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Chapter 1

Elliptic Differential Equations

1.1 Boundary Value Problems for Second-order Or-
dinary Differential Equations

Classical Formulation (an example):

Find a function « : [0, 1] — R such that the differential equation
—(a(@)u'(z)) + b(x)u'(z) + c(z)u(z) = f(z) =€ (0,1)

or, in short,
Lu(x) = f(z) x€(0,1)

with the linear differential operator L, given by
Lu(z) = —(a(z)u(z))" + b(z)v'(x) + c(z)u(z),
and the boundary conditions

u(0) = 9o, (1.1)

are satisfied, for given data a, b, ¢, f, go and g¢;.

The boundary condition (1.1) is called Dirichlet boundary condition (or boundary con-
dition of the first kind), the boundary condition (1.2) is called Neumann boundary condi-
tion (or boundary condition of the second kind).

All expression are well-defined, for example, for solutions u € C?(0,1)NC*(0,1]NC[0, 1)
and data

a€CY0,1)NC(0,1], be, feC(0,1), go,q €R.

The function u is called a classical solution.



Special case (model problem):
For a(z) =1, b(x) = 0, ¢(x) = 0 one obtains:
—u'(x) = flz) x€(0,1),
u(0) = go,
u'(1) = g
Variational formulation:

Let v : [0,1] — R be a so-called test function. Under appropriate differentiability and
integrability conditions the following steps can be performed:

e Multiplication with a test function v and integration over the interval:
1 1
/ [—(a(z)u'(z)) + b(z)u' (z) + c(x)u(x)] v(z) dx =/ f(@)o(z) dx
0 0

e Integration by parts for the principal part:

—a(w)d (@)o(a)|

0

—i—/o a(z)u'(x)v'(z) dx
+/0 [b(z)u' (x)v(z) + c(x)u(z)v(x)] d :/0 f(z)v(z) dx

e Incorporating the boundary conditions for the unknown function u and using the
boundary condition v(0) = 0 for the test function v :

—go()+ [ oo)'@ @) da
+/0 [b(x)u (x)v(z) + e(z)u(x)v(x)] dx :/0 f(x)v(x) dx

General strategy for incorporating the boundary conditions: Two types of boundary
conditions are distinguished: Essential and natural boundary conditions.

Essential boundary conditions for the solution u are explicitly prescribed, they cause
a corresponding homogeneous boundary condition for the test functions v. Here:
Dirichlet boundary conditions are essential boundary conditions: u(0) = go and
v(0) = 0 are explicitly prescribed.

Natural boundary conditions for the solution u are incorporated in the variational
equation. The test functions v inherit no boundary condition on such points. Here:
Neumann boundary conditions are natural boundary conditions: a(1)u'(1) = ¢ is
incorporated in the variational equation.
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So we obtain the following variational problem: Find a function u : [0,1] — R with
u(0) = go, such that

/0 (@) (2)0' () + b(z) (2)0(z) + c(@)u(z)o(@)] do = /0 F@)o(@) dz + gro(1)

for all test functions v : [0, 1] — R with v(0) = 0.

Function spaces

Derivatives occur only behind an integral sign: Weak derivative

/0 u'(z)p(z) doe = —/0 u(x)y'(z) de for all p € CF°(0,1).

The existence of the integral expressions (for bounded measurable coefficients a, b, ¢ €
L>(0,1) and square integrable right hand sides f € L%*(0,1)) are guaranteed if
u,u’,v,0" € L*(0,1).
This suggests to use the Sobolev space H'(0, 1) as working space:
HY(0,1) = {ve L*0,1):v" € L*(0,1)}.

Formulation of the essential boundary conditions:

Trace operator:

Lemma 1.1. There is a constant C' > 0 with
[0(0)| < Cllv|li  for all v € C*[0,1].
Proof. By integrating the identity

v(0) = v(z) - / () dy

one obtains

U(O):/OIU(:C) dx—/ol /Oxz/@) dyd:c:/olv(:c) dm—/ol(l—y)v’(y) dy.

Cauchy’s inequality implies
1 1 1/2 1
ol < ([owra) +([a-wa) ([ o)
0 0 0
Lol < = o]
— |V — ||V .

1/2 1/2
= lvllo+

O

Hence the so-called trace operator 7o : C1[0,1] — R with yyv = v(0) is linear and
continuous (bounded) with respect to the H'-norm. Since C'[0,1] is dense in H'(0,1),
there is a unique continuous extension of o on H'(0,1). In this sense the expression
v(0)(= yov) is well-defined for all v € H'(0,1).
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With
V=H0,1), Vo={veV(0)=0} V,={veV]v0)=g}

we obtain the final formulation of the variational problem: Find u € Vj,, such that
a(u,v) = (F,v) forallv eV,

where

a(w,v) = /0[a(:c)u'(x)v/(x)—l—b(x)u'(a:)v(x)—i—c(x)u(a:)v(a:)] dr,
(o) = [ fapla) do-+ ().

All expressions are well-defined for data
a,b,c € L>(0,1), f € L*0,1), go,g1 € R.

Solutions u of this variational problem are called weak solutions.

Warning:
i A.
classical solution # weak solution

A classical (smooth) solution is also a weak solution only if the correct integrability con-
ditions are satisfied.

Next we discuss the opposite question: Is a weak solution also a classical solution?
Let u € V, be a (weak) solution of the variational problem

/0 [a(@)u’(x)0'(z) + b(x)u'(z)o(x) + c(z)u(z)v(z)] dv = /0 f(@)o(z) dr + giv(1)

for all v € Vj. Under the assumption that b, ¢, f are continuous, a is continuously differen-
tiable and wu is twice continuously differentiable, one obtains by integration by parts:

1

a(z)u'(x)v(x)

-~ | @) ds
+/0 [b(z)u' (x)v(z) + e(z)u(x)v(x)] dx :/0 f(x)v(x) dz+ grv(1).
So
a(1)u'(1)v(1) +/O [—(a(z)u/(z)) + b(z)u' (z) + c(x)u(x)]v(z) dx (1.3)

1

= ), @) dr+ gro(l).



If we choose test functions v € C§°(0,1) (i.e.: v(0) = v(1) = 0), then it follows

/0 [—(a(z)u/(z)) + b(z)u' (z) + c(x)u(x)lv(z) de = /0 f(@)o(x) dx
Since C§°(0,1) is dense in C0, 1], it easily follows

—(a(x)u'(2)) + b(x)u' (x) + c(z)u(z) = f(z) for all z € (0,1).

Then (1.3) implies
a(D)u'(1)v(1) = gro(1)  for all v € V4.

Since v(1) can be chosen arbitrarily, we obtain the (natural) boundary condition:

a()u'(1) = g1.

Warning;:
i A.
weak solution #- classical solution
A weak solution is a classical solution, only if the correct differentiability conditions are
satisfied.

Example: Let Z € (0,1). Assume that a is continuously differentiable on [0,Z] and on
[z, 1] and w is twice continuously differentiable on [0, Z] and on [z, 1]. Then one obtains by
integration by parts on each of the two sub-intervals:

/01 a(z)u (z)v'(z) dv = /Ox a(z)u (z)v' (z )dx+/1 a(z) (z)v'(z) dz
- a(x)u/()()\ /<<> (@) vl) do

+ az)u/( / () dx
— a(1)7{/(1)v( )+ a ( +Hu'(z4) — (x—)U'(f—)]v(f)
- [ @) o) do = [ (o @) o) da

1
xT

Then, from the variational equation it easily follows that u satisfies the differential equation

on the sub-intervals (0, z) and (Z, 1), and one obtains the additional interface condition:

a(z+)u'(z+) = a(z—)u'(z—).
In order to have u € H'(0, 1) it is necessary that:
u(z+) = u(z—).

So an additional condition follows from the variational formulation, which shows that, in
general, the solution is not necessarily continuously differentiable at the point Z.



1.2 The Lax-Milgram Theorem

Properties of the variational problem:

Linearity: (F,.) is linear, a(.,.) is bilinear.

V-boundedness (continuity) of F:

[(F,0)| =

/O f@)v(z) d + g, v(l)’ < [Iflollvllo + g1 Cliwlls < (Il fllo + g:1C) (o]l

Observe, that Lemma 1.1 is also valid in in H'(0, 1) (Proof by a closure argument).

V-boundedness (continuity) of a:

ja(w, )| = /0 la(@)w'(2)v'(x) + b(z)w'(z)v(z) + c(z)w(z)v(z)] drl
lall oo lw'lol["llo + [1bll < [[w o llvllo + llell o< [lw ol llo
(allzoe + Mol o + llellz) lwllxllvlly

= 2 [fwlhflvl-

IA A

Vo-ellipticity of a:

Assumptions:

1. a(x) > ag > 0 for almost all z € (0,1),
2. b(z) =0,
3. ¢(x) > 0 for almost all z € (0, 1).

We have:

Lemma 1.2 (Friedrichs inequality). There is a constant C > 0 with
1 1
/ v(z)? dor < & / v'(2)* dv for allv e Vo ={ve H(0,1):v(0) =0}
0 0

Proof. Let v € C'[0,1] with v(0) = 0. From

one obtains
x 1
(@) <z / W (y)? dy < / )P

by using the Cauchy inequality. By integrating it follows that

[ @< [ wwra
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C1[0,1] NV, is dense in Vj, all involved (semi-) norms are continuous on V;. Hence
the inequality also holds on the closure of C''[0, 1] N Vj, which is V. O

Remark: Friedrichs inequality is not satisfied in V = H*(0, 1).
Hence

[vllo < er [vls,

and, therefore,
[oli < [[ollf = llvlle + [vi < (1 + cp)loli.

So |v|; and ||v||; are equivalent norms on V4. It follows:

Qg
a(v,v) > ag |v]f > e [ollF = g (013
F

Homogenization:
Find g € V = H'(0, 1) with 799 = go. For example: g(z) = go. Then we have
Vo=9g+VW withgeV.

Using the ansatz u = g+ w we obtain a variational problem for w € Vj: Find w € Vj, such
that )
a(w,v) = (F,v) —a(g,v) = (F,v) forall v e V. (1.4)

F is linear and bounded:
[(F,v)| < [(F,v)] + |a(g,v)| < (|F]| + pallg]]) |[v]

We assume that Vj is always a closed subspace of the Hilbert space V. This guarantees
that 1} is also a Hilbert space.

This discussion shows that it suffices to consider the homogenized variational problem.
Therefore, we will often discuss in the following only the case

without loss of generality.

Formulation of operator equation
Because of the continuity of the bilinear form a the linear operator A : V. — V* given by
(Aw,v) = a(w,v) for all w,v €V,

is well-defined. Then the variational problem (1.4) can be written as linear operator equa-
tion

Au=F.



Riesz Representation Theorem

Let F' be a linear continuous functional on the Hilbert space V. Consider the following
variational problem:

Find v € V with

(u,v) = (F,v) forallveV.

This problem is equivalent to the optimization problem:

Find v € V with

where

Proof.

J(u) = min J(v)

J(u) = min J(v)

veV

J(v) = %(v,v) —(F.).

— Ju) < Ju+tw) forallweV, tel0,1]
= J(u) < J(u) +t[(u,w) — (F,w)] + g(w,w) forall we V, t €0, 1]
= (u,w)—(F,w)+%(w,w)20 for allw eV, t € [0,1]
— (u,w)— (F,w)>0 forallweV
Choose w = v and w = —v for arbitrary v € V.

(1.5)

O

Theorem 1.1 (Riesz Representation Theorem). There is a unique solution of the
variational problem (1.5) and we have ||ul| = || F|.

Proof. The functional J is bounded from below:

1 1
J() = Sl = 1F vl = =51 F1

Therefore, there is a sequence (u,) in V' with

J(u,) — inf J(v) > —o0

veV

The sequence (u,) satisfies the Cauchy criterion:

|, — um||2

<

2”“%”2 + 2||um||2 - Hun + Um||2

4] (uy) + 4J () — 8J (un J; um)

4J(up) + 4J () — 8 in}f{ J(v) —0
ve

8



So (uy,) converge towards a limit value u € V. Because of the continuity of J(v) it follows:

J(u) = lim J(u,) = inf J(v).

n—oo veEV

We have P
Jull = sup 8 — qup 22y

AT P

0

Hence the mapping J: V* — V, given by J F = u, is a isometric isomorphism (Riesz
isomorphism).

By using the Riesz Representation Theorem we can reformulate the variational problem
Find u € V, such that

a(u,v) = (F,v) forallveV

as a operator equation in the Hilbert space V'
Let A:V — V be given by

(Aw,v) = a(w,v) for all w,v eV

and fG V' be given by

(f,v)=(F,v) forallvelV.

Then the variational problem (1.4) can be written as operator equation

Au=f.
It is easy to see that Z:jA and f:jF.

Theorem 1.2 (Lax-Milgram Theorem). Let V' be a Hilbert space, F : V — R a
(V- )bounded linear functional (FF € V*) and a: V x V — R be a bilinear form with the
following properties:

1. a s V-elliptic, i.e.: there is a constant py > 0 with

p ||v]|? < a(v,v)  forallv eV,

2. a 1s V-bounded, i.e.: there is a constant py > 0 with

|a(w, v)| < pe2 [[wl|lv]] for all w,v e V.
Then there exists a unique solution u of the variational problem and we have:

1 1
—[|Fl < flull < — £
M2 M1



Proof. The linear problem
Au=f

can be written in fixed point form
u=u—71(Au—f)=Ku+g,.

In the following it will be shown that K, is contractive for an appropriate choice of the
parameter 7:

K| = (Ko, Kv) = ([ — TA]UN,[[ - T AJv)
= (v,v) — 27 (Av,v) + 72 (Av, Av)
(
(

v,v) — 27 a(v,v) + 72 ||Av||2

< (=27 + )0l
So
IE ol < g ol with q(r) = /1 - 217 + 372,
We have 5
q(7‘)<1<:)0<7<%.
125

¢(7) has a minimum for 7, = p1/p3 and it follows:

2
Ha
Gopt = Q(Topt) — 1-— (@)

The existence and uniqueness follow from the Banach fixed point theorem.
The estimates follow from:

pa [Jull® < au, w) = (Fu) < [|F||]]ul]

and

F
(Fo) __awv) _ plulle] _

|| = sup — o = Hallull.
w0 |l

e | ol A (]|

Consequences:

The Banach Fixed Point Theorem does not only yield the existence of a unique solution
but also the construction of a sequence of approximations (u,,), given by

Upp1 = Up — T(Eun - f),
which converges towards the solution. Because of
(tn1,0) = (thn, v) = 7[(Attn, ) = (F,0)] = (1, v) = 7[a(un, v) = (F,0)]

10



for all v € V, one obtains a sequence of variational problems
(Uny1,0) = (Up,v) + T(F,v) — a(uy,,v)] forallveV

for determining the approximations u,; € V. From the Banach Fixed Point Theorem the
following error estimates can be derived:

e ¢-linear convergence:
lnir —ull < qlun —uf.

e r-linear convergence:
[un —ull < ¢" [Juo — ull

e constructive a priori estimate:

[un —ull < [y — o
e constructive a posteriori estimate:
i = ] < 2 o = e

with ¢ = ¢(7).

The Lax-Milgram Theorem does not need the symmetry of the bilinear form a. If a is
symmetric, the following theorem holds:

Theorem 1.3. Assume that

1. a is symmetric, i.e.
a(w,v) = a(v,w) for allw,v €V,

2. a 1s non-negative, i.e.
a(v,v) >0 forallveV.

Then u € V, is a solution of the variational problem if and only if u € V; minimizes the
so-called Ritz energy functional J, given by

J(v) = %a(v,v) —(F,v),

with respect to the set Vy:
J(u) = min J(w).

weVy

For the proof, see the discussion of the Riesz Representation Theorem.
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Remark: The proof of the last theorem clarifies the role of the test functions v as admis-
sible directions: For u € V,, we need v = u + tw to stay in the linear manifold V, = g+ V}
for all t > 0. So w € V.

For symmetric bilinear forms the estimates can be improved: Es gilt:

Theorem 1.4. Under the assumptions of Theorem 1.2 and the additional condition that
the bilinear form a is symmetric we have:

1) < g(7) = max(|]1 = py 7, [1 = pa 7)

and

2
()<l i< < —.
M2

q(7) has its minimum at T, = 2/(p11 + p2) and we have:

Qopt = 4(T t):m_'ul
o’ o’ Ho +

Proof. Since K, is symmetric, we have:
(K70, v)]

K.|| = sup
A= 28 )

The estimates easily follow from:
(1= 7o) (v,0) < (Kyv,0) = (v,0) — 7 (Av,v) < (1 = 7 1) (v, v)

O

1.3 Boundary Value Problems for Second-order Par-
tial Differential Equation

Classical formulation:

Let QCR?and ' =90 =T'p UTy. Find u: Q@ — R, such that the differential equation

Ju d ou
_ Z < $j (IE)) + Zlbl(l‘)a—xz(:[) + C(:E)u(x) — f(:)j) e

z]l

and the boundary conditions

ou
Zam (@) 5@ = gv(@) wely



are satisfied. In short:
—div(A(x) gradu(x)) 4+ b(z) - gradu(z) + c(z)u(x) = f(z) =€,

with
Special case Poisson equation:
A(z) =1, b(x) =0, ¢(xr) = 0 (Laplace equation: f(x)=0):

—Au(z) = f(z) ze€Q,
= x) x€lp,

=
=
o

D

(
—(z) = gn(z) zely.

Variational formulation:

Gauss Theorem:

/divwd;t::/w-nds
Q r

Ow dx:/wni ds
r

o Ox;

6uv d:c:/uvni ds—/uav dx
o 0z; r o O
(integration by parts).

