llenll = Kl D By nll
k=0

n—1
<k Z | B *ni||  (triangle inequality)
k=0

n—1
<k IBE "I sl
k=0

n—1
<k Z |B~*|| Ck  (consistency)
k=0

n—1
<kY 1Ck (stability)
k=0

=kN Ck

=T Ck, where we used k =T/N
=C(T,y)k

= O(k)

Theorem 12.31 (Convergence of trapezoidal rule). We have
ma [y (1) — y(1)| < (T, y)? = O(K)
€
The main message is that the Euler schemes both converge with order O(k) (which is very slow) and the

trapezoidal rule converges quadratically, i.e., O(k?).
Let us justify the convergence order for the forward Euler scheme in more detail now.
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Theorem 12.32. Let I := [0,T] the time interval and f : I x R* — R continuously differentiable and globally
Lipschitz-continuous with respect to y:

(8 y) = f(t2)]l2 < Llly — 2|2
forallt € I and y,z € RY. Let y be the solution to

y'=f(ty), y(0)=y.
Furthermore let y,,n = 1,...,n the approrimations obtained with the Euler scheme at the nodal points t, € I.
Then it holds

1+Lk)-1, , elT -1
A A— <
k< —7

ly(tn) = Ynll2 < |yl k = (T, y)k = O(k),

forn=0,... N.

Proof. The proof follows [59], but consists in working out the steps shown at the beginning of Section 12.3.7.3,
Section 12.3.7.4, and Section 12.3.7.5. O

12.3.8 Stiff problems

An essential difficulty in developing stable numerical schemes for temporal discretization using finite differences
is associated with stiffness, which we shall define in the following. Stiffness is very important in both ODE
and (time-dependent) PDE applications. The latter situation will be discussed in Section 12.3.9.

Definition 12.33. An IVP is called stiff (along a solution y(t)) if the eigenvalues \(t) of the Jacobian
f'(t,y(t)) yield the stiffness ratio:
maxpe(t)<o | ReA(t)]

t) ;= 1.
) = itimony <o |READ)]

In the above case for the model problem, the eigenvalue corresponds directly to the coefficient .

It is however not really true to classify any ODE with large coefficients |A| > 1 always as a stiff problem.
Here, the Lipschitz constant of the problem is already large and thus the discretization error asks for relatively
small time steps. Rather stiff problems are characterized as ODE solutions that contain various components
with (significant) different evolutions over time; that certainly appears in ODE systems in which we seek
y(t) € R™ rather than y(t) € R.

For PDEs, we know that the stiffness matrix of the Laplacian satisfies K ~ % and therefore it holds for the
condition number x ~ 75 (see Section 10.1). Thus, problems involving the Laplacian are always stiff.

12.3.9 Numerical analysis: stability analysis

We apply the concepts of the previous sections now to the heat equation. and simply replace y by u. The heat
equation is a good example of a stiff problem (for the definition we refer back to Section 12.3.8) and therefore,
implicit methods are preferred in order to avoid very, very small time steps in order to obtain stability. We
substantiate this claim in the current section.

The model problem is

Ou—Au=0 inQxI
u=0 on 0 xI,
u(0) =’ in Q x {0}.

Spatial discretization yields:

(Orun, ¢n) + (Vun, Vor) =0,

(up, $n) = (u’, én).

Backward Euler time discretization yields:

(ujp, én) + k(Vup, Von) = (up ™", én)
It holds
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Proposition 12.34. A basic stability estimate for the above problem is:
lup |l < llupll < [lu’] (222)

Proof. For the stability estimate we proceed as earlier and make a special choice for a test function: ¢y = uj.
We then obtain:
_ 1. ,._ 1
lhllZe + FIVup fn = (™ ug) < Sl e + 5 luilize

which yields:
1 n2 1 n—1(2 n|2
§||uh“L2_§Huh ||Lz+k|Vuh|H1§0, Vn:L,N

Of course it further holds:

L, . L, pe
slunllie = Sl IZe <0, Vn=1,....N,

1 1 _
& sl < 5 lup s

Taking the square root and applying the result back to n = 0 yields

1 1
Slhufllze < 5lullze

It remains to show the second estimate:
Jup || <[]

In the initial condition we choose the test function ¢ := uf and obtain:
0,0 0,0 Lo Lo
(uu8) = (u°,u9) < Sl + 5 ]

which shows the assertion. ]

12.3.9.1 Stability analysis for backward Euler A more detailed stability analysis that brings in the spatial
discretization properties is based on the matrix notation and is as follows. We recapitulate and start from (see
Section 12.3.6):

Muj} + kKujl = Mu) ™!

Then:
Mu}! + kKujl = Mu} ™"
=l + kM Kul = u) !
= (I +EkM ' K)uy =u) ™"

Compare to the ODE notation:
(1+z2)y" =y

Thus, the role of z = kX is taken by kM 'K thus A\ ~ M~ K. We know for the condition numbers
k(M) = O(1), k(K)=0(Mh"?%, h—0.
We proceed similar to ODEs, and obtain
up = (I + kM K) ™t

The goal is now to show that
(I+kM'K)"' <1.
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To this end, let p;,j =1,..., M = dim(V4) be the eigenvalues of the matrix M~'K ranging from the smallest
eigenvalue 1 ~ O(1) to the largest eigenvalue pps ~ O(h~2); for a proof, we refer the reader to [67][Section
7.7]. Then:

1 1
IT+kM'K)" Y = = .
I ) mjaxl-f—k’uj 14 kpar

To have a stable scheme, we must have:
1

— < 1.
14+ kpn

We clearly have then again from (222):
lupll < MM = llubll < flupll

Furthermore, we see that the largest eigenvalue py; will increase as O(h~2) when h tends to zero. Using the
backward Euler or Crank-Nicolson scheme, this will be not a problem and both schemes are unconditionally
stable.

12.3.9.2 Stability analysis for explicit Euler Here, the stability condition reads:
up = (I — kM K)u}™!
yielding
(= KM R = [max(1 = byag)| = 1= by
As before ppr = O(h™2). To establish a stability estimate of the form |[u}| < [[u} ™|, it is required that
11— kppl| < 1.

Resolving this estimate, we obtain

2
kuy <2 & k< — =0(h?),
12378

thus
k<Ch? C>0. (223)

Here, we only have conditional stability in time, namely the time step size k& depends on the spatial
discretization parameter h. Recall that in terms of accuarcy and discretization errors we want to work with
small h, then the time step size has to be extremely small in order to have a stable scheme. In practice this
is in most cases not attrative at all and for this reason the forward Euler scheme does not play a role despite
that the actual solution is cheaper than solving an implicit scheme.

Exercise 9. Derive stability estimates for the Crank-Nicolson scheme.

12.3.10 Numerical tests

The series of numerical tests in this section has three goals:
e to show some figures to get an impression about simulation results;
e to show computationally that the stability results are indeed satisfied or violated;
e to show computationally satisfaction of the (discrete) maximum principle.

We consider the heat equation

Oru—Au=0, inQxI
u=0 ondQxI,
u(z,0) = sin(x)sin(y) in Q x {0}.
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We compute 5 time steps, i.e., T = 5s, with time step size k = 1s. The computational domain is Q = (0, 7)2.
We use a One-Step-6 scheme with § = 0 (forward Euler) and § = 1 (backward Euler).

The graphical results are displayed in the Figures 45 - 48. Due to stability reasons and violation of the
condition k < ch?, the forward Euler scheme is unstable (Figures 47 - 48). By reducing the time step size to
k = 0.01s (the critical time step value could have been computed - the value k = 0.01s has been found by
trial and error simply), we obtain stable results for the forward Euler scheme. These findings are displayed
in Figure 49. However, to reach T' = 5s, we need to compute 500 time steps, which is finally more expensive,
despite being an explicit scheme, than the implicit Euler method.

I 1002
-0

2 s
m I
o:
l aom oom
e 03337 o2z
8 o000 0000

Figure 45: Heat equation with § = 1 (backward Euler) at T = 0,1,2,5. The solution is stable and satisfies
the parabolic maximum principle. The color scale is adapted at each time to the minimum and
maximum values of the solution.
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Figure 46: Heat equation with 8 = 1 (backward Euler) at 7= 0,1,2,5. The solution is stable and satisfies the
parabolic maximum principle. The color scale is fixed between 0 and 1.

Figure 47: Heat equation with § = 0 (forward Euler) at 7= 0,1,2,5. The solution is unstable, showing non-
physical oscillations, because the time step restriction (223) is violated. The color scale is adapted
at each time to the minimum and maximum values of the solution.
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Figure 48: Heat equation with § = 0 (forward Euler) at T = 0,1,2,5. The solution is unstable, showing
non-physical oscillations, because the time step restriction (223) is violated. The color scale is fixed
between 0 and 1.
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Figure 49: Heat equation with 8 =0 at "= 0,1, 2,5 and time step size k = 0.01s. Here the results are stable
since the time step size k has been chosen sufficiently small to satisfy the stability estimate (223).
Of course, to obtain results at the same times 7" as before, we now need to compute more solutions,
i.e., N = 500, rather than 5 as in the other tests. The color scale is adapted at each time to the
minimum and maximum values of the solution.

12.3.11 Student project in the FEM-C++ course in the summer 2018

We consider another numerical example with the heat equation inspired from control engineering. This test
and the corresponding C++ code were designed from scratch in the FEM-C++ class in the summer 2018 at LUH
by J. Goldenstein and J. Grashorn [49]. The programming code was written from scratch and the graphical
output was done with MATLAB using the MEX functionality. Specifically, the C++ code delivers csv files that
can be read by MATLAB.

We consider the following heat equation. Let Q C R? and find u = u(z,t) : @ x [ — R:

Oru — div(aVu) = fe(z,t), in Q x I,
u=20 on 90 x I,
u(z,0) =0 in Q x {0}.

Here a describes the heat conductivity and fs the heat energy. In the numerical tests, & = 10 is chosen.
Besides code development, one main goal of the simulations was to compare again different time stepping
schemes with respect to their stability:

e 0 =0: explicit Euler (simulation results displated in Figure 52;
e 0 =0.5+ k: shifted Crank-Nicolson (simulation results displated in Figure 53.

The initial heat sources were described as sketched in Figure 50 [left].
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In particular the right hand side fs(x,t) is itself determined by solving another ordinary differential equation

for the heat energy:
0,0 = Qg + w(eH,C - 6(t>)7

with the evolution shown in Figure 50 [right]. Here w = 0.6. We set:
[s(z,t) = O(t).

>t
("')C"""'L

O(t) in the domain Q. At right, the evolution of ©(t) is shown.

fs,C’ -

Figure 50: Left: heat sources fs(z,t) =
Figures provided by [49].

The parameters for the simulations are: the time step size k& = 0.1s, the end time value T},,, = 5, and
furthermore ©®g = 0 and ©g = 1 and ©¢ = —1. In the spatial discretization 20 nodes in each direction are
chosen. The resulting force data fs(z,t) are plotted in Figure 51 and the simulations results of solving the

final heat equation are displayed in Figure 52 and Figure 53.

)
(0
o)

&)
()
)

Figure 51: Evolution of fs(z,t). Figures provided by [49].
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Figure 52: Numerical simulations using the explicit Euler scheme. Solution plots at ¢ = 0,0.2,0.5,1,2,5 are
displayed. We observe blow-up since the CFL-condition k& < ch? for numerical stability in time is
violated. Figures provided by [49].
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Figure 53: Numerical simulations using the shifted Crank-Nicolson scheme.  Solution plots at ¢t =
0,0.2,0.5,1,2,5 are displayed. Here, we observe stable results. Figures provided by [49].
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12.4 Time discretization by operator splitting

Originally, time discretization schemes with operator splitting where introduced mainly for the Navier-Stokes
equations in order to decouple difficulties associated to the nonlinearity (the convection term) and the in-
compressiblity condition. However, also for other types of problems, the Fractional-Step-6 scheme, the most
prominent technique, appeared also to be very advantageous. The most striking feature is it little numerical
dissipation and being strongly A-stable such that we have the full smoothing property.

12.4.1 Derivation
Let V be a real Hilbert space and let A : V — V. We consider as model problem the initial value problem:

D+ Aw) = f,  u(0) = uo.
In the following we split A into two operators A; and Ay such that
A=A+ A

As before let &k the time step size.

12.4.2 Peaceman-Rachford time discretization

12.4.2.1 Basic scheme A very old and famous scheme is the Peaceman-Rachford scheme:

Formulation 12.35 (Peaceman-Rachford time discretization). Let u® = ug be the discrete initial value at
n=0. Forn >0, let u™ be the previous time step solution. We compute u™*' in a two-step procedure via the
intermediate value u"t1/2:
un+1/2 —un
2k
n+l _ un+1/2

2k

+A1(U”+1/2)+A2(un) — fn+1/27

u +A1(u71+1/2)+A2(un+1) :fn—O—l’

where " = u(t"H) and frHe = f(E).

12.4.2.2 Numerical analysis: stability and convergence We follow [25], but also refer to the references cited
therein.
Let us work in R™. Let f =0 and ug € R™ and A € R™*" is symmetric and positive definite. Furthermore

Al = OéA, A2 = ﬁA

witha+f=1land 0< a,(8 < 1.
From ODEs it is well-known that the matrix exponential function is a solution to the above model problem:

u(t) = exp(—tA)ug.
12.4.2.2.1 Stability The goal is now to show a stability estimate as
u" ! = R(2)u"
with |R(z)| < 1 similar to Section 12.3.7.4.

To derive R(z) for a splitted scheme, we combine the two equations into one single equation and then proceed
as in Section 12.3.7.4. Using the splitting & la Peaceman-Rachford and the definitions of A; and A3, we obtain:

Wt = (I+ﬁgA)—l(I_agA)(I+agA)—1(I—5§A)UN.
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Since A is symmetric positive definite, there exists a basis of eigenvectors. Consequently it holds

u?“ = (1 + ﬁg)\i)_l(l — ag)\l)(l + Oég/\i)_l(l — ,8%/\1)11",

where \; > 0 for ¢ = 1,..., N denoting the ith eigenvalue of the matrix A. We assume that the eigenvalues
are ordered as
A< A< <A

In order to analyze further, let us consider the rational function
(1—52)(1-52)
(14 22)(1 + Za)

Careful inspection yields that this stability function shares on the first view some similarities with the Crank-
Nicolson scheme. Indeed the Peaceman-Rachford scheme is inconditionally stable when

|R(z)] <1 forallz >0,

R(2) =

which is the case for the rational function under consideration. However, we have
li =1
Jim |R(2)|

and therefore the scheme is only A-stable but not strongly A-stable. For stiff problems with Ay /A; > 1 the
different components associated to small and large eigenvalues of A are not simultaneously damped. And the
scheme may possibly suffer from irregular initial data or numerical noice for long-term simulations.

12.4.2.2.2 Consistency and convergence To derive the order of the scheme, we develop the analytical
solution exp(—tA) via Taylor. Let us do this for z = tA:

1
ef=1-—2z+ 52'2 + 22b(2).
On the other hand, the rational function can be re-written as:
1
R(z)=1—2z+ §z2 + 2%¢(2).

For the higher-order terms it holds
lim b(z) = lim ¢(2) = 0.

z—0 z—0

Since the first three terms coincide up to 22, the scheme is second-order accurate for the model problem.
The convergence follows with similar arguments as shown in Section 12.3.7.6.

Remark 12.36. Fora == % the two linear systems in the splitting scheme have the same matriz I + %A.

12.4.2.3 Application to Navier-Stokes

Formulation 12.37 (Peaceman-Rachford time discretization applied to NSE). Let u® = uq be the discrete
initial value at n = 0. For n > 0, let v™ be the previous time step solution of the velocities. From v™, we
compute v T1/2_ pnt1/2 gntl g
+1/2 _
Step 1: ™ - v gAand/z +Vpn+1/2 _ fn+1/2 + %Av" — (" V)",
vV ont2 =,
Un+1 _ Un+1/2
2k

Step 2: - %AU"H + (v W)t = %AU"H/Q —Vpr 2,

Remark 12.38. In Step 1, we treat the incompressibility constraint and take the previous convection term
time discretization. In Step 2, we then consider the convection term for the current time step. Therefore:

Ai1(v) =V -0,
Az(v) = (v-V)v.
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12.4.3 The Fractional-Step-0 scheme

12.4.3.1 Basic scheme The idea is to split the current time interval [t",¢"*1] into three subintervals. First,
we take A; implicitly and As explicitly, in the second step, we switch the roles, and the third step is the same
as the first.

