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Publications

Large parts of this thesis have been published in journals.

Chapter 3 is an extended version of

[34]: J. Bosch, M. Stoll, and P. Benner, Fast solution of Cahn—Hilliard varia-
tional inequalities using implicit time discretization and finite elements, J. Com-
put. Phys., 262 (2014), pp. 38-57.

This publication has its origins in the author’s Master’s thesis [30]. Hence, parts
of this Master’s thesis appear in Chapter 3. However, more important are the ex-
tensions developed during the author’s PhD studies. In this sense, Chapter 3 is an
enhanced version of both, the publication [34] and the Master’s thesis [30]. Moreover,
the subsequent chapters build on the substance of Chapter 3 and extend the studies
therein. Therefore, it plays an important part in contributing to make a whole story
out of the author’s PhD projects.

Chapter 4 is an extended version of

[33]: J. Bosch and M. Stoll, Preconditioning for vector-valued Cahn—Hilliard
equations, SIAM J. Sci. Comput., 37 (2015), pp. S216-5243.

Moreover, we were able to improve the preconditioners proposed in [33] with some
fine tuning. Chapter 5 is a combination of

[31]: J. Bosch, D. Kay, M. Stoll, and A. ]J. Wathen, Fast solvers for Cahn—
Hilliard inpainting, SIAM ]. Imaging Sci., 7 (2014), pp. 67-97.

[32]: J. Bosch and M. Stoll, A fractional inpainting model based on the vector-
valued Cahn—Hilliard equation, SIAM J. Imaging Sci., 8 (2015), pp. 2352-2382.

Note that the latter focuses on the numerical solution via Fourier spectral methods.
This is not addressed in this thesis since the central theme is the development of effi-
cient preconditioners for the iterative solution of the large and sparse linear systems
that arise from classical finite element methods. Hence, Chapter 5 presents another
perspective for solving the problem discussed in [32].
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Abstract

In this thesis, we study efficient numerical solution techniques for various types of
Cahn-Hilliard problems. Originally, the Cahn-Hilliard equation was introduced to
model phase separation in two-component alloys. In praxis, often more than two
components occur, and the model has been extended to the multi-component case.
The solution of these two types of Cahn-Hilliard problems form the first part of this
theses. The underlying energy functional includes a potential for which different
types were proposed in the past. In this thesis, we consider smooth and nonsmooth
potentials with a focus on the latter. Whereas the use of smooth potentials leads
to a system of parabolic partial differential equations, the nonsmooth ones result
in a system of variational inequalities. Due to accuracy reasons, we propose fully
implicit time discretization schemes. In the smooth case, we derive criteria for the
stability and uniqueness of solutions and extend the theory to the vector-valued
case. In the nonsmooth setting, we interpret the system of variational inequalities
as the first-order optimality system of an optimization problem for which we derive
existence and uniqueness conditions. In particular, we extend the analysis to the
multi-component case. In order to deal with the variational inequalities, we apply
a function space-based algorithm, which combines a Moreau—Yosida regularization
technique with a semismooth Newton method. We apply classical finite element
methods to discretize the problems in space. The core of our approach is the solution
of the arising large and sparse fully discrete systems of linear equations. An impor-
tant aim of this thesis is the development of efficient practical preconditioners for the
iterative solution of the linear systems. In particular, our preconditioners are tailored
to the Cahn-Hilliard problems. We present block preconditioners using effective
Schur complement approximations. For the smooth systems, we derive optimal
preconditioners, which are proven to be robust with respect to crucial model pa-
rameters. Even for the nonsmooth systems, extensive numerical experiments show
an outstanding behavior of our developed preconditioners. In combination with an
adaptive mesh refinement approach, we are able to perform three-dimensional ex-
periments in an efficient way. As another application, we apply our preconditioner to
a coupled Cahn-Hilliard/Navier-Stokes system, which governs the hydrodynamics
of two-phase flows. The numerical results illustrate the effectiveness of our approach.
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In the second part of this thesis, we consider an application of the Cahn-Hilliard
model in image processing. In particular, we consider the image inpainting prob-
lem, which can be solved by a modified Cahn-Hilliard equation. This model was
proposed in the literature and is based on the two-component Cahn-Hilliard equa-
tion equipped with a smooth potential. We extend this approach in two ways: First,
we apply a nonsmooth potential, which again results in the solution of variational
inequalities. The numerical results show an increase of the color intensity when
the nonsmooth potential is used. Second, we generalize the black-and-white Cahn-
Hilliard inpainting model to gray value images. This new model is based on the
multi-component Cahn-Hilliard equation. We study efficient numerical solution
techniques for the scalar and in particular for the vector-valued modified Cahn-
Hilliard equation using the techniques developed in first part of this thesis. An
important difference to the first part is that the modified Cahn-Hillard equation as a
whole is not given by a gradient flow. Especially, the model arises as a superposition
of two gradient flows. We apply the convexity splitting technique, which yields
under the right conditions an unconditional gradient stable time-discrete scheme.
In the case of a smooth potential, we extend the proof of consistency, unconditional
stability and convergence of the time-discrete scheme to the vector-valued case. In
the nonsmooth case, we apply as before the Moreau—Yosida regularization technique
with a semismooth Newton method. Again, the core of our approach consists in the
development of efficient practical preconditioners for the iterative solution of the
large and sparse linear systems that arise from classical finite element methods. For
the smooth systems, we derive the conditions for optimal preconditioners. Even for
the nonsmooth systems, our developed preconditioners are shown to be reliable.