Analogous to the one-dimensional problem one obtains the following variational prob-
lem: Find u € V,, such that

in the form

yields the identity

a(u,v) = (F,v) veV
with
V=H(Q), Vo=Hip()={veV:v=0oTIp}, V,={veV:v=gponlp}

and

ow Ov T dw
ZZ: aij%a—xi dxr + ;bi&vv + cwv| dz

)

= /[Agradw~gradv+b-gradwv—i—cwv] dz,
0

(F,v)y = /fvder/ gnv ds.
Q Iy

13



Trace Operator:
7:CHQ) — O),  |llezw) < cllvlh

Extension:

v:HYQ) — L*T)  ~p: HY(Q) — L*(Tp)
But: The existence of g € V = H*(Q) with

Vo=9+ W

i.e.: vp g = gy is non-trivial:

Vo-ellipticity:

For the case
d d
Z ai; ()€€ > ag fo for all £ € R, for almost all x €
ig=1 =1

with ag > 0 and
b(x) =0, ¢(x) >0 for almost all x € Q

it follows
a(v,v) > ag |vﬁ

For |T'p| > 0 the ellipticity follows from the Friedrichs inequality:
|v||2 < et v} for all v € V.
Example: Pure Dirichlet boundary value problem: I'p =T, T'y = 0, Vi = H}(Q).

For the pure Neumann boundary value problem (I'p = (), T'y = T') with ¢(z) = 0 the
ellipticity follows from the Poincaré inequality:

2
ol < & [( X dx) T of?

in the Hilbert space:

for all v € Hl(Q)

V(]:{veHl(Q):/vdx:O}.

The condition
(F,1) =0

is necessary and sufficient for the existence of a solution.

14



1.4 Conforming Finite Element Methods

Let V;, C V be finite dimensional, Vp, C V), with Vo, C Vg and Vi, = g, + Vo, C V.

Galerkin method:

Construction of an approximation u, € Vg, given by the following variational problem:
Find uj, € Vi, such that

a(up,vp) = (F,vp) for all v, € Vg

Let a symmetric and non-negative:

Ritz method:

Construction of an approximation uj, € Vg, given by the following optimization problem:

J(uh) = min J(wh)

Wh eVgh

Finite Element Methods: Special construction of Vj,.

1.4.1 Finite Element Methods for Boundary Value Problems of
Second-order Ordinary Differential Equations

model problem:

Findu eV, ={veV =HYQ):v(0) = go} with
1 1
/u'v'dx:/ fodr+go(l) foralveVo={veV=H Q) :v(0) =g}
0 0

The Courant Element:
By introducing nodes x;, ¢ = 0,1, ..., N, with
021‘0<$1<...<1‘th1

one obtains a subdivision 7}, of the interval 2 = (0,1) as a set of subintervals (elements)
Ty = (1, ) for k =1,2,..., N;. The mesh size h of the subdivision is given by

h = max hy with hy = |zp — 251
k=1,..., Np,

Let Py be the set of all polynomials of degree < k. V}, is the set of all continuous and
piecewise linear functions on €2:

Vi ={veCQ):vreP foral T € T}.

15



We have (conforming FE space):
Vi C V= HY(Q).

Basis (nodal basis) for Vj: Let z;, i = 0,1,..., N, be a node. ¢; € V}, is given by the
condition
QOZ(.TJ) :51']' i,j:O,l,...,Nh.

One immediately sees that {¢; : i =0,1,..., Ny} is a basis of V},: The functions are linear
independent and each function v, € V}, can be written in the form

vp(T) = zh: ;i ()

with v; = vp(x;).
Important: basis functions have a local support.
Test functions: v, (0) = 0:

Np

Vbh = {?Jh S Vh : ’Uh(O) = 0} = {Uh S Vh L Up = ZU,‘QD,‘}.

i=1

Linear manifold for the solution: v,(0) = go:

N
Vih = {on € Vi : 0n(0) = go} = {vn € Vi s v = gowwo + Y vipi}.

=1

Obviously:
Vo C Vo, Vo =gn+ Vo CV,  with g, = gopo.

Determination of the approximate solution: ansatz

Np
Up = gn + Z Ujpj
j=1
with
Ny, Ny, Ny,
algn + Y uies, > vip) = (F, > vips)
j=1 i=1 i=1

forallv; e R, i =1,2,..., Np.
Because of the linearity with respect to v it suffices to test only with the basis functions
wi,t=1,2,..., Np:

N
a(gn + Zu]«pj,%) = (F,p;) foralli=1,2,..., Ny.

j=1

16



Because of the linearity with respect to u one obtains

N
Za%a% :<F>§02>_a(gh7gpl> fOI' aHi:LQu"';Nh-
7=1

Hence
Ky, = i h

with
K = (Kij)ij=12..n,, Kij=alp;,e:)

Up, = (ui)izl,Z...,Nh7 ih = (fi)izl,Z...,Nh fi= (F, %’) - Cl(gh, SOZ‘)-

K, is usually called the stiffness matrix, f, is called the load vector.
Obviously we have the following relation between the bilinear form on V;; and the
stiffness matrix:
a(wp,vy) = (Kpwy,,v,)e, for all wy, vy, € Vop.

Here (.,.)s, denotes the Euclidean scalar product. The Euclidean norm is denoted by ||.||¢,-

Remark:

1. Sparse stiffness matrix: Most of the entries of the stiffness matrix are 0 due to the
local support of the basis functions:

a5, 1) = / Sl de =0 forli—j|>1
Q

Here in our example we obtain a tridiagonal matrix because of the special numbering
of the unknowns.

2. Element stiffness matrices:

(Khwy,, vp)e, = alwy,vp) Z /whvh dr = Z szwj/gojcpl dx

TeT;, TeTy ,J

= w3 (0 () (),

with the element stiffness matrices:

K= [ ap s g o
i / (@)1 (7) da / h(x)? de
Tk Tk

i are called shape functions.

17



3. Transformation to a reference element: For the Courant Element (but not necessarily
for all finite elemengs) the computation can be performed with the help of a so-called
reference element 7" = (0, 1), whose nodes are denoted by & = 0 and & = 1. Let

F.:T —T,bea simple bijective map of the reference element T onto the element
Tk, here we choose the affine map Fi(§) = zx_1 + (z — x5_1) €.

Transformation of basis functions to the reference element:

Pr-1(Fe(§)) =1 =& =00(&),  wr(Fi(§)) =& = ¢1(8).

Transformation of integrals to the reference element (substitution rule):

(1 / 2 . / 2| _ N 2 1 _ i
K = [ et de= [ GFROPIR©Idi = [ HE ey =
and analogously
[ d@ra [ @ d
K(k) _ Ty Ty
h ! / / 2
| d@ea@a [ e
N 2 1 d N ~l 1 d
. . 1 . 1 h
! / d ! 2 d k
with

4. Element-wise assembling: From the entries of the element (or local) stiffness matrices,

18



here K f(Lk), one easily obtains the (global) stiffness matrix, here:

Ky,
1 2 2
K%l) + K(go) K(gl) 0
2 2 3 3
Kfo) K£1) + K(go) K(gl)
3 3 4
_ 0 Kfo) Kfl) + K(go)
: K§m Y
0 0
1 1 1
TR Tha 0
1 1 1 1
“hs  ha T hs T ha
1 1 1
B 0 Thi R T
o . _ 1
hny, -1

: 1 1 1

’ hn,—1 ANy -1 hny,

0 0 T,

0
K
KD 4 Kl K
K K

0
0
__1
R
i
hn

For the special case of an equidistant subdivision on obtains:

5. In order to compute the element stiffness matrices and the resulting assembled matrix
K, two lists are needed: For a given numbering of the nodes and the elements, the
first list contains the information from which nodes each individual element is built

of:

element index

1
2

Np

19
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The second list contains the coordinates of the nodes:

node index
0 Zo
1 X1
2 )
Nh TNy,

In an analogous way the computation of the right hand side (usually called the load
vector):

(F, 1) 9o/
<F7 902> 0
I, = : + :
<F7 SONh> 0
We have
/f%dx: Z/f%dx
Q TET, T
and

/T f(@)pu(a) de = / FEE)) e B ELE)] de

These integrals are typically not computed exactly but only approximatively with the help
of a so-called quadrature rule, e.g.: the trapezoidal rule:

/0 h(e)de ~ %[h(@) + (1]

Hence
f(x1) go/h
f(x2) 0
ih =h : + :
f(fENh—1) 0

f(xw,)/2 9
Remark: The FEM (finite element method) can be interpreted as a FDM (finite difference

method) for the classical formulation using a central difference quotient

u(z;) = ﬁ[_uifl + 2u; — Uit

fori=1,2,..., N, — 1 and a one-sided difference quotient

2 = Ui
u”(xi) ~ E |:u; _ %]

for i = N,,.

20



1.4.2 Properties of the stiffness matrix K,

The stiffness matrix is typically a large scale and sparse matrix. For an appropriate num-
bering of the unknowns it becomes a banded matrix with a small band width compared to
the number of unknowns.

Because of the relation

a(wp,vy) = (Kpwy,, vp)e,

properties of the bilinear form a carry over to the stiffness matrix K, for example:
e ¢ symmetric = K, symmetric.

e q elliptic (coercive) = K, positive definite.

Eigenvalue estimates:

Let A be symmetric with respect to the inner product (.,.):
(Az,y) = (z, Ay) for all x,y € R".

For (.,.) = (.,.)s, A is symmetric iff AT = A.
For symmetric matrices it follows that:

o(A) CR

with o(A) denoting the spectrum of A, i.e., the set of all eigenvalues of A.
For symmetric matrices the following notations are introduced:

1. A is positive semi-definite, in short A > 0, iff

(Az,z) >0 for all z € R".

2. A is positive definite, in short A > 0, iff

(Az,x) >0 for all z € R" with z # 0.

3. A>Bifft A-B>0.
4. A>Bit A—B > 0.

Analogously, A <0, A< 0, A< B and A < B are defined.
We have:

A>0 <= AX>0forallA€ec(A) <= Auu(4)>0.

and
A>0 <= A>0forallAeco(4) <= Aun(4)<0.
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We have

A>al < (Az,z) > a(x,xz) forallz e R"

A

— <x’x)2a for all x € R" with x # 0
(z,z)

< inf (ALx)za

0£zeRn (1)
and

A>al <= X—a>0 forall A €o(A)
<~ Auin(4) >«

for arbitrary a € R and, therefore,

Nan(A) = inf AT)
0#z€R™ (ZL‘,I‘)

The expression (Ax,z)/(z, x) is called the Rayleigh quotient. Analogously it follows:

Amax(A4) = sup (Az, z)
0#£x€R™ (l’,[L‘)

Let A and C' be symmetric matrices with respect to the inner product (.,.) and C' > 0.
Then C~'A is symmetric with respect to the inner product (.,.)¢, given by

(z,y)c = (Cx,y) forallz,y € R",
since
(C™' Az, y)o = (CCT Az, y) = (Az,y) = (v, Ay) = (C™'Cx, Ay) = (Cx,C™' Ay).

So it follows

_ . C 1Az, z)c . (Azx, z)
oAy = g CABTe e Arn)
Amin(CA) o;élz?eRn (z,z)c O;AI:?ER" (Cz,x)
. (C1 Az, ) (Az,2)
A (CTA) = su & At t)e o 25T

( ) OyéxEII)R" (7,7)c 075161?@” (Cx,x)

Eigenvalue estimates for the stiffness matrix Kj:

(e () (50)), = i (R () (50)

1 o
h_ AmaX(K) [1’1371 + Ulz] =3
k

IN
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and, therefore,

Np,
1 2
(Knvy, vy )e, = a(vn, vn) < h_v% + Z e (Vo1 + vi]
1 iy [
Np
4 4
< 2 2
—  ming hy ;vk ming h H_h”b

l.e.:

K 4
)\max(Kh) = sup ( th’yh)b S A .
0,20 (U, U)oy miny, hy,

On the other hand we have (Friedrichs inequality):

1

a(vp, vp) > —QHUhHo
F
So
11
(Knvp, vy)e, = a(vn, vn) > 2 |vnllg = = (Mpvy,, vy )e,
F F

with M), = (M;;), given by
M;; = / @ d,
9)

the so-called mass matrix. We have

(Muwy,, vy)e, = Z /whvh dr = Z szw]/%% dx

TeT), TeT, 1,j
o (1) (k) [ Wk—1 Vk—1
_Mw1v1+Z(M <wk)<vk))
k=2,Ny, o

with the element (or local) mass matrices

/Tk Piea(@) d /T or1@)en(@) do

MﬁZ/wmwwwm, M =
T / (@) ppi () da / oulx)? du
Tk Tk

Transformation to a reference element:

MY = [ a@a d = [ a©a@lro s -3
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and, analogously,

/Tk P (2)” do /T pra(@)en() da
/Tk () pp1 (2) do /Tk o) d
/ Po(&)*|Fi(€)| d€ /T k $o(€) 1 (&) Fr(6)] de
/Tk GEGILAGIE UEPIFO)] de

MP» =

=hy M

with

(), = () ()

> i (VT [, +02] =

20, +ef]

and, therefore,

h 2 h
(Myvy, vp)e, = llonlly > glvf +) gk (Vi1 +v7]
k=1
. Ny, .
ming, by, ming, hy,
> TEIESgr o TR, |2
k=1
So we have: -
1N I
(Knvp, vp)e, > GTHQhH?Q’
I
ie.:

K —_
)‘min(Kh) = inf ( hylﬂyh)b > mln]; L
vy, #0 (yh, Qh)fz 6CF

For the condition number of K} one obtains:

K;) < 24¢% ———
R(Kn) < CFminkhz

Special case equidistant subdivision:

1
)

The exponent 2, which corresponds to the order of the differential equation, is sharp.

1
k(Kp) < 24cs i O(

24



Remark: In a similar way one can easily show that
r(My) = O(1)

for equidistant subdivisions.

1.4.3 The Discretization Error

Homogenization

Under the assumptions V;, C V, Vo, C Vo and Vi, = g + Vo C 'V, the variational
problem in V' as well as the corresponding finite dimensional variational problem can be
simultaneously homogenized with the help of g,. Therefore, without loss of generality, it
suffices to consider variational problems with:

gn =9 =0, V:Vg:Vo, Vh:VghIVOh-

The existence and uniqueness of the approximation wu, directly follows under the as-
sumptions of the Lax-Milgram Theorem:

Theorem 1.5. Let V' be a Hilbert space, ' € V* and a:V xV — R be a bilinear form
with the following properties:

1. a s coercive on V': There is a constant py > 0 with

pa [[ol* < a(v,v0)  for allv eV,

2. a is bounded on V': There is a constant jg > 0 with

|a(w, v)| < pa [lwllfv]} - for all w,v € V.

Moreover, let V}, be a finite dimensional subspace of V. Then there exists a unique solution
up € Vi, with
a(up,vp) = (Fyvp)  for all vy, € V.

The following theorem (Cea’s Theorem) is of fundamental importance for the estimation
of the discretization error:

Theorem 1.6 (Cea). Let V be a Hilbert space, FF € V* and a : V x V — R a bilinear
form with the following properties:

1. a s coercive on V' : There is a constant py > 0 with

p ||v]|? < a(v,v)  forallv eV,

2. a is bounded on V': There is a constant jg > 0 with

a(w, o) < s o] for allw,v € V.
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Furthermore, let V}, be a finite-dimensional subspace of V. Then we have:

lu—unl| < 22 inf u—wp.
1 wpEVh

Proof. By subtracting

a(u,vp) = (F,v,) forall v, €'V,

a(up,vp) = (F,vy) forall v, €V,

we obtain the so-called Galerkin orthogonality:

a(u — up,vp) =0 forall v, € V},
With vy, = (u — up) — (v — wy,) it follows that

e — unll? < afu — wn,w— up) = alu — w6 — wp) < prollu — uplfju — w.
O

Remark: Let a be additionally symmetric. Then a is a (further) scalar product on V'
with corresponding norm, given by

lll% = a(v,v),
which is equivalent to the original norm ||||:
pallol* < JJvllh < pzlv]*.
The Galerkin orthogonality then becomes the A-orthogonality:
U — up J_A Vh
and we have:
lu — up|)? = alu — up,u —up) = alu — up, u — wy) < ||u—upl|al|u — w4

Hence
_ — inf llu—
|u — up||a  nf |u — wh |4

M2 .

_ < |22 f _
| — | < 1 wgévhllu wh||
1

J(wy) = zalwp,wp) — (F,w,) = %a(wh,wh) — a(u,wp)

1 1 1
= salwn = wn = w) = salu,w) = 5wy —ullf - Sllull}

and, therefore,

Because of

N — DN

it follows

J(up) = inf J(wp).

wp EVY,
This property is also a direct consequence of Theorem 1.3.

Cea’s Theorem states that the discretization error can be estimated by the approxima-
tion error.
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Estimation of the approximation error

Let v € H'(0,1). Since H'(0,1) C C[0,1] (see the trace operator) the interpolation
operator [}, is well-defined: v, = Iv € V}, is that continuous and piecewise linear function,
which coincides with v at the nodes:

vp(z;) = v(x;) foralli=0,1,..., Ny.
The approximation error can be estimated by the interpolation error:

e
nf fu = vl < Jlu = oy

Lemma 1.3. Foru € H*(0,1) it follows: There are constants Cy,Cy > 0 such that

1/2
v = Ipvllo < Co (Z hi, |U|§,Tk> < Co h? |vly
k

and

1/2
lv — Iyl < C (Z h2 |v|§7Tk> < Cy hlvly
k

Proof. Transformation onto the reference element:

o) = o ar = Z ~ Do) da
= th[|<@OFk)(£)—IhvoFk(§)\2 d¢
k=1 T

= >t [ o F)(© -~ fwo RO de.

On the reference element it follows for 0(¢) = (v o Fy)(&):

0(8) = 16() = 0(§) = [0(0) + (v(1) = v(0))¢]

1

= & [0'(&y) —0'(y)] dy

So A
[0(&) — 19(§)] < C'[19"]]o
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and, therefore,

@ -t < o [ e as

By transforming back onto Ty we obtain:

lv(z) — Lw(x)?de < C*hi | |'(2)| da.

Tk Tk

Analogously, the second estimate follows using:
(&) = (I0)(€) = #(&) = (v(1) = v(0))

1
S ALGELOR”

1 re
= / / 0" (2) dzdy
0 Jy

Summarizing, we obtain:

Theorem 1.7. Let u € VN H?(Q) be the exact solution of the variational problem and let
up € Vi, be the approrimate solution of the FEM with the Courant element. Then we have:

1/2
lu—uplls < C <Z hi |U|§,Tk> < Crhuls.
k

Remark: Convergence for u € H'(Q): H?(Q) is dense in H'(Q). Hence

hm lu —up|ly < 1z hm inf |lu—wplly — 0.
,LLl —0vp eV}

Remark: Estimation in other norms: Example L?-Norm:
lu — upllo < Co h? |uls.

by the so-called Aubin-Nitsche duality argument.

a-posteriori error estimators:

For the discretization error we have:
a(u —up,v) = (F,v) —a(up,v) forallveV.