Formulation 12.39 (Fractional-Step-0). Let 6 € (0,1/2). Set u’ = ug and n > 0. We compute u™*! in a
three-step procedure via the intermediate values u™t? w10 as follows:

un+0 —un 0 0
o T Ay (ut) + Ap(u™) = fH,
e 0 1-6 1-6
e H AT A ) = e,
un+1 _ unJrlf@
T+A1(un+1)+A2(un+179) :fnJrl7

Remark 12.40. The Fractional-Step-0 scheme is 2nd order for a special choice of 6 and strongly A-stable
(in contrast to Crank-Nicolson or the Peaceman-Rachford scheme). Consequently, the scheme has the full
smoothing property, which is important for rough initial data, rough boundary values or accumulation of other
numerical errors (e.g., quadrature) for long-time computations. In addition, the FS-0 scheme contains little
numerical dissipation, which is very desirable when dealing with elastodynamics (wave equations) and flow
simulations with nonenforced temporal oscillations (e.g., flow benchmarks [97] or FSI benchmarks [64]).

12.4.3.2 Numerical analysis: stability and convergence Let us now analyse the FS-0 scheme. Again we
follow closely the original work [25]. We set 6/ =1 — 26. We have

u" = (I 4 abkA) (I — BOKA)I + BO'kA) (I — ad'kA)(I + abkA)~ (I — BOLA)u™.

12.4.3.2.1 Stability Proceeding as for the Peaceman-Rachford scheme, we use the eigenvalues for each
component i:

untl (1 — BOkN)?(1 — a@’k)\,;)un
’ (14 afkX;)2(1+ BO'kN;)
We consider for simplicity of the presentation again the rational function R(z) defined as

(1 — BOkz)?(1 — ab'kz)
(14 abkz)?(1+ B0'kz2)

R(z) =

We have in particular

lim [R(z)| = 2

Z—00 «

such that o > 8 in order to have unconditional stability for the largest eigenvalues of A.
12.4.3.2.2 Consistency We know for the model problem:
—z 1 2 2
ef=1—z+ 37 + 2°b(2).
Thus, we have to see until the FS-6 can match. First, we re-write R(z) such that
1
Riz)=1—2+ §z2 (1 + (8% — a®)(20% — 40 + 1)) + 2%¢(2).

The scheme is first-order accurate when

(B> —a®)#0 and (20* —40 +1) #0.
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The scheme is second-order accurate when
(B2—a*)=0 or (260> —40+1)=0.
To have second-order accuracy we need specifically:
a=p

Because of o + 8 =1 it then follows a = 8 = % Or we need

V2

0=1-——.
2
The question is whether both choices are admissible? Yes, they are, but for a = 8 = % we have from
lim |R(2)| = b =1
Z—00 o

Therefore, this choice is not strongly A-stable.
In order to check the second choice we need to express 6 in terms of o and 3. We begin with the idea that
the matrices should be the same for all three substeps of the FS-0 scheme. This means:

af = B(1 — 20).
It can be inferred that
o 1—20 5= 0
1-607 7 1-90
Knowing that o > § yields
0<f< 2
In fact 1 1
R — 3=
3 = a=p 5
Therefore, this choice is again only a variant of the Peacemen-Rachford scheme. For 6 strictly smaller than %,
we have 5 g
lim |R =—= 1.
Jim |R(z)| = — = —5 <

For this reason, the scheme is unconditionally stable for this choice of 6 and has good smoothing properties
for large eigenvalues of A. The most famous choice for 6 is

e 0=1-+2/2,
o a:2_\/§7
e B=12-1.

12.4.3.3 Application to Navier-Stokes

Formulation 12.41 (Fractional-Step-6 time discretization applied to NSE). Let u® = uq be the discrete initial
value at n = 0. For n > 0, let v™ be the previous time step solution of the velocities. From v™, we solve

n+6 _ . n
Step 1: % _ al/A,Un+1/2 + Vpn+9 _ fn+9 + BuAv™ — (,Un . V)’Un,
Vot =0,
Un+170 o ,Un+0
Step 2: W _ 61/A’Un+170 + (Un+179 . v),un+170 _ fn+170 + Oél/A’Un+6 _ vpn+07

,UnJrl _ vn+170

t :
Step 8 o

. OZZ/AUnJrl + Vanrl _ fn+1 + ﬂVAanrlfG . (UnJrlfO . v),un+17«97

Vot = 0.
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12.4.4 Modified Fractional-Step-0 schemes
We present two recently proposed modifications of the original FS-6 scheme. Here, the second step is replaced

by an extrapolation rather than solving another system.

12.4.4.1 Basic scheme The macro time step is k = t"T1 — ™. Let 01 — % and the initial value u° = uyg,
n > 0 and u™ is the previous time step solution. Then, we solve:

n+6 _ ,n
u_oo—uw — f(u”+9,t"+9), (224)
0k
1 o 0 29 _ 1 n+l _ n+1-0
W0 — n e - Y 9;; = fu™t, ¢, (225)

Remark 12.42. This scheme is fully implicit, strongly A-stable, 2nd-order accurate.

12.4.4.2 Application to Navier-Stokes (1)

Formulation 12.43.

n+6 _ ,n
Step 1: % + [_I/Avn+0 + UnJrG . an+9] + vanrO _ fn+97 (226)
Vo t? =0, (227)
Step 2:  o"H170 = #v"w %0%1@”7 (228)
n+1l _ vn+170
Step 3 ek + [7VA,U7L+1 4 ,UnJrl . v,U’rLJrl] 4 vp’ﬂﬁ»l — fnJrl, (229)
V"t =0, (230)
Step 4: p"tt=(1—0)p"t? + 0"t (231)
12.4.4.3 Application to Navier-Stokes (1)
Formulation 12.44.
vt — o 0 0 0 0 0
Step 1: B + [~v AT 4 "t T 4 Vpt? = e (232)
V- o"t? =0, (233)
n+1-—0 1—-6 n+0 20 —1 n
Step 2: v =5V — " (234)
n+1l _ vn+170
Step 3: % + [7VAUR+1 4 UnJrl . V,UnJrl] 4 vpn+1 — Janrl7 (235)
V"t =0, (236)

Remark 12.45. Here we simply take the last pressure solution and do not work with o tilde pressure.
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12.5 Methods for second-order-in-time hyperbolic problems

For second-order (in time) hyperbolic problems (prototype is the wave equation) the situation is a bit more
tricky since we have a second-order in time derivative.

12.5.1 Problem statement

The equation is given by; see also Section 4.3:

Discretizing the wave equation directly with a One-Step-6 scheme is not possible because of the second-order
time derivative. Here, a common procedure is to re-write the equation into a first-order mixed system. On the
other hand, we then introduce a second solution variable (the velocity), which also needs to be discretized in
space and results in a higher computational cost.

Another novel feature is energy conservation. So far we were concerned with

e Stability;
e Convergence.
Now we also need
e Energy conservation.

Since the wave equation is energy conserving on the continuous level the development of numerical methods
should consider property as well. As we will see, this further reduces the choices of ‘good’ time-stepping
schemes. On the other hand, the wave equation is many important applications and for this reason a zoo of
time-stepping schemes (the most prominent being the Newmark scheme) has been proposed.

12.5.2 Variational formulations

A formal derivation of a variational form reads:

(Opu, &) + (Vu, Vo) = (f,¢) V¢ € Hy.

From this variational formulation, we seek

du d?u
L*(I,H} — e L*(I,L%, — eL?*U,H .
u € ( ’ 0)7 dt € ( ) )7 dt2 € ( ’ )

Proposition 12.46. Let f € L2(I, L2) and the initial data ug € H& and vo € L? be given. Then the variational

problem has a unique solution

d
we L3I, HY), d%: € L*(I, L?).

Moreover, the mapping
du

{f,uO,’U()}%{U,'U}, U:E

from

LI, L% x H) x L?* — L*(I,HY) x L*(I,H ")
is linear and continuous.

Proof. See Wloka [117]. O
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We also state the promised first-order mixed system. We recall
PO~ - (Vu) = f
yielding
pov —V - (Vu) = f
Ou=wv
Then we formulate the variational system:
Formulation 12.47. Find (u,v) € L?(I, H}) x L?(I, L*) with ug € H} and vy € L? such that

(pdrv, &) + (Vu, Vo) = (f,¢) Vo € HE,
(Opu, ¥) = (v,9) Vo € L2

12.5.3 A space-time formulation

We use the previous formulations to derive space-time variational formulations for the wave equation. We
briefly introduce the concept in this section.
Let us consider the second-order hyperbolic PDE:

Formulation 12.48. Let Q C R"™ be open and let I := (0,T) with T > 0. Find u : @ x I — R and
Owu : Q X I — R such that

pOiu—V - (aVu) = f inQxI,
u=0 ondQp x I,
alou=0 ondQy x 1,
u=ug inQx {0},
v=1vy inQ x{0}.

We now prepare the functions spaces requires for the weak formulation. Let us denote L2 and H' as the
usual Hilbert spaces and H ! the dual space to H'. For the initial functions we assume:

e ug € HI ()™
e vy € L2(Q)".
For the right hand side source term we assume

o fe L*(I,H (), where L?(-,-) is a Bochner space; see Section 12.2. Specifically, we remind the reader
that the initial values are a priori not well defined since they are in L-spaces. However, we have Theorem
12.3 ensuring that the initial data are continuous in time and therefore well defined.

We introduce the following short-hand notation:

o H:=L*Q)"

V= HY Q)

V* is the dual space to V.

o H:=1LI,H);

o V:={veL*I,V)| owe H}.
Theorem 12.49. If the operator A := —V - (aVu) satisfies the coercivity estimate:
(Au,u) > Bllulf, weV, B>0,

then there exists a unique weak solution with the properties:
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e ucVnC(I,V);
e uuc HNCO(I, H);
o JZuc L3I, V™).
Proof. See Lions and Magenes, Lions or Wloka. O

Definition 12.50. The previous derivations allow us to define a compact space-time function space for the

wave equation: - B B
X:={veVlveC,V),0weC(, H)0ec L*(I,V*)}.

To design a Galerkin time discretization, we need to get rid of the second-order in time derivative and
therefore usually the wave equation is re-written in terms of a mixed first-order system:

Formulation 12.51. Let Q C R"™ be open and let I := (0,T) with T > 0. Find u : Q@ x I — R and
Ou=v:QxI—=R such that

pov —V - (aVu)=f inQxI,
pou—pv =0 inQxI,

u=0 ondQp x I,

adpu =0 on dQn x I,

u=ug inQ x {0},

v=uvg in Qx{0}.

To derive a space-time formulation, we first integrate formally in space:
AU(U)(wv) - (patvv 1/)1)) + (avuv va) - (f> wv)
Au(U)(¢") = (pOru, ") = (pv,9")

And then in time:

A,U)(W") = /I (0800, 4°) + (¥, Vo) — (f, 6%)) dt + ((0) — vo, &*(0))
A, (U) (") = / (0B 6) — (v, ™)) dt + (u(0) — o, " (0)).

The total problem reads:
Formulation 12.52. Find U = (u,v) € X, x X, with X, = X and X, :== {w € Hlw € C(I,H),0w €
L2(1,V*)} such that

AU)(T) =0 YU = " 9") € X, x X,

where

AUN(T) = A, (U)(¥") + A (U) (")
Such a formulation is the starting point for the discretization: either in space-time or using a sequential
time-stepping scheme and for instance FEM in space.
12.5.4 Energy conservation and consequences for good time-stepping schemes

Another feature of the wave equation is energy conservation. In the ideal case, f = 0, p = 1, and no dissipation,
build the variational form and obtain:

Using ¢ = 0yu as test function, we obtain:

(04, Oyu) + (Vu, Vowu) = 0,
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which yields:

| =

(Vu, Vu) =0,

[N
QU

1d
5&(8{114, atu) + t
which is

1d

2dt

1d

2 , 1@ 2 _
|9vul* + 5 21 Vul* = 0.
Remark 12.53. It holds:

1d

5%/ Oyu - Oyudt = % 0 (Oyu - Opu) dt = %/ 2020 - Qyudt = | O*u - dyudt = (02u, Dyu).
Q Q Q

Q

Thus the time variation is zero and therefore by integration in time yields

1 (td 1 [(td
= =l0wul®*+ = | —=|Vul*=0.
2/0 el +2/O Vel

Thus,
[0 + | Vu(t)||* = const = |lvo||? +||Vuol|®
—_—————r N—— —— ——
=Egin(t) =FEpot(t) =Ein(0) =Epot(0)
=FEi0t(t) =F+0t(0)

which is energy conservation

Eio1(t) = Eio(0)

at all times ¢ € I.

Consequently, the construction of good time-stepping schemes becomes more involved than for the parabolic
case. From the ODE analysis, we recall that for the backward Euler scheme and the Crank-Nicolson scheme
are both implicit and unconditionally stable. But the backward Euler scheme is very dissipative and may
introduce too much artificial diffusion alternating the energy conservation on the discrete time level. Here, the
Crank-Nicolson scheme is much better suited. We recall:

Definition 12.54 (Stability and properties of time stepping schemes ). A good time stepping scheme for
time-discretizing partial differential equations should satisfy:

o A-stability (local convergence): an example is the Crank-Nicolson scheme (trapezoidal rule);
o strict A-stability (global convergence): an example is the shifted Crank-Nicolson scheme;

e strong A-stability (smoothing property): examples are backward Euler (in particular even L-stable”) and
Fractional-step-0 schemes;

e small dissipation (energy conservation).

Let us now describe the properties of the previous schemes in more detail:

e The explicit Euler scheme is cheap in the computational cost since no equation system needs to be solved.
However, in order to be numerically stable (very, very) small time steps must be employed, which makes
this scheme infeasible for most PDE problems

e A classical scheme for problems with a stationary limit is the (implicit) backward Euler scheme (BE),
which is strongly A-stable (but only from first order), robust and dissipative. It is used in numerical
Examples, where a stationary limit must be achieved. However, due to its dissipativity this schemes
dampes high-frequent temporal parts of the solution too much and for this reason this scheme is not
recommended for nonstationary PDE problems.

7A time-stepping scheme is L-stable if it is A-stable and the stability function satisfies |R(z)| — 0 for z — co. In this respect
the Crank-Nicolson scheme is not L-stable since R(z) — 1 for z — —oo.
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e In contrast, the (implicit) Crank-Nicolson scheme is of second order, A-stable, and has very little dissi-
pation but suffers from case-to-case instabilities caused by rough initial and/or boundary data. These
properties are due to weak stability (it is not strongly A-stable). A variant of the Crank-Nicolson scheme
is called shifted Crank-Nicolson scheme, is analyzed in Rannacher et al. [61, 84], which allows for global
stability of the solution ®. In particular, Rannacher analyzed in [83] the shifted Crank-Nicolson scheme
for linear evolution equations and how they can be modified in order to make them suitable for long-term
computations (without reducing second order accuracy!!).

e The fourth scheme summarizes the advantages of the previous two and is known as the Fractional-Step-
0 scheme for computing unsteady-state simulations [48]. Roughly-speaking it consists of summarizing
three Crank-Nicolson steps and has therefore the same accuracy and compuational cost as the Crank-
Nicolson scheme. However, it is more robust, i.e., it is strongly A-stable (as backward Euler) but has 2nd
order accuracy as Crank-Nicolson, and is therefore well-suited for computing solutions with rough initial
data and long-term computations for problems. This property also holds for ALE-transformed fluid
equations, which is demonstrated in a numerical test below. We also refer the reader to a modification
of the Fractional-Step-6 scheme [108].

12.5.5 One-Step-0 times-stepping for the wave equation

To finish, we aim to apply a One-Step-0 scheme and therefore, we need to work with the first-order mixed-
system. Then, we apply the One-Step-0 scheme to Formulation 12.47 idea to discretize in time:

(0= 6) + 0V, V) + (1 = O)(Vu" ™, V6) = 0(4",0) + (1 = )/, 6)
(= ) = 00 ) + (- ) )

And finally, we discretize in space using a finite element scheme:

n_ ,n—1
(P2t 6) + B(V i, Vn) + (1= 6)(Vup ™", Vi) = 6(F", 6n) + (1 = 6)(f" ", 6)
n _ ,n—1
(e ) = 07 n) + (1= 0) (v~ 4n)

Re-arringing given data terms on the right hand side yields:
k™ (poiy, én) +0(Vupy, Von) = k™ (pop ™1 on)0(f", én) + (L= 0)(f* 1, én) — (1 = 6)(Vuy ', V)
k_l(u27 wh) - Q(UZ’ ¢h) = k_l(uz_la ¢h) + (1 - 9)(”2_17 wh)

To obtain the system matrix and the linear system, we proceed as in the parabolic case by considering that
we now seek two solutions uy and vj.
With the previous discretizations, we can now define

Algorithm 12.55. Given the initial guesses uy and v\ and given at each time the right hand side forces
fri=f(t") and k,, = t™ —t"~! we solve for eachn =1,2,3,... N:

k’;l(pv,?, ¢h) + e(vu27 v¢h) = kr:1<qu2717 ¢h)0(fn7 ¢h) + (1 - 9)(fn_17 ¢h) - (1 - 9)(VU’Z?1’ v¢h)
ke (uity o) — O(og, on) = ket (up =t gn) 4+ (1= 0) (v~ 4bn)
for (d)h,’(/Jh) e Vi, x Wy, with Vi, x Wy, C H& x L2.