Zusammenfassung

In der vorliegenden Arbeit entwickeln wir effiziente numerische Methoden zur
Losung verschiedener Probleme, die auf der Cahn-Hilliard Gleichung basieren. Ur-
spriinglich wurde die Cahn-Hilliard Gleichung eingefiihrt, um die Phasentrennung
in einer Metalllegierung aus zwei Spezies zu modellieren. Da in der Praxis oft
mehr als zwei Spezies vorkommen, wurde das Modell auf den mehrkomponenti-
gen Fall erweitert. Der erste Teil dieser Arbeit beschiftigt sich mit dem Losen
dieser beiden Modelle. Das zugrunde liegende Energiefunktional besteht aus einem
Potential, fiir welches in der Vergangenheit verschiedene Arten entwickelt wur-
den. In dieser Arbeit betrachten wir die beiden Typen eines glatten und nicht-
glatten Potentials, wobei der Fokus auf dem Letztgenannten liegt. Wahrend die
Verwendung glatter Potentiale zu einem System aus parabolischen partiellen Dif-
ferentialgleichungen fiihrt, erhalten wir bei der Verwendung nichtglatter Potentiale
ein System aus Variationsungleichungen. Aus Genauigkeitsgriinden verwenden
ein implizites Zeitdiskretisierungsschema. Im Falle des glatten Potentials leiten wir
Kriterien fiir die Stabilitdt und Eindeutigkeit der zeitdiskreten Losung her und er-
weitern die Theorie auf den vektorwertigen Fall. Im nichtglatten Fall fassen wir
das System aus Variationsungleichungen als Losung eines Optimierungsproblems
erster Ordnung auf. Fiir dieses Minimierungsproblem leiten wir Kriterien fiir die
Existenz und Eindeutigkeit einer Losung her. Insbesondere erweitern wir die Theo-
rie auf den vektorwertigen Fall. Die Variationsungleichungen behandeln wir mit
der Moreau—-Yosida Regularisierung, welche wir mit einem halbglatten Newton-
Verfahren kombinieren. Zur rdumlichen Diskretisierung verwenden wir die klassi-
sche Finite Elemente Methode, was zu grofsen, diinnbesetzten linearen Gleichungs-
systemen fithrt. Das Losen dieser Systeme bildet den Kern unserer Verfahren.
Der Hauptschwerpunkt dieser Arbeit ist die Entwicklung effizienter, praktischer
Vorkonditionierer fiir das iterative Losen der linearen Gleichungssysteme. Insbeson-
dere sind unsere Loser auf die verschiedenen Cahn-Hilliard Probleme zugeschnit-
ten. Wir erarbeiten Blockvorkonditionierer, die auf effektiven Schurkomplement-
Approximationen beruhen. Im glatten Fall zeigen wir die Optimalitdt unserer
Vorkonditionierer im dem Sinne, dass sie robust beztiglich wesentlicher Modellpa-
rameter sind. Ausgiebige numerische Experimente zeigen auch ein vielversprechen-
des Verhalten unserer Vorkonditionierer im nichtglatten Fall. Zusammen mit einer
adaptiven Gitterverfeinerung konnen wir dreidimensionale Probleme effizient 16sen.
Als zusétzliche Anwendung wenden wir unseren nichtglatten Vorkonditionierer auf
ein gekoppeltes Cahn-Hilliard/Navier—Stokes System an. Solch ein Modell wird zur
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Simulation von Zwei-Phasen Stromungen verwendet. Die numerischen Resultate
zeigen die Leistungsfahigkeit unserer Vorkonditionierer.