So, by the Lax-Milgram Theorem:
1 (F,v) — a(up,v)

1 F —
— sup < lu —up|| < — sup {Fv) — aun, v)
Ho vev vl M vev o]l
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So, the discretization error can be estimated from above and from below by the norm of
the residual. Furthermore, we have:

(F,v) — a(up,v) = (F,v —vy) — alup, v — vy)

for all v, € Vj,.
Estimation of the residual for the model problem with w = v — vy:

Py~ alun) — 3 [

= Z{/T fw dx — ujw

k=1

fw dx — / upw' d:p} — qrw(1)
Ty

T

' +/ uyw daz} — qrw(1)
k—1 T,

= Z/T (f +up)w do + Z_ [up)(@)w(z) + (91 — up(z,)) w(l)
with
[up](21) = wj,(204) — wp(21—).
Hence

(F,w) — a(up, w)

Np
< N+ upllomllwlon, + > [l @)llw(z)| + g1+ wi () [w(1)]
k=1 =1

For vy, = I,v, the jump terms vanish (only in 1D). Using the estimation of the interpolation
error

[ = vnll§m, = / v —Iyw|* de < CPhE | V'[P de = CFRE|v]i 1,
Ty, Ty,
it follows:

(F,w) — a(up, w)

Np
< Cr Y e llf + upllom ol
k=1

N 12 ;N 1/2
< Cr (Z hi |Lf +u'éH3,Tk> (Z ‘Uﬁ,Tk) = Crnlvly < Crnllolly
k=1 k=1

In summary, we obtain

C
lu —unlly < =1
K1

with
Np,
2 2 2 2 2
n = ana M, = i 1f + ubllom,-
k=1
In 1D this coincides with the a-priori estimation.
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1.4.4 Finite Element Methods for Boundary Value Problems of
Partial Differential Equations

e Subdivisions
in 2D: triangles, quadrilaterals

in 3D: tetrahedra, hexahedra, ...

e Basis functions, shape functions:

Pk = {Zh/\gk Cy 'TV}7 Qk = {ngk Cy xV}
in 2D: k =1, P, for triangles, basis functions: pyramid functions

in 2D: k = 1, Q; (bilinear functions) for quadrilaterals, bilinear transformations onto
the reference element = unit square.

e clement-by-element assembling: analogous

here: important in order to efficiently work with unstructured meshes.

e Properties of Kj:
analogous properties

BUT: band width grows.

e Discretization error: analogously
Rule of thumb O(h*) for Py, Q.
higher dimensional elements: acute, obtuse angles, regular, quasi-uniform meshes.

Bramble-Hilbert lemma.

1.5 Iterative Methods for Linear Systems of Equa-
tions

1.5.1 The preconditioned Richardson method

Theorem 1.5 also yields an iterative method for determining u;, € Vj,:
W™ ) = W™, v) 4+ 7 [(Foun) — a(wl™,vp)]  for all vy, € V.

Here (., .) denotes the scalar product in V. This scalar product (as any other bilinear form)
can be represented by a matrix, say By:

(wp, vn) = (Brwy,, vy, )e,-
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The matrix By, is symmetric and positive definite. Therefore, we obtain the following
iterative method in matrix-vector notation:

By = By + 7 (f, — K",
which is a preconditioned Richardson method:

uy ™Y = T B, — Koa).

Algorithm:
1. Compute 1), = ih — thgln)

2. Solve Bpw;, =1,

3. Compute anﬂ) = gl(ln) + Tw,

Convergence analysis:

The Vj,-coercivity of a is equivalent to:

w1 (Brug, v)e, < (Kpup, vp)e,

The Vj-boundedness of a is equivalent to:

(Knwn, )y < 2 (Brawy, w,)y* (Buvy, v,)gl for all v, w, € RM

From Theorem 1.5 and its consequences it follows immediately that the method is ¢-linear
convergent with respect to the Bj-norm with a convergence factor

W 2

1

q= 1—<—)
K2

with optimal choice of the parameter

_ 2l
13

Hence, the convergence rate is independent of h!
BUT: The step 2 is too expensive.
Remedy: By, is replaced by a (symmetric and positive definite) matrix C,, hence:

u ™ = u TN, — Ko (1.6)
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Algorithm:

1. Compute 7, = ih — thgln)

2. Solve Crw;, =1},

3. Compute anﬂ) = gl(ln) + Tw,

It is assumed that the linear system Cjw, = r, is easy to solve.
One immediately obtains the following convergence result:

Theorem 1.8. Let C, be a symmetric and positive definite matriz. Assume that constants
v and vy exist with

%1 (Cthth)ﬁg < (Khyhaﬂh)ég for all vy € RV

and
(Knawy, v)e, < va (Crwy, wy), > (Croy, v,)y? for all vy, w, € RN

Then we have for the iterative method (1.6):

un —u" e < g llun — w6,

with

for the choice

151
T=—.
%
Discussion of the assumptions:
Vj-ellipticity:
V1 (Chvp, vp)ey < (Knwy, vy)e, = (K5 ™0y, 0,)e,  for all vy, € R (L.7)

ie.:
1
1241 Ch S szm = a(Kh —+ K}?) or S )\min(ch_leym)

Vi,-boundedness:

sup ~—hohi o, (Chwh,wh)zg for all w, € R

or, equivalently:

(O Kpwy,, Knwy,)e, < V3 (Chwy,wy,)e,  for all w, € R (1.8)
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Proof.

sp  Entwt)e (GG K ), (G K ),
0#£v, ERNh (Chyhayh)ég/Q 0£v;, ERMh (Chyhayh)ég/Q 0£v;, ERMh (yhayh)lc'/;?
= G Knwylle, = (ChCy Kywy, Cy Ky, )yl

= (Ch_lKhﬂhaKth)ZQ

le.:
K,F;FC,L_lKh <v2C), or )\maX(Ch_lK;{Ch_lKh) <2

If, in addition, a is symmetric, then K} is symmetric and the conditions (1.7) and (1.8)
simplify to
v Cp < Kp <1 Gy

and one obtains sharper bounds for the convergence rate:

Theorem 1.9. Let C, be a symmetric and positive definite matriz. Assume that constants
vy > 0 and vy exist with
v Cp < K <1y Ch.

Then we have for the iterative method (1.6):

lun = uy Vlle, < qllun —u? o,
with
_mfvl—1 2
_VQ/V1+1— IJQ/Vl—'—l
for the parameter
2
T = .
V1 + 1y

Remark: For v = )\min(Ch_lKh) and vy = )\maX(Ch_lKh) one obtains

H(CglKh) —1
K(C;lKh) +1

q =
Hence: preconditioning]!

Example: For the one-dimensional model problem, it was shown that
ahl <K,<ch'I,

so vy/vy = O(h™2).
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Remark: From the error estimates of the Theorems 1.8 and 1.9 it immediately follows
that:
n n 0
lus” = wille, < q" llw” = uyle,

Therefore, the initial error is reduced by a prescribed factor € > 0, if ¢" < €, hence, about

—Ine

n:—lnq

iterations are necessary. If /1y > 1 it follows under the assumptions of Theorem 1.8:

—Ine —Ine v\ 2
n = ~ (—21Ine) <—2) :

:_lnq_—ln\/l—(l/l/ljg)Q 21

under the assumptions of Theorem 1.9:

—_

_ —lne —Ine ~ (o) L
n_—lnq_—ln(1—2/(l/2/1/1+1))N2 e 2 '

1.5.2 Preconditioning
Let uén) be an approximation of the solution of the variational problem
a(up,vp) = (F,vp,)  for all v, € V.
Then the exact solution is given by
(n)

Up = Uy, "+ W,

if the correction wy, is the solution of the residual equation

(n)

a(wp,vp) = (F,vp) — a(u,”,vy,)  for all vy, €V,

Problem: Too expensive
Remedy: Approximate solution of the residual equation on a subspace or on several
subspaces:
subspace correction:
Let W, C V},. Consider the following variational problem: Find wj € W}, such that
),vh) for all vy, € W),.

a(wn, va) = (F, o) — a(ul"

Typically corrections are calculated not only with respect to one subspace but with respect
to several subspaces Vj, s C Vj,, s =1,...,p with

> Vie= Vi
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Example: Let {p;:i=1,2,..., N} be a basis of V},. For the choice V},; = span(y;), one
obtains the following subspace correction equations for the corrections wy; = w;p;:

a(s, pi)w; = (F, @) — a(ul”, ;)

hence
Klwl =T;.
with
ry, = (r;) = ih — Kpu™.

In the following two possibilities are described how to construct a new approximate
solution from these corrections:

Additive Schwarz methods

One computes the corrections wy, s € Vj s for all subspaces always starting with the old

approximate solution u,gn) and sum up these corrections:

umt = (™M 4 7 Z Wh,s-

Example:
u ™ =l 7w

or in matrix-vector notation:

Q;’n—i—l) _ EEln) + rw,

with
Crwy, = ih - Khuin)a

where C}, = D;, = diag(K},). This corresponds to one step of the Jacobi method, i.e.: the
preconditioned Richardson method with preconditioner C, = D), = diag(K}).
Multiplicative Schwarz methods

After each correction one immediately updates the approximate solution, which is then
considered as old approximate solution for the next subspace correction:

u}(;ﬁs/ﬁ) _ ugﬂr(sfl)/p) + W

with
a(wpg,vp) = (F,vp) — a(u%"ﬂs*l)/p), vp) for all vy, € Vj,

fors=1,2,...,p.
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Example:

uén‘i'i/Nh) _ u2n+(i—1)/Nh) + wip;
with
n+(i—1)/N,
a(ipi, 01)w; = (F, i) — a(uy =" o))
Hence
Np
u(n+1) ’U,(n) + Z wlgol
i=1
with
i—1
n+(i—1)/N,
a(pipwi = (Fog) — a(uy ™ o) = (FLg) —a(up” + 3w 00)
7=1
i—1
= <F7¢Z>_ uh 7%02 Zagojugol ’UJ],
7j=1
i.e.
ggln-i-l) _ ugln) +wh’

where w,;, = (w;) is the solution of the linear system

ZKijwj:ri foralle=1,2,..., Np,.

j=1
Hence
Chwy, = ih - Khyén)
with
Ky 0 - 0
C) = K.21 Koo :
: .. 0
KNh,l KNh,Nh

This corresponds to one step of the Gaufl-Seidel method.

Remark: For the model problem it can be shown that
a1 h* Dy, < Ky < 3 Dy,

This implies for the Jacobi method: v5/v; = O(h™?), which is no essential improvement
compared to the choice €}, = I. The same is true for the GauB-Seidel method.
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Example: Multilevel preconditioner: Starting with an initial mesh of mesh size h; a se-
quence of subdivisions 7;, | = 1,2,..., L with mesh sizes h; = h;_1/2 is constructed by
successively subdividing each sub-interval in two sub-intervals of equal length. The corre-

sponding continuous piecewise linear basis functions are denoted by ¢;;, ¢ = 1,2,..., N,
l=1,2,..., L. This induces a subdivision of V}, into one-dimensional subspaces
L N
Vi=2_ > Vi
I=1 i=1
with

Vii = span ().
The corresponding additive Schwarz method is called MDS method (multilevel diagonal

scaling). This methods corresponds to the Jacobi method, however, not only applied on
the finest mesh, but on the whole hierarchy of subdivisions.
Performing one step of the method requires the solution of Ny + Ny + --- Ny = (2 —
2-(E=DYN; = O(Np) one-dimensional problems:
a(eri, pri) wii = (F 1) — G(U(Ln)7 Di)-
This can be done in O(Ny) operations. For this one uses the fact that basis functions on
a mesh can be easily represented by the basis functions of the next finer grid:

P14 = % Pi2i—1 + Y12 + % P1,2i41-
In summary, only O(Ny) are required for one step of the iteration.

One step of the MDS method can formally be represented as one step of a preconditioned
Richardson method with some preconditioner C,. For the model problem it can be shown
that constants 14 > 0 and v, > 0 independent of L exist such that

v Cp < Ky <1y Gy,

So the number of iterations in order to reduce the initial error by a prescribed factor ¢ is
independent of L.
Altogether one obtains a method of optimal complexity O(Np).

1.5.3 Krylov Subspace Methods

The preconditioned Richardson method can be accelerated by a so-called Krylov subspace
method.

First one the case C}, = I is considered. For simplicity we omit the subscript ~ and the
underlining of vectors.
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Krylov subspaces:

For the residuals of the Richardson method we have:
rm — f— Ku™ — pm=1) _ _ fr.(m=1)

Hence
r= ¢ span(r@, Kr©@ K" O) = (K, r9)

and, therefore,

The space I, (K, ") is called the Krylov subspace.
Obviously, we also have

u? € u® + K, (K, @) forall j=0,1,...,n.

and .
anju(j) € u® + I, (K, r?)
§=0

for all coefficients wyg, wp1, . . ., Wy, With Z?:o wWnj = 1.

Basic idea of an acceleration technique:

Starting from a sequence (u(™) (here produced by the Richardson method) a one tries to
construct a new sequence (v™) with

7=0

and proper coefficients wyg, W1, - - ., Wp, With Z?:o wpj = 1, which converges faster.
The discussion from above shows that we are looking for a sequence (v™) with

o™ e u® 4 K, (K, r®)

Instead of determining coefficients w,,; we could directly search for iterates v with
o™ e u® 4 K, (K, r®)

which satisfy some selection rule like:

— Ko™ = min — Kv
If =Koy = min = Kol

Another selection rule is

(f = Kv™ v)y, =0 for all v € Ky (K,r®).
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For a symmetric and positive definite matrix K this can also be described as the following
selection rule:

J(™) = i J(v).
(v™) e o) (v)

The main task now is to find an efficient way to compute this sequence (v(™).
Since in this discussion the original sequence (u(™) completely disappeared, we will

from now on use (u(™) to denote the new (accelerated) sequence of iterates instead of
(v™).

The CG method

Let K be symmetric and positive definite. Hence, u solves the system
Ku=f,

if and only if
1
J(u) =min J(v) with J(v)= §(K’U,U>52 — (f,0)4,-

The direction of the steepest descent with respect to the functional J is given by the
negative gradient of J. Here we have:

—grad J(v) = f — Kv

This motivates the so-called gradient method:
Initial settings 7@ = f — Ku©®. Forn=0,1,2,.. .:

ORI
(n) )
(4l ) () my _ ™)
u = u"’/ +ap with o\ = ——F77Z— "2
(Kp(n) , p(n))g2

P ) ) ()

The choice of o™ guarantees (for each search direction p™ not only for p(® = (™) that
(r™, p™)y,, = 0. (1.9)

Hence it follows:
J(umt) = min J(v).
veu(™ 4span(p(™)

The search direction of the gradient method are the residuals. Successive search directions
(residuals) are (¢o-)orthogonal.
The CG method uses this search direction only in the first step:
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initial settings 7 = f — Ku©®. Forn =0,1,2,.. .

r(©) for n=

() — (), Kpn=1)
p (n) (n=1)p(n=1)  with B0 — _ (r b )es
ri" 4 3 p wi I6; (Kp" D ),

(T(n) P")e,
(Kp™),p™)y,”

for n>1,

ot — u(n)+a(n)p(n) with o™ =

n+1)

o P _ ) )

The choice of 3"~V guarantees that successive search directions are conjugate, i.e. K-
orthogonal:

(KpmD p™), = (Kp®=D,p() gy

and that successive residuals are ({o-)orthogonal:

2
— Bt D)y, gl () ) o) 1))
0. (1.11)

(PO )y, () ) g(n >p<n .

The conditions (1.9), (1.10) and (1.11) are not only valid for successive indices, but we
have more generally:

Lemma 1.4. If 7Y £ 0 then:
1. pn=b #0
2. Ko(K,r©) =span(r® O r(=1) = gpan(p®, p®) ... pr=b),
3. (Kp™, pl)y,, =0 forallj =0,1,...,n— 1.
4. (r®™ pW),, =0 forall j=0,1,...,n—1.
5 (r™ r@)), =0 forallj=0,1,...,n— 1.
6. u™ € u® + K, (K, ) and

J(u™) = min J(v)
vEu0) +/Cp, (K,r(9))

Proof. Induction with respect to to n.
n = 1 trivial.

n—mn-+1:
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Assume r™ £ 0,
rn) — p(n-1) _ a(nfl)Kp(nfl) c ]Cn+1(K,T(O)), hence
span(r(o), T(l), R T(n)) C ’Cn+1(K> T(O))'

Because of (r™,pt),, =0 for all j =0,1,...,n — 1 it follows that ™ L K, (K, r®) and,
therefore,
span(r@ ¢+ ™y = (K, 7).

Because of p™ = () — g(r=D,(=1) it immediately follows
Span(p((])ap(l)7 cee 7p(n)) = ’CnJrl(K? T(O))
and, therefore, p™ # 0. This implies statements 1 and 2.

For j = n it was already shown that (r™+Y p0)), = 0. For j = 0,1,...,n — 1 it follows
that

(rD @), = () — ) fp™ Y, = (p) p@Y, o) (Kp™, p@)Y,. = 0.
So: (D 1 KC, 1 (K, 7®). This implies the statements 4, 5 and 6.

For j = n it was already shown that (Kp™*Y pl)) =0. For j =0,1,...,n — 1 it follows
that

(Kp("ﬂ),p(j))zg _ (p(nJrl),Kp(j))gQ — (T(nJrl)’[(p(j))é2 + B(n)(p(")7 Kp(j))b = 0.