Remark 12.56. An abstract generalization of the One-Step-8 scheme has been formulated in [110][Chapter

5.

8A famous alternative to the shifted Crank-Nicolson scheme is Rannacher’s time-marching technique in which the unshifted
Crank-Nicolson scheme is augmented with backward Euler steps for stabilization and in particular for irregular initial data
[83]. Adding backward Euler steps within Crank-Nicolson does also stabilize during long-term computations [61, 83].
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12.5.6 Stability analysis / energy conservation on the time-discrete level

Similar to parabolic problems, we perform a stability analysis, but this time with a focus on energy conservation
on the time-discretized level.
We set
O=to<ti <...<tn=T, k=t,—tn_1

The model problem is:
Formulation 12.57. Let V = H} and W = L?. Given u"~! € V and v"~1 € W we solve forn =1,...,N
using the Crank-Nicolson scheme: Find (u™,v™) € V. x W such that
(" — " 0) + KV + V' V) = L(f 4 6) Vo e,
(u™ —u™ ) — %k(v” +u" L) =0 Ve W.
Proposition 12.58. Setting f* =0 for alln=1,..., N in the previous formulation, we have

IV |12 + [l |2 = [V + [0 2
—— e ——— Se——
EL, E?, Ert En—1

pot kin

and therefore
—1
Etwbt = Ezqot .

Proof. We start from Formulation 12.57 and choose once again clever test functions:
¢:u7L_uTL—1 w:,un_vn—ll
Then:
1
(V" =" —u ) + ik(Vu" +Vu" L V(" —u"t)) =0,

1
(un _ unfl’vn _ ,Unfl) _ 5k(vn 4 ,Unfl,vn _ Unfl) =0.

We subtract the second equation from the first equation. Due to the bi-linear property the first terms cancel
each other:

1 1
gk(Vu” +Vur L V(" —u" ) + ik(v" +o" ™ — ") = 0.
Next, the cross terms cancel due to different signs and it remains:
1 n n 1 n ,n 1 n—1 n—1 1 n—1 ,n—1
—k(Vu",Vu") + k(™ 0") = —k(Vu"" ", Vu" ") + k(0" 0" ),
2 2 2 2
therefore we easily see
[V + o™ = Va7 + [lo" 7.

Voila! We are finished. O

We next show that indeed the implicit Euler scheme introduces artificial viscosity and loose energy over
time:

Formulation 12.59. Let V = H} and W = L?. Given u"~! € V and v"~1 € W we solve forn =1,...,N
using the implicit Euler scheme: Find (u™,v™) € V. x W such that

(W" — 0", ¢) + k(Vu", Vo) = (f",9) Vo eV,
(" —u"" ) — k(") =0 Vi€ W
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Proposition 12.60. Setting f* =0 for alln =1,..., N in the previous formulation, we have
[Va" |2+ 0" |2 < Va2 + 0" )2
—_—— —— Y ~——
Efot B, Ert Byt
and therefore
El, < Ept.
Therefore, energy is dissipated due to the ‘wrong’ numerical scheme.

Proof. The proof is basically the same as before. We start from Formulation 12.59 and choose the same test

functions as before:
(b:un_un—l, w:v”—v"_l.

Then:

(™ — "™ — ") 4 E(Vu", V(u" —u™)) =0,

(u™ —u™ " — ") — k(0" — ") = 0.
We subtract the second equation from the first equation. Due to the bi-linear property the first terms cancel
each other:
E(Vu"™, V(u™ —u™ 1)) + k(™0™ — ") = 0.
Next,
E(Vu™, Vu™) — k(Vu", Vu™ ) + k(o™ v™) — k(u", 0" 1) = 0.

Here, bring the cross terms on the right hand side and apply once again Youngs’ inequality:
1 1 1 1
B(Vu", V) + k(0" 0") < SIVu] + 59+ o + 5 [Ven .

Re-arranging terms yields the assertion. O

12.5.7 Summary of stability, convergence and energy conservation

We summarize our findings (see for more details in [5, 13, 53]). Our first conclusions is: In extension to elliptic
and parabolic problems, the numerical discretization of the wave equation asks for temporal schemes that
satisfy energy conservation.

Summarizing everything yields:

e Stability in the L?-norm: the One-Step-6 scheme is unconditionally stable, i.e., there is no time step
restriction on k if and only if 6 € [3,1].
e Convergence It holds (can be proven using tools from ODE numerical analysis):
— 60 €[0,0.5)U(0,5,1]: linear convergence O(k)
— 6 = 0.5: quadratic convergence O(k?).
e FEnergy conservation: the one-step-6 scheme preserves energy only for the choice § = % For 6 > % (e.g.,

the implicit Euler scheme for the choice § = 1) the scheme dissipates energy as shown in the previous
subsection. For 6 < % energy conservation depends, but in all cases schemes will be unstable.

Consequently, the Crank-Nicolson scheme is an optimal time-stepping scheme for hyperbolic equations.
When explicit schemes are taken, possible restrictions with respect to the time-step size are weaker for
hyperbolic problems than for parabolic differential equations [53]; namely

Definition 12.61 (Courant-Friedrichs-Levy - CFL). A necessary condition for explicit time stepping schemes
is the Courant-Friedrichs-Levy (CFL) condition, i.e., the time step size k is dependent on material parameters
and the spatial discretization parameter h:

e Parabolic problems: k < %chQ;

e Hyperbolic problems: k < a~'h, where a is of order of the elasticity constant in the wave operator.
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12.6 Numerical tests: scalar wave equation

We provide some impressions about the scalar-valued wave equation. The setting is simular to Section 8.16.1.
We take T = 10s and k = 1s using the Crank-Nicolson scheme. The initial solutions u® and v" are taken to
be zero. In the Figures 54 and 55 we show the evolution of the displacements and the velocity.
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Figure 54: Scalar wave equation: Evolution of displacements (left) and velocities (right).
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Figure 55: Scalar wave equation: Evolution of displacements (left) and velocities (right).
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12.7 Numerical tests: elastic wave equation

We extend the scalar wave equation to the elastic wave equation. Specifically, the linearized elastic wave
equation is augmented with the acceleration term:

Problem 12.62 (Discretized nonstationary linearized elasticity / Elastodynamics). Given the initial condi-
tions ug and vy and a vector-valued right hand side f = (fz, fy). Find (ty,05) € V}? x Wy, such that

(pOs0n, @n) + (ih,lim§¢h) = (f,¢n) Von eV,
(st ¥n) — (On,n) =0 Viby, € Wy,

where V,? cVi={ucH'Yu=0on Ticse}, here Ticpe is the left boundary of the specimen and and W), C L2
and R R R R
Xhtin = 2uEp 1in + MTER 1301,

and the identity matriz I and

Eh,lin = (@ﬁh + @ﬁ:,f)

[N

12.7.1 Constant force - stationary limit

First, we redo the 2D test from Section 11.4 in which the left boundary is fixed and p = 1 and (f5, fy) =
(0,—9.81). These findings are displayed in Figure 56. As time-stepping scheme, the Crank-Nicolson scheme,
i.e., 8 = 0.5 is used. The time step size is £ = 1s and the total time is T' = 10s. The initial solutions are
uo = 0 and vg = 0.

-0.0006393-0.0093197 0.000 0.0093197 0.0006393 -0.009613 -0.00]2]0 -0.004807 -0.0q2403 0.000
Max: 0.0006393 Max: 0.000
Min: -0.0006393 Min: -0.009613

0.40 | 0.40
0.30 0.30
0.20 0.20
| o-10
T T T T T T

1.0 2.0 3.0 4.0 1.0 2.0 3.0 4.0

Figure 56: 2D nonstationary linearized elasticity with a constant right hand side (f,, f,) = (0, —9.81). At left,
the u, solution is displayed. At right, the u, solution is displayed.

12.7.2 Time-dependent force - Crank-Nicolson scheme

In the second test, we prescribe the right hand is as

(f2, fy) = (0,sin(t))T,

with the uniform time step size k¥ = 0.02s and N = 314 (that is 314 time step solutions). The total time is
T =kx N = 6.28s. The results at N = 2,157,314 are displayed in Figure 57.
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Figure 57: 2D nonstationary linearized elasticity with (f7', f,") = (0,sin())”. The u, solution is displayed at
N = 2,157,314. The displacements are amplified by a factor of 1000 such that a visible deformation
of the elastic beam can be seen. Here, the Crank-Nicolson scheme was used.
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12.7.3 Time-dependent force - backward Euler scheme

In the third test, we use the backward Euler scheme. From the theory we know that this scheme is too dissipa-
tive and introduces artificial numerical damping. Indeed, observing Figure 58, we see that the displacements
at N = 157 and N = 314 are much smaller than in the corresponding Crank-Nicolson test case.
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0 O O O W
[CI N T -]

0.000 8.18§e-05 0.0001637 0.0092455 0.0003274

Max: 0.0003274
Min: 0.000

0O © © O W
[CT S T )

Figure 58: 2D nonstationary linearized elasticity with (f7, f;') = (0,sin(¢))”. The u, solution is displayed at
N = 2,157,314. The displacements are amplified by a factor of 1000 such that a visible deformation
of the elastic beam can be seen. Here, the backward Euler scheme was used.

12.8 Chapter summary and outlook

In this chapter, we have investigated time-dependent problems. In the next chapter we leave time-dependence
and go back to stationary problems, but include now nonlinear phenomena. These lead to fascinating research
topics for which theory and discretizations only have partially developed (since extremely challenging!), but
allow for various future research directions.
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13 Nonlinear problems

Most relevant problems are nonlinear and such settings are really fascinating and very important. For this
reason, a first class on numerical methods for partial differential, with the risk of being dense, should at least
strive how nonlinear problems can be approached.

13.1 Nonlinear PDEs

We introduce nonlinear problems in terms of the so-called p-Laplace problem, which has important applications,
but reduces to the Poisson problem for p = 2. This setting has no time dependence.

13.1.1 p-Laplace
Find v: Q — R:
—V - (|VulP2Vu)r/?2 = f (241)

Properties: nonlinear (quasilinear), stationary, scalar-valued.

13.1.2 Semilinear equation

Find u: Q — R:
~Au+u®=f (242)
Properties: nonlinear (semilinear), stationary, scalar-valued.
13.1.3 Incompressible Euler equations
Findv:Q—=R"and p: Q2 >R
O+ @w-Viv+Vp=f, V-o=0 (243)

Properties: nonlinear (quasilinear), nonstationary, vector-valued, PDE system.

13.1.4 Incompressible Navier-Stokes equations
Findv:Q—>R*and p: Q - R
1
(9t+(v-V)v—EAv+Vp:f, V-v=0 (244)

with Re being the Reynolds’ number. For Re — oo we obtain the Euler equations. Properties: nonlinear
(quasilinear), nonstationary, vector-valued, PDE system.

13.1.5 A coupled nonlinear problem (1)
Findu:Q —Rand p: Q2 —R

=V - (a(p)Vu) = f, (245)
a(p)|Vul® —Ap =g (246)

Properties: nonlinear, coupled problem via coeflicients, stationary. Equations become linear when solution
variables are fixed in the other equation.
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13.1.6 A coupled nonlinear problem (Il)
Findu: Q2 —=Rand ¢: Q=R

—Au = f(p), (247)
[Vul? — Ap = g(u) (248)

Properties: nonlinear, coupled problem via right hand sides, stationary. Equations become linear when solution
variables are fixed in the other equation.

13.1.7 A coupled nonlinear problem (l11)
Let ©; and Qs with 91N Q=0and Q1N Oy =T and Q3 U, = Q. Find u; : Q7 — R and us : Q3 — R:

—Au; = f1  in Oy, (249)
—Aug = fo in Qo, (250)
up =ug onlT, (251)
Opu1 = Opus  on I, (252)
(253)

Properties: linear, coupled problem via interface conditions, stationary.

13.2 A variational inequality I: Obstacle problem

The obstacle problem is the prototype of a variational inequality and is very classical and intensively investi-
gated in [68] and [69]. We consider an elastic membrane in R™ with n = 2 or simpler n = 1 resulting in the
clothesline problem. We want avoid that the wet clothes touch the flowers as illustrated in Figure 59.

Figure 59: Obstacle problem —u” = —1 in  and «(0) = u(1) = 0: deformation u of a line that is constraint
by the obstacle g.

Let Q C R (all developements in this section hold also for @ C R™) be open and u: Q@ — R and f: Q — R.
The (nonlinear) potential energy is defined as

B(w) = [ (W/TFTVuP = 1) = fu) do

where p > 0 is a material parameter. Taylor linearization yields:

Bu) = /Q (uIVul? - fu)dz
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The physical state without constraints is given by

in K/
wp B

with V = {v € H}(Q)|v = ug on 9Q}.
We introduce the constraint (for instance a table that blocks the further deformation of the membrane):

u>g, gelL?
Then:
min  E(u)
ueV,u>g
The admissible space is the convex set
K ={ve H"v=ugon dQ, v>gin Q}.
We recall the definition of a convex set:
wveK: fu+(1-0)vekK.

Formulation 13.1. If u € K is a minimum, it holds:

E(u) = gél}t{l E(v).

13.2.0.1 Variational formulation We now derive a variational formulation. Let Qv+ (1—0)u = u+0(v—u) €
K for 6 € [0,1]. Then it clearly holds:
E(u+0(v—u)) > E(u)

We derive now the first-order optimality condition (i.e., the PDE in weak form):
e Differentiate w.r.t. 6;
e Set 6 =0.

Remark 13.2. For the differentiation in Banach spaces or R™ we refer the reader to Section 7.4.

Then:

d d

& Bt 00— w)lomo > & ()
d

& SpEu+0v—u))lp—o =0

Nl ,uVu V(u+0(v—u))|o= 0dx—/fv—u)dx>0

:>/[LVU'V(U*U)dI*/f(U*U)dQ?ZO

Q Q
for all v € K.

In summary:

Formulation 13.3 (Obstacle problem: variational formulation). We have
(/’('vu7 V(U - U)) 2 (f,U - u)

for K ={v € H'|v=ug on 9Q, v > g in Q}.
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13.2.0.2 Strong formulation Using the fundamental lemma of calculus of variations, we derive as usually
the strong form:

=V (uVu) = f inQ,

w>g in

(V- (uVu) + f)(u—g) =0 inQ,
u=1ug on Jf

u=g onl

uVu-n=pupuVg-n onl.

The boundary I is a so-called free boundary. The third condition is the so-called complementarity condition
that links the PDE and the obstacle condition.
We define the subregions as

e A=\ N: active set or contact zone (we sit on the obstacle), defined by

A={ze€eQ: u=yg}

e N is the inactive set (we solve the PDE)
e ' =0ANON is the free boundary.

Remark 13.4. We notice that the two inner conditions of the free boundary are exactly of the same nature
as the interface conditions of coupled problems in different subdomains; see Section 14.1. Therefore, we have
a natural link between the obstacle problem and surface-coupled PDEs.

13.2.0.3 Lagrange multiplier formulation We can also explicitly introduce a Lagrange multiplier p € L?
with
0 if xreN
p =

V- (uVu)—f if z€A

With this definition is also becomes clear that the physical meaning of the Lagrange multiplier is a force. This
force acts against the PDE in order to fulfill the constraint.
Then we can re-formulate the strong form as:

Formulation 13.5. Findu:Q —-R andp: 21— R

=V (uVu)—p=f inQ,
u>g inf,
p>0 in €,
plu—g)=0 inQ,
u=mug on oS
u=g onl
uVu-n=uVg-n onl.

13.2.0.4 Brief introduction to one possibility to treat the obstacle constraint In practice we face the
question, how we can realize the obstacle constraint. One possibility (in its basic form not the best!) is
penalization, which is a well-known technique in nonlinear programming, e.g., [104, 105]. The idea is to
asymptotically fulfill the constraints by including an additional term that acts against the optimization goal
if the constraints are violated.

We introduce the penalty parameter p > 0 (and have p — oo in mind for later). We have from before: Find
u€ K:

(uVu, V(v —u)) > (f,v—u) Yve K.
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A penalized version reads: Find u, € H}:
(5900 V0) = p [ g = ulevdo = (£0) Vo B,
Q

Here, [z]+ = max(z,0).
Indeed we have

e u, > g yields 0 > g — u. Thus [g —u]; = 0.
o u, < gyields 0 < g —u. Thus [g —u]; > 0.