Im zweiten Teil dieser Arbeit betrachten wir eine Anwendung des Cahn-Hilliard
Modells in der Bildbearbeitung. Eine modifizierte Version der Cahn-Hilliard Glei-
chung kann als Tool fiir das Inpainting verwendet werden. Das Ausgangsmodell
basiert auf der skalaren Cahn-Hilliard Gleichung mit einem glatten Potential. Dieses
Modell erweitern wir in zweierlei Hinsicht: Als erstes statten wir es mit einem nicht-
glatten Potential aus, was wiederum das Losen von Variationsungleichungen ver-
langt. Die numerischen Ergebnisse zeigen, dass diese Anderung die Farbintensitét in
denrekonstruierten Bildern erhoht. Zweitens erweitern wir das schwarz-weifs Cahn-
Hilliard Inpainting Modell auf Graubilder. Unser entwickeltes Modell basiert auf
der vektorwertigen Cahn-Hilliard Gleichung. Basierend auf den Techniken, die wir
im ersten Teil dieser Arbeit erarbeitet haben, entwickeln wir effiziente numerische
Methoden zur Losung der skalaren und insbesondere vektorwertigen modifizier-
ten Cahn-Hilliard Gleichung. Ein wichtiger Unterschied zum ersten Teil ist, dass
die modifizierte Cahn-Hilliard Gleichung als Ganzes nicht als ein Gradientenfluss
beschrieben werden kann, sondern als Superposition zweier Gradientenfliisse. Wir
wenden die konvexe Splitting Technik an, welche unter den richtigen Bedingungen
ein stabiles zeitdiskretes Schema liefert. Im Falle des glatten Potentials erweitern wir
den Beweis zur Konsistenz, Stabilitdit und Konvergenz des zeitdiskreten Systems
auf den vektorwertigen Fall. Im Falle des nichtglatten Potentials wenden wir wie
im ersten Teil die Moreau—Yosida Regularisierung mit einem halbglatten Newton-
Verfahren an. Wie zuvor liegt der Hauptschwerpunkt unseres Verfahrens in der
Entwicklung effizienter, praktischer Vorkonditionierer fiir das iterative Losen der
grofien, diinnbesetzten diskreten linearen Gleichungssysteme, die aus der Anwen-
dung der klassischen Finite Elemente Methode entstehen. Im glatten Fall leiten wir
Bedingungen fiir die Optimalitdt unserer Vorkonditionierer her. Im nichtglatten Fall
zeigen ausgiebige numerische Experimente die Effizienz unserer Vorkonditionierer.
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Chapter 1

Introduction

1.1 Phase separation in binary alloys

In 1958, Cahn and Hilliard [44] proposed a model which describes the phenomenon
of phase separation in binary alloys. In particular, they considered a molten iron-
nickel alloy and aimed to describe how it separates into its two components. Such a
separation occurs if the alloy is rapidly quenched below a critical temperature. Very
soon, small formations of pure iron and nickel appear. As time goes by, these forma-
tions slowly coarsen into larger ones. This coarsening process is also called aging.
In principle, spatially separated areas with different physical properties develop.
It is important for material scientists to understand the dynamics of the occurring
processes, how fast they are, and how they influence the material properties. As
laboratory experiments are time- and cost-consuming, sophisticated computer sim-
ulations are desirable.

Figure 1.1 illustrates a simulation of such a separation process. It shows the concen-
trations of the two components at four different times. Let us denote the two species,
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(a) Mixture of two (b) Phase separation (c) The two pure (d) As time goes by,
components. starts very quickly. components have the formations
emerged tosmall  slowly coarsen into
formations in a larger ones.
short time.

Figure 1.1: Simulation of the phase separation and coarsening process of a binary
mixture.
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also referred to as phases, by A and B. We characterize them by their concentrations
ca(x,t) € [0,1] and cg(x,t) = 1 —ca(x, t) € [0,1]. Here, x denotes a spatial point and ¢
refers to the time. During the evolution, three different types of spatial regions can
be characterized:

1. Regions of pure iron, i.e., the pure phase A. This case is represented by c4 =1
and cg = 0.

2. Regions of pure nickel, i.e., the pure phase B. This case is represented by cg = 1
and cq = 0.

3. Mixed regions of iron and nickel. This case is represented by c4 € (0,1) and
cg € (0,1) withca +cg =1.

The two characteristics ¢4 and cg can be combined into one variable. This gives the
phase variable! u = u(x, t), which describes the difference of the local concentrations,
e.g., u(x,t) = cp(x,t) —ca(x,t) =1 -2ca(x,t) € [-1,1]. Hence, if u(x, t) = =1, then only
phase A (the pure phase A) is present at point x at time ¢. The case u(x, ) = 1 means
only phase B (the pure phase B) exists at point x at time f. Values of u between -1
and 1 represent mixed regions. For the simulation in Figure 1.1, we use the square
[-1,1]? as the spatial domain. The two scales appearing in this figure display the
variable u(x, t). The scale in Figure 1.1(a) only belongs to this picture. The second
scale in Figure 1.1(b) holds for the Figures 1.1(b)-1.1(d). Figure 1.1(a) represents the
initial state, which is built by a uniform mixture. The scale indicates that no pure
phase is present at that time. Only five time steps later, phase separation occurs
as can be seen in Figure 1.1(b). We observe the formation of small bubbles of pure
concentrations. From now on, the pure phase A is represented by the color blue and
the pure phase B by the color red. Then in a first stage, the bubbles quickly coarsen
into larger ones. Figure 1.1(c) displays the system after 50 time steps. In a second
stage, this process happens more slowly. Figure 1.1(d) is taken after 500 time steps.

The above simulation was done using the Cahn-Hilliard model. The Cahn-Hilliard
model belongs to the class of phase field models, which are used to solve interfacial
problems. The role of the interface can be understood by having a second look at
Figure 1.1(c) or 1.1(d). The interface is the small boundary layer that separates the
pure phases A and B from each other. Hence, it acts as a diffuse phase transition. Its
width is present as a model parameter, the interfacial parameter ¢ > 0 introduced
below in (1.1), and is aimed to be as small as possible. There is also the limit case
¢ | 0, which gives the sharp interface model [74, 72, 131, 42].