This implies statement 3. ]

Convergence analysis

From . .
T) = ll = ully — 5l

it follows that

lu™ —ullx = [o = ull

min
vEuO) Iy, (K, ()
We have:

v—u = u? +er® 4+ Kr® 4 e, KO —y

(u® —u) + K (u—u®) + e, K2(u —u®) + ... + e, K™ (u — u(?)
[ — K — K2 — . — ¢, K" (u® — )

= p(K)(®” —u)
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where p is a polynomial of degree < n with p(0) = 1.
Let e;, i« = 1,2,...,n, be a complete system of eigenvectors of K with eigenvalues
U(O) —Uu = Z ;€

it follows that

p(K) (' —u) = Z a;p(A;)e;
and, therefore, Z
Ip(K) (@ —w)lfe = (p(E)(u® —w), p(E)(u” —u)x = Z a;Aip(A)?
< maxp(h Y2 N = [max [0 e — ulf

Hence

p polynomial z
degp<n, p(0)=1

Theorem 1.10. We have:

2q™
(n) _ < (0) _ < 24" [lu\® —
Ju™ —ullx < T [u™ —ullx <2¢" ||u™ — ul|x
with
WAR(K) -1
K VE(E)+1
Proof.
min max |p(\;)] < min max A
p polynomial i |p( )| " p polynomial AE[A1,A\n] |p( )|
degp<n, p(0)=1 degp<n, p(0)=1

Let T}, be the n-th Chebychev polynomial:

Th(x) = %[(af FV2 1) 4 (2 — Va2 —1)"

For
To(( A+ X1 =20/ (N, — A
plA) = (T(nm ¥ A1>/<)A/n( —) :
it follows that
1 1
e = o 0n =)~ Tal(s + D/ ( — 1))

42



with K = A /Ar

ELN At l42VE Ve
B k—1 Ve —1

and

K41\ R et N
k=1 R+

Hence
B 2 2" <
T((r+1)/(k=1)) q"+q" 1+¢" "~

—_

n

2q

with

Remark:

1. Because of

we also have the representation

a(n) _ (T(n)a r(n))é
(](p(”)’p(n))e2
2. Because of
1 1
(n) (n—1) - _ (n) n(n) _ ,.(n—1) - _ (n) .(n)
(T  Kp )52 N (T T r )52 Y (T T )52

we also have the representation
(r™, (),

(n—1) _
ﬁ o (r(n—l)’ T(n—l))£2 :

PCG-method
By the substitutions (w,v),, — (w,v)c, K — C7'K and f — C~!f one obtains:

Initial settings s = C~1(f — Ku®). Forn=0,1,2,...:

s for n =0,
™ = (n) 4(n)
p= () 4 gn—1)p(n-1) i o1y (8™, ")
s\ 4+ 3 D with 0 = (D st for n>1,
() 4
B N (0 BN (W 5 RN 05 BN Gl o

(C1Kp™, p)e’
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Hence:

Initial settings 7@ = f — Ku©®. Forn=0,1,2,.. .

s = o
s for n=0,
™) = (n) g(n)
P () 4 g=D (-1 o1y _ (" ™)y,
s\ 4+ = Yp with (3 = (0T 5y, for n>1,
4 = Kp™
(n) ¢(n)
u™) = 4™ MM with o™ = (r'™, s™)e,
(g™, p™)e,
p) = ) () m)
Symmetry:

(C'Kv,w)e = (Kv,w)e, = (v, Kw)y, = (Cv, C*Kw),, = (v, C ' Kw)e.

Energy functional:

%(C_lK’U,U)C —(C7 ) = %(C’C’_lKU,v)g2 —(CC™ f,v), = %(KU,U)gQ — (f,0) e,

Therefore, one immediately obtains the analogous convergence properties with the replace-
ment k(K) — k(C7'K).

GMRES

If K is symmetric and positive definite, the CG method produces a ¢5-orthogonal basis of
the Krylov subspace K, (K,r®), namely the residuals: 7@ M p0=1),

A general method for constructing a f;-orthogonal basis of the Krylov subspaces
K. (K,7®) is the so-called Arnoldi method:

U(l) = T(O)/”T(O)Hh?

w® = Ky,

wY) = w(i)—Zhﬂv(j) with Ay = (w®,0D),
=1

o = @ i with by = w,.

Consider now the problem of finding an approximate solution

W™ = 0 437 g € u® 4 K, (K, r®)

=1
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which minimizes the ¢5-norm of the residual:

_ ), — _
If = Kue = win S = Ko,
We have: _
Riyp; 00D = Ko® — Z hszv(])a
j=1
SO
i+l
Ko® = Z hji v
j=1
Hence
n i+1 n i+1

f—Ku™ = ZyZZh]ZU —Hr(o ]32 ZyZZh]ZU
= [H'r’(O)HzQ - Zhuyi] o — Z [Z hﬂyZ] o)
i=1

=2 Li=j—1
Therefore
If = Ku™|| = [[rOe; — H.y™|
with
hiv hig -+~ hin 1
. . Y1
0
hor Do Yo
Hy=| 0 h o — o — |
: B i ’ hnfl,n )
0 e 0 hn n—1 hnn 0
) yn
0 .- .- 0 Pt inm 0

By a sequence of simple orthogonal matrices (Givens rotations) H™ can be transformed

to a triangular matrix:
Jp - Jo1 Hy = <Jz") .

This implies

lr e, ex = Hny ™), =

(n)
”T(O)Héz Ip - Jadre; — <Rng )

5(n)
S(n) = HT’(O)”gQ Jn-~-J2J161 = (:S )

Sn+1

lo

With the notation
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one finally obtains:

. Kol = . (0) —H, (n) |2
vGIszr(l}(I}r(O)) I/ vl yeR 1, e Y HZQ
ONIE
= min ||[[rOl, Ju - JoJrer — (Rny )
yeR” O {2

= myin ||§(n) - Rny(n)H?g + |§n-i-1|2
- |§n-i-1|2

So, the minimal value of ||f — Kvl|7, can be computed by using H,, the Givens rotations
Ji, Ja, ..., J, and s,

These quantities can be efficiently computed from the previous iteration step: First one
calculates the n-th column of H,,:

(hlna tha DRI hnn7 hn-l—l,n)T
The already constructed Givens rotations Jy, Js, ..., J,_1 are applied to this column:
Jn—l e J2J1(h1na tha DRI hnna hn—i—l,n)T

Subsequently, the Givens rotation J,, is constructed such that the (n+ 1)-th component of
this vector vanishes. Therefore, one obtains the n-th column of R,,:

(Tlnu Tons o3y Tnn, O)T = Janfl tU J2J1(h'1n7 h2n7 sy hnnu thrl,n)T

and
s = Jns(”_l).

If the minimal value falls below a prescribed bound, the solution of
Rny(") — g

and the approximate solution
u™ = @ 1 Z yi(")v(i)_
i=1

are calculated.

Remark: Because of the large amount of storage for GMRES the method is usually
restarted after a fixed number m of steps: GMRES(m)
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1.6 Boundary Value Problems for Nonlinear Elliptic
Differential Equations

Classical formulation:

One-dimensional problems:

(@l ula), w'(@)) + @l ula), w'(@) = f() @€ (0,1)
Special case linear problems:

q1(7,80,61) = a(x)&1, o, &0, 1) = b(x)&1 + c(x)&o.

Higher dimensional problems:

—Z

Special case linear problems:

(qz (z,u(z), grad u(z ))) + qo(z,u(x), gradu(x)) = f(x) = €.

(x,&0,&) Zam )&, i=1,...,n, qo(z, &0, &) :ij(x)fjJrc(x)fO

with £ = (§1,&,...,&0)".
With
q(2,£0,€) = (¢i(2,£0,§))i=1,...a

a compact representation of the differential equation is obtained:

— div (q(z, u(x), gradu(z)) ) + go (e, u(), grad u(x)) = f(z).
For the linear case one obtains

q(, 0, &) = A(z)S, qo(x, &0, §) = b(x) - § + c(x)&o-
Boundary conditions:

1. Dirichlet boundary conditions (boundary condition of the first kind):
u(xr) =gp(x) x€lp.
2. Neumann boundary conditions (boundary condition of the second kind):
q(z,u(x), gradu(x)) - n(z) = gy(x) x € y.
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Variational formulation

Let v be a test function with v(z) = 0 for € I'p. Then one obtains from the classical
formulation:
Find u with u(z) = gp(x) for x € T'p such that

/Q [q(x, u(zx), gradu(z)) - grad v(x) 4+ qo(x, u(z), grad u(m))v(x)] dx
= [s@r@ o+ [ gntorets) d
0 'y

for all v with v(z) =0 for x € I'p. Or, in short:
a(u,v) = (F,v).
IMPORTANT: a(w,v) is linear in v, but not necessarily linear in w. By
(A(w),v) = a(w,v)
a nonlinear operator is defined. Then the problem can be written as an operator equation:

A(u) = F.

Function spaces

Problem: It is not trivial to show the operator is well-defined. Hilbert spaces are not
always appropriate, one needs proper Banach spaces, like, e.g., the Sobolev spaces

V =W"(Q) ={ve LP(Q): D e LP(Q) |a| < k}.

Under appropriate assumptions on a(zx,&p, &) and ag(z, &, &) it can be shown that a :
V x V — R and accordingly the nonlinear operators A : V. — V* are well-defined
(Nemyzki operators).

Properties of a and A:

As a possible generalization of the ellipticity (coerciveness) of bilinear forms and the cor-
responding linear operators the following concept is introduced:

Definition 1.1. Let V' be a normed space and V* its dual space. An operator A:V — V*
15 called strongly monotone, if and only if there is a constant py > 0 such that

(A(w) — A(),w —v) > py |w—v|* for allw,v €V.

As a possible generalization of the boundedness (continuity) of bilinear forms and the
corresponding linear operators the following concept is introduced:
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Definition 1.2. Let V' be a normed space and V* its dual space. An operator A:V — V*
15 called Lipschitz continuous, if and only if there is a constant s > 0 such that

JA@w) = A@)]| < pa llw — vl for allw,v € V.
Examples of strongly monotone and Lipschitz continuous operators: Let

q(7,80,8) = a(llélle) & qo(z,80,8) = 0.

For simplicity only the case of homogenous Dirichlet boundary conditions are discussed:
So we consider boundary value problems of the following form

—div (a(” grad u(z)l|s,) gradu(x)) = f(z) zeq,
u(z) = 0 zel.
Special case (one-dimensional model problem):

~(a(@h'@) = f@) e
u(z) = 0 zel.

We have:

Theorem 1.11. Let Q C R? be a bounded domain. Assume that the following properties
are satisfied for the function o : [0,00) — R:

1. « is continuous.

2. There is a constant M > 0 with
la(t)] < M forallt > 0.
Then the operator A : V. — V* is well-defined for V.= HY(Q). Additionally, we have
1. If there is a constant M with
la(t)t —a(s)s| < M|t —s| for all s,t >0,
then A is Lipschitz continuous in H'(Q).
2. If there is a constants m > 0 with
a(t)t —a(s)s >m(t —s) forallt> s,

then A is strongly monotone in Hj ().

49



Proof. (|| gradu(.)]||e,) is measurable. Since « is bounded we have
lal grad u(.)]le,) grad u()[l5 = jﬁ\(lﬂ\grad?tﬂt)ﬂb)lﬂ!grad?tﬁr)ﬂi dx
< M? /QH gradu(z)||7, dz < co.
So: af| grad u(.)||s,) gradu(.) € [L?(£2)]?, which implies that

/Qoz(|| gradu(z)lls,) grad u(x) - grad v(z) dx

is well-defined.
We have

[{(A(w) = A(v), w)]

= ‘/Q (Oé(Hgradw(w)llzg)gradw(x) — a(Hgradv(az)”b)gradv(x)) -gradu(z) drl
= | [ (o v o) (s (o) —grad () - gracu(e) de

+ [ (all gradw(@)le) = all gradv(e)le)) grad v(o) - grad (o) dal

< M| gradw — gradv]o || grad ufly

+ [ |atl sradw@)le) - ol gad o)) || grad o) | grad u(e) s, do
_ M gradw — grado]ly | gradull

+ [ Jalllgrad i) sradv(@l, - ol grad v(e)]o)| grad () e

| erad u(@)|e, d

— M| gradw — grad ||| grad ufly

+ [ Jalllad ()] rad w(a) s — al grad () )] rad () o

+ of|| grad w(z) ) (|| grad v(@)ll, — || gradw(@)|ls)| | rad u(z)le, da

< M| gradw — gradv]o|| grad ufly

4201 [ [ gado@)ll — | gad (@) | gradua) | ds
< M |gradw — gradolly | gradull

+21 [ grado(o) - gradw(ol, | gradu(e)], da
< 3M | gradw — grad oo || grad ully = 3M w — vl [uly < 3M w — o]l ]

Hence

| A(w) — A(v)|| = sup [(A(w) — A(v), u)|

< 3M ||w —v].
a0 [lly
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With
a(t) =m+ as(t)

it follows that
as(t)t — as(s)s >0 for all s,t > 0.

So
(A(w) — A(v),w — v)
— AQMMMMM@M>wmw@—amgww@WngM@)
(gradw(z) — gradv(z)) da

= m / | grad w(z) — gradv(z)|7, dx
0

+wangwwmmgmmww—%wgmw@mggmwm)
(gradw(z) — gradv(z)) da

(w(z) — o)), do
+ [ (almadw@)le) (leradw@], - llgrad (o) | grad (o))
+aal(| grad (@) ) (I evad (@), — || rad w(z) | rad o(@)],) ) da
= [ lgrad(w(e) - v, ds
+ [ (algad wl)l)exad w@lle, - ol gradv(o)) | srad o)1)

(Ilerad w(@) e, — || grad v()ll, ) da

Vv
3
:>\
0
=
oY)
(@R

lw =5

Y
3
©
=
®
o

[ lgrad(w(@) — o@D, do = mhe —off 2 57

The Lax-Milgram Theorem

Theorem 1.12 (Lax-Milgram). Let V' be a Hilbert space, F € V* and A:V — V* a
strongly monotone and Lipschitz continuous operator. Then there exists a unique solution
u €V of the equation A(u) = F.

Proof. Let J: V* — V denote the Riesz isomorphism. With A(u) = JA(u) and f=JF
one obtains the equivalent problem:

Au) = f,
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which can also be written in fixed point form
u=u—71(AM) - f) = K, (u) + g
In the following it will be shown that K, is contractive for a proper choice of 7:

1K (w) = K- (0)* = (Kr(w) = K (v), Ko (w) = K (v))
(w—v) =7 (A(w) = Av)), (w = v) = 7 (A(w) = A(v)))
= (w— v, w = v) - 27 (g(w) —g(v),w — )
+7% (A(w) — A(v), A(w) — A(v))
= Jlw—v[* =27 (A(w) — A(v), w — v) + 7% | A(w) — A(v)|]
< (=27 + p37?)Jw — .

The rest follows like in the linear case. O

Discretization:

Same construction:

Np
a(gn + Zu]«pj,%) = (F,p;) foralli=1,2,... Ny.

j=1

Hence
Ky (uw,) = f h

with the nonlinear map K, : RV — R™ given by

Np,

Ky(w,) = (K, (w,))iz12...5, with K,(w,) = a(gy + Y _ w;e;, ¢1)

j=1
Remark: In the linear (homogenous) case we have:

Ky (wy,) = Kpwy,.

Iterative methods:

From the constructive proof of the Lax-Milgram Theorem we obtain the following fixed
point iteration:

u Y = + 7 BN, — Ky(u),

which converges ¢-linear with convergence rate ¢ = /1 — (u1/p2)?.
More generally, we consider iterative methods of the form:

™ = 7O (S, = Kaw).
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In the following, we use the simplified notation:
utD = () 4 TC’*I(f - K(u(”))).
The conditions
(K(w) — K(v),w—v)y > 11(Clw —v],w—1v),,

and

(CTYK (w) — K ()], K(w) — K (v))/> < vy (Clw — v],w — v),/*

guarantee the g-linear convergence with convergence rate ¢ = /1 — (11 /15)? by the Lax-
Milgram Theorem.
In the neighborhood of the exact solution u we have:

K(w) = K(v) = K'(u)[(w — u) = (v — )] = K'(u)[w - v].

This motivates the choice C' = K'(u), which guarantees that 11 ~ 1 and v, ~ 1 and,
consequently, ¢ &~ 0 (super-linear convergence).

However, the exact solution w is not available.

Remedy: Preconditioner C' or, more generally, a variable preconditioner C,,, which
approximates K'(u) well:

") =™ o OOV — K (u™)).

Important examples:
C = K'(u®), 7 = 1: simplified Newton method:

u®™t) — () K’(u(o))‘l(f — K(u(”))).
C, = K'(u(”)), 7 = 1: Newton’s method.
™) = o™ 4 K (u™) 7 f — K (u™)).
With F(u) = K(u) — f the equation reads F'(u) = 0 and Newton’s method has the form:

1.6.1 Newton’s method

Algorithm:
1. Compute r = f — K(u™) and the Jacobian matrix C,, = K'(u™).
2. Solve C,,w =r.

3. Compute u™t) =y 4 .
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In order to apply the Lax-Milgram Theorem (in the case of a fixed preconditioner), the
preconditioner would have to be symmetric and positive definite, a condition, which is too
restrictive in many cases. Convergence analysis can also be done without this restriction:

Theorem 1.13 (Local convergence of Newton’s method). Let F: D — V, D CV
open, be differentiable in D and let u € D be a zero of F' with non-singular Jacobian F'(u).
Then we have:

1. If F' is continuous at u, then Newton’s method
converges locally and g-super-linearly.

2. If there is a constant w with

|F'(w)" (F'(v) = F'(u))|| w |lv—u|  forallve D, (1.12)
then Newton’s method converges q-quadratically.
Proof. For
Gw)=v— F'(v)'F(v)
we have

G(v)—uz <> <>—u
— F'(0) ' [F(w) — F'(v)(u— )]

_ /0 F'(U)—l [F/(v+ t(u — v)) — F'(0)] (u — v) dt.

Since F” is continuous at the point u, the g-super-linear convergence follows.

From 1
F/(0) " F (1) = [1 —(1- F'(u)—lpf(v))}

it follows )

F'(v) 'F' _

1) P @ € T
From

F'(w) ' F' (v +t(u — v)) = F'(v)]
= F'(u)™! [F'(v +t(u —v)) — F’(u)] — F'(u)™? [F’(v) — F'(u)}
it follows
1" ()™ [F' (v + t(u = v)) = F'()] || £ w(2 = t)][o — ul|.
Therefore 3] 2
wllv—u
|G(v) —ull < :
2(1 —w v —ul])

which immediately implies the g-quadratic convergence. O
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Computation of the Jacobian matrix

Starting point:
1
K (w)w = lim =~ (K (u + tw) — K(u)

So
Kl = ([ )~ [Kw))
-ty ot st
= Ilf:r% %(A(u +tw) — A(u), p;) = (A (w)w, ¢;) = a'(u)(w, ¢;)
= Y dw)(p; ei)w;

<.

with w(z) = >, wpi(x).