Remark 13.6. For large p (which are necessary to enforce as well as possible the constraint), the system
matriz becomes ill-conditioned and thus the linear system cannot be solved anymore. Here, one has to find a
trade-off between sufficiently small and large p. An extension is an augmented Lagrangian method or active
set methods.

13.3 Exercise: FEM for the penalized 1D obstacle problem

We derive explicitly the final linear equation system for the 1D situation presented in Section 13.2.0.4:

Formulation 13.7 (1D obstacle problem). Let Q = (0,1) and f = —1. The obstacle is given by g = —0.075
for allx € Q. Find u:Q — R such that

—u”" > f inqQ,

u>g infl,

[f +u"llg—u] =0 inQ,
u(0) = u(1) = 0.

13.3.1 Tasks

We derive in detail the linear equation system for the 1D obstacle problem and adopt the following steps:
1. Write down the 1D obstacle problem in weak formulation (variational inequality).

2. Penalize the inequality constraint using a penalization parameter p in order to obtain a variational
formulation.

3. Since the problem is nonlinear, employ a Newton or fixed-point method (see Chapter 13) to formulate
an iterative scheme for the numerical solution.

4. Discretize in space by choosing linear FEM with V}, = {¢1,..., ¢, } with dim(V}) < oo and representing
up, as usually done via a linear combination of the basis functions.

5. State the resulting linear equation system AU = b with U = {uq,...,u,} € R"
6. Try to justify that a large penalty parameter p yields an ill-conditioned system.

7. Make at least a guess (better a detailed justification) how p could be chosen in accordance with the
spatial discretization parameter h such that ill-conditioning is avoided and we obtain asympotically the
correct scheme.

8. Formulate a saddle-point formulation representing the constraint with the help of a Lagrange multiplier
.

9. Propose (in less detail than for the penalized version) an FEM scheme to solve the saddle-point system.
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13.4 A variational inequality II: Phase-field fracture

Fracture or damage models allow to simulate discontinuities in solids. A regularized phase-field model reads
[80, 115]:

Formulation 13.8. Find u: B — R™:
-V (((1—5)902—&—,%)0) =0 B
u=0 ondB.

The phase-field system consists of three parts: the partial differential equation, the inequality constraint, and
a compatibility condition (which is called Rice condition in the presence of fractures [92]): Find ¢ : B — [0, 1]
such that

G
(1—/@)0:e(u)(p—GcsAgp—?c(l—gp)§O in B,
3t<p S 0 in B,
G :
(lfn)a:e(u)gocheAga—?(l—ga)} -Op =0 in B,
Onp =0 ondB.
We explain all sympols in the following:
e V: Nabla operator.
o k> 0: regularization parameter that system remains solvable when ¢ — 0.

e ©: phase-field variable.

o: stress tensor, e.g., o = 2ue(u) + Mtr(e)l.

w: displacement field.

w, A > 0: Lamé parameters.

e(u) = 3(Vu+ Vu®): strain tensor

G.: critical energy release rate.

e: phase-field regularization parameter. Determines the thickness of the transition layer in which ¢
changes from 0 to 1 and vice versa.

Remark 13.9. As in the obstacle problem, we deal with a variational inequality that satisfies a compatiblity
condition.

13.5 Differentiation in Banach spaces

We have learned about differentiation in Banach spaces in Section 7.4. Examples are:
T(u) = u?

then

Or for semi-linear forms:
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13.6 Linearization techniques

We discuss linearization techniques in the following subsections. The idea is to provide algorithmic frameworks
that serve for the implementation. Concerning Newton’s method for general problems there is not that much
theory; see e.g., [34]. In general one can say that in many problems the theoretical assumptions are not met,
but nevertheless Newton’s method works well in practice.

Our list is as follows:

e Fixed-point iteration;
e Linearization via time-lagging;

e Newton’s method.

13.6.1 Fixed-point iteration

In ODE computations, applying a fixed-point theorem, namely the Banach fixed point theorem, is called a
Picard iteration. The basic idea is to introduce an iteration using an index k and to linearize the nonlinear
terms by taking these terms from the previous iteration k — 1.

This is best illustrated in terms of an example. Let

—Au+ut=f
The variational formulation reads:
(Vu, Vo) + (u*,0) = (f,¢) Vo€ V.
An iterative scheme is constructed as follows:

Algorithm 13.10 (Fixed-point iterative scheme). For k =1,2,3,... we seek u**! € V such that
(Vu*, Vo) + (u*u" 1, 0) = (f,0) Vo€V,
until a stopping criterion is fulfilled (choice one out of four):

o Error criterion:

|u* —u*1|| < TOL, (absolute)
[uf — u*=Y| < TOL|u¥||, (relative)

o Residual criterion:

1(Vu®, Vi) + ([u*]*, ¢s) — (f, d:)| < TOL, (absolute)
1(Vu®, V) + ([u?]*, d:) — (f, d:)|| < TOL||(f, ¢:)||, (relative)

foralli=1,...,dim(Vp).
Remark 13.11. For time-dependent PDFEs, a common linearization can be
(w®,¢) = (uu""", )

where u" =1 := u(t"~1) is the previous time step solution. In this case, no additional fized-point iteration needs
to be constructed.
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13.7 Linearization via time-lagging (example: NSE)

For time-dependent PDEs, a common linearization can be

(W?,¢) = (uu" ™", ¢)

where u"~1 := u(t""1) is the previous time step solution. In this case, no additional fixed-point iteration
needs to be constructed.

Let us know briefly explain this idea to Navier-Stokes to point an important property. Setting N(v) :=
v-Vu—V - (Vv+ Vol), we write

ow+Nw)+Vp=f, V-v=0

be given.

13.7.1 Stokes linearization

Using the Stokes linearization (for small Reynolds numbers), the nonlinearity can be treated fully explicitely:
v+ EVp=0v""t —EN@"OEOf + k(1 —-0) ", V.v=0.

This simplifies the problem as it is now linear and in each step, the symmetric and positive Stokes-operator
must be inverted.

13.7.2 Oseen linearization
For higher Reynold’s numbers, the so-called Oseen linearization can be consulted:
v+ kON(v) +kVp = 0"t — k(1 — )N Nkbf + k(1 —0)f""', V-v=0,
where R
N(v) =19 Vo,

where, for instance a constant extrapolation & = v™ ! or linear extrapolation & = 2v™~! — v™"2 can be
employed; see also the next section. Here, at each step, a (linear) nonsymmetric diffusion-transport operator
must be inverted.

13.7.3 Newton’s method in R - the Newton-Raphson method

Let f € Ct[a,b] with at least one point f(x) = 0, and z¢ € [a,b] be a so-called initial guess. The task is to
find x € R such that

f(z) =0,
In most cases it is impossible to calculate x explicitly. Rather we construct a sequence of iterates (x)ger and
hopefully reach at some point

|f(x1)| < TOL, where TOL is small, e.g., TOL = 10~ °.

What is true for all Newton derivations in the literature is that one has to start with a Taylor expansion. In
our lecture we do this as follows. Let us assume that we are at 3, and can evaluate f(zj). Now we want to
compute this next iterate xj,1 with the unknown value f(zy1). Taylor gives us:

f(@rgr) = flan) + f'(2p) (@ — o) + o(pgr — 1)

We assume that f(zr11) = 0 (or very close to zero f(zk4+1) =~ 0). Then, x4 is the sought root and neglecting
the higher-order terms we obtain:

0= f(ar) + f'(xr)(@hs1 — T)-
Thus:

Tht1 = Tk — ]]:’((xxi))’ k=0,1,2,.... (254)

This iteration is possible as long as f'(zy) # 0.
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Remark 13.12 (Relation to Section 10.3). We see that Newton’s method can be written as
Tpy1 =Tk +di, k=0,1,2,...,

where the search direction is

_ fl=R)
dy = — Lk
[ (@)
The iteration (254) terminates if a stopping criterion
W <TOL, or |xgy1 —ag| <TOL, (255)
k
or

|f(@g+1)| <TOL (256)

is fulfilled. All these TOL do not need to be the same, but sufficiently small and larger than machine precision.

W

Figure 60: Geometrical interpretation of Newton’s method.

Remark 13.13. Newton’s method belongs to fix-point iteration schemes with the iteraction function:

Flz) =2 — Jf/(é )). (257)

For a fized point & = F(&) it holds: f(&) =0. Compare again to Section 10.3.

The main results is given by:
Theorem 13.14 (Newton’s method). The function f € C?[a,b] has a root & in the interval [a,b] and

O 3 / P "
mi= mig [f(2)] >0, M:= max |f"(z).

Let p > 0 such that
M
qi=5-p< 1, Kyz)={zxeR:|z—2|<p}Cla,b.

Then, for any starting point xo € K,(Z), the sequence of iterations x1, € K,(&) converges to the root &.
Furthermore, we have the a priori estimate

2 X
|xk_‘%|gﬁmq2ka keNv

and a posteriori estimate

1 M
|z — 2] < E'ﬂxkﬂ < %Wk —zpl’, kel
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Often, Newton’s method is formulated in terms of a defect-correction scheme.

Definition 13.15 (Defect). Let & € R an approzimation of the solution f(x) = y. The defect (or similarly
the residual) is defined as

A7) =y — f(2).
Definition 13.16 (Newton’s method as defect-correction scheme).
f@e)or =di, di:=y— flw),
T4l =T+ 0z, k=0,1,2,....

The iteration is finished with the same stopping criterion as for the classical scheme. To compute the update
0z we need to invert f'(xy):

5z = (f'(xx)) ™ dy.

This step seems trivial but is the most critical one if we deal with problems in R™ with n > 1 or in function
spaces. Because here, the derivative becomes a matriz. Therefore, the problem results in solving a linear
equation system of the type Adx = b and computing the inverse matriz A~ is an expensive operation. o

Remark 13.17. This previous forms of Newton’s method are already very close to the schemes that are used
in research. One simply extends from R to higher dimensional cases such as nonlinear PDEs or optimization.
The ’only’ aspects that are however big research topics are the choice of

e good initial Newton guesses;
e globalization techniques.

Two very good books on these topics, including further materials as well, are [34, 81].

13.7.4 Newton’s method: overview. Going from R to Banach spaces
Overview:
e Newton-Raphson (1D), find = € R via iterating k = 0, 1,2, ... such that z ~ x via:
Find 6z € R:  f'(x)0x = —f(z1),
Update: Tht1 = Tk + 0.
e Newton in R”, find z € R" via iterating £k = 0,1, 2, ... such that x; =~ x via:
Find z € R":  F'(x)0x = —F (),
Update: Trr1 = T + 0z,
Here we need to solve a linear equation system to compute the update §z € R™.
e Banach spaces, find u € V, with dim (V') = oo, via iterating k = 0, 1,2, ... such that u; ~ u via:
Find du € V:  F'(ug)du = —F(uy),
Update: U1 = Uk + Ou.

Such a problem needs to be discretized and results again in solving a linear equation system in the defect
step.

e Banach spaces, applied to variational formulations, find v € V, with dim(V) = oo, via iterating k =
0,1,2,... such that u; ~ u via:

Find u € V:  a'(ug)(0u, ¢) = —a(ux)(¢),
Update: Uk1 = U + du.

As before, the infinite-dimensional problem is discretized resulting in solving a linear equation system in
the defect step.
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13.7.5 A basic algorithm for a residual-based Newton method
In this type of methods, the main criterion is a decrease of the residual in each step:

Algorithm 13.18 (Residual-based Newton’s method). Given an initial guess xq. Iterate for k = 0,1,2,...
such that

Find x € R™ : F'(xy)dz, = —F(xy),
Update: Tkl = T + Ag0xp,

with A\;, € (0,1] (see the next sections how A\, can be determined). A full Newton step corresponds to A\, = 1.
The criterion for convergence is the contraction of the residuals measured in terms of a discrete vector norm:

IE @) || < [1F ()]

In order to save some computational cost, close to the solution x*, intermediate simplified Newton steps can
be used. In the case of A\, =1 we observe

g = Pl
[Faol

If 0, < Opmaz, €.9., Omazr = 0.1, then the old Jacobian F'(xy) is kept and used again in the next step k + 1.
Otherwise, if O > Opqz, the Jacobian will be assembled. Finally the stopping criterion is one of the following
(relative preferred!):

|F(zr1)|| < TOLN  (absolute)
|F(zk11)|| S TOLN||F(z0)|| (relative)

If fulfilled, set o* := xp41 and the (approximate) root x* of the problem F(x) =0 is found.

13.8 Inexact Newton

For large scale nonlinear PDEs, the inner linear systems are usually not solved with a direct method (e.g.,
LU), but with iterative methods (CG, GMRES, multigrid). Using such iterative methods yields an inexact
Newton scheme. Here, we deal with two iterations:

e The outer nonlinear Newton iteration.
e The inner linear iteration.
Algorithm 13.19 (Inexact Newton method). Given an initial guess xo. Iterate for k =0,1,2,... such that
Formulate 6x € R™ :  F'(xy)0z, = —F(xy),
Solve with an iterative linear method F'(xy)dxk = —F(xy),
Check linear stopping criterium||dz} — (5902_1” <TOLp;n,

Update: xi41 = xf + )\kéa:ff,

Check nonlinear stopping criterium, e.g., ||Tx+1 — k|| < TOLNew

with A € (0,1].

13.9 Newton’'s method for variational formulations

In this section, we describe in detail an Newton method for solving nonlinear nonstationary PDE problems in
variational form. That is we have the following indices:

e | for spatial discretization.

e n for the current time step solution.
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e j Newton iteration.
e [ (optional): line search iterations.

Therefore, we deal with the following problem on the discrete level:

a(up)(¢) = U(¢) Vo € Vi,

which is solved with a Newton-like method. We can express this relation in terms of the defect:

d:=1(¢) —alup)(p) =0 V¢ e V.
Algorithm 13.20 (Basic Newton method as defect-correction problem). Given an initial Newton guess uZ’O €
Vi, find for j =0,1,2,... the update duy €V}, of the linear defect-correction problem
258
259
260
261

a (up?)(Suly, ¢) = —a(u?)(6) + U(9),
uZ”j'H = uzj + Aup,
Check || — a(uj?)(¢) +1(4)|| < TOLy,

(
(
(
or check || — a(uy?)(¢) +1(8)| < TOLy| — a(up®)(¢) + ()], (

)
)
)
)

with a line search damping parameter A € (0,1] and a Newton tolerance TOLy, e.g., TOLy = 10710, For
A =1, we deal with a full Newton step. Adapting A and choosing 0 < A\ < 1 helps to achieve convergence of
Newton’s method for certain nonlinear problems when a full Newton step does not work.

Remark 13.21 (Initial Newton guess for time-dependent problems). In time-dependent problems the ‘best’
initial Newton guess is the previous time step solution; namely

n0 . n-—1
Uh = uh

Remark 13.22 (Initial Newton guess in general). When possible the solution should be obtained in nested
iterations. We start on a coarse mesh with mesh size ho and here uj, = 0 when nothing better is available.
Then, we compute the solution up,. After Newton converged, we project up, on the next mesh and use

u%l ‘= up, as initial Newton guess and repeat the entire procedure.

Remark 13.23 (Dirichlet boundary conditions). In Newton’s method, non-homogeneous Dirichlet boundary
conditions are only prescribed on the initial guess uZ’O and in all further updates non-homogeneous Dirichlet
conditions are replaced by homoegeneous Dirichlet conditions. The reasons is that we only need to prescribe
these conditions once per Newton iteration and not several times, which would lead to wrong solution.

In the following we present a slightly more sophisticated algorithm with two additional features:
e backtracking line search to choose A;
e simplified Newton steps in order to avoid too many assemblings of the Jacobian matrix a’ (uﬁj )(ou}, ).

The second point is a trade-off: the less assemblings we do, the more Newton’s performance deteriorates and
quadratic convergence gets lost resulting in a fixed-point-like scheme in which many more nonlinear iterations
j are required to achieve the tolerance. On the other hand, when we do not construct the Jacobian, we save
the assembling and can keep working with the previous matrix. For details, we refer for instance to [34].

Algorithm 13.24 (Backtracking line search). A simple strategy is to modify the update step in (258) as
follows: For given A € (0,1) determine the minimal I* € N via 1 =0,1,..., Ny, such that

e
[R (g™ oo < [[R(up7)lloos
uZlJH = up? 4+ Moy

For the minimal |, we set

ng+l ., nj+l
Uy, =AU

284



13. NONLINEAR PROBLEMS

In this context, the nonlinear residual R(-) is defined as
R(up) () = alup?)(¢s) = Udi) Vi € Vi,

and _ _
Ruy)||oo :=  max R(uy?) (s
IR e = mae (RO (60}
The final full Newton algorithm based on a contraction of the residuals reads:

Algorithm 13.25 (Residual-based Newton’s method with backtracking line search and simplified Newton

steps). Given an initial Newton guess uﬁ’o € V},. For the iteration steps j =0,1,2,3,...:

1. Find dup € Vi, such that
a/ (uy?) (6ufy, ¢) = —a(up?) (@) +1(9) Vo € Vi, (262)
up Tt = w4 ol (263)
be Aj =1.
2. The criterion for convergence is the contraction of the residuals:

1R (a7 oo < 1R ) sc. (264)

3. If (264) is violated, re-compute in (262) uZ’{H by choosing )\é- = 0.5, and compute forl =1,..,ly (e.g.
Iy =5) a new solution 4 4
up It = 4 Assuy,

until (264) is fulfilled for a I* <1y or lp is reached. In the latter case, no convergence is obtained and
the program aborts.