The theory of Cahn and Hilliard [44] is based on the Ginzburg-Landau energy

Eu) = fQ %qu|2+%¢(u) dx. 1.1)

Here, Q) denotes the spatial domain, which contains the molten alloy. An equilib-
rium profile of our considered mixture minimizes the Ginzburg-Landau energy (1.1)

IThe phase variable u is also known as the order parameter, which describes the state of the
considered system at any given time.
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subject to the mass conservation?

ifvudx:O.
dt Jo

The parameter ¢ > 0 is proportional to the thickness of the interfacial region as
mentioned above. The first part of (1.1) is large whenever u changes rapidly. Hence,
its minimization gives rise to the interfacial area. The potential function 1 in (1.1)
gives rise to phase separation. It has two distinct minima, one for each of the two pure
phases A and B. Hence, its minimization penalizes values away from the pure phases.
Different types of potential functions have been considered in the literature [27]. To
explain this, we have to expand on the phase separation process. Such a separation
occurs if a high-temperature mixture, existing in a state of isothermal equilibrium,
is rapidly quenched to a uniform temperature 0 below a critical temperature 0.
Depending on the temperature reduction, various types of the potential function ¢
have been introduced. Originally, Cahn and Hilliard [44] suggested a logarithmic
potential of the form

0 1+u 1-u 6
Yrog() = 5 [(1 1) ln(T) (- ln( _ )] +(1-2) a2
for 6 < 6,; see also [43]. According to [27], the minima of ¢, are £, where f§ is the
positive root of
6, 1 1+p
2— ==-In|——|.
6 ﬁ“@—ﬁ

Figure 1.2(a) illustrates the logarithmic potential function (1.2) for 6, = 1 and dif-
ferent values of the temperature 6. For a numerical analysis of the Cahn-Hilliard
equation with a logarithmic potential, we refer to [50].

When the quench 0 < 0. is additionally shallow, i.e., O is close to O, ¢ is usually
approximated by a quartic polynomial like

Ypoi) = 30 - 7, (19

see, e.g., [127, 57]. This type of function is called double-well potential. The minima
of Y1 are +p. Figure 1.2(b) shows the polynomial potential function (1.3) for = 1.
In contrast to the logarithmic potential, the polynomial one allows violations of
u € [-B, B]. Using the double-well potential, the interfacial equilibrium profile in one
space dimension can be described by

X
i(x) = tanh(—),
p Voe
see, e.g., [56, Section 7.9] or the note in [6, p. 374]. This profile is shown in Figure
1.3(a) for different values of the interface parameter ¢. Let us describe the interface
thickness as the distance between x; and x; with u(x;) = —0.956 and u(x;) = 0.95p.
Then, we can express the equilibrium thickness via ¢ by

X
0.95 = tanh (—2) ,
V2e
“Note that the mass conservation is not a general characteristic of phase field models. Instead, it is
an element of the Cahn—Hilliard model.
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Figure 1.2: Different types of the potential function 1.

X = V2e - atanh(0.95).

Similar, we obtain
x1=—V2e- atanh(0.95).

Hence, the equilibrium interfacial thickness is given by 2 V2¢ - atanh(0.95) using a
polynomial potential. Experiments show that it is essential to ensure that at least
eight spatial mesh points lie on the interface in order to avoid mesh effects; see
also [29]. Hence, numerically we want to have eight or nine grid points across the
interface transition. If we denote by & the spatial mesh size across the interface, this

leads to the condition

h

9
1Fﬁ—ﬁ,".r“** 1!—ﬁ—r:f'*r***7
L 1 -:
L4 .:
0.5 o . 0.5 .
: ]
= 0r Jl‘ = = 0r J,r —
3 3
051 . -05F 3 .
.': " -':
_1L,_L.3_." _1L,,,J,J,'
-1 =05 0 05 1 -1 =05 0 05 1
X X
(a) The double-well potential {1 (b) The double-obstacle potential
IPobs-

Figure 1.3: Interface profiles for two different types of the potential function and
), e=0.1(-=-=)and € = 0.05 (—).

varying interface parameters ¢: ¢ = 0.2 (
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Up to here, we have presented logarithmic potential functions for the case 6 < 6. and
polynomial potential functions under the additional condition 6 = 0.. For the deep
quench limit 6 — 0, i.e., a very rapid cooling of the mixture resulting in temperatures
0 < 0., Oono and Puri [128] introduced the nonsmooth double-obstacle potential

M- lul<1,

oo |u|>1. (1.4)

Ebobs(u) = {
We refer to [27, 28] for a mathematical and numerical analysis for this setting. The
minima of Yps are attained at +1. Figure 1.2(c) visualizes the obstacle potential
function (1.4). This type of function admits a sharper interface than the polynomial
potential. As stated in [42, p. 17], the equilibrium interface thickness is proportional
to e, i.e., the interfacial equilibrium profile in one space dimension can be described

by
fi(x) = sin (E) ,
e

where x € [-0.5¢m,0.5¢t]. Again, numerically we want to have eight or nine grid
points across the interface transition. This leads to the condition

h< % ~ 0.3491 ¢.

Figure 1.3(b) displays the equilibrium interface profile for the double-obstacle po-
tential setting.