Here, A’'(u) is the (Gateaux-)derivative of the nonlinear operators A: V — V* at the
point u: A’'(u) : V. — V* with corresponding bilinear form a’(u).

So: The Jacobian matrix K'(u) of the nonlinear function K : RN — R¥ is obtained
as stiffness matrix associated to that bilinear form a’(u), which is obtained by linearizing
a at the point u:

K'(u)ij; = d'(u) (@, ¢i)-

Example: For the one-dimensional model problem we obtain

a(u,w) = /Qa(|u'(:p)|)u'(x)w’(x) dx.

Hence

lim % (a(u + tw, ) — a(u, 90)>

t—0

- Pl%% [a(j:u/(x) + ' (2)) (u(x) +tw(x)),—a(:i:u'(:p))u'(:p)}cp/(x) d
Q

— 1%% i [(a(j:u'(x)) + to (+u' (z))w' () (W' (z) + tw'(z)) — a(+u'(2)v'(z) |¢'(z) do

= [ (ot @) + o/ (@Dl @) )'(a) (@) dn = (A (), 0) = o))

If, for an arbitrary w, the a(u) : V x V — R is defined by

a(u)(w, ¢) = / a(|u'(z))w' ()¢ (z) d,

Q

then, of course,
a(u, ) = a(u)(u, ¢).

95



Therefore _
Ky (u,) = Kn(w,)up,

where Kj,(u,) denotes the stiffness matrix with respect tot the bilinear form a(up):
Kij = alun)(p;, i)

This type of representation is called a quasi-linear form.

Remark: In the quasi-linear case the following alternative to Newton’s method is available:
Cp = Kp(u”).

The computation of the next iterate reduces to solving the linear system

Kn(u”)u"™ = £,
by using K h(gl(ln)) = K h(gﬁln))g,(ln). This technique is called linearization by freezing the
coefficients. In comparison with Newton’s method one omits that term, which contains
the derivative .

Concluding remarks to FEM:
h-FEM, p-FEM, hp-FEM.

1.7 Finite Difference Methods

Starting point of the Finite Difference Method (FDM) is the classical formulation. The
method will be explained for the example of a two-dimensional linear boundary value
problem

—div(A(z) gradu(x)) + b(z) - gradu(x) + c(z)u(z) = f(z) x€Q,
u(z) = gp(r) zelp,
A(z)gradu(z) -n(z) = gn(x) z€ly.

Firstly, we select two families of straight lines, which are parallel to the z-axis and the
y-axis, respectively. By intersection we obtain grid points in the interior of £ (€;) and
boundary grid points (I'y, = I'pp, U T yp).

In each grid point x € €2, the derivatives appearing in the differential equations are
replaced by finite difference approximations. Analogously, in each boundary grid point
x € I'y, the derivatives involved in the Neumann boundary condition are discretized. We
obtain a system of difference equations, which defines the approximation wuy(z) of the exact
solution in the grid points x € €, U I',. Hence the approximation u, is considered as a
function defined on Q, UT'), (grid function). If the differential equation and the Neumann
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boundary conditions are discretized in some grid point x, only x and a few neighboring
grid points appear in the difference equations. The set of these few involved grid points
are collected in some set Sp,(x) (stencil). In the linear case the difference equations are of
the following form:

Y k(@ Oun€) = fule) @€ QU
£€SK(2)
up(z) = gplx) x €lpp.

After elimination of the unknowns which are given by Dirichlet boundary conditions a
system of linear equations results

Khﬂh :ih

for the vector u, of the approximations in the remaining grid points.
Advantages (compared to FEM):

e Simple generation of the grid (except for boundary grid points in the case of complex
geometries)

e Simple assembling of and simple access to the discretization matrix

e Under appropriate conditions on the difference approximations (which are relatively
easy to satisfy) ) stability and convergence with respect to the supremum norm can
be guaranteed.

Disadvantages (compared to FEM):
o Geometrically less flexible.
e Local refinements have global impact (additional grid points appear far away).

e Properties of the continuous problem (like e.g. symmetry or coerciveness) do not
always carry over to the discretized problem.

The notion of monotonicity is of essential importance for FDM, if analyzing the methods
in the supremum norm:

Definition 1.3. A finite difference method is called monotone, if
1. kp(xz,z) >0 for all x € Q, UT' yp, and
2. kp(x,&) <0 for all x € Q UT Ny, and all £ € Sp(x) with £ # x and

8. D eesy(@) kn(@,§) =0 for all z € Q) UL yp,.
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Example: Consider the differential equation
—(2) + bl (2) = f(2),

On an equidistant grid central difference approximations can be used:

1 1
ﬁ<_uifl + 2u; — uip) + b(%)ﬁ(um —ui—1) = f(3).

SO
1

1 1 1 1
This FDM is monotone only if A is small enough:
|b(x;)|h < 2

However, if upwind differencing is used for the first order term, i.e.:

b(a:z)%(uZ —u;_q) for b(z;) >0
b(z)u' (z;) =~ )
b(xi)ﬁ(uiﬂ —u;) for b(z;) <0
_ % [—b(@s) it + [B(s) s + b(z:) i)

the resulting FDM is always monotone:

- [% + b(xl-)%} w1 + [% + \b(mﬂ s — [% _ b(:cl-)ﬂ wis = fz1).

(Notation: bt = max(b,0), b~ = min(b,0), observe b = b* + b~ and [b| = bt — bT.)

A comment on the convergence analysis:

A difference equation for the error ej,(x) = uy(z) — u(z) can easily be derived:

Y k(@ &enld) = falx) = Y ka(z,&)ulé) €U,
€Sy (x) £€Sh(2)
en(x) = 0 x€lpp.

In short in matrix-vector notation:

Hence
lenlloo < Csll9, lo With || K oo < Cs.
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So, on the one hand the so-called consistency error

() = falz) — Z kn(2, §)u(€)

£€Sy ()

has to be analyzed (e.g., by Taylor expansion for sufficiently smooth solutions).
On the other hand, it has to be shown that

< .
joax len(z)] < Cg nax |V ()]

(C—C}, stability). For monotone FDMs a stability constant C's can be determined rela-
tively easily.
Consistency and stability then imply convergence.

Remark: Background: discrete maximum principle, monotone FDMs imply the following
properties of the discretization matrices K;, = K under weak conditions:

1. K;; > 0.
3. K7! >0 (element-wise).

(M-matrices).

1.8 Finite Volume Methods

Starting point for a finite volume method (FVM) is a balance law derived from the differ-
ential equation. For a differential equation

—div (q(x,u(:c),gradu(a:))) =f(z) z€Q

the associated balance law is obtained by first integrating over some domain w C {2 and
then using Gauss’ Theorem:

—/ q(z,u(z), gradu(z)) - n(z) ds = / f(z) dx  for all w C Q.

Ow w

The vector-valued function ¢ is called the flux and right hand side f is called the source
term.

Let Oy = {Q : k = 1,2,...} be asubdivision of the domain 2 in polygonal sub-domains
(cells, control volumes, finite volumes). We have

—/ q(z,u(z), gradu(z)) - ng(x) ds = f(z) dx forallk=1,2,...
00, Q
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or

— Z / x), gradu(z)) - ny;(z) ds = f(z) dx forall k=1,2,...
T'yj Q,

JEN(k)

where I'y; denotes the common edge, shared by §2; and a neighboring sub-domain (2;,
Jj € N(k).

For a finite volume method the integrals on the left hand side, which can be interpreted
as the total flux through an edge of the control volume, are approximated by a so-called
numerical flux (in dependence of the chosen degrees of freedom):

1
g =~ [ ateule)graduta) - ds.
‘ij‘ kj

It is reasonable to assume that
9kj = —Gjk-

For edges on the boundary of the domain approximations of the fluxes follow from the
boundary conditions. The integral over the source term is also approximated (e.g. by some
quadrature rule):

1

‘Qk| Q

Then the following typical form of a discretized balance law is obtained:

fe® f(x) da

Z Gk | Trsl = fe | fork=1,2,...,
JEN(K)
construction of the subdivision O:

Starting from a (primary) grid 7, = {Ti,T5,...} in triangles two different methods of
construction the (secondary) grid Op, = {Q4, s, ...} will be discussed:
e Voronoi diagrams (for the case of non-obtuse triangles):
In each node z; a polygonal control volume §2; is constructed by perpendicular bisec-
tion of each edge containing the node ;.
e Donald diagrams:

In each node x; a polygonal control volume 2; is constructed by connecting the
midpoints of all edges containing the node z; and the center of gravity of all triangles
T}, containing the node z;.

FVMs are usually constructed either in the spirit of FDMs or in the spirits of FEMs.
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An example of a FVM: approximation by quadrature rule and finite differencing

Special case ¢ = grad u:
Secondary grid: Voronoi diagram
Degrees of freedom in the nodes of the triangles of the primary grid (cell-centered).

1 Ju(x)
Tij| Jr,, Ona;

Ou(x) 1
ds ~ ———= N —— (U — Uj) = Gr;
vV P

Sign condition of an M-matrix is fulfilled.

An example of a FVM: the box method

Let 75, be a subdivision of the domain €2 in triangles, the construction of the subdivision
in control volumes are done either by Voronoi diagrams or Donald diagrams. Let 2; by
the control volume associated with the node x;. For the approximation wu;, piecewise linear
and continuous functions are used (Courant element):

up € Vi =span(p; 11 =1,2,..., Np)

Requirement
—/ q(z, up(x), grad up(z)) - ny(x) ds = / f(x)dz fori=1,2,..., Np.
6QZ~ Qi

Let x; = xq, be the characteristic function of the set €2; for i =1,2,..., N;. For

Np,

v, €Wy = {ZUin‘ cv; € R}
i=1

it follows:

_ ﬁhz /(m. (q(:c,uh(a:),grad up(x)) - m(:c))vh(a:) ds = /Qf(g:)vh(x) dx.

Hence: Find u;, € V), such that
ap(up,vp) = (F,v) for all v, € W),
with

ap(w,v) = — %/@Q (q(w,w(m),gradw(w)) : n,(x))v(x) ds.
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Remark: Let v be a test function. Then the following variational problem can be derived:
— / div <q(x,u(x),gradu(m))>v(x) dx
Q

Np,

= —Z/ div (q(w,u(x),gradu(a:)))v(x) dx
i=1 /%
Np,

= — Z/ q(z,u(z), grad u(z)) - n;(z)v(z) ds
i=1 7 O

+ Zl/m q(z,u(z),gradu(x)) - grad v(z) do = /Qf(x)v(x) dr,

le.:
a'h(uvv) = <F,U>
with
Np

ap(w,u) = = — Z/BQ q(z,u(z), grad u(z)) - n;(z)v(z) ds

t / a(z,u(z), grad u(a)) - grad v(z) da,

(Fv) = / f(@)o() de

The box method discussed above is obtained from this variational setting by choosing
piecewise linear and continuous trial functions wu; and piecewise constant (and, therefore,
discontinuous test functions v,. This is an example of a so-called Petrov-Galerkin method,
for which the trial space V}, and the test space W), are different.

Another approach based on this variational setting is to use also discontinuous trial
functions. This leads to the so-called discontinuous Galerkin methods.
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Chapter 2

Parabolic Differential Equations

2.1 Initial-Boundary Value Problems for Parabolic Dif-
ferential Equations

Classical formulation:

Let Qr = Q x (0,T) (space-time cylinder). We consider the following problem:
Find v : Q; — R such that the differential equation

ou
E(:p,t)+LU(:r,t) = flz,t) (z,t) € Qr

where

Lv(z) = — div(A(z) grad v(z)) 4+ b(x) - grad v(x) + c(z)v(x)

and the boundary conditions

u(z,t) = gp(x,t) (z,t) €Tpx(0,T),
A(x)gradu(z,t) - n(x) = gn(x,t) (x,t) € Iy x (0,7)

and the initial condition

u(z,0) =up(x) €l

are satisfied.

Special case heat equation:

ou

a@:’t) — Au(z,t) = f(z,t).
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Model problem:

up(z,t) — uge(z,t) = flz,t) x€(0,1),
u(0,t) = 0,
u(l,t) = 0,
u(z,0) = wuo(z) z€]0,1]

Variational formulation:

For the model problem one obtains analogously to th elliptic case:
Find u : [0,1] — H{(0,1) such that

/Olut(x,t)v(:v) dr + /Olux(x,t)vx(x) dr — /01 Fz, )o(z) de

for all v e V = Hj(0,1).
Generally: Find w: [0,7] — V such that
(W' (t),v)g + a(u(t),v) = (F(t),v) forallveV

and the initial condition
u(0) = uo.

Notation: u(t)(z) = u(z,t) and v'(t)(z) = u(z,t), ordinary differential equation in Banach
space. In addition to the Hilbert space V' = H}(Q2) also the Hilbert space H = L?(f2) (scalar
product (.,.)g = (.,.)o) is involved.

Function spaces:

X = L2((0,T),V), X* = (L2((0,T),V))" = L*((0,T),V*).

il = ([ 1oto o) L el - ([ wwtoni. o) "

Generalized derivative u': Motivation: For ¢ € C§°(0,T) it follows for classical derivatives:

/OTcp(t)/QUt(x,t)v(x) dr dt = /OTgo(t)% {/Q u(z, t)v(z) dm] dt

_ /0 "o /Q w(e, tyo(x) de dt.

For the function '(t) : v — / ut(z, t)v(z) dx, hence v'(t) € V*, we have:
Q
T T
/ o) (), 0) dt — —/ SO (u(t), )i dt forallv € V, o € C2(0,T).
0 0
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Definition 2.1. Let u € L?((0,T),V). A function w € L*((0,T),V*) is called generalized
deriwative if and only if

/0 e(t)w(t) dt = —/0 O (t)u(t) dt  for all p € C§(0,T).

Here, u(t) is to be interpreted as the functional v — (u(t),v)y. Herewith H = L*(Q)
is identified with H*. Integral: Bochner integral: generalization of the Lebesgue integral.

Notation w = v/ (uniqueness).

Assumptions on V' and H:

VCH, Vdensein H, |v||g<cl|v|v.

Then we have:

VcH=H"CV*
Definition 2.2. H'((0,T),V;H) = {v € L*((0,7),V) : v' € L*(0,7),V*)}. |v|? =
[oll% + [[v"]|%--

Theorem 2.1. H'((0,T),V;H) C C([0,T], H). There is a constant ¢ with

t < .
masc [o(®)lr < el

This justifies the notation u(t), in particular «(0).

Final formulation:
Find u € X = L*((0,7T),V) with
u' € X*=L*(0,T),V*),

such that
(W' (t),v) + a(u(t),v) = (F(t),v) forallvelV,
u(0) = wg
So:
u'(t) + Au(t) = F(t),
u(0) = wug
We have:
| ewom e = = [ o ou
= /Tgo(t)%(u(t),v)H dt forallveV, p e C5(0,T)
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and, therefore:

Hence:

d

ﬁ(u(t)’ v)g +a(u(t),v) = (F(t),v) forallvelV,

u(0) = wup.
It is easy to show that the solution is unique:
Lemma 2.1. Assume that there is a constant py > 0 with
a(v,v) > py ||v||2 for allv € V.
Then there exists at most one solution of the initial value problem

(W' (t),v) + alu(t),v) = (F(t),v) forallvelV,
u(0) = wup.

Proof. Assume that u(t) and usy(t) are solutions of the initial value problem. Then u(t) =
us(t) — uy(t) is a solution of the initial value problem

(W' (t),v) +a(u(t),v) = 0 forallvelV,
u(0) = 0.

Now we have

i |:1 ||u(t)||%{:| = <Ul(t),U(t)> = _a(u(t)vu(t))
< = u@®)F < —pae? Ju(t)]%-

Hence J
EHU@)HH + e Ju(t) g < 0.

Therefore,

d 2
= (e ut) 1) <.

It follows by integrating:

lu(®)l[ir < 717 [[u(0)]| 1 = 0.
So: u(t) = 0. O
Remark: Observe that uniqueness follows also for p; = 0.
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The following so-called a-priori estimates are an important part of the existence proof:
Lemma 2.2. Assume that there exist constants jo > 1 > 0 with
a(v,v) > py ||v||3 forallveV

and
la(w,v)| < pe||lw||v|v|ly  for all v,w € V.

Let uw € X be a solution of the initial value problem

(W' (t),v) + a(u(t),v) = (F(t),v) forallvelV,

u(0) = wup.
Then there are constants Cy, Cy and Cs, only depending on py, pa, ||uollg and ||F||x-,
such that:
Jullx < Cy, [Aul|x- < Cs, [u®)|[n < Cs.
Proof. We have
1 2 1 2 '
5 lu@®ll = 5 lluolli + i [(F(s), u(s)) — a(u(s),u(s))] ds
1 2 ' 2
< Sluoli+ [ [IEEIv-Tus)lv = ()] ds.
0
For t = T' it follows:
1 2 g 2
0 < Sluwllz+ [ [IFG)lv-llu)lv = mlluls)Iv] ds
0
1
< 5 luollzr + 11 el = pon el
This implies
1
[Jullx < Q—M(HFI x+ + \/HFH?X* + 2 |Juoll ) = Ci.
From the boundedness of A it immediately follows that
[Aullx- < p2 flullx < p2 Cr = Co.
From the first equation it follows:
lu@®)ll7 < lluollz + 2 Fllx-llullx < lluollfy + 2u2C1 | Fllx- = C5.
]

Next: Semi-discretization, then existence theory:
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2.2 Semi-discretization: the vertical method of lines

V is replaced by a finite-dimensional subspace V},:
Find: wy, : [0,T] — V}, such that

%(uh(t),vh)H + a(up(t),vy) = (F(t),vy) forall v, €V,

(uh(O), Uh)H = (UO,Uh)H fOI‘ all Up, € Vh.