4. In case of I* < lpr we check next the stopping criterion:

|R(u} ™) < TOLy,  (absolute)
IR |oe < TOLN IR s (relative)

n,j+1

If this is criterion is fulfilled, set uy :=u,”" . Else, we increment k — k41 and goto Step 1.

Remark 13.26 (On using simplified-Newton steps). Usually, when the Newton reduction rate

_IRGY)

0y —
(182w, )

was sufficiently good, e.g., O < Opmar < 1 (where e.g. Opmar = 0.1), a common strategy is to work with the ‘old’
Jacobian matriz, but with a new right hand side.

13.9.1 Pseudo C++ code of a Newton implementation with line search

An example of a pseudo C++ code demonstrating this algorithm is [112]. This piece of code has been the
work horse of the author’s own research since the year 2011. In [60], see https://github.com/tjhei/cracks
this code was the basis for a parallel version.

newton_iteration ()

{
const double lower_bound_newton_residual = 1.0e-10;
const unsigned int max_no_newton_steps = 20;

// Decision whether the system matrix should be build at each Newton step
const double nonlinear_theta = 0.1;

// Line search parameters
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unsigned int line_search_step;

const unsigned int max_no_line_search_steps = 10;
const double line_search_damping = 0.6;

double new_newton_residual;

// Application of nonhomogeneous Dirichlet boundary conditions to the variational equations:
set_nonhomo_Dirichlet_bc ();

// Evaluate the right hand side residual
assemble_system_rhs();

double newton_residual = system_rhs.linfty_norm();
double old_newton_residual = newton_residual;
unsigned int newton_step = 1;

if (newton_residual < lower_bound_newton_residual)
std::cout << ’\t’ << std::scientific << newton_residuum << std::endl;

while (newton_residual > lower_bound_newton_residual &&
newton_step < max_no_newton_steps)

{

old_newton_residual = newton_residual;

assemble_system_rhs();
newton_residual = system_rhs.linfty_norm();

if (newton_residuum < lower_bound_newton_residuum)

{
std::cout << ’\t’
<< std::scientific
<< newton_residual << std::endl;
break;
¥

// Simplified Newton steps
if (newton_residual/old_newton_residual > nonlinear_theta)
assemble_system_matrix ();

// Solve linear equation system Ax = b
solve )}

line_search_step = 0;
for ( ; line_search_step < max_no_line_search_steps; ++line_search_step)
{

solution += newton_update;

assemble_system_rhs ();
new_newton_residual = system_rhs.linfty_norm();

if (new_newton_residual < newton_residual)
break;

else
solution -= newton_update;

newton_update *= line_search_damping;

}

// Output to the terminal for the user
std::cout << std::setprecision(5) <<newton_step << ’\t’ << std::scientific << newton_residual << ’\t’
<< std::scientific << newton_residual/old_newton_residual <<’\t’ ;
if (newton_residual/old_newton_residual > nonlinear_theta)
std::cout << "r" << ’\t’ ;
else
std::cout << " " << \t’ ;
std::cout << line_search_step << ’\t’ << std::endl;

// Goto next newton iteration, increment j->j+1
newton_step++;
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}

13.10 Temporal discretization of non-linear time-dependent problems

In the domain  and the time interval I = (0,T"), we consider the abstract problem
AU)(Y) = F(T)

where

AU)(P) = /O TA(U)(\I!) dt, F(T)= /0 TF(\I/) dt.

The abstract problem can either be treated by a full time-space Galerkin formulation, which was investigated
previously for fluid problems in Besier et al. [14, 15, 98]. Alternatively, the Rothe method or the method of
lines can be used in cases where temporal and spatial discretization are treated separtetely.

For reasons explained in Chapter 12, we follow the Rothe method. After semi-discretization in time, we
obtain a sequence of generalized steady-state fluid-structure interaction problems that are completed by ap-
propriate boundary values at every time step. Let us now go into detail and let

I={0}ULU...UIy

be a partition of the time interval I = [0,7T] into half open subintervals I, := (t,_1,t,] of (time step) size
kn = t, —t,_1 with
O=tyg<- - <ty=T.

Example 13.27 (Variational space-time of Navier-Stokes). For Navier-Stokes, we have

A(U) (D) ::/A(U)(\Il) dt
I
with
AU)(T) := (0w, ") + (v - Vu, ") + (0, V) + (V - v, 9P)
Moreover,
Pw) = [ (fum)ar
The full variational form reads:

Formulation 13.28 (Space-time formulation NSE). Find U := (v,p) € X such that

AU)(¥) + (0(0) = 0°,97(0)) = F(¥) V¥ := (", 9") € X
with
X :={U = (v,p)lv € L*(I, Hy()"), 0w € L*(I,L*(Q)",p € L*(I, L*(Q)/R)
Since X can be continuously embedded into C(I, L*(Q)™) x L?(I,L?(2)/R) the expression of the initial data

v(0) makes sense for functions U € X.

Remark 13.29. The pressure is only defined up to a constant when only Dirichlet data are considered.
Working for instance with the do-nothing condition implicitly normalizes the pressure on the outflow boundary
and no pressure filter is necessary.
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13.10.1 Classifying the semi-linear forms of PDE systems

When we work with PDE systems or coupled problems, several PDEs arise. Here, it is useful to classify a
priori the semi-linear forms into different categories.

Definition 13.30 (Arranging the semi-linear form into groups). We formally define the following semi-linear
forms and group them into four categories:

Stationary terms: A, = As (265)
Time-dependent terms: A, = Ar, A, A; (266)

where Ag are stationary terms, Ar terms with time derivatives, Ag terms that are treated explicitly in a
time-stepping scheme, Ay terms that are treated implicitly in a time-stepping scheme (e.g., pressure in Navier-
Stokes).

We explain the term Ap in a bit more detail in the following. Since Ap contains the continuous time
derivative, i.e.,

Ar(U)(¥) = (0(...), V)

we first need to discretize via a backward difference quotient:
Ap(U)(0) =~ Ap(U™F) = ((. ) \11) :

13.10.2 Nonlinear time derivatives

When the time derivative is fully nonlinear we first apply the product rule and then apply the difference
quotient with #-weighting of the nonlinear coefficient.
We explain this procedure with the help of an

Example 13.31. Let u and v be solution variables of a nonlinear system. Define J = J(u) and let us
consider:

at(J’U) = J@tv + v@tJ
Applying the difference quotient and theta-approximation for the term in front of the time dervative yields

() ()

JO=0J"+ (1 -0)J" L, ¥ =" + (1 - )" !

with

Ar (T () = <J9<U_Zn_l)7w> n (Ue(bnﬂ_l)w) (267)

Remark 13.32 (Convenience of the splitting). The splitting has no advantage except a clean notation. In
more detail, it allows for a very compact notation when applying One-Step-0 and Fractional-Step-6 schemes [25]
to nonlinear coupled PDE systems and multiphysics problems in which some terms are stationary and others
are nonstationary; when some terms are treated explicitly and other terms fully implicitly. For instance, for
temporal discretization of the Navier-Stokes equations, the pressure should be treated fully implicitly, thus no
terms as (1 — 9)13?_1 should appear. Separating all terms in the above way yields immediately the correct
temporal scheme as used for instance in [111]. Using this notational idea was one key part that facilitated a
lot the implementation for the further extension to FSI plus PFF. Of course, it makes no difference in the
code itself (expect its readability) if such a splitting is used or not. However, the readability and sustainability
of programming code is extremely important. The goal should be to have a code that can be immediately used
again by yourself and extended after some time (let’s say three years of non-usage). Or, a code that is usable
immediately by others, also here the authors has made very positive experiences with the code in [112]. For
general comments on code development and its treatment we also refer the reader to [75].

288



13. NONLINEAR PROBLEMS

13.10.3 One-Step-¢ and Fractional-Step-0 schemes

Definition 13.33. Let the previous time step solution U1 and the time step k ==k, =t, —t,_1 be given.
Find U™ such that

Ap(U™F)(B) + 0Ag(U™) () (268)
+Ap(U™)(0) + A (U™)(¥) = — (1= 0)Ag(U™")(D) (269)
+OF™(0) + (1 — ) F" (), (270)

where 13”(\11) = (psf7, ﬁfj)ﬁ with f7 := fy(t,). The concrete scheme depends on the choice of the parameter
0 as defined in Definition 12.7.
Definition 13.34. Let us choose § = 1 — g,ﬁ’ =1-20, and a = 11%299, =1— «. The time step is split

nto thre; consecutive sub-time steps. Let U1 and the time step k =k, =t, —tn,_1 be given.
Find U™ such that

Ap(U"H0RY(B) 4+ af A (U 1H0)(1) (271)
+OAp (U (0) + A (U0 (0) = —BOAR (U™ 1) (0) + 0F" 1 (), (272)
(273)

Ap(Un=08) (W) 4 B0’ Ap(U™9) (D) (274)
+0' Ap (U™ () + Ap(U™ ) (D) = —ab A (U~ 1H0)(0) + 0'F"0 (), (275)

(276)

Ar(U™F) () + ab A (U™) () (277)
+0Ap(U™)(0) + Ap(U™)() = —BOAL (U™ 1) (0) + 0F" (). (278)

13.11 Resulting time discretized problems
With the help of the previous considerations, we formulate a statement for the time-discretized equations:

Formulation 13.35. Let the semi-linear form A()() be formulated in terms of the previous arrangement,
such that e
AU)(W) := Ap(U)(¥) + A (U)(Y) + Ap(U)(¥) + Ap(U)(¥).

After time discretization, let the time derivatives are approximated with
Ar(U)(¥) = Ap(U™")(),

such that the time-discretized semi-linear form reads

AO™)() == Ap(0™) () + AU (F) + Ap(0)(F) + Ap(07)(D).
Then, we aim to find Un e )/(\'% foralln=1,2,..., N such that
AU™)(0) = F(¥) v e X,
where this equation is treated with one specific time-stepping scheme as introduced previously.

13.12 An academic example of finite-difference-in-time,
Galerkin-FEM-in-space-discretization and linearization in a Newton setting

We collect ingredients from most other sections to discuss a final PDE, which is time-dependent and nonlinear.
This specific PDE itself has no use neither in theory nor in practice and is purely academic, but is inspired by
the conservation of momentum of a nonstationary, nonlinear, fluid-structure interaction problem [111].

We are given the following example:
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Problem 13.36. Let Q = (0,1) and I = (0,T) with the end time value T > 0. Let the following PDE be
giwen: Findv: RxI —-R andu: Rx I — R, for allmost all times, such that

RPu—JV-o(w)F T =f inQ, plusbe. and initial cond.,
and where J := J(u), F := F(u) and o(v) = (Vv + VoT).

13.12.0.1 Time discretization We aim to apply a One-Step-6 scheme applied to the mixed problem:

o —JV -o(w)F T =f,
Ou—v=0.

One-Step-§ discretization with time step size k, and 6 € [0, 1], leads to

_ .n—1
e IV o (F T = (=) Y o Y (F ) = 07 4 (1= 0)
_ ,,n—1
N () T

13.12.0.2 Spatial pre-discretization: weak form on the continuous level We multiply by the time step k,
apply with test functions from suitable spaces V and W and obtain the weak formulations

(v =" ) +kO(Jo(0)F~T, Vo) + k(1 = 0)(J" o (" ) (F )" )
=k0(f,¢) +k(L=0)(f"""p) VpeV,
(u— a1 40) + KO0, ) + k(1= 0)(v" ) =0 Vi € W.
Sorting terms on left and right hand sides:
(v,0) + k0(Jo(v)F~", V)
=" p) k(L= ) (I (") (FE ) )
+EO(f, ) + (L= 0)(f" L p) VpeV,
(u, ) + kO(v, ) = (u" ™1 9) — k(1 = 0) ("1 y) Ve W.
13.12.0.3 A single semi-linear form - first step towards Newton solver Now, we build a single semi-linear

form A(-)(-) and right hand side F(-). Let? U := {v,u} € Vx W and ¥ := {@, 9} e VxW: Find U € V x W
such that:

AU) () = (v, 9) + kO(Jo(v)F~T, V) + (u,1) + kO(v, 1)
F(U) = (0" 9) = k(1= 0)(J" o )E )" 0) + kO(f, 0)
FEA =) (" o)) — k(1 —0)(0" )
foral W e V x W.

13.12.0.4 Evaluation of directional derivatives - second step for Newton solver Let 6U := {dv,0u} €
V x W. Then the directional derivative of A(U)(¥) is given by:

A (U) U, 0) = (5v, ) + ke(J’(zsu)a(u)F*T + Jo' (50)F~T + Jo(v)(F~T) (5u), w)
+ (du,v) + kO(6v, ),

where we applied the chain rule for the term Jo(v)F~7. Here, in the ‘non-prime’ terms in the nonlinear part;
namely J, F~7 and o(v), the previous Newton solution is inserted. We have now all ingredients to perform
the Newton step (258).

90f course, the solution spaces for ansatz- and test functions might differ.
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13.12.0.5 Spatial discretization in finite-dimensional spaces In the final step, we assume conforming finite-
dimensional subspaces V;, C V and Wj, C W with V}, := {¢1,...,on} and Wy, := {¢1,..., ¥ }. Then, the
update solution variables in each Newton step are given by:

N M
vy, 1= Zngoj, and duy = Zujwj.
j=1 j=1
For the linearized semi-linear form A’(U)(6U, ¥), we have:
A/(Uh)(éUha \I/h)

and with this (M;; representing the entries of the Jacobian):
N
M = (M); := A'(U)(T5, %) =Y v;(05, 01)
j=1

M N M
102w T () o ) F T + (3 030" (@) F T+ Jo()(3 ws(F ) (1)), Vi)
j=1 j=1

j=1
M N
+ 3w (g, v0) + k0D (05, 1)
j=1 j=1
for all test functions running throughi=1,..., NN +1,..., M.

13.12.0.6 Newton’s method and the resulting linear system We recall:

AU (00}, ¢) = =AU (@) + F(9),

Ut = U 4 \SUT.
The linear equation system reads in matrix form:
MU =B (279)
where M has been defined before, B is the discretization of the residual:
B ~ Aup?) (@) + F(¢)
and the solution vector dU is given by
oU = (6v1,...,0uN,dus,. .., 5uM)T.

Since we dealt originally with two PDEs (now somewhat hidden in the semilinear form), it is often desirable

to write (279) in block form:
Mm) Mvu 6’0 _ BU
Muv Muu 5“’ B BU

where B, and B, are the residual parts corresponding to the first and second PDEs, respectively. Since in
general such matrix systems are solved with iterative solvers, the block form allows a better view on the
structure and construction of preconditioners. For instance, starting again from (279), a preconditioner is a
matrix P~! such that

P MU =P 'B

so that the condition number of P~'M is moderate. Obviously, the ideal preconditioner would be the inverse
of A: P~! = A=, In practice one tries to build P! in such a way that

I x*
Pl =
(o 7)
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and where P! is a lower triangular block matrix:

(PP 0
Po=\p p
3 4

The procedure is as follows (see lectures for linear algebra in which the inverse is explicitely constructed):
Mvv Mvu 10
M =
(Mw ) (o)
m)lMUU Mvvl 0
0 I
1M )
b M, 0
0 Muu _MuvM 1Mvu < b >

—~M, M T
=S

1Mvu M} 0
—S My ,M;} S~!

=p-1

where S = My, — My, M, M,, is the so-called Schur complement. The matrix P~! is used as (exact)
preconditioner for M. Indeed we double-check:

M} 0 \( My My, \ (I Mj'M,,
— S IM MY ST )\ My My, ) \0 T

Tacitely we assumed in the entire procedure that S and M, are invertible.
Using P~! in a Krylov method, we only have to perform matrix-vector multiplications such as

Xnew\ (P70 X
Yoew ) \ Pyt Pyt J\Y

Xnew = P7TX (280)
Yyew = Py ' X + PY (281)

Now we obtain:

Remark 13.37. Be careful, we deal with two iterative procedures in this example: Newton’s method to compute
iteratively the nonlinear solution. Inside Newton’s method, we solve the linear equations systems with a Krylov
space method, which is also an iterative method.
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13.13 Navier-Stokes - FEM discretization

In a similar way to Section 11.5, we briefly present the NSE FEM discretization. As we previously discusssed,
rather than solving directly for v, and pj, we solve now for the (Newton) updates dvp and dpy, - later more.
The problem reads:

Find U, € X}, such that: A(Uh)(\llh) = F(\I/h) Vo € Xy,

where
AUW) = (- Vo) + -

Here, we added the dimensionless Reynolds number Re in order to be aware how the equations change their
type if Re is either small or large.