During the rest of this thesis, we will always consider the case § = 1 when referring
to the polynomial potential in (1.3). Moreover, in this thesis we consider potential
functions of polynomial and obstacle type with a main focus on the latter.> Besides
the different interfacial profiles, these two variants of the potential function exhibit
another distinctive feature. The differentiable potential leads to a parabolic partial
differential equation (PDE). In this thesis, we will name this formulation the smooth
system. In contrast, the obstacle potential results in variational inequalities, which
are much harder to solve. We will call this formulation the nonsmooth system.

Only in very simple cases it is possible to find exact solutions of the Cahn-Hilliard
model. Hence, numerical techniques have to be developed for finding approximate
solutions. The basic idea is to discretize the continuous problem to obtain a discrete
problem with only a finite number of unknowns. In this thesis, we are focused on
the classical finite element method (FEM) [144]. Moreover, due to the nonlinearity,
linearization techniques have to be applied in order to end up with linear equations.
To obtain the desired accuracy, the resulting discrete problems consist of huge linear
systems of the general form

Az =b. (1.5)

Here, A € RZ"™2™M ig the given coefficient matrix, z € R2" is the unknown solution
vector, and b € R?" is the given right-hand side vector. By the term "huge’ we mean
sizes of m in the range of millions. Moreover, the use of FEM results in a sparse
matrix A. The coefficient matrix A has a 2 X 2 block structure of the form
A B

A 0o

3Logarithmic potentials may be discussed in future research.

o




6 CHAPTER 1. INTRODUCTION

where every block itself is a huge matrix. In particular, A is a saddle point matrix.
The unknown solution vector z contains the discrete version of the phase variable u.

Iterative methods form a general procedure for solving the system (1.5) approxi-
mately. They aim to generate a sequence of vectors {z(};cy, which converges to
the solution z. Key points regarding the efficiency of iterative methods include the
rate of convergence, the computational costs per iteration, and storage requirements.
The convergence is often dependent on system parameters. Various parameters are
involved in A. For the present Cahn-Hilliard problem, these are the spatial mesh
size, the time step size, the interfacial parameter, and, for our treatment of the obsta-
cle potential, a penalty parameter. Broadly speaking, the penalty parameter forces
the phase variable u to stay in the desired concentration range [-1, 1] as described
above. The higher the penalization is, the more accurate is the fulfillment of the
concentration range condition.* In contrast, the remaining parameters have to be
chosen much smaller. Typically, for finer mesh discretizations, i.e., for larger values
of m, not only the costs per iteration increase but also the the number of iterations
until convergence. It would be ideal to prevent the growth of iteration numbers
when the mesh is refined. This property is called robustness with respect to the
mesh size. And it would be even more ideal if we have the robustness also with
respect to other relevant parameters. Hence, in order to improve the performance
of the iterative method we have to incorporate an accelerator, also referred to as a
preconditioner. The basic idea is to construct a matrix P € R?™2?" and replace (1.5) by

P 1Az = P b. (1.7)

Both systems, (1.5) and (1.7), have the same solution. In order to be effective, P
should be designed such that it approximates ‘A and is cheap to apply. Theoretical
optimal preconditioners, which capture the block structure of A, have been pro-
posed (see, e.g., [124, 97]) and will be recalled in Chapter 2.3.3. In fact, the authors
have proven to yield convergence of an iterative method after only a small number of
iterations. However, in order to make these preconditioners also efficient in praxis,
clever approximations have to be developed. Efficient approximations typically re-
sult in outstanding convergence performances.

The development of powerful preconditioners allows us to solve huge linear sys-
tems in a reasonable time. In particular, preconditioning is necessary to make the
computation of very large three-dimensional problems feasible. A simulation of
the phase separation and coarsening process of a binary mixture in the unit cube
[0,1]® is shown in Figure 1.4. The design, implementation, and numerical analysis
of preconditioners tailored to Cahn-Hilliard problems are the focus of this thesis.
In particular, the preconditioners are aimed to be robust with respect to parameter
changes.

The Cahn-Hilliard model has also been used in different other contexts, e.g., in
materials science [126, 72], image processing [54], or chemistry [152]. In the following,
we give a flavor of the Cahn-Hilliard applications that are discussed in this thesis.

*Note that the smooth Cahn-Hilliard formulation does not need such a penalization. We will also
discuss them in this thesis.
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(a) Mixture of two (b) Phase separation (c) The two pure (d) As time goes by,
components. starts very quickly. components have formations slowly
emerged to small coarsen into larger
formations in a short ones.
time.

Figure 1.4: A three-dimensional simulation of the phase separation and coarsening
process of a binary mixture.

1.2 Extensions of the Cahn-Hilliard equation

Besides the phase separation and coarsening process in binary alloys, we study two
more applications of the Cahn-Hilliard equation in this thesis. These are

e the phase separation and coarsening process in multi-component alloys and
e image inpainting.

All three topics form individual chapters in this thesis. Moreover, we have applied
our solver from Chapter 1 to a coupled two-component Cahn-Hilliard/Navier-Stokes
system, which models the hydrodynamics of two-phase flows. This is another appli-
cation of scalar Cahn-Hilliard equations. We will briefly present this problem and
some results in Chapter 3.8.7.