Let {¢; :i=1,2,..., Ny} be a basis of V},. With

un(t)(z) = Z u;(t)e; ()

one obtains

Ny, Ny,
Z(@ja ()Oz)H u;<t) + Za(gojﬁ 901) u]<t) = <F(t)7 902> for all ¢ = 17 27 SRR Nh7
j=1 j=1

Np,

D (i e)nun(0) = (ug, )y foralli=12,... N

j=1

So

Myuy, (1) + Ky, (t) = f, (1),
Mpu,(0) 95

with the mass matrix
My, = (Mij>7 Mij = (90]'790@'>H7

the stiffness matrix
Ky, = (Kyj), Kij = alyj, ¢:)

and the vectors
uy(t) = (wi(t)),  f,@0) =), fi={FW).w)  g,=(9), 9=, ¢)n.

So we obtain an initial value problem. Standard form:

u'(t) = [t u(t)),

u(0) = wup.

here with u(t) = u,(t), f(t,u(t)) = Mh_l(ih(t) — Ky, (1)) and ug = M, ' gj.
The existence and uniqueness of a solution easily follows by the Picard-Lindelof Theo-
rem.
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For the initial value we have:

lun (017 = (un(0), un(0))r = (uo, un(0))rr < lluolllun(0)a,
[un (0} < [uol|ar-

Therefore, the a-priori estimates are also valid for the approximations with the same
bounds:
[unllx < Cr [J[Aupllx- < oy Jlun(@)|la < Cs.

The existence of approximate solutions and their a-priori bounds guarantee the existence
of a solution of the continuous problem:

Theorem 2.2. Let V and H be separable Hilbert spaces with V- C H, V dense in H and
|v|| < c||v||v. Assume that there are constants po > pq > 0 with

a(v,v) > py ||v||2 forallveV

and
la(w, v)| < p wllv|lvlly  for allv,w e V.

Then there exists a unique solution u € X of the initial value problem

(W' (t),v) + alu(t),v) = (F(t),v) forallvelV,

u(0) = wup.
Proof. (sketch) There is a sequence (p;)ien in V' such that |J, .y Vi is dense in V, where
V,, = span(y1, @2, ..., ¢,). The corresponding approximate solutions are denoted by w,, :
0,T] — V:

(ul, (), vn) + alun(t),v,) = (F(t),v,) forall v, €V,

(un(0),v0)g = (ug,v,)g forallv, €V,
Because of the a-priori bounds

lunllx <Cry [l Aun|

x+ <0y un(f)|ln < Cs
it follows by a compactness argument (for a sub-sequence):
(fyun) — (f,u) forall fe X™,
(w,vy forallve X,
(un(0),v)g — (up,v)g forallve H,
(z,v)y forallve H.

(Auy,v) —

(un(T),v)n —

It can be shown that
W=F—-—w, u(0)=uy, ul)=z
and that:
Au = w.
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Remark: The spaces V C H = H* C V* with
1. V a separable and reflexive Banach space
2. H a separable Hilbert space
3. Vis dense in H with ||v||g < ¢||v||g for all v e V

are called an evolution triple (Gelfand triple).

2.2.1 The Discretization Error

Definition 2.3. Let a be a bounded and coercive bilinear form on V. The Ritz projection
Ry : V. — V}, 1s given by

a(Rpw,vy) = a(w,vy) for all v, € Vi, w e V.

The Ritz projection is a linear and continuous operator describing the approximate
solution uy, of a variational problem

a(u,v) = (F,v) forallveV
by the Galerkin method in the form
up = Ryu.
Then Cea’s lemma reads:

lw— Rywlly <2 inf Jjw — wy)y-
/~L1 whEVh

Definition 2.4. The projection P, : H — V), is given by
(Pyw,vp)g = (w,vp)g  for allv, € Vy,, w € H.

For H = L?(2) the operator P, is called the L-projection on V},.
For the initial condition we obtain:

(ur(0), vn) i = (uo, vn)g = (Prtio, Vn) i,

hence
uh(O) = Phuo = Ugh-

The discretization error is divided into two parts:
up(t) — u(t) = up(t) — Rpu(t) + Rpu(t) — u(t) = 0,(t) + pn(t).

The second part pj(t) can be estimated by the approximation error using Cea’s lemma.
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For the first part 6(t) it follows from
('(t), vn) + alu(t), vn) = (u'(t), vn) + a(Rpu(t), vn) = (F(t), vn)

and
(up(t), vn) + a(un(t), vn) = (F'(t), vn)
by substraction
(up,(t) = w'(2), vn) + a(On(t), vn) = 0.
Hence
(01.(8), vn) + a(Bn(t), vn) = —(ph(t), vn).
It follows

Theorem 2.3. Assume that a is bounded and there is a constant py > 0 with
a(v,v) > py ||v||2 for allv € V.
Then we have:
lun(t) = w@)lln < llwon = Rutollrr e + [|(1 = Ry)u(®)|n

t
+/ || [(_] _ Rh)u(s)]/HH et (t—s)/c? ds.
0

Proof.
0uOl oDl = 3 OO = (6(0), 00}
= —a(0(t), 0n(t)) — (Ph(t), On(t))
< 10T + ok )l 104 ()1
< e 0@ + 1ok 10 )] 1r-
So

d _
OOl + e 16x (O 1 < Nl (O]l

By multiplication with e#1¥/<* it follows:

d P .
= (1@l ) < lgp @l e,

By integration one obtains:
t
00 e < 10O+ [ (o)l et/ s

t
= [Juon — Rpuollu +/ 15, (5)] 1 €25/ dis.
0
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For the initial error we have:
[uon — Bruollr < l[uon — uoller + [(1 = Ra)uollm- = [[(I = Pr)uollar + |(1 — Rn)uo| z-
For sufficiently smooth functions it follows: (R,u(t))’ = Rpu/(t). Hence:
lun(t) = u@® < (107 = Pu)uolla + 17 = RuJuolla] e 1Y + [|(I — Ra)u(t)||u

[0 Rl e

This shows that the analysis of the discretization error for the parabolic problem can be
reduced to the error analysis of the corresponding elliptic problem.

Example: For the Courant element we have (under appropriate assumptions):
17 = Riollo < coh? Jolls and (|1 = Pa)ollo < co b2 Jo]l2

Therefore, (under appropriate conditions):

t
lun(t) = u@®llo < Ch* [[luollae " + [fu(t)]2 +/ [/ (s)]|5 e+ ¢ ds
0

2.3 Runge-Kutta Methods for Initial Value Problems
for Ordinary Differential Equations

In this chapter initial value problems for ordinary differential equations are discussed. In
particular, the consequences for semi-discretized parabolic initial-boundary value problems
will be studied.

We have the following general form of an initial value problem:

Find a function u : [0, 7] — R such that:

W) = [(ult) te,T), 2.1)
u(0) = wup.
In the following the symbols ||.|| and (.,.) are used to denote a norm and a scalar product

on R respectively.
Special case: Assume that the right hand side of the differential equation does not
explicitly depend on u:
u'(t) = f(t) telo0,T],
u(0) = wup.

Then the solution can be represented in the following way:

t):uo—l—/otf(s) ds

So, the computation of the solution of the initial value problem reduces to the integration
of the right hand side f(¢) in this case.
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2.3.1 Euler’s method

Other names: Euler polygon method, forward Euler method, explicit Euler method.
Assume that the interval [0, 77 is discretized by a sequence of grid points

O=to<ti <...<t,, =T

eg:t;=j-7for j=0,1,...,m and a given step size 7 =T /m.

Motivation by Taylor expansion:

By Taylor expansion at the point ¢y = 0 one obtains

u(t) = u(to) + u'(t1)(t — to) = uo + f(to, uo)(t — to) = u.(t) fort € [to,t1].
Therefore, we obtain the following approximation at the point ¢;:
uy = ug + 7 f(to, up)-
By Taylor expansion at the point ¢ty = 0 one obtains

u(t) ~ u(ty) +u'(t)(t —t)
= wu(ty) + f(tr,u(ty))(t —t1) = uy + f(t1,ur)(t —t1) = u.(t) fort € [ty,1s].

Therefore, we obtain the following approximation at the point t¢5:
up = u + 7 f(t, w).

If this process is continued analogously, one obtains a polygonal approximation u.,(t) for
the exact solution by connecting the approximations, given by

Uj+1:Uj+Tf(tj,Uj) j:O,l,...,m—l

linearly.

Motivation as FDM:

If the derivative at the point ¢; is replaced by a forward difference quotient

W(t5) ~ (ulty) = ulty),

one obtains Euler’s method as a finite difference method:

1 .
;(ujﬂ—uj):f(tj,uj) ij,l,...,m—l.
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Motivation by quadrature rule:

By integrating the differential equation

u'(t) = f(t,u(t))

over the interval [¢,t + 7] one obtains the relation

u(t+7) =u(t) —i—/t Tf(s,u(s)) ds.

If the integral is approximated by the left rectangular rule, i.e.:

/t " f(s,uls)) ds ~ 7 £t u(t),

one obtains
u(t+7) = ult)+ 71 f(tu(t)). (2.2)

This motivates the formula
Uj+1:Uj+Tf(tj,Uj), j:O,l,...,m—l (23)

for the successive computation of approximations u; = u,(¢;) of the exact values u(t;).

2.3.2 The classical convergence analysis

The hope is, of course, to obtain only small deviations from the exact solution by choosing
sufficiently small step sizes. That is, we expect the following property:

e(t)—0 firr—0 (2.4)
for all t € [0, 7], where e, (t) is called the global (discretization) error:
er(t) = u(t) — u-(t).

Usually the global error is considered only at the grid points. The method is called con-
vergent, if condition (2.4) is satisfied in some suitable norm.

The global error consists of contributions which can be interpreted as propagations of
local errors d.(t;), 7 =0,1,..., by the method.

The local error at the point ¢;;; for Euler’s method is given by

dr(tjs1) = u(tjsr) — ur(tjyr) = ultjpr) — (U(tj) + Tf(tjau(tj))>,

that is the difference between the exact solution of the differential equation and the ap-
proximate solution after one step of the method starting from the initial values (¢;, u(t;)).
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A possible error for the initial value defines the value of d(t):
d-(to) = u(0) — u,(0).
The so-called consistency error of Euler’s method interpreted as FDM is given by

u(tjp1) — u(t)

Vr(tjr) = — [t u(ty))

which leads to the following simple relation with the local error:

Vr(tisn) = %dT(th)-

The investigation of the magnitude of the local errors is called consistency analysis. A
method is called consistent, if the consistency error vanishes for 7 — 0, i.e.: if

d; = o(T).

in some suitable norm.

In order to estimate the propagation of local errors, one has to study the behavior of
the difference w; —v; in dependence of the initial difference w;, —vj, for j > jo, where the
sequences v; and w; are generated by the numerical method, here Euler’s method:

vt = v+ 7 f(t,v5),
wi1 = wi+ 7 f(t,w),

starting from the initial values v;, and wj, at the point ¢;,. This investigation is called
stability analysis.
If an estimation of the form

|w; —v;]] < Cllwj, — vyl

can be shown in some suitable norm with a constant C' independent of the step size 7, then
the method is called stable and C' is called the stability constant of the method.

So, in order to analyze the convergence of a method, its consistency and its stability
have to be analyzed.

For Euler’s method the consistency analysis and the stability analysis are quite simple:

Consistency analysis:
By Taylor series expansion one obtains
d-(t+71) = u(t+7)—ult)—71f(t ut))
= u(t) +u (6)7 + Ro(t, 7) —u(t) — 7 f(t, u(t))
= W) = F@u@)] T+ Ralt,7) = Ralt,7) = O(%)
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Or, more precisely for u” € L>(0,T):

2

I+ 7)] = \|Rz<m>|r=] [T o i <

T
= sup a0
SE[t,t+7]

Therefore, there is a constant K = [|u”||L~(o.1)/2 such that
ld-|| L) < K77

or, in short:
d, = O(7?).

So, the local error converges to 0, as 72 converges to 0, if 7 converges to 0.

If the local error of a numerical method converges to 0 like K7P*! with some p > 0 for
7 — 0 approaching 0, or, in short

d, = O("+),

then the numerical method is called consistent with consistency order p.

With these notations and considerations Euler’s method is consistent with consistency
order 1.
Stability analysis:

Assume that the following Lipschitz condition for the right hand side of the differential
equation: There is a constant L > 0 such that

|f(t,w)— f(t,v)|| < L|jw—wv| forallt, v,w. (2.5)

Then:

| [wy + 7 f(t,w5)] — [v; + 7 f(t5,0)] |
[wj —vsll + 7| f(t5,w5) = fE5, 0l < (A +7L) [Jw; — vy

e flw; — vyl

”wj+1 - Uj+1”

IA A

By applying this estimate repeatedly one obtains the estimation:

TL

lw; —vj]| <X eTh e E Jwg, — vj || = 9T [Jwjy — vg, || < €TI0 s, — vy ).

(j—jo) times
Therefore, there is a constant C' = e %ot < Tl independent of 7 such that
Jwj —vil] < Clwjy — vj |-

So the condition (2.5) implies the stability of Euler’s method with a stability constant of
the form C = et

Based on these considerations the convergence of the method can easily be analyzed:

76



Convergence analysis

The global error consists of the propagated local errors. For a consistent and stable method
of consistency order p > 0 we have:

le-(E)Il = [lult;) — u-(t)]
J J J
< ZCHdT(tk)H < ZC’KT”H = CKTPZT <CKt;? =C"7?
k=1 k=1 k=1

with "= CKt; < C KT, hence:
e, = O(7P).

So the method is convergent. More precisely, the method is called convergent with con-
vergence order p.

Remark: In short:
consistency + stability = convergence

In particular, it follows that Euler’s method is convergent with convergence order 1:

Theorem 2.4. Ifu” € L*>*(0,T) and if
1t w) = ()| < Liw =] for allt,v,w,
then Euler’s method converges and we have
_ T
Ja; =t < €5 [lluo = ulto)l| + 2t " e omnm | -

Remark: Under the weaker condition u” € L*(0,T) one obtains

t+T7
e+l < [ (o)) ds
t
and, therefore,
Juy — u(ty)]] < e [luo — ulto)ll + 7 |v”| 1 o.m).m)] -

2.3.3 Explicit Runge-Kutta Methods
If the integral in

t+7
u(t+7) =u(t) + /t f(s,u(s)) ds (2.6)

is approximated by more accurate quadrature rules, more accurate methods are obtained.
For example, one could use the midpoint rule:

/t " (s u(s)) ds ~ 7 f(t+ Tl D).
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However, the value u(t+47/2) is not available. But it can be approximated from the relation
T t+7/2
ut+ 3 =u)+ [ flsuls) ds
t

be using another quadrature rule: the left rectangular rule:

u(t+ 5) ~ ult) + S/ (L ult)).

In summary, one obtains the following method (Runge’s second order method):
T

Uj+1 = Uj —|—Tf(tj + 5

,92)

with

Consistency analysis:
d(t+7) = u(lt+7)—u(t+7)

= ult+7) = ult) = 7 ft+ 2 u(t) + St u(t)

= u(t)+'(t)T + %u”(t)TQ + O(7°) — u(t)
— 7 [ u0) + L) + Lot a0 u(0) +O)

= [u'(t) = f{tu@)]r + W' () = filt, u(t)) — fult, u(®) f(E, U(t))]% +0(77).

From
u'(t) = f(t,u(t))

we obtain by differentiation
u'(t) = fult, u(t)) + fult, w(®)w'(t) = filt, u(t)) + fult, w(t)) [t ul?)).
Hence, it follows for the local error:
d:(t+7)=0(r),

i.e.: the consistency order of this method is 2.
The construction of numerical methods can be easily generalized. Starting point is a
quadrature rule of the form:

t+1
| st as
AT [bl f,u®) +bo f(t+comu(t+cor))+ -+ bs f(t +csT,ult+cs1))].
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The values b;, ¢ = 1,2,...,s are called the weights, the values t +¢; 7,1 =1,2,...,s with
c; = 0 are called the nodes of the quadrature rule.
Instead of the unknown quantities u(t + ¢; 7) approximations

gi~u(t+¢T)
are recursively computed by using quadrature rules applied to
t+c; T
u(t + ¢ 1) =u(t) + / f(s,u(s)) ds.
t

Then one obtains:

g1 = Uy,
g2 = uj+Tan f(tj, 1),
gs = u;+T [a?’l [ 91) +as2 f(tj + 27, 92) |, (2.7)

gs = uj+T [%1 [t g1) +as f(tj+caT go) + -+ ass1 [t +csa T, 9571)]
Then the next approximations has the form:
Ujpr = Uj + T [bl f(tj,91) + 02 f(tj+coT,go) + -+ by f(2 +CsTags>:|' (2.8)

The method (2.7), (2.8) is called an s-stage explicit Runge-Kutta method. For de-
scribing the method it is sufficient to specify the coefficients a;;, b; and ¢; in form of the
following (Butcher) tableau:

Co | Q21
C3 | 31 (32

Cs | As1 Qg2 ... as,sfl
by by ... bsq1 by
or in compact dorm:
c| A
br

Examples: Euler’s method is a 1-stage Runge-Kutta method with tableau
0
1
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Runge’s second order method is a 2-stage Runge-Kutta method with tableau

0
1/2]1/2
0 1

and consistency order 2.

By an appropriate choice of the coefficients one obtains corresponding high consistency
orders. Let p(s) denote the maximally attainable consistency order of an s-stage Runge-
Kutta method. Then

3 4|56 7|8 9] s>10
3 4[4 5 6|6 7|<s—3

s |1 2
p(s) |1 2
where the symbols | denote the so-called Butcher barriers.

The best known representative of a 4-stage Runge-Kutta method of order 4 is the
"classical” Runge-Kutta method, given by the tableau

0
1/2]1/2
1/2] 0 1/2

1[0 0 1
1/6 1/3 1/3 1/6

Under the condition (2.5) stability cam be shown for the whole class of explicit Runge-
Kutta methods.

2.3.4 Stiff Differential Equations and A-Stability

For a semi-discretized parabolic initial-boundary value problem one obtains the following
Lipschitz condition for the right hand side with respect to the norm ||.|| = ||.||az,:

1 (8 w) = f(E )l = 1My Kn(wy, — va)llag, < Lllwy, — vyl

with the sharp bound
L = || M, K|, -

It is easy to see that
||M];1Kh||Mh > )\max(MglKh).