(vaw va) - (ph7 V- ¢Z) + (v ° Uh7¢}pL)7

Remark 13.38 (Notations for bilinear and semilinear forms). If the PDE is linear, we use the notation for a
bilinear form: A(Up, ¥y,). If the PDE is nonlinear, this is indicated in the notation by using A(Up)(¥p).

In the following, we apply Newton’s method. Given an initial guess Uy := {v9,p%}, we must solve the
problem:

Find 6Uj, := {6vs,dpp} € Xp, such that: A'(UL)(6Uy, ¥y) = —AUL) (W) + F(¥y), UL =UL +6U,,.

Here,
1

AU OUR, ) = (dvp - VU, + vl - Vv, 7)) + e

F(n) = (f1,0h),
A(UR)(2n) = (v, - Vo, ¥7) + é(wg Vi) = (P, V - 0h) + (V- vj, 07).

(V5Uh7 vw;{) - (6pha V- ¢Z) + (v . (5Uh7 dji)v

As explained, we solve now for the updates and their respresentation with the help of the shape functions:
Nv ) Np )
dop = Y vy, Spn =) opsvp?
Jj=1 j=1
With that the discrete, linearized convection operator reads:

. \J l l \J yi\Nv N
L= (7 - Vo, + vy, - V7 ) 5

L+aA B\ (ow\ ([f-IL'+3A +B]
-BT 0 <5p>_ 0—[-BT]! ’

where we have added on the right hand side the vectors of Newton’s residual.

The block structure reads:

Remark 13.39. A numerical test is presented in Section 9.14.
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13.14 Newton solver performance for Poiseuille flow in a channel

We take DOpElib www.dopelib.net and go to dopelib/Examples/PDE/StatPDE/Examplel. The original code
takes the (linear) Stokes equations. Since we always use a nonlinear solver, we should obtain convergence in
one single Newton step.

El |
1.5 1.5
1.0 1.0
0.5 0.5
El |
T y y T T T T T
-6 -4 -2 o 2 4 -6 -4 -2

Figure 61: Poiseuille flow in a channel: z-velocity and pressure p.

13.14.1 Stokes
First the absolute residual value is set to a relative value. Then, the problem converges in one Newton step.

Newton step: O Residual (abs.):  8.83333e-01
Newton step: O Residual (rel.): 1.00000e+00
Newton step: 1 Residual (rel.):  2.84364e-15

13.14.2 Navier-Stokes with vy =1

With our previous formulation, we have here vy = ﬁ. We obtain:

Residual (abs.): .99844e-01
Residual (rel.): .00000e+00

Newton step: 8
1
Residual (rel.): 4.24110e-02
5
1
1

Newton step:
Newton step:
Newton step:
Newton step:
Newton step:

Residual (rel.): .92363e-07
Residual (rel.): .30338e-10
Residual (rel.): .72731e-14

> W N, OO

This is quadratic convergence and considered a ‘optimal’ Newton convergence for such problems.

13.14.3 Navier-Stokes with vy = le — 2

We shift more to convection-dominated flow and obtain now:

Newton step: O Residual (abs.): 1.03895e-01

Newton step: O Residual (rel.): 1.00000e+00

Newton step: 1 Residual (rel.):  8.47208e-01 LineSearch {3}
Newton step: 2 Residual (rel.): 1.78723e-01 LineSearch {0}
Newton step: 3 Residual (rel.):  2.95891e-02 LineSearch {0}
Newton step: 4 Residual (rel.):  7.34315e-04 LineSearch {0}
Newton step: 5 Residual (rel.): 2.07151e-06 LineSearch {0}
Newton step: 6 Residual (rel.): 1.56055e-08 LineSearch {0}
Newton step: 7 Residual (rel.):  9.93743e-11 LineSearch {0}

In particular at the beginning, the Newton solver has now more problems and even needs some backtracking
line search steps in order to converge. In the steps 4 - 7 the convergence is fast, but not quadratic anymore.
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13.15 Application of FS-6 to monolithic fluid-structure interaction
FSI can be written in terms of semi-linear forms (see Chapter 14) that allow later for compact notation:

Problem 13.40 (ALE, FSI with harmonic and linear-elastic mesh motion). Find
A:ﬁ,ﬁs,a,ﬂs,ﬁ,ﬁse ::ﬁ+AA><AS><ﬁ+AA><ﬁ+A xAxA,suc a
£y 05y g, thss Py Xb 7+ Vil x L 7tV &+ VY x LY x LS, such that

05(0) = ﬁ?c, 05(0) =02, 4 (0) = ﬁ(}, and 15(0) = 42 are satisfied, and for almost all time steps t € I holds:

ALO) () = (Tpgoitg, b7, + (prJ(FH (05 —b) - V)o5),9")g,
+(JBFT, V)G, — <§f,¢“>fN — (b fr.9")a, =0 V' eVis,

Fluid momentum

~ A~ A~ AN AN A

Ap(U)(0") = (psDrts, §")g, + (FE, V)5
+7w('[)sa721v)ﬁs + '—Ys(é({)s)v 61/;1))(% - ([)sfsa ij)ﬁs =0 W/A)” € ‘A/S(),

Solid momentum, 1st eq.

Fluid mesh motion{ As(D)(0") = (Gomeshs @ﬂ“)ﬁf =0 Wgve Vf()ﬁ &

Solid momentum, 2nd eq. { Ag(U) (") = ps(Byiis — Ds, 1&“)@ =0 Vi*e L,
Fluid mass conservation{ 5(0)(4hP) = (dw(JF )71/;p)§f =0 Wyr el
Solid volume conservation { Ag(U) () = (P, 1/;17)@5 =0 WP e LY.

The Neumann coupling conditions on fl are fulfilled in a variational way and cancel in monolithic modeling.
Thus, the condition

(J& 1 F~ Mg, 04, + ([FSlis,0l)g, =0 Vo € HY(Qy), ¥! € H'(Q,), ¢y =4 onTy, (282)

1s implicitly contained in the above system.

13.15.1 A compact semi-linear form
Consequently, we can write in short form:

Problem 13.41. Find U )A(é) such that 07(0) = f)?, 05(0) = 09, 4(0) = 1251, and 15(0) = 42 are satisfied,
and for almost all time steps t € I holds:

ADYW) =0 forall W e X (283)
with U = {4,044, D%, 7,2} and X = VP, x Ly x V,?up x VO x LY x LY and

AO)(D) = A (0) ") + A(0) (") + A3(0) (") + As(0) (") + As (U)(@P) + As (0) (&)
We apply the previous ideas to fluid-structure interaction. Here the abstract problem is formally given by:
Definition 13.42. Find U = {0, 0s, s, s, ps,Ps} € X, where X := {0F + Vi) x Ly x {al + VP, } x
{aP +V0} x ﬁo x LY, such that

s7

A(U)(9) = O A (B)dt =0 v e X, (284)

where W = {4,920, 07, 02} and X = V0, x Ly x VO
AO)(¥) == Al (0)(@) + A (U) (") + A3(U) (%) + Aa(U) (") + As(U) (W) + A6 (U) (47).
as defined in Problem 13.40.
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13.15.2 Grouping the FSI problem

Definition 13.43 (Arranging of the FSI semi-linear form into groups). We formally define the following
semi-linear forms and group them into four categories:

e time equation terms (including the time derivatives);
o implicit terms (e.g., the incompressibility of the fluid);
e pressure terms;

e all remaining terms (stress terms, convection, damping, etc.);

such that
Ar(U)(0) = (Jps0uo5, 0%, — (I (F Vi - V)ig), %), + (9505 dl)g, + (psDrits, g (285)
Ar(U)(9) = (@ Vig, Vii)g, + (div(JFE ™ 0p), %) + (Psy i), (286)
Ap(U)(¥) = (s T (F 05 - V)o5), 08, + (Jo50uE T Vi)g, — (o E V0 0, )5 (287)
+ (FE,V90)g, = (psds Vg, (288)
Ap(O)() = (Jo1, BT, Vi), + (J6u, T, V1) (289)
where the reduced stress tensors 0y, 0f,p, and G5, are defined as:
Grp=—Drl, Gpouw=prrp(VorF + F-TV0T), (290)
Gop = —Dsl, (if we deal with the INH or IMR material), (291)
and 2 denotes as usual the structure tensor of the INH, IMR, or STVK material. The time derivative in
Ap(U)(¥) is approzimated by a backward difference quotient. For the time step t, € I forn = 1,2,...,N
(N € R), we compute 0; := 0P, 4, :== 4} (i = f,s) via
A n T, 1 7,0 (A~ n Lo smiin ~n— \s o T
An(O ) ()~ 7 (g "0y~ 03, 0)g, — 7 (or (TP g — i) - Dyip ) (292)
L. An— v ~ ~n—1 Ju
+E(Ios(vs*vs 1),1# )ﬁs‘i’(us*us 171/) )ﬁsa (293)

where we introduce a parameter 6, which is clarified below. Furthermore, we use
T =0T+ (1—0)J" ",
and @7 == ti;(t,), 0 == 04(t,), and J := J" := J(t,). The former time step is given by 7", etc. fori = f,s.

Remark 13.44. Working with damped solid equations, one needs to add two terms such that:

~ ~ A~

Ap(U)() = ...+ Yo, 90)g, +7s(€(0s), Vi),

s

13.15.3 Implementation in ANS/deal.ll and DOpElib; both based on C++

To supplement our algorithmic discussion with some practical aspects, the reader is invited to test him/her-self
some concepts presented so far. Implementations are present in two software packages deal.I [7] (source code
[112] in ANS!?) and DOpEIib [35, 51]:

e ALE-FSI in deal. Il (ANS) with biharmonic mesh motion
https://journals.ub.uni-heidelberg.de/index.php/ans/issue/view/1244 [112] solving FSI bench-
mark problems [64]

L0ANS = Archive of Numerical Software, http://www.archnumsoft.org/
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We notice that the implementation is performed in a practical monolithic way as described in Chapter 14
that has two assumptions; namely, displacements and velocity are taken from globally-defined Sobolev spaces
rather than restricting them to the sub-domains and one (major) limitation (the development of an iterative
linear solver and preconditioners might be challanging since we do not distuingish the sub-problems in the
system matrix). Putting these two limitations aside, the idea results in a fascinating easy way to implement

e Nonstationary Navier-Stokes benchmark problems [97] at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Examplel

e ALE-FSI benchmark problems [64] with biharmonic mesh motion at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Example?2

e Biot-Lame-Navier system: augmented Mandel’s benchmark at
http://www.dopelib.uni-hamburg.de/ Examples/PDE/InstatPDE/Example6

e Stationary FSI optimization at
http://www.dopelib.uni-hamburg.de/ Examples/0PT/StatPDE/Example9

multiphysics problems in non-overlapping domains.

Remark 13.45. It has been appeared that the basic program structure could be easily generalized and extended
to other complex multiphysics problems such as moving boundary problems with chemical reactions [73] as well

as phase-field fracture propagation [78, 115] <

Archive of Numerical Software 1(1), 1-19, 2013

Solving Monolithic Fluid-Structure Interaction Problems in Arbitrary Lagrangian Eulerian
Coordinates with the deal.ll Library

Thomas Wick

We describe a setting of a nonlinear fluid-structure interaction problem and the corresponding solution process in the finite element software package dealll. The fluid equations are transformed via the ALE
mapping (Arbitrary Lagrangian Eulerian framework) to a reference configuration and these are coupled with the structure equations by a monolithic solution algorithm. To construct the ALE mapping, we use a
biharmonic equation. Finite differences are used for temporal discretization. The derivation is realized in a general manner that serves for different time stepping schemes. Spatial discretization is based ona
Galerkin finite element scheme. The nonlinear system is solved by a Newton method. Using this approach, the Jacobian matrix is constructed by exact ci 1 of the directional di The implementation
using the software library package deal.ll serves for the computation of different fluid-structure configurations. Specifically, our geometry data are taken from the fiuid-structure benchmark configuration that was
proposed in 2006 inthe DFG project Fluid-Structure Interaction I: Modelling, Simulation, Optimisation. Our results show that this implementation using dealll is able to produce comparable findings.

[IINNNENERN
T

-—\

Figure 62: Reference [112] at https://media.archnumsoft.org/10305/

The structure of such a program for time-dependent nonlinear problems is as follows:

e Input of all data: geometry, material parameters, right hand side values
e Sorting and associating degrees of freedom
e Assembling the Jacobian

e Assembling the right hand side residual
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Newton’s method

Solution of linear equations

Postprocessing (output, a posteriori error estimation, mesh refinement)

Main routine including time step loop

13.16 Chapter summary and outlook

In this section we provided an introduction to nonlinear problems. Most importantly we introduced numer-
ical solver techniques such as fixed-point schemes and Newton methods. These are illustrated with several
examples; finally resulting in descriptions for solving nonlinear, nonstationary, multiphysics problems.
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14 Coupled problems

The last Section 13.15 is a good motivation for the current chapter: how can we achieve to design good

numerical methods for coupled PDEs? In this chapter, we address these topics and explain how two or more

PDEs can be coupled on a variational level. In practice, the coupling of different PDEs or PDEs with different

coefficients in different subdomains is a timely research topic (the keyword is multiphysics problems!!).
Before we start, we refer in particular as well to:

e Section 4.1.7 in which an example of a linear coupled problem is given;

e Section 5.4 in which an explanation-only-in-words of coupled PDEs is given;

14.1 An interface-coupled problem in 1D

In this section, we explain the basic features of an interface-coupled problem in 1D.

Formulation 14.1. Let Q = (a,b) be an open domain and k = k(x) € R a material coefficient, which is
specified as

k() = k1, for x € Q1 = (a,c),
= ko, for x € Qs = (¢, b)

for a < c<b. The solution is split into two parts:

u(z) = {ul(a:), for x € Qq,

us(x), for x € Qa,

which is obtained by solving
—klu'{ = f m Ql,

—kouby = f in Qa,
ui(a) = us(b) =0, (294)
u1(c) = uz(c),
kyuf (c) = koub(c).
The third line in (294) is well-known to us and denotes homogeneous Dirichlet conditions on the outer bound-

aries. Afterwards, we have two new conditions that are so-called interface or coupling conditions and which
are very characteristic to coupled problems.

Remark 14.2. One of the most famous examples of a coupled (multiphysics) problem is fluid-structure inter-
action [94, 113] in which the Navier-Stokes equations (fluid flow) are coupled to elasticity (solid mechanics).

In the following, we now derive a variational formulation. Again the first step is to formulate a function
space. To this end, we define:

V ={ueC%Q):ulg, €CYN),ula, €C'(N) and u(a) = u(b) = 0}.

Remark 14.3 (on the Dirichlet coupling conditions). Since we seek u € C°(Q) the first coupling condition
u1(c) = ug(c) is implicitly contained. In general, however, it holds that same rule as before: Dirichlet conditions
need to be set explicitely in the function space and Neumann conditions, i.e., the second coupling condition,
appears naturally in the equations through integration by parts.

It holds:

11The word multiphysics is self-explaining: here multiple physical phenomena interact. Examples are interaction of solids with
temperature, interaction of solids with fluids, interaction of fluids with chemical interactions, interaction of solids with elec-
tromagnetic waves.
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Proposition 14.4 (Variational formulation of the coupled problem). Find u € V' such that

a(u,) =U(¢) YoeV

with
b
a(w,0) = [ Koy (2)¢'(2) o (295)
o
16) = [ f@)o(a) da. (206)
Proof. As in the previous sections, we first multiply with a test function from V' and integrate:
c b b
—/ kyuy (z)¢r dx — / koul (x)py da = / f(z)pdw. (297)
We perform integration by parts:
[ )64 @) e = b [u(001(0) — (@) (@) (298)
‘ b b
4 [ ka1 0) do — ba [y )62(8) ~ s (on(o)] = [ F(@)o(a)da (299)

using the continuity (first coupling condition) of v on the interface ¢, we obtain:

b b
[ k)6 () do = [k ) — kany(©)] 940) + hauy (@) g1 (0) ket () ga(t) = [ f@)(e)de.  (300)
a R:/O_/ :/O-’ a
=0

On the outer boundaries, the boundary terms will vanish because the test functions are zero. On the interface,
the terms will vanish as well since we can employ the second coupling condition. Consequently, we obtain
(295) with u € V. O

We next show the equivalence of solutions between the strong form and the variational forms:

Proposition 14.5. Let u € C? and ulg, € C*(Q1),i = 1,2. Then, u is a solution of the strong form (294) if
and only if u is a solution of the variational problem.