Multicomponent systems

The major part of this thesis deals with the treatment of multi-component Cahn-
Hilliard problems. Instead of two phases as we have discussed so far, we consider
N > 2 components now. Figure 1.5 shows a simulation of the phase separation and
coarsening process of a five-component alloy. The numerical solution via FEM and
preconditioning involves two additional difficulties. First, the coefficient matrix A
has the form as in (1.6), but now every of the four blocks has an additional N x N
block structure. Hence, the problem size has increased manifold. Second, strong
couplings between the N phases appear in A.

Figure 1.5: Evolution of five phases using the Cahn-Hilliard model.
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Image inpainting

Modified versions of the Cahn-Hilliard equation can be used for the solution of
problems in imaging science. One example is inpainting [17, 45]. Inpainting is the
art of modifying parts of an image such that the resulting changes are not easily
detectable by an ordinary observer. Applications include the restoration of damaged
paintings and photographs, the replacement of selected objects, or the reduction of
artifacts in medical images.

Black-and-white image inpainting can be done via a modification of the two-compo-
nent Cahn-Hilliard model from Section 1.1. Figure 1.6(a) shows an example image,
where the inpainting domain is marked by the gray color (which could be seen as
cracks or scratches). Figure 1.6(b) illustrates the inpainted reconstruction using a
modified Cahn-Hilliard equation.

(a) Destroyed image. (b) Reconstructed image.

Figure 1.6: Black-and-white Cahn-Hilliard inpainting applied to a zebra image.

In Section 1.1, we have explained the underlying system in general terms of phases.
Remember that we have called u the phase variable, which describes the concentra-
tion of two phases A and B. Now, we want to explain the underlying system in terms
of image inpainting. In this setting, the two phases A and B represent the colors black
and white. Their interface consists of gray values and forms a smooth transition.
Basically, we can imagine u as a black-and-white image that evolves in time.

Imagine we have a given damaged black-and-white image as in Figure 1.6(a). In the
following, we will label it by f. The parts that are going to be modified are denoted by
the inpainting domain. These parts are often called missing or damaged regions since
the observer (usually) does not know the original image. The task is to reconstruct
the image f in this damaged region in an undetectable way. The reconstructed im-
age is represented by our phase variable u. Without any modification of the original
Cahn-Hilliard equation, the resulting image u would have nothing in common with
the original image. But the reconstructed image should be (almost) identical with
the given image f in the undamaged parts. This means, information about f as well
as the location of the inpainting domain have to be added to the Cahn-Hilliard model.

Bertozzi, Esedoglu, and Gillette [19] introduced the Cahn-Hilliard inpainting ap-
proach for binary images using a smooth potential. Our main contributions are
threefold. First, we extend this approach to nonsmooth potentials. Our second
input is the development of effective preconditioners for both settings, the smooth
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and nonsmooth one. The arising coefficient matrix A is of the same size as the one
we deal with in Section 1.1. However, new parameters appear. Our third contri-
bution combines the multi-component framework with inpainting. We develop an
inpainting model based on the multi-component Cahn-Hilliard model. This ap-
proach generalizes Bertozzi et al’s binary Cahn-Hilliard inpainting model to gray
value images. Figure 1.7 shows an example.

Max Planck lnstiute

(a) Destroyed image. (b) Reconstructed image.

Figure 1.7: Cahn-Hilliard inpainting applied to a gray value image.

When a smooth potential is used, we are aware that Fourier spectral methods pro-
vide a powerful solver for Cahn-Hilliard inpainting on simple domains; see, e.g. [32].
However, the computation of missing information on arbitrary domains is a motiva-
tion for the use of FEM and preconditioning.

Two-phase flows

Our last project arose from a collaboration with the University of Hamburg, Germany.
In [73], Garcke, Hinze, and Kahle developed discretization techniques for a coupled
Cahn-Hilliard/Navier-Stokes system. Such a model is used for the numerical sim-
ulation of two-phase flows. Figure 1.8 illustrates a simulation of a rising bubble.
The authors were interested in three-dimensional experiments, which are not possi-
ble without having efficient iterative solution techniques. Hence, our contribution
concerns the iterative solution of the arising linear systems. This is based on the
preconditioning techniques we have developed for the Cahn-Hilliard model in Sec-
tion 1.1 together with the methods that have been developed for the Navier-Stokes
equations [99, 63].

Figure 1.8: Simulation of a rising bubble using a coupled
Cahn-Hilliard/Navier-Stokes model.
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1.3 Outline of the thesis

We begin with a review of mathematical terms and concepts that are relevant for
this thesis in Chapter 2. It consists of of two parts — a functional analysis and a
numerical linear algebra part. The former briefly introduces normed spaces, Hilbert
spaces, and Sobolev spaces. Moreover, we introduce the concept of gradient flows
since the Cahn-Hilliard equation is one example. The first part ends with a review
of unconditional stability, consistence, and convergence for PDEs, which do not arise
from a gradient flow. We will need them in Chapter 5, where we utilize an uncon-
ditional time discretization scheme to a modified Cahn-Hilliard equation. Each of
the Chapters 3-5 starts with the problem formulation and a discussion in function
space. That is where basic functional analysis background is needed. The numerical
linear algebra part of Chapter 2 starts with setting up the basics in matrix theory
and notations used throughout this thesis. Then, we give an overview of iterative
solution techniques for systems of linear equations. In each of the Chapters 3-5, we
end up with systems of linear equations after proper discretizations. Their solution
is the focus of this thesis and this is where the numerical linear algebra part is re-
quired. Further, we present the concept of preconditioning, which is needed to make
iterative methods powerful.