In the symmetric case K; = K}, we have even equality:
1M, Knllag, = A (M, E).

Example: For the one-dimensional model problem one obtains:

3 12

— < pax (MUK, < ———
maxy h% (M, Ko) < miny, h%

(2.9)

80



Proof. We have

B (k) { Vk—1 Vk—1 _ i v V-1
(Khyhuyh)ZQ - (Kh ( Vg, ) ’ < (" )) B Z hy, (K< Uk
i Lo k=1,N},

AN
—_
[\

?r|’_‘
7N
=
VR
=4
S
ESE
~__
N
S
SEES
> |
—
~_
~_
o

VAN
z
= =
SN )
>
N
>
Bl
VRS
=
VRS
S
S
= |
~_
VRS
™~
S
E
—
~__
~_
)

)-(%0)),

12 k) [ Vk-1 Vk—1 12
= M =" (M
ming h 2 < " (vk N\ W )/, ming pg (M )
h

and

1 1 1
(Knei, €)e, E + Bt (Mpei, ei)e, = g(hz + hit1).
Hence
Kye.. e; K 12
3 . S 3 _ ( helaez)ﬁg S )\maX<M}:1Kh) _ Sup ( hyhayh)fg < : .
maxy hy — hihisr  (Mpes, €)e, 0,20 (Mpvy,,v5)e, — ming by,

This implies, e.g., for an equidistant subdivision

1
L=0 (ﬁ) > 1.
Therefore, a stability bound of the form C = e'F is completely useless.

Stability estimates for initial value problems
Consider the initial value problem
u'(t) = f(tut) te(0,T),
u(0) = wup.
Under the Lipschitz condition
1t w) = f(E0)]] < Ljw — vl

it can be shown that
[w(t) = v()[| < e lw(te) — v(to)]|

for two solutions w(t) and v(t) of the differential equation and 0 < tq <

t <T. Compare

with the analogous stability estimate of Euler’s method under the same Lipschitz condition

on f.
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Now assume that a so-called one-sided Lipschitz condition is available:
(f(t7w) - f(tav)7w - U) < L ”w - UHQ

Then, for two solutions w(t) and v(t) of the differential equation, we have

Juo(t) — o)l () — vl = Sl o)
d 1
= 2 S wlt) — D) w(t) ~ v(1)

= (w'(t) =v'(t), w(t) —v(t))
= (ftw(t) = f{t,v(t)), w(t) — (b))
< Lihw(t) —v(®)]?

Hence

which easily implies
lw(t) = o) < " Jw(to) — v(to)]-

Of course, the Lipschitz condition implies the one-sided Lipschitz condition with the
same Lipschitz constant L. However, In some interesting cases the Lipschitz constant in
the one-sided condition is considerably smaller than in the original Lipschitz condition.

Of particular interest is the case of a vanishing one-sided Lipschitz constant:

(f(tvw)_f(tav)’w_v) SO

Differential equations with this property are (sometimes) called dissipative. Then, of
course, we have

[w(t) = v(®)] < flw(to) = v(to)ll

Example: The discussed semi-discretized parabolic initial-boundary value problem leads
to a right hand side of the following form:

F(tu) = Mt £, (0) = Ko
with v = u,;,. Hence:

(F(t,wy, — f(twy),wy, = vp)ag, = — (MyMy Ky [wy, —v,] w0y, — vy),
= — (Knlwy, —v],wy, — Qh)zg <0

So, while the Lipschitz constant ||M, ' K| as, is large, the one-sided Lipschitz constant is
0, i.e.: the system is dissipative.
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Stability estimates for Runge-Kutta methods

The stability estimates for dissipative systems suggest that an numerical method for com-
puting an approximate solution should satisfy a similar stability property:

ij+1 - ’UjJrl” < ||w] — ’UjH for all ] = O, 1, e, — 1.

Methods with this property are called contractive.

For contractive methods we have the stability constant C' = 1 and the convergence
statements follow accordingly.

We start the analysis with a very simple class of differential equations: consider scalar
linear differential equations of the form

u'(t) = Au(t). (2.10)
with A € C.

Remark: Such simple model problems result from more general linear systems of differ-
ential equations of the form

u'(t) = Ju(t),

where J is a constant matrix, if the initial value is an eigenvector v of J with eigenvalue
A e C.

For a Runge-Kutta method, applied to (2.10), one obtains:

g = uje+ TAAg,

Ujp1 = Uy + 7 g
with g = (g91,92,-.-,9s)7 and e = (1,1,...,1)T, hence
uj1 = R(TA) u;

with
R(z) =1+ 20" (I — zA) e.

R(z) is called the stability function of the Runge-Kutta method.

Examples: Euler’s method:
R(z) =14z

Runge’s second order method:
1L,
R(z) = 1+z+§z :
Classical fourth order Runge-Kutta method:

1 1 1
R(z)=1+z+ §z2+6Z3+ﬂ24'
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Remark: For the exact solution of the differential equation (2.10) one obtains

u(t) = uge™

and, therefore:
u(tjn) = e Tulty).
The accuracy of a Runge-Kutta method corresponds to the accuracy of the approximation

of the exponential function e* by the stability function R(z) in a neighborhood of z = 0.

The differential equation (2.10) is dissipative if and only if
Re X <0.

The corresponding property of contractivity for the Runge-Kutta method leads to the
condition

|R(TA)| < 1.

With the help of the stability function the so-called stability domain of a Runge-Kutta
method is defined by:
S={ze€C:|R(z2)| <1}.

With this notation the above-mentioned condition on the step size 7 (contractivity) reads:
TAES.

Example: The one-dimensional model problem of a semi-discretized parabolic initial-
boundary-value problem leads to a linear system of the form

wy (t) = Juy,(8) + M, f, (1) with  J = =M, 'K,

One immediately sees that, in the symmetric case K! = Kj, the matrix J has only real
and negative eigenvalues. For Euler’s method the stability domain is the interior and the
boundary of a circle with radius 1 and center -1:

S={ze€C:|z—(-1)] <1}.

The step size must satisfy the condition

2
T ——————.
)\max(Mh lKh)
This condition is satisfied if 2
T< —,
6
see (2.9). This is a strong restriction on the time step size 7, in particular if the spatial
step size h is small.
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This initial-value problem is an example of a so-called stiff differential equation: The
existence of eigenvalues with a large negative real part is the cause, that Euler’s method
produces reasonable approximations only for very small step sizes 7.

It is desirable that, for all values of A\ which lead to stable (bounded) solutions, the
numerical method also produces stable (bounded) approximations. This leads to the notion
of A-stability:

Definition 2.5. A Runge-Kutta method is called A-stable if and only if
|R(z)] <1 forall A\ € C with ReA <0

or, in short:
C cS
with C~ ={z € C: Re X < 0}.

The stability function of an explicit s-stage Runge-Kutta method is a polynomial of
degree < s, therefore, the method can not be A-stable.

2.3.5 Implicit Runge-Kutta methods

Euler’s method (the explicit Euler method) was obtained by using the left rectangular rule
in (2.6). By using the right rectangular rule instead

t+7
[ fouls)) ds e st mute + 1)
t
the so-called implicit Euler method (backward Euler method) is obtained:
ujpr = uj + 7 f (b + 7, u41).

In order to actually calculate u;;; this equation (in general a nonlinear system of equations)
must be solved.
If one uses the midpoint rule

/t Flsu(s)) ds 7 £+ T ult + 1))

for improving the accuracy and if the needed solution wu(t + 7/2) is replaced by an ap-
proximation g; obtained by the implicit Euler method, one obtains the so-called implicit
midpoint rule:

T T
g = Uj+§f(tj+§,gl),

b
Ujp1 = Uj+7f(tj+§,91)-

These two methods are examples of the so-called implicit Runge-Kutta methods.
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The general form of an s-stage Runge-Kutta method can by written in the following
way:

G = uj+7lan ft+aTm,g) Fanflt+et,g)+-+as f(t+es7,95)],

G2 = u;j+7lan f(t+aT,01) Fan f(t+caT,g2) + - +ags f(t+cs7,95)],(2.11)

gs = uj_'_T [aslf(t+clTagl)+a32f(t+627-792)+"'+assf(t+cs7—7gs)]
and
Ujpr =uj +7 [y f(t +erT,01) Fba f(t+coTg2) +- -+ b f(t+cs T, g5)] (2.12)

The method is uniquely determined by the following tableau of coefficients:

Cilam Q2 ... Ars—1 Qg
Co | Q21 Q22 ... QA24-1 Q2
Cs | As1 Qg2 ... (Ags—1 Ugg
by by ... b1 b
or in compact form:
cl A
b (2.13)

Definition 2.6. A Runge-Kutta method given by the tableau (2.13) is called
1. explicit, if A is a strictly lower triangular matriz,
2. implicit, if it is not explicit.

This definition of an explicit method is slightly more general as before. So far is was
always assumed that ¢; = 0 for an explicit method.

Examples:

1. The implicit Euler method is a 1-stage implicit Runge-Kutta method with tableau:

11
T

2. The implicit midpoint rule is a 1-stage implicit Runge-Kutta method with tableau:

1/2 1{2.
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3. Another possible quadrature rule for (2.6) is given by

/tm [(s,u(s)) ds ~ 7 | (1= 0) f(t,u(t)) + 0.+ 7u(t + 7).
This leads to the method
wjr = 7 | (1= 0) f(tg,07) +0 f(t5 +7,u501)]
s0
g1 = Uy,
g = w7 [(1=0) (L 90) + 0 (L + 7)),
i = w7 [(1=0) flty, ) + 0 F(t +7.00)].

This method is called the #-method and it is (in general) a 2-stage Runge-Kutta
method with tableau

0 0 0
111—-6 6.
1—-6 40

This class of methods contains important special cases: the explicit Euler method
(0 = 0), the implicit Euler method (6 = 1) and the implicit trapezoidal rule (0 = 1/2).

Implementation of implicit Runge-Kutta Methods:

In order to calculate the next approximation u ;4 by an implicit Runge-Kutta method from
(2.12), the values for g1, go, . . ., gs must be determined firstly by approximately solving the
(in general non-linear) system of equations (2.11).

The equations are given in fixed point form. Therefore, one option would be to use
simple fixed point iteration. The convergence of such an iterative method can be shown
for initial values g; = u and sufficiently small step sizes 7. Better initial values can be
calculated by using an appropriate explicit Runge-Kutta method.

For stiff differential equations a simplified Newton method is better suited for calculat-
ing g1, 92, ...,9s from (2.11). It is usually sufficient to evaluate the Jacobian matrix only
once at the initial value g; = u.

Example: The #-method for the model problem of a semi-discretized parabolic differential
equation

w,(t) = M'f, () = Knuy, (1)),
u,(0) = Up p

reads
™ =+ 7 {0 0) M7 £, () = Ko | + 005 | £, () — Ko 7]
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The approximation uff is obtained by solving the linear system of equations

(M + 70 Kpup™ = (M, — 7(1 = 0) Ky uj, + 7 [(1 —0) [, (&) +0 [, (t41)] -

In the case § = 1/2 (implicit trapezoidal rule) the method is also called Crank-Nicolson
method.

Remark: For 8 = 0 one obtains the explicit Euler method. Nevertheless, it requires the
solution of a linear system of equations. One can avoid this by replacing the mass matrix
M, by a diagonal matrix M}, (mass lumping). Example for the Courant-element:

Mh = (Mij)a Mij = (%‘, @j)h,

where instead of the L2-scalar product the following approximation based on the trape-
zoidal rule is used:

(v, w) 20 Z/Tk ) do ~ th [ v(xp_1)w(zk_1) + %v(xk)w(:ck)] = (v, w)p.

Consistency order of implicit Runge-Kutta methods

As in the explicit case the global error, the local error and the consistency error can be
introduced.

The consistency order can be determined by Taylor series expansions as in the explicit
case.

Examples:

1. The f-method has, in general, consistency order 1. For # = 1/2 one obtains consis-
tency order 2.

2. For the 1-stage implicit midpoint rule one obtains consistency order 2.

These simple examples already show that a higher consistency order can be reached
with an s-stage implicit Runge-Kutta method than with an s-stage explicit method.

It can be shown that the maximally attainable consistency order for an s-stage Runge-
Kutta method is p = 2s. These methods with maximal consistency order are called s-stage
Gauss methods. They are based on the Gaussian quadrature rule which are of maximal
accuracy. The implicit midpoint rule the 1-stage Gauss method.

Stability of implicit Runge-Kutta methods
For analyzing the A-stability the stability function is needed:

Examples:
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1. For the implicit Euler method one obtains
1
T1-z
The stability domain is the exterior and the boundary of the circle with radius 1 and
center 1:

R(z)

S={zeC:|z—-1] > 1}.
Hence the method is A-stable.

2. For the f-method one obtains

1+(1-0)z
1—-62

Hence the method is A-stable for 6 > 1/2 .

R(z) =

So far, stability was studied only for the very simple scalar model problem
u'(t) = Mu(t).
Now we discuss the extension to linear systems of the form
u'(t) = Ju(t) + f(t)
for constant real matrices J. We can restrict the analysis to the case f(t) =0, i.e.:
u'(t) = Ju(t), (2.14)

because, the concepts of a dissipative system and a contractive method do not depend on
f(t).
A Runge-Kutta method with stability function R(z) applied to the system (2.14) can
be written in the form
Ujy1 = R(TJ)UJ (215)
Then, of course, the system (2.14) is dissipative, if and only if
(Ju,v) <0 for allv € RY,

and the Runge-Kutta method is contractive if and only if

[wjr1 = vl = [[R(TT) (w; — v)l| < [[(w; — )],
i.e., if and only if
[R(r )| < 1.
At first, we consider the case that J is a normal matrix, i.e.:
J T = JJ.

(J* denotes the adjoint matrix of J with respect to the scalar product (., .), so, e.g., J* = JT
if the Euclidean scalar product (.,.) = (.,.), is used.)
For normal matrices J the system (2.14) is dissipative if and only if

ReA <0 forall A € a(J).
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Proof. The scalar product (.,.) on R™ can be extended to a scalar product on C", denoted
again by (.,.):
(Zv Z/) = (l‘7 l‘,) + (yv y,) +1 [(xla y) - (ZL‘, y/)] .

For normal matrices it follows:
J=UDU* with D = diag(A1, Ag,. .., \p),

where U is a unitary matrix (U*U = UU* = I). Or, in other words, there exists an
orthonormal basis of eigenvectors. The system is dissipative if and only if

Re(Jv,v) = (JRev,Rev) 4+ (JImv,Imv) <0 for allv € C".
Now, for v € C", we have

Re(Jv,v) = Re(UDU"v,v) = Re(DU"v,U*v) = Re(Dw, w)
= ((ReD)Rew,Rew) + ((Re D) Imw, Imw)

= Z Re /\z|wz|2
with w = U*v. This immediately implies that the system is dissipative if and only in

ZRe Aijwi]? <0 for allw € C™.

le.:
ReX; <0 for all 7.

For normal matrices J we have

R(TJ)|| = R(TN)|.
|R(I)| = ma (R

Proof. First we have by definition

R(TJ)v
IR(rJ|| = sup IR Tyoll
0£veER™ ||U||
Then, with v = vy + ivy it follows
[R(r)v]f? [R(r v ||” + || R(7T)vs?
SUp — T = 2 2 = [|R(7J].
ozvecr V]| 001 v2€RP [o1[* + [Joz2]]

Let u; denote the i-th column of U. Then a vector v can be written in the form
v = Zaiui and ||v[]* = (v,v) = Z |y |
i i
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Analogously, it follows that

)

R(tJ)v = Za R(rAiju; and |[R(rJ)v]* = |l |R(TA:)[”

Therefore,

2 ) 12 R(T\ 2
IR = sup WECDUE _ ) 2l IRCAIE o piea2
ozo V]l 0a >ilal J

0

Therefore, a Runge-Kutta method applied to (2.14) for a normal matrix J is contractive
if and only if
|IR(TA)| <1 forall A €o(J). (2.16)

In general, this condition leads to restrictions for the step size 7.

Example: For the one-dimensional semi-discretized parabolic model problem in the sym-
metric case K} = K7 the corresponding matrix J = — M, 'K}, is symmetric and, therefore
normal in the scalar product (.,.)y, and the eigenvalues A(J) of J are of the form

A(J) = =AM 'K}) <0.

Therefore, the system is dissipative and the explicit Euler method is contractive if

2
<
"= N (M, T

From (2.9) we know that A\y. (M, 'K;) = O(1/h?). Consequently,
T = O(h?).
More precisely, it follows from (2.9) that it is sufficient to satisfy

h2
T< —.
~— 6
However, for an A-stable Runge-Kutta method applied to a dissipative linear system
with a normal coefficient matrix, the condition (2.16) is always satisfied. Therefore, in this
case the method is contractive.

Example: The implicit Euler method for the one-dimensional semi-discretized parabolic
model problem in the symmetric case K; = Kr is contractive for all step sizes 7.

Surprisingly, the last statement that A-stable Runge-Kutta methods applied to dissi-
pative linear systems with constant coefficient matrix are contractive for all step sizes 7 is
also correct for non-normal matrices J. This follows from the following theorem:
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Theorem 2.5. Let (.,.) be a scalar product in C*, A € C"*" and R(2) a rational function,
which is bounded on C~. Assume that

Re(Av,v) <0 for allv e C".

Then:
|R(A)| < sup |R(2)].

zeC—

Proof. Let A* be the adjoint matrix of A
(A*u,v) = (u, Av).

For
Aw) = g(A+ A") + %(A _ A
we have:
(A, ) = 2[(Av,0) + (A%, 0)] + 5 [(Av,0) — (A°v,0)

- Y [(Av v) + (Av v)] % [ Av,v) — (Av,v)]

= w Re(Av,v) +i Im(Av,v)

= Rew Re(4v,v) +1 (Imw Re(Av,v) + Im(Av,v)).
Hence

Re(A(w)v,v) <0 forall v e C",
if Rew > 0. Therefore, the rational function
p(w) = (R(A(w))u, v)

has no poles in C* = {z € C: Re\ > 0} for fixed vectors v and v . Then the maximum
principle implies:

(R(A)u,v) = ¢(1) < sup [p(iy)] < sup [[R(AGy))][[[u]l]|v]]-

y€ER yER

For the matrix A(iy) we have:
. . y E3 ]‘ *
A(iy) :za(AJrA )+§(A—A ),

hence 1
Alig)* = =i S(A" + A) + S(A" = A) = —A(iy).