Proof. As usually, we first show (D) — (V). Let u be a solution of (294). Moreover, u has sufficient regularity
such that the previous calculations (multiplication with a test function, integration, integration by parts) hold
true and u € V. Therefore, v is a solution of (V).

We now discuss (V) — (D) and consider v € V' to be solution of (V') plus the assumption that w is twice
differentiable in each subdomain €2;. Consequently, we can integrate by parts backwards. Let ¢ € V. Then:

- / B ()61 (2) do + ki [u ()61 (c) — w4 (a)61 () (301)
b b
— [ ke @)nla) da + [ 0000 ~ ws(00nle)] = [ Fa)oe) do (302)
On the boundary Q we have zero test functions V', and obtain

c b b
- / ! (2 (@) dae + kgt () (c) — / el ()2 (&) d — by (€)ba(c) = / f@)o(z) e, (303)

In the following we now discuss term by term on each interval:
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e We choose a subspace of V' such that ¢5 is zero and ¢; has a compact support on Q; (yielding specifically
that ¢1(a) = ¢1(c) = 0). Such a subspace is indeed a subspace of V since it is continuous on ¢ and
¢(a) = ¢(b) = 0. Consequently, we obtain

—kuf(z) = f(z) a<z<ec
The other way around holds true as well from which we get

—kouy(z) = f(z) c<z<b.
Consequently, we have recovered the two differential equations inside €7 and Q5.

e We now discuss the second interface conditions. In particular, the previous findings from (303) and
eliminating the boundary terms give us for ¢ € V' :

kiui(c)di(c) — kaus(c)da(c) = 0.

The continuity of ¢ at ¢ becomes now essential such that we can write:
[klu’l(c) — katll(c)|d(c) =0, VeV

We now construct ¢ € V such that ¢(c) = 1 (take for instance piece-wise linear functions on each
subdomain). This yields the transmission conditions:

ki (c) — kaub(c) = 0.

e Finally, we also get the missing conditions on the outer boundary and the first interface conditions

because u € V:
u(a) =u(b) =0

for w € V. Finally, since u € V, i.e., u € C? yields
ui(c) = us(c).

In summary, v is a solution of (294), which shows that the variational formulation yields the classical solution.
O

Exercise 10. Ezercise 2.8 in [67].

14.2 Volume coupling of two PDEs

Let Q C R™ and 02 be a sufficiently smooth boundary. Let Vi and V5 be Hilbert or Sobolev spaces that are
appropriate to each single PDE. For simplicity, we work with homogeneous Dirichlet conditions on 9. In
volume-coupling both equations are defined in the same domain § (this is important here!).

In a formal way, we write for two variational forms:

Find u; € V; : Al({uhug})(gol) = F1((p1) V(,Dl eV, (304)
Find ug € V5 : AQ({UhUQ})(QOQ) = FQ(LPQ) VQOQ S ‘/2, (305)

where A; and A, are semi-linear forms representing the partial differential operators. Specifically, the solution
variable of the other problem may appear in each equation.
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14.3 Partitioned versus monolithic coupling

PDE 1 PDE 1 PDE 1
PDE 2 PDE 2 PDE 2
n—1 ¢ gn+l
PDE 1 PDE 1 PDE 1
PDE 2 PDE 2 PDE 2
tn—l n tn+1

Figure 63: Monolithic and paritioned coupling schemes. In monolithic coupling, the coupled system is solved
all-at-once whereas in the paritioned scheme subiterations are required to enforce the force balance
on the interface.

14.4 Iterative coupling (known as partitioned or staggered) schemes

For coupled problems, very often, partitioned (or also so-called staggered) schemes are employed. The idea is
to iterate between the different equations per time step.
Find U = (u,v) € V x W such that:

A (U)(@W") = F(¥"), (306)
Ay(U) (") = F(3"). (307)
The idea is to iterate between both PDEs:
Algorithm 14.6. Given the initial iteration iteration values (u®,v°) € V. x W. For k =1,2,3,... iterate:
Given v* 71, find u*: A, (u®,v* 1) (%) = F(yY), (308)
Given u*, find v*: A, (u®, v®) (V) = F(yY). (309)

Check the stopping criterion:
max(|[u® — w71, Jo* =) < TOL.

If the stopping criterion is fulfilled, stop. If not, increment k — k + 1.

14.5 Variational-monolithic coupling

One possibility is a variational-monolithic coupling (in short often monolithic) in which we first define the
space
X = V1 X V2.

This allows us to define a compact semi-linear form with both solution variables. To this end, let U :=
(u1,u2) € X. This allows us to sum-up both equations such that

FindU e X: AU)(¥)=F(¥) YU e X,
where ¥ = (¢1, p2) € X and

AU)(Y) = Ar({ur, ug}) (1) + Aa({ur, ua})(#2)-
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If the problem is linear, A(U)(¥) can be treated with a linear solver (Direct, CG, GMRES, MG, ...) with
appropriate preconditioners. In fact, the development of a good preconditioner for coupled problems is very
often the most challenging part.

If A(U)(¥) is nonlinear (which is in most coupled problems the case), then A(U)(¥) can be solved with the
techniques explained in Chapter 13.

Remark 14.7. This concept can be easily extended to n PDEs rather than only 2.

14.6 Examples
14.6.1 Two stationary elliptic PDEs

We couple two elliptic PDEs. The first describes some displacements while the second is a heat transfer
problem.
Find u : Q — R such that

-V-(TVu)=f inQ,
u=0 on 0f,

and find T : Q — R such that
-V - (aVT)=g(u) inQ,

T=0 on Q.
The function spaces read:
Vi := Hy(Q)
Vo = Hy ()
The product space reads:
X =V x Vs

This allows us to define U := (u,T) € X and the following compact semi-linear form:
AU)(®) := (Qwu, Y1) + (TVu, Vipy)
+ (0T, 12) + (aVT, Vipz) — (g(u),12)

and the right hand side:
F(U) := (f,41).
Then, we obtain:

Formulation 14.8. Find U € X such that
AU)(T) = F(¥) VU eX.

14.6.2 Two time-dependent parabolic PDEs

We now extend the previous equations, to a time-dependent situation and couple two parabolic equations.
Find u : Q x I — R such that
Ou—V - (TVu)=f inQxI,
u=0 ondQxI,
u(0) =wup in 9Q x {0},

and find T : Q x I — R such that

0T —V - (aVT) =g(u) inQx1I,
T=0 onoQxlI,
T(0) =T, indQ x {0},
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The Bochner function spaces read:
Vi = L*(I, Hy(2))
Vo i= L3I, H} ().

The product space reads:
X =V x V.

This allows us to define U := (u,T) € X and the following compact semi-linear form:

quxW>:3[¢mhwn+«TVusnm>ﬁ+wum>—um¢uo»

+[@zwnﬁwﬂwm—@wmmﬁ+@@—%wmm

and the right hand side:
F(¥) = /(f,z/q)dt.
I
Then, we obtain:

Formulation 14.9. Find U € X such that
AU)(T) = F(¥) VU eX.

14.6.3 The Biot problem

The standard Biot problem in Section 4.1.7 is an example of a volume-coupled problem.

14.7 Interface coupling

14.7.1 Preliminaries: Interface-Tracking and Interface-Capturing

Interface coupling is more challenging than volume-coupling since the PDEs live in different subdomains. Two
basic methods can be distinguished:

e Interface-Tracking
e Interface-Capturing

In methods, where the domain is decomposed into elements or cells (finite volumes, finite elements or isoge-
ometric analysis), using interface-tracking aligns mesh edges with the interface. These are so-called fitted
methods. For moving interfaces, the mesh elements need to be moved as well; see Figure 64. However, mesh
elements may be deformed too much such that the approach fails if not taken care of (expensive) re-meshing
in a proper way.

In interface-capturing methods (unfitted methods), the domain and consequently the single elements stay
fixed; see Figure 64 (left). Here, the interface can move freely through the domain. Mesh degeneration is not
a problem, but capturing the interface is difficult. In this approach a further classification can be made:

e Lower-dimensional approaches
e Diffusive techniques.

The first method comprises extended/generalized finite elements, cut-cell methods, finite cell methods, and
locally modified finite elements. Diffusive methods are the famous level-set method or phase-field methods.

Short summary Finally, using interface-tracking or interface-capturing approaches are a compromise between
computational and implementation efforts and the accuracy of the desired interface approximation. While in
general interface-capturing are easier to implement and can deal in an easier way with moving and evolving
interfaces, the accuracy for the same number of degrees of freedom is lower than comparable interface-tracking
approaches. The latter are, however, more challenging when interfaces are moving, propagating - in particular
in 3D. To this end, as said just before: it is a compromise as many things in life.
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N N (e A F B
| | | | I
Y | | | | 1

h(x)

Figure 64: Left: the mesh is fixed and the interface must be captured. Right: interface-tracking in which the
interface is located on mesh edges.

14.7.2 Interface coupling of two PDEs

We now address interface coupling in more detail. Here, both (or multiple) PDEs live in different subdomains.
Let Q1 C R™ and Q5 C R™ and Q := Q1 U Q. The interface is described by

I':= Ql QQQ.

Let both the outer boundary 92 and the interface I' both be sufficiently smooth.

Let V1(€Q1) and V5(£23) be Hilbert or Sobolev spaces that are appropriate to each single PDE. For simplicity,
we work with homogeneous Dirichlet conditions.

Let ug : Q1 — R and ws : 29 — R. For second-order equations (for instance two Poisson problems) we need
to impose two interface conditions on I':

Uy = Uz
anlul = 8’(12”27
with the relation of the normal vectors ny = —ns. In the first is known as kinematic condition and the second
is the continuity of normal forces. The first condition is a Dirichlet-like condition, which needs to be imposed
in the function space. The second one is a Neumann condition that will vanish in the weak formulation when

a variational-monolithic coupling algorithm is used.
In a formal way, we write for two variational forms:

Find u; € V4 : Al({ul,uz})(gol) = F1(<p1) V(pl eV,
Find up € Vo i As({u1,u2})(p2) = Fa(p2) Vo € Vo,

14.7.3 Variational-monolithic coupling

One possibility is a variational-monolithic coupling (in short often monolithic) in which, we first define the
space
X ={ve Hj(Q)| v =vyonT}
Here, the function v is defined over the entire domain 2. Moreover, the kinematic coupling condition is built
into X.
This allows us to define a compact semi-linear form with both solution variables. To this end, let U :=
(u1,u2) € X. This allows us to sum-up both equations such that

Proposition 14.10.
FindUe X: AU)(¥)=F(V) VUeX,

where U = (p1,¢2) € X and

AU)(P) := Ar({ur,u2})(p1) + A2({ur, ua})(p2)-
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Proof. Tt holds after partial integration of the strong forms:

Al({ul»uz})(%)Jr/F@nuﬂm ds

and
As({ur, u2})(p2) +/3nu2902 ds.
r

We sum-up:
Ay ({uy, u2}) (01) + / Dnurion ds + As({ur, uz})(ip2) + / Dz ds
T I

+ A1 ({u1, u2})(p1) + Aa({ur, ua}) (p2) +/F(3nU1<P1 + Onuzp2) ,ds.

We argue that ¥ = (¢1,p2) € X. In particular, therein ¢; = @9 on I'. Also we use the fact that ny = —na.
Then:

/(8n1U1901 + Opyu2¢p1) ,ds = /(5mul + Op, u2) 1 ds
r r

Our second coupling condition 0, u1 + 0, us = 0 comes into play now and therefore the integral on I" vanishes:

/(3n1u1 + On, uz)p1 ds = 0.
r

Therefore, the sum of both semi-linear forms does not contain any terms on the interface I' and consequently,
we have

AU (V) == Ar({ur, ua})(p1) + Aa({ur, ua})(p2).

14.8 Examples
14.8.1 Two stationary elliptic PDEs

We study two elliptic PDEs in different domains.
Find vy : 7 — R such that

-V - (uaVuy) = f in Qq,
u; =0 on 0y,
and find wus : Q9 — R such that
=V (aVuz) = g(u1) in Qq,
ug =0 on 99

where a > 0 and some diffusion coefficient.
We impose the following coupling conditions on I':

Uy = u2
usVuy - np = aVug - no.
Using monolithic coupling the joint function space read:
X ={ve Hj(Q)|vi=vyonT}
This allows us to define U := (u,T) € X and the following compact semi-linear form:
AUY(D) = (B, tn) + (TVu, Vi)
+ (0T, 2) + (aVT, Vipz) — (g(u),12)

and the right hand side:
F(0) = (f,¢1).

Then, we obtain:
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Formulation 14.11. Find U € X such that
AU)(T) = F(¥) VU e X.

This formulation is identical to volume-coupling, but the fact is hidden that uy and us live on different subdo-
mains.

14.8.2 The augmented Biot-Lamé-Navier problem

The Biot problem coupled to elasticity in Section 4.1.7 is an example in which a volume-coupled problem
is coupled via interface-coupled to another problem. Here, the interface conditions must be very carefully
described and implemented.

14.8.3 Example: fluid-structure interaction

A famous example of an interface-coupled problem is fluid-strcture interaction as for instance shown in Problem
13.40.

14.9 Diffusive interface approximations

Level set method: (Osher S., Sethian J.A., Fronts Propagating with Curvature-Dependent Speed: Algorithms
Based on Hamilton-Jacobi Formulations (Journal of Computational Physics, 79(1), page 12-49, 1988).
Phase-field methods: Cahn-Hilliard, potential, ...

14.10 Sharp interface approximations in cut-elements with a locally modified FEM

Originally proposed in [43, 44] with an open-source code implementation in deal.Il on https://doi.org/10.
5281/zenodo . 1457758.

In this method, the interface can cut the elements, but is not reconstructed in a diffusive manner, but in
an exact fashion. The key trick is not to introduce new degrees of freedom on the cuts, but to design a patch
and to move the existing degrees of freedom to the cuts. With this, the inner structure of the system matrix
and vectors remain the same and do not change at each time step in a time-dependent computation. Thus,
the setup of numerical solvers is greatly facilitated.

14.11 On the nonlinear and linear numerical solutions

Coupled problems can be solved with methods discussed in Chapter 13. While fixed-point or Newton methods
can be relatively easily applied, the crucial point are the linear equation systems inside Newton’s method. For
multiple PDEs with many degrees of freedom, direct solvers such as UMFPACK or MUMPS are too costly
and memory-demanding (see lectures on Numerik 1). Consequently, we need iterative solvers, which require
(nearly) always a preconditioner. To construct such preconditioners is problem-specific and must be re-done
for each coupled PDE system. Therefore, this is a lot of work and very time-consuming. However, for an
efficient numerical solution, there are only a few alternatives. Black-box preconditioners may work in certain
cases. Another possibility is to decouple the PDEs and to iterate (staggered/partitioned approach) and to use
well-known solvers for the subproblems.

Either way, in coupled problems, often material and model parametes differ in several order of magnitude.
Therefore, nonlinear and linear solvers may suffer from ill-conditioning and it must be proofed (numerical
analysis!) that they are robust under parameter variations. This equally belongs to the development of good
solvers.
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15 Public climate school (November 2019): PDEs in meteorology

The underlying main literature is the textbook [39]. In meteorology, mainly five PDEs are coupled. We first
formulate them, then classify them, and focus lastly on the Navier-Stokes equations.
15.1 Notation

Let Q C R? d = 3 the spatial domain and I := (0, 7] the time interval.

15.2 Five governing equations in meteorology
To model meteorological events and air flow, basically five variables are important:
e air pressure p: 2 — R;
e air density p: Q) — R;
e Humidity of the air w: Q — R.
e air temperature T : 2 — R;
e wind velocities v :  — R?
For these variables, we need five governing equations. These are described in the following.

Formulation 15.1 (Ideal gas equation for p). Let R > 0 be the gas constant (see e.g., [39][Chapter 2]), p the
air density, T the temperature. Find p: Q x I — R such that

p=pRT inQxI
plus be  on 02 x 1.

Formulation 15.2 (Continuity equation / mass conservation for p). Let v be the air velocity. Find p: Q@ — R
such that

Op+pV-v=0 inQxI,
plus bc on O x I,
p(0) =po in Qx {t =0}

Remark 15.3. Compare this to the law in the incompressible NSE from the Chapters before. Specifically,
when p = const, then we obtain V -v = 0.