Chapter 3 is devoted to the numerical solution of scalar Cahn-Hilliard equations.
We focus on the variational inequality formulation but also study the simpler PDE
version that is based on the smooth potential. Despite the inherent time step re-
striction, we utilize an implicit time discretization scheme. This is due to accuracy
reasons, which will be discussed in the numerical examples. We prove a uniqueness
and stability result for the time-discrete scheme in the smooth setting. The nonlinear
time-discrete systems are solved via standard Newton methods. The time-discrete
Cahn-Hilliard variational inequality is formulated as an optimal control problem
with pointwise constraints on the control. Again, we prove a uniqueness result
for the time-discrete problem. By applying a semismooth Newton (SSN) method
combined with a Moreau—Yosida regularization technique for handling the control
constraints, we show superlinear convergence in function space. For both settings,
smooth and nonsmooth, we use FEM for the discretization in space. At the heart
of our approach lies the solution of large and sparse linear systems for which we
propose the use of preconditioned Krylov subspace solvers using effective Schur
complement approximations.

Chapter 4 proceeds to the numerical solution of vector-valued Cahn-Hilliard equa-
tions. These generalize the two-component problems discussed in Chapter 3 to
multi-component ones. As in Chapter 3, we discuss strategies for the two model
formulations, which are on the one hand a system of PDEs based on the smooth
potential, and on the other hand a system of variational inequalities based on the
nonsmooth potential. Regarding the smooth setting, we extend the proof of the
energy stability and uniqueness of the solution of the time-discrete scheme from the
two-component to the multi-component case. The time-discrete system of Cahn-
Hilliard variational inequalities is interpreted as the first-order optimality system
of an optimization problem for which we have derived existence and uniqueness
conditions. Motivated by Chapter 3, we apply an SSN method combined with a
Moreau-Yosida regularization technique for handling the pointwise constraints. For
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both settings, smooth and nonsmooth, we use FEM for the discretization in space.
Again, at the heart of our approach lies the solution of large and sparse linear systems.
We develop effective preconditioners using efficient and cheap Schur complement
approximations that are tailored to the vector-valued Cahn-Hilliard equations.

Chapter 5 studies the numerical solution of scalar and vector-valued modified Cahn-
Hilliard equations. These extend the Cahn-Hilliard problems discussed in Chapter
3 and 4 to a tool in image inpainting. As before, we discuss strategies for the two
model formulations based on the smooth and nonsmooth potential. An important
difference to the previous two chapters is that the modified Cahn-Hillard equation
as a whole is not given by a gradient flow. Especially, the model arises as a superposi-
tion of two gradient flows. We apply the convexity splitting technique, which under
the right conditions yields an unconditional gradient stable time-discrete scheme.
Regarding the smooth setting, we extend the proof of consistency, unconditional
stability, and convergence of the time-discrete scheme from the two-component to
the multi-component case. Concerning the nonsmooth framework, we follow the
previous two chapters and apply an SSN method combined with a Moreau—-Yosida
regularization technique. For both settings, smooth and nonsmooth, we use FEM for
the discretization in space. At the heart of our approach lies the solution of large and
sparse linear systems. We develop effective preconditioners using efficient and cheap
Schur complement approximations that are tailored to the modified Cahn-Hilliard
model.

Finally, in Chapter 6, we summarize the results of this thesis and discuss possible
future directions.







Chapter 2

Mathematical Foundations

In this chapter, we review mathematical terms and basic ideas that are relevant for
this thesis. We start with a functional analysis part and briefly go through normed
spaces, Hilbert spaces, and Sobolev spaces. All stated definitions and results are
mainly collected from [109, 141] and we refer the reader to these books for the proofs
and further details. We continue with a brief concept of gradient flows taken from
[20]. The last section of the functional analysis part collects the principles of uncon-
ditional stability, consistence, and convergence for PDEs, which do not arise from
a gradient flow. Hence, the mathematical definitions have to be adapted to these
kind of problems. The presented methodology is taken from [139]. We will need
it in Chapter 5, where we utilize an unconditional time discretization scheme to a
problem in image processing.

The remainder of this chapter summarizes basic concepts in the field of numerical
linear algebra taken mainly from [136, 80]. First, we set up basic matrix properties
and notations used throughout this thesis. Then, we briefly review the concept
of eigenvalues. They play the crucial role in the development of efficient iterative
solvers for systems of linear equations. Next, we recall common vector and matrix
norms. They are important for the numerical analysis of our developed solvers. The
matrix systems in this thesis are of block form. In particular, the Kronecker product
and saddle point matrices play a key role and we briefly go through these concepts.
The last section gives an overview of the iterative solution techniques. First, we
give an idea of classical iterative methods. Then, we go over to Krylov subspace
solvers, which form the state-of-the-art iterative solvers for large and sparse linear
systems. Their convergence can be enhanced by applying an accelerator, also called
preconditioner. We present the idea of preconditioning and recall a class of theoretical
optimal preconditioners for saddle point problems. These optimal preconditioners
form the basis for the development of efficient practical preconditioners in this thesis.



14 CHAPTER 2. MATHEMATICAL FOUNDATIONS

2.1 Functional analysis

This section recalls the basis and main theorems from functional analysis that are
relevant as background information for this thesis. Besides the definition of Banach,
Hilbert, and Sobolev spaces we go through the concepts of operators, (weak) conver-
gence and derivatives, and dual spaces. Moreover, we collect important inequalities
and integral identities. The last two sections review the principles of gradient flows
as well as unconditional stability, consistence, and convergence for PDEs that do not
arise from a gradient flow.

2.1.1 Normed spaces and Banach spaces

In the following, we review the basic concepts of important metric spaces — normed
spaces and in particular Banach spaces. These include the methodology of linear
operators defined on those spaces. Further, the idea of dual spaces belongs to the
theory. The presented tools are taken from the textbooks [109, 102].

A normed space is a vector space with a metric defined by a norm. If the normed
space is a complete metric space, then it is called a Banach space. If X and Y are
normed spaces, then a mapping from X into Y is called an operator. A functional is
a special operator. It is a mapping from X into the scalar field R or C. The set of all
bounded linear functionals on X is called the dual space X* of X. The dual space is
again a normed space.

Definition 2.1 (Linear operator [109, p. 82]). A linear operator T is an operator such that

(i) the domain D(T) of T is a vector space and the range R(T) lies in a vector space over
the same field,

(ii) forall x,y € D(T) and scalars a, T(ax + By) = aTx + fTy.

In what follows, we use the following notations. If T is a linear operator, then 9(T)
denotes the domain of T and R(T) denotes the range of T.

Definition 2.2 (Bounded linear operator [109, p. 91]). Let X and Y be normed spaces
and T: D(T) — Y a linear operator, where D(T) C X. The operator T is said to be bounded
if there is a real number c such that for all x € O(T)

ITxlly < clixllx.
Then, we can define the norm of T as

ITxlly

ITII= sup sup  [ITxlly.
ven(m),x20 IXIX  renm), Inix=1

Theorem 2.1 (Continuity and boundedness [109, p. 97]). Let X and Y be normed spaces.
Let T: D(T) — Y be a linear operator, where D(T) C X. Then

(i) T is continuous if and only if T is bounded.

(ii) If T is continuous at a single point, it is continuous.
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For two normed spaces X and YV (both real or both convex), we define the set £L(X, V)
of all bounded linear operators from X into Y.

Theorem 2.2 (The space L(X,Y) [109, p. 118]). The vector space L(X,Y) of all bounded
linear operators from a normed space X into a normed space Y is itself a normed space with
the norm defined by

ITxly _

ITll 2y = sup sup |Txlly.
veX,x20 XX e lle=1

Definition 2.3 (Linear functional [109, p. 104]). A linear functional f is a linear operator
with domain in a vector space X and range in the scalar field K of X. Thus,

f: D(f) = K,
where K = R if X is real and K = C if X is complex.

Definition 2.4 (Bounded linear functional [109, p. 104]). Let X be a normed space. A
bounded linear functional f is a bounded linear operator with range in the scalar field of X
in which the domain D(f) lies. Thus, there exists a real number c such that for all x € D(f)

f(I < clixllx-

Furthermore, the norm of f is

F

ven(f), x#0 XX xen(p), =1

IfIl = LfOI-

Theorem 2.3 (Continuity and boundedness [109, p. 104]). A linear functional f with
domain D(f) in a normed space is continuous if and only if f is bounded.

Definition 2.5 (Dual space [109, p. 119]). Let X be a normed space. The dual space X* of
X is the set of all bounded linear functionals on X. It constitutes a normed space with the

norm defined by
lfGl sup  If@0

veX, x20 XX xex, =1

Ifllxe =

In particular, X* is a Banach space.

Definition 2.6 (Duality pairing [102, p. 8]). Let X, X* be normed spaces with X* being the
dual space of X. For x € X and f € X*, we denote by (f, X) x-xx and {x, f)xxx- the duality
pairing defined via

(fr Dxxx = X, Faxx = f(x).

Theorem 2.4 (Cauchy’s inequality [102, p. 8]). Let X, X* be normed spaces with X* being
the dual space of X. Let x € X and f € X*, then

I<f, X0 xexxl < Nl fllx- lxllx.
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2.1.2 Convergence in normed spaces

In the following, we review the basic concepts of convergence in normed spaces. In
particular, we summarize the ideas of strong and weak convergence. The presented
tools are taken from the textbooks [109, 116, 98]. At the end, we recall the notion of
Newton differentiability [92]. We will see in Chapter 3-5 that we are dealing with
nonlinear operators that are not Fréchet-differentiable