Therefore, the matrix A(iy) is anti-symmetric and the eigenvalues are purely imaginary.
So the matrix is normal and:

[R(A(iy))l| = sup [R(z)] < sup [R(z)].

z€o(A(iy)) zeC—
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In summary, we obtain:

(R(A)u,v) < sup [R(2)| [u]]v],

zeC—

which immediately implies the statement

IR(A)|] < sup [R(z)]

zeC—

Example: For J = —M,;lKh we have

Re (—M,, ' K (v, +iwy,), vy, +iwy,)n, = —Re(Ky (v, + iwy,), vy, + iwy,)e,
= —(Knuy, vp)e, — (Kpwp, wy)e, < 0.

Consequently an A-stable Runge-Kutta method for the system
My (1) = [ () = Knuy (1)
is contractive, if M}, is symmetric and positive definite and if

(Kpvp,,v,)e, >0 for all v, € R™.

For more general (in particular non-linear) systems the concept of A-stability is not
sufficient.

Definition 2.7. A Runge-Kutta method is called B-stable, if for all initial-value problems
with

(f(t>w> - f(t,v),w _U) < 0
the approzimations satisfy:

w1 — vjgal] < [Jw; — vyl

for all step sizes T > 0.

Obviously, an B-stable method applied to a dissipative system is contractive for all step
sizes T > 0.

Remark: A good implementation of a Runge-Kutta method requires an efficient step size
control. In principle, one tries to choose the step size in each step such that the new local
error does not exceed a prescribed tolerance.
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If the derived estimates for the discretization error is applied to the fully discretized
parabolic problem

(W'(t),v) +a(u(t),v) = (F(t),v) forallveV,
u(0) = wg

by the #-method under the assumptions of contractivity and coerciveness of a, then one
obtains the following estimate for the discretization error:

[, =ty < [, = wn(t) i + Nun(ty) — wt;) | m
with
lun(t;) — ult)lle < luon — Ruuollm e/ + (I = Ry)u(t;)|lu

tj
4 / 1T = Ruu(s)] s e GV ds
0

) t; t;
lad — unt )l <l — wonllsr + 7 / ()l ds = 7 / ()]l ds.
0 0

If one wants to estimate the discretization error only in dependence of the exact so-
lution u(t) of the continuous problem, then a similar strategy can be used as for the
semi-discretized problem:

The error is split into to parts:

uj, = ulty) = [u}, — Rpu(ty)] + [Ruu(ts) — u(ty)] = 6} + pj,
which can be estimated separately. Then one obtains the following result:
g, = u(t)llm < llwon — Ruuollm + [[(1 — Rayu(t)||u

T / N = Ruyu(s)] Nl ds + / () | d.

Hence, e.g., for the f-method with 6 > 1/2 and the Courant element:

; O(t+ h?) for 6 e (1/2,1]
J J— . f— Y Y
e =t = { O(r2 + h?) for § = 1/2.

For § < 1/2 the estimates are valid only under the strong restriction on the step size T,

e.g.

h2
<
T =6(1—26)

for the symmetric one-dimensional model problem.
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Chapter 3
Hyperbolic Differential Equations

3.1 Initial-Boundary Value Problems for Hyperbolic

Differential Equations

Classical Formulation:
Let Q7 = Q x (0,T). Find u : Q7 — R such that the differential equation

2
%(:p,t)+LU(x,t) = flz,t) (z,t) € Qr

with
Lv(xz) = —div(A(z) gradv(x)) + c(z)v(x)

and the boundary conditions

u(z,t) = gp(x,t) (z,t) €Tpx(0,T),
A(x)gradu(z,t) - n(x) = gn(x,t) (x,t) € Iy x (0,7)
and the initial conditions
u(z,0) = wup(xr) x€Q,
%(x, 0) = wlr) z€Q

are satisfied.

Special case wave equation:

%(w,t) — Au(z,t) = f(x,t).
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Model problem:

U (2, 1) — Uge (2, ) = f(z,t) (x,t) € (0,1) x (0,7),
u(0,t) 0 te(0,7),
u(1,t) 0 te(0,7),
u(z,0) = wo(z) = e€]0,1],
u(z,0) = vo(x) = €]0,1].
Variational Formulation:
Find u € L*((0,T),V) = X with
u' € L*((0,T),H), u"eL*(0,T),V"),
such that
W'(t),v) + a(u(t),v) = (F(t),v) forallveV,
u(0) = uo,
u'(0) vo-
Hence:
u'(t) + Au(t) = F(t),
u(0) = wup,
W'(0) = wp.
Or in the following form:
d2
ﬁ(u(t),v)H +a(u(t),v) = (F(t),v) forallvelV,
u(0) = up,
W'(0) = wp.

The derivatives are to be understood as generalized derivatives:

/0 SO (1) dt
/0 S (1) dt

T
- / S(t)u(t) dt for all ¢ € C(0,T).
0

T
/ S (ut) dt for all p € C(0,T).
0
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For studying the existence and uniqueness of the solution of an initial-boundary value
problem for a hyperbolic differential equation the problem is transformed to a first order
system by introducing

With

one obtains

where

A X — X, (Av)(t) = A(Sv)(t).
It is easy to see that S : X — X is Lipschitz continuous:

2

Isw—selk = [ sw=s0lf it~ [ [l - o) as i

< /OT [/Otuw@)—v(s)uvdsr dts/OTt/Ot Juw(s) - o()I? ds de

< [t [ v asa
1

= STw -l

If A is symmetric, bounded and coercive in V', then:

(Av — Aw,u)| = /0 a((Sv — Sw)(#), ult)) dt

/OT(A(SU — Sw)(t), u(t)) dt’ _

T
< / [(Sv = Sw)@)|v[[u@)lly dt < p2[|Sv = Swllx |ullx
0

T
< 2=l = vllxullx
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and

(Av — Aw,v —w) =

a((Sv — Sw)(t), (Sv— Sw)(t)) dt

a((Sv — Sw)(T), (Sv — Sw)(T)) > 0.

That means that the operator A : X — X™* is monotone and Lipschitz continuous.
By the simple transformation

oA (t) = e Mo(t)
with A > 0 one obtains the system
ua(@) + (Axoa)(t) = Fx(t)
ua(0) = g
with
F\(t) =eMF(t) and (Axvy)(t) = e M(Av)(t) + A va(t).

It can easily be shown that A, : X — X is even strongly monotone and Lipschitz con-
tinuous. The special structure of A (Volterra operator: the value of (Av)(t) depends only
on values v(s), s € [0,t]) and these properties are essential for an existence theory, which

is analogous to the parabolic case: a-priori estimates, semi-discretization, compactness
argument and limit process.

Semi-Discretization:

V' is replaced by an finite-dimensional subspace V},:
Find wy, : [0,T7] — V}, such that
d2

ﬁ(ﬂh@f),’l]h)]{ + aup(t),vy) = (F(t),vy) forall v, €V,

(un(0), va)
<, (0). )
g7\ untV), Un

If a basis {p; :i=1,2,..., Ny} of V} is introduced, one obtains
Myuy (t) + Knuy(t) = [, (),

Mypup(0) = )

H = (UO,Uh)H for all vy, € Vh,
H

= (vo,vp)g for all v, € V.
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with the mass matrix
My, = (Mij>7 Mij = (90]'790@')H7
the stiffness matrix

Ky = (Kyj), Kij = alyj, ¢:)

and the vectors

and

9, = (91):  gi = (uo,pi)m hy, = (hi),  hi = (vo,i)m-

So one obtains an initial value problem. Standard form:

u'(t) = f(tu(t),
u(0) =y,
uw'(0) = wo.

here with u(t) = w, (t), f(t,u(t)) = M*I(ih(t) — Khpuy(t)), uo = M, g and ug = M, " gp.

3.2 Runge-Kutta Methods for Initial Value Problems
of Second-Order Ordinary Differential Equations

In this section initial value problems for second-order ordinary differential equations are
discussed. Typical applications are semi-discretized hyperbolic initial-boundary value prob-

lems.
The problem has the following general form:
Find a function u(t) such that

u'(t) = f(tu) tel0,T],
u(0) = up,
W'(0) = wp.

(553), - (fdiifit») ’
()
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If the same Runge-Kutta method is applied to both first-order differential equations,
then one obtains:

g = uj+T Zaikhka

k=1

hi = v+7 Zaikf(tj + Gk T, Gk)
k=1

s
Uj+1 = ’U/j‘i‘TE blhz,
=1

’Uj+1 = Uj + 7 Z bzf(tj + C;T, gz)

i=1

Eliminating h; results in:

g = uj+T Zaik[vj +7 Zaklf(tj +at, gi)l,
k=1 =1
Ujp1 = U;+T Z bilv; + 1 Z air f(t; + T, g)l,
=1 k=1

Vjy1 = Vj+T Z bif (tj + e, gi)-

i=1
Hence
g = Uu; +T1Cvj+ 2 Zdikf(tj + kT, i),
k=1
Ujr1 = Uy + TV + 7—2 Zl_)zf(tj + T, gl))
i=1
Vjy1 = U+ T Z bif (t; + e, 9:)
i=1

with

Qi = Z @il A b = Z br.ai.
1=1 k=1
Example: For the #-method one obtains:
wipr = w7+ 01— 0)f(ts,u5) + 0 F (1, u0)),
Vi1 = v+ T[(L=0)f(t),u5) + 0f (i1, uj)]-

The auxiliary variable vy can be easily eliminated and one obtains:

Ujyo — 2y +uy =72 [02f (tj10, ujr) + 20(1 — 0) f(tir1, ujr1) + (1= 0)* f(t;,u;)].
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Stability

We discuss the linear case (without loss of generality we can assume that f(t) = 0):
Mu"(t) + Ku(t) =0

under the assumptions K7 = K > 0 and MT = M > 0. The equivalent first-order system

reads:
() = oo 0) C0)-

0 I
/= (—M—lK 0)

is anti-symmetric with respect to the scalar product

((Zi) ’ (Zz))KM = (Kuy,ug)e, + (Muvy,v2)g,.

Therefore, J is a normal matrix, the eigenvalues are purely imaginary. Consequently, the
system is dissipative.
We have for the stability function R(z) of a Runge-Kutta method:

The matrix

[R(T J) |l = max [R(Tp)].
pea(J)

(s o) (2) = )

Ku= —pu* Mu

The eigenvalues of J:

Hence

If 0 < A\ < Xy < ... < Ay denote the eigenvalues of MK, then one obtains for the

eigenvalues of J:
TV A, i A, ... £ i/ Ay

Since the system is dissipative, A-stable methods are contractive.

Example: The 6-method is A-stable (and, therefore, contractive) for 6§ > 1/2. However,
contrary to the parabolic case, the §-method is never contractive for § < 1/2; since the
stability domain contains, except for 0, no further points of the imaginary axis.
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3.3 Partitioned Runge-Kutta Methods

If two not necessarily equal Runge-Kutta methods are applied to the two differential equa-
tions, one obtains a so-called partitioned Runge-Kutta method:

S
9 = Uj‘|‘7—§ @il
=1

h’i = Uj +7 Za;kf(tj + CgT, gk)7
k=1

s
Ujr1 = ’U/j‘i‘TE blhz,
=1

Vjy1 = U+ T Z b;‘f(tj + T, gz’)'
i=1

By eliminating h; one obtains:

g = w7 Y awlo; Y @ f(t+ara)l,
k=1 =1
Wit = w47y biloj 7Y aft; + e e,
=1 k=1

Uj+1 = Uj + T Z b;f(tj + C;T, gz)

i=1
So
9 = uj+TCU T Zaz’kf(tj + KT, Gk),
k=1
Ujy1 = Uj+TU;+ T2 Zgz’f(tj + ¢, gi),s
i=1
visn = v +T Y bt + T g)
i=1

with

Qi = Z ayajy, b = Z br ;- (3.3)
=1 k=1

Example: For the § method with parameter 6 for the first equation and with parameter
1 — 6 for the second equation one obtains:

w1 = w7+ T [0f (5, u5) + (1= 0) f(tj1,u511)]
Vj+1 = Uy +7 [Hf(tj,u]) + (1 — 0)f<tj+1, uj+1)].
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The auxiliary variables vy can easily be eliminated:
Ujpr = 2uji1 +uy = 7201 = 0) f(tj2,uje2) +20(1 = 0) ftjer, ujen) +0(1 = 0) f(t),u;)]
or with o = 6(1 — 0):

Uie = 2ujp1 +uy = 720 ftiya, wiye) + (1= 20) f(ti, i) + 0 f(t),uy)].

Observe that, for # = 0 and 0 = 1 (i.e. for 0 = 0) the total method is explicit, although it
is the combination of an explicit and an implicit Euler method.

Stability analysis
Assume that the differential equation is of the form
Mu"(t) + Ku(t) =0

with MT = M > 0 and KT = K > 0. Only the case § = 0 is considered. The equivalent

first-order system reads
() = Catue o) )

The partitioned method then becomes the one-step method

Uj+1 = Uj+TUj,
Vjy1 = ’Uj—TMilKUJ'JrlI—TMilKUj—F([—TQMilK)’Uj,

or after eliminating vy, the two-step method (o = 0):

Ujt2 — 2Uj+1 + U + TZM_lKUj+1 = 0.

Uj41 _ I 71 U <3 4)
Vjit1 —TM'K I-7M1'K)\v;)’ )

The stability analysis can be reduced to scalar problems by transforming to the basis
of eigenvectors of M~'K: Assume that the matrix M 'K has the eigenvalues v? with
corresponding eigenvectors e;, i = 1,..., N with (Me;, e;)s, = 0;;. From the ansatz

uk:E afei and Uk:E ﬁfei
i i

one obtains

(Kug, up)e, = Y (v0f)? and  (Mug, vp)e, = Y _(BF)?

% %
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and, therefore,

2

I/Z'Ozk ?
o (Kup, ur)e, + (Mg, v)e, = ; H( ﬁfz)

1)

()

From (3.4) the following conditions are obtained

Viagﬂ B 1 TV, l/iozg _ G I/iozg
gt )\ 1=(mw)?) \ B ) T\ 8 )

Assume that there are symmetric and positive definite 2 x 2 matrices H; with

Then it follows:

2.

i

|Gillg, <1 foralli=1,...,N. (3.5)
2

(l/iagﬂ) a <yl-ag) < Z <I/z‘ozf>
o A , < :
This shows that the method is contractive with respect to the norm
wp (uiaf)
o e

It remains to discuss the condition (3.5).
A necessary condition for (3.5) is that all eigenvalues of the matrices G;

LAY | S
2 2

are less or equal to 1. This is satisfied if and only if

2 2

-y

H; i

H;

2

-3

* i

2

H;

Ty; <2 foralli=1,...,N.

Hence
2
T < .
Amax (M 1K)
Example: Application to the semi-discretized one-dimensional hyperbolic model problem:
_ 12
Amax(Mh 1Kh) S ﬁ

So, for
1
7T<—h

V3

the eigenvalues of GG; are less than or equal to 1. This condition on the step size 7 is less
restrictive than in the parabolic case!
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The following theorem describes necessary and sufficient conditions for (3.5):

Theorem 3.1 (Kreiss’ Matrix-Theorem). Let F be a family of d-by-d matrices. Then
the following conditions are equivalent:

(A) There is a constant C'4 with

|A"| < Ca forallneN, AecF.

(R) There is a constant C'r with

(21— A)7Y < |Z|Cf . for all z € C with |z| > 1, Ae F.

(S) There are constants Cs and Cp > 0 and, for each matriv A € F there is a non-
singular matriz S with

(a) max(||S], [[S7]) < Cs,
(b) B = SAS™ is an upper triangular matriz and

|[Bij| < Cpmin(1l — |k, 1 — |5]) (3.6)

for all © # j, where k; denote the diagonal elements of B, which are the eigen-

values of B and of A.

(H) There is a constant Cy and, for each matriz A € F there is a Hermitian and positive
definite matriz H which

Cii vl < wllg < Cullv|| for allv e C?

and
|Al|lm < 1.

If this theorem is applied to the family F = {G; : i =1,..., N} of 2-by2 matrices, then
it easily follows: If
T, <2—¢ foralli=1,...,N

for an arbitrary but fixed number € > 0, then the method is contractive in the corresponding
norm.

Proof. The eigenvalues of G; are given by

2 2
)\i(c):l—%iiq/l—%
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with ¢ = 7v;. The corresponding eigenvectors define the transformation matrix

1 1
X = <)\+(c) -1 X (c)— 1)

c c
with inverse
A(c)—1
x-1— % c -1
T @ =A(0 | A1
c
From
Ai(e) =1 c 1 1
e ‘ N P R N R

it follows that 5
Xloo =2 d I XY < ————
Xl =2 and X < =

and, therefore,

3 n n — 4
|Gl = 11X diag(As(2)", A (@)")X o < == = Ca

0

The norm introduced above is equivalent to the original norm. Hence the convergence

also holds in the original norm.

Remark: A further generalization leads to the larger class of Runge-Kutta-Nystrém meth-
ods: For these methods the relation (3.3) is ignored. Then the tableau of coefficients has

the form:
¢ | a1 Q2 ... G1s-1 Qis
Co| Q21 Q22 ... Q251 Qo2
Cs asl dsQ s as,s—l dss
by by ... b1 b
by by ... b1 b
or, in compact form:
c| A
bT
B
The special case
0,0 O
116 by
by by
br by




leads to the method:

Ujpr = w7+ T b f(t,u) + Do f (41, ui4a)],
vir = U+ T bt u5) 4 bof (G, ugg)]s

The consistency order is 1, if
by + by = 1.

The consistency order is 2, if

1 - 1
b1:b2:§ and b1—|—b2:§

Consistency order 2 for the first equation and consistency order 1 for the second equation
is obtained, if

- - 1
b1+b2:1 and b1+b2:§
This leads to the so-called Newmark method:

2
Ujt1 = Uj +TVU; + % (1 =28)f(t,u;) +28f(tjr1, ujr1)l,

vipr = v+ 11 =) f(t5,uy) +7f ({0, u540)].
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