The next law is also a continuity equation, but now for the air water steem; see [39][Chapter 4]

Formulation 15.4 (Humidity for w). Let W be the water vapour. Letv be the air velocity. Findw : QxI — R
such that

w4+ wV-v=W inQxI,
plus bc on 0 X I,
w(0) =wo in Qx {t =0}

For the temperature, we adopt the first law of thermodynamics (see [39][Chapter 3]):
dE = dQ — dA,

which is the conservation of energy. Here, dF is the inner energy, d@ the heat applied to the system, dA the
work performed by the system. One possible realization is then [39][page 52, (5.3)]
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Formulation 15.5 (First thermodynamic law for T'). Let m be the mass and specific heat capacity ¢, > 0 and
dQ the net heat flow. Find T : Q x I — R such that

1 d
T =m-— — m Q x 1
mcpOt mpatp—k dtdQ m Qx1I,
plus be on 9 x I,
T0)=Ty inQx{t=0}

It finally remains to describe the air flow. Since the earth turns, we have to include Coriolis forces (which
is a virtual force). Consequently, the equations look a bit different to our previous chapters. We now simply
take [39][Chapter 18, page 259, (18.10)]

Formulation 15.6 (NSE for v). Given the angle velocity w resulting from the Coriolis force, the gravitational
potential ®, the density p and the pressure p, and the dynamic viscosity . Find v : Q — R such that

1 1
6‘tv+(v~V)vf%[AergV(Vm)]JrQwxv:f;foVq) inQx1,
plus bc on 0 x 1,
v(0) =vy in Qx {t=0}.

15.3 Some values and units
We illustrate the previous variables with some specific values. For the unit of the pressure, we have

[p] = Pa

The atmospheric air pressure is
po = 101325Pa = 1.01325bar.

The specific gas constant is

= 287.
[R] = 287 058 "%

where K stands for Kelvin
K = Celsius + 273.15

The unit for the air density is

kg
(] m3
The temperature is measured in
T]=K
The velocity is measured in
) ==
S
Usually the humidity is measured as
g
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15.4 Classifications and solution algorithms
15.4.1 Order

e Pressure: zero order (algebraic equation), single equation

Density: first order in space and time, single equation

Water stem: first order in space and time, single equation

Temperature: first order in time, single equation

Velocities: second order in space, first order in time, vector-valued equation

15.4.2 Coupling and nonlinearities

The previous governing equations are clearly coupled: the variables from the single equations enter into the
other ones. It is obvious that

e The Navier-Stokes equations are nonlinear (semi-linear) because of the convection term;

e All other equations are linear, when the solution variables from the other equations are assumed to be
given.

e If two equations are solved simultaneously (monolithically), then they may become nonlinear because of
their coupling. For instance, if equation No. 2 and 5 are solved simultaneously than p and v are solution
variables. Consequently equation No. 2 is nonlinear due to pV - v.

15.4.3 Examples of weak formulations
Construct first the function spaces. For instance V*. Then:
Op+pV-v=0
= (0ip,¥”) + (pV - v, 9")
=: A(p)(¢¥").
For the Navier-Stokes equations, we obtain:

1 1
v+ (v-V)v— %[AU—F gV(V-v)] +2wXxv= —;Vp— Vo,

= 00,07 + (0 V)0.0") + (590, 90%) 4 (2T - 01907 + (s 0,07) = =, 07) = (V8,07)

=A(v)(¢v) =F(yv)

Here, in the second order spatial terms, we applied integration by parts.

15.4.4 A fully monolithic formulation

If all equations would be solved monolithically, all-at-once, (see Chapter 14), then the resulting system would
be nonlinear and of the form:

Formulation 15.7. Let X be the product function space, i.e., X := VP x VP x V¥ x VT x V¥ where V?
contain the possible Dirichlet boundary conditions. Find U := (v,p, T, p,w) € X such that U(0) = Uy and for
t eI, it holds:

AU)(T) =F(¥) VU e X,
with U = (°, P, T P ™) and Xo being the space in which all Dirichlet bc are set to zero. Furthermore,
the compact semi-linear form is composed as

AU)(®) == Ap) (7)) + A(p)(¥°) + A(w) (™) + A(T) (") + A(v) (")

where the single semi-linear forms represent the weak formulations of the single subproblems. Formally, a
fized-point or Newton-type solver can be applied from Chapter 13.
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Remark 15.8. If the equations are solved sequentially or only partially fully-coupled, then iterative schemes
must be constructed as explained in Section 14.4.

15.5 Navier-Stokes discretization

For details on stationary Navier-Stokes, we refer the reader to Section 13.13. In the nonstationary case, we first
need to discretize time and then obtain a sequence of quasi-stationary problems; see Section 12.4. Moreover,
we refer to the textbook [107].

15.6 Boussinesq approximation

This is an extension to the pure incompressible Navier-Stokes equations in meteorology. We refer the reader
to [39][Chapter 12.7]. In the presense of turbulence phenomena, we again refer to [39] or as well to [103].
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16 Computational convergence analysis
We provide some tools to perform a computational convergence analysis. In these notes we faced two situations
of ‘convergence’:
e Discretization error: Convergence of the discrete solution u; towards the (unknown) exact solution
U3
e Iteration error: Convergence of an iterative scheme to approximate the discrete solution uy through a

sequence of approximate solutions uglk), k=1,2,....

In the following we further illustrate the terminologies ‘first order convergence’, ‘convergene of order two’,
‘quadratic convergence’, ’linear convergence’, etc.

16.1 Discretization error

Before we go into detail, we discuss the relationship between the degrees of freedom (DoFs) N and the mesh
size parameter h. In most cases the discretization error is measured in terms of i and all a priori and a
posteriori error estimates are stated in a form

lu = unll = O(h%), o> 0.

In some situations it is however better to create convergence plots in terms of DoFs vs. the error. One example
is when adaptive schemes are employed with different h. Then it would be not clear to which A the convergence
plot should be drawn. But simply counting the total numbers of DoFs is not a problem though.

16.1.1 Relationship between h and N (DoFs)

The relationship of h and N depends on the basis functions (linear, quadratic), whether a Lagrange method
(only nodal points) or Hermite-type method (with derivative information) is employed. Moreover, the dimen-
sion of the problem plays a role.

We illustrate the relationship for a Lagrange method with linear basis functions in 1D,2D,3D:

Proposition 16.1. Let d be the dimension of the problem: d =1,2,3. It holds
1 d
N = (f 1)
A +
where h is the mesh size parameter (lengh of an element or diameter in higher dimensions for instance), and
N the number of DoF's.
Proof. Sketch. No strict mathematical proof. We initialize as follows:
e 1D: 2 values per line;
e 2D: 4 values per quadrilaterals;
e 3D: 8 values per hexahedra.

Of course, for triangles or primsms, we have different values in 2D and 3D. We work on the unit cell with
h = 1. All other h can be realized by just normalizing h. By simple counting the nodal values, we have in 1D

h N
1 2
1/2 3
1/4 5
1/8 9
1/16 17
1/32 33
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We have in 2D

h N
1 4
1/2 9
1/4 25
1/8 36
1/16 49
1/32 64

h N
1 8
1/2 27
1/4 64

16.1.2 Discretization error

With the previous considerations, we have now a relationship between i and N that we can use to display the
discretization error.

Proposition 16.2. In the approrimate limit it holds:

yielding
VN
These relationships allow us to replace h in error estimates by N.

Proposition 16.3 (Linear and quadratic convergence in 1D). When we say a scheme has a linear or quadratic
convergence in 1D, (i.e., d = 1) respectively, we mean:

0-o(3)

O(h)=0 N

or .
00 = ()

In a linear scheme, the error will be divided by a factor of 2 when the mesh size h is divided by 2 and having

quadratic convergence the error will decrease by a factor of 4.

Proposition 16.4 (Linear and quadratic convergence in 2D). When we say a scheme has a linear or quadratic
convergence in 2D, (i.e., d = 2) respectively, we mean:

O(h) = 0(\/%)

or

o =o( 1)
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16.1.3 Computationally-obtained convergence order

In order to calculate the convergence order « from numerical results, we make the following derivation. Let
P(k) — P for k — 0 be a converging process and assume that

P(k) — P = O(k®).

Here P is either the exact limit P (in case it is known) or some ‘good’ approximation to it. Let us assume
that three numerical solutions are known (this is the minimum number if the limit P is not known). That is

P(k), P(k/2), P(k/4).

Then, the convergence order can be calculated via the formal approach P(k) — P = ck® with the following
formula:

Proposition 16.5 (Computationally-obtained convergence order). Given three numerically-obtained values
P(k), P(k/2) and P(k/4), the convergence order can be estimated as:

alJ@fmﬂgx%yf$ZLD~ (310)

The order « is an estimate and heuristic because we assumed a priori a given order, which strictly speaking
we have to proof first.

Proof. We assume:

First, we have

P(k/2) — P(k/4) = O((k/2)%) = 2%O(k()‘)

We simply re-arrange:

P(k/2) ~ P(k/4) = 5 (P() — P(1/2)
o _P(R) = P(k/2)
= 2= P2y~ Plk/A)
1 _PH)-Pk2)
" log(@) P(/2) ~ P(K/4)

=

O

In the following we present results (for all details, we refer the reader to [114]) for the (absolute) end time
error of an ODE problem (but it could be any other PDE problem as well) on three mesh levels (different time
step sizes k) with three schemes (FE - forward Euler, BE - backward Euler, CN - Crank-Nicolson):

Scheme #steps k Error

FE err.: 8 0.36 0.13786

BE err.: 8 0.36 0.16188

CN err.: 8 0.36 0.0023295
FE err.: 16 0.18 0.071567
BE err.: 16 0.18 0.077538
CN err.: 16 0.18 0.00058168
FE err.: 32 0.09 0.036483
BE err.: 32 0.09 0.037974
CN err.: 32 0.09 0.00014538
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We monitor that doubling the number of intervals (i.e., halving the step size k) reduces the error in the forward
and backward Euler scheme by a factor of 2. This is (almost) linear convergence, which is confirmed by using
Formula (310) yielding o« = 0.91804. The CN scheme is much more accurate (for instance using n = 8 the
error is 0.2% rather than 13 — 16%) and we observe that the error is reduced by a factor of 4. Thus quadratic
convergence is detected. Here the ‘exact’ order on these three mesh levels is a = 1.9967.

Remark 16.6. Another example where the previous formula is used can be found in Section 8.16.4.

16.2 lteration error

Iterative schemes are used to approximate the discrete solution uy. This has a priori nothing to do with the
discretization error. The main interest is how fast can we get a good approximation of the discrete solution
up. One example can be found for solving implicit methods for ODEs in which Newton’s method is used to
compute the discrete solutions of the backward Euler scheme.

To speak about convergence, we compare two subsequent iterations:

Proposition 16.7. Let us assume that we have an iterative scheme to compute a root z. The iteration
converges with order p when
HCL’k—Z” §C||{Ek71—2||p, k:17233a"'

with p > 1 and ¢ = const. In more detail:
o Linear convergence: ¢ € (0,1) and p = 1;
e Superlinear convergence: ¢ = ¢ — 0, (k — 00) and p = 1;
e Quadratic convergence ¢ € R and p = 2.
Cupic and higher convergence are defined as quadratic convergence with the respectice p.

Remark 16.8 (Other characterizations of superlinear and quadratic convergence). Other (but equivalent)
formulations for superlinear and quadratic convergence, respectively, in the case z # xy for all k, are:

[k — =]l

lim —— =0,
k—o0 ||1'k—1 — ZH
limsupM < 00.

koo || Th—1 — 2|2

Corollary 16.9 (Rule of thumb). A rule of thumb for quadratic convergence is: the number of correct digits
doubles at each step. For instance, a Newton scheme to compute f(x) = x — /2 = 0 yields the following
results:

Iter x f(x)

0 3.000000e+00 7.000000e+00
1 1.833333e+00 1.361111e+00
2 1.462121e+00 1.377984e-01
3 1.414998e+00 2.220557e-03
4 1.414214e+00 6.156754e-07
5 1.414214e+00 4.751755e-14

16.3 Chapter summary and outlook

We finish this booklet in the next chapter by posing some characteristic questions that help to recapitulate
the important topics of this lecture.
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17

Wrap-up

17.1 Quiz

In this final section, we consolidate what we have learned through some questions:

1.

10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.

23.
24.
25.
26.
27.

State the Poisson problem with homogeneous Dirichlet conditions. Write this problem in a variational
form using the correct function spaces.

What is the idea of the FEM?

Coming from the variational form, give the discrete form and construct a finite element scheme of the
Poisson problem until the final final linear equation system.

Explain the idea of Finite Differences (FD).

Discretize the 1D Poisson problem with FD.

What is the difference of FD and the FEM?

What is the discretization error?

What is the maximum principle?

What is an M matrix?

For what is the M matrix property important?

How can we characterize elliptic, parabolic, and hyperbolic problems?

What is the difference between a priori and a posteriori error estimates?

Formulate Poisson’s problem with Dirichlet, Neumann, Robin conditions, respectively.
What is useful when employing goal-oriented error estimation? What is a goal functional?
How is well-posedness of problems defined?

What is the Poisson problem? How do we obtain existence, uniqueness, and continuous dependence on
the right hand side?

Give a physical interpretation of the Poisson problem.

Define the Laplace operator.

Why are all integrals evaluated on a master element in FEM?
Write down the loops to assemble a finite element system matrix.
Define the H' space.

Why is it sufficient to use the Riesz lemma to prove existence of the Poisson problem rather than using
the Lax-Milgram lemma?

What are challenges investigating PDEs in higher dimensions d > 27

What is a best approximation?

What is Galerkin orthogonality? And what is its geometrical interpretation?
What are interpolation error estimates?

What are the ingredients (type of error estimates) to obtain convergence results in FEM?
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28. How do we get an improved estimate for the L? norm for the Poisson problem using finite elements?

29. Given a differential equation from physics: what is the procedure to obtain a variational formulation and
to proof existence for both problems?

30. How do we discretize a given variational problem?

31. Formulate the heat / wave equation and discretize in space and time.
32. How can we solve the linear equation systems Au = b?

33. What are the differences between FD and FEM?

34. Give examples of different time-stepping schemes. What schemes exist (three classes!) and what are
their principles differences?

35. Formulate Newton’s method in R.

36. What is the Lax-Milgram lemma? What are the assumptions?

37. Outline the key ideas of the proof of the Lax-Milgram lemma.

38. Give a stopping criterion for an iterative scheme!

39. Why is the condition number important?

40. What is the condition number of the system matrix of the Poisson problem?

41. Why do we need a posteriori error estimation?

42. Why do we need mesh adaptivity?

43. Define the directional derivative!

44. What is the Aubin-Nitsche trick?

45. What does the Céa lemma say?

46. What are the three characterizing properties of an finite element?

47. Write down the formula of partial integration in higher dimensions!

48. What are possible boundary conditions for second-order boundary value problems?
49. Why do we need numerical quadrature in finite element calculations?

50. Formulate Newton’s method for variational problems

51. What are examples of vector-valued problems? Id est: what is a vector-valued problem?
52. How are linear and quadratic convergence characterized in practice?

53. Explain the key ideas to obtain stability estimates for parabolic problems.

54. What is the principle idea to proof energy conservation of the wave equation on the time-discrete level?
55. Give an example of a nonlinear equation.

56. What are numerical possiblities to solve nonlinear equations?

57. Explain a fixed-point iteration for solving nonlinear problems.

58. What is a coupled problem?

59. Which coupling versions exist?

318



17. WRAP-UP

60. How can we decouple a coupled problem? What are the advantages and shortcomings?
61. Why are interface-couplings more difficult than volume coupling?

62. What are numerical methods for interface coupling?

63. Given PDE1 and PDE2, formulate a compact semi-linear form for a monolithic version.
64. Formulate Newton’s method for a variational-monolithic coupled problem

65. What are the advantages or shortcomings of staggered approaches?

66. What is the crucial point in terms of the numerical solution, when several PDEs are coupled in a
monolithic fashion?
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17.2 The end

Eduard Morike (1804 - 1875),
deutscher Erzihler, Lyriker und Dichter:
Septembermorgen

Im Nebel ruhet noch die Welt,
noch trdumen Wald und Wiesen;
bald siehst du, wenn der Schleier fllt,
den blauen Himmel unverstellt,
herbstkraftig die geddmpfte Welt
in warmem Golde fliefsen.

Gottfried Wilhelm Leibniz (1646 - 1716):

“Es ist unwiirdig, die Zeit von hervorragenden Leuten mit knechtischen Rechenarbeiten zu
verschwenden, weil bei Einsatz einer Maschine auch der Einféltigste die Ergebnisse sicher
hinschreiben kann.”

Gottfried Wilhelm Leibniz erfand das Staffelwalzenprinzip, welches eine grofse Errungenschaft beim Bau von
mechanischen Rechenmaschinen darstellte, und gewissermafen wegbereitend fiir unsere heutigen
Rechnenmaschinen war: die Computer, welche einen Schwerpunkt in der modernen numerischen Mathematik
und des Wissenschaftlichen Rechnens einnehmen.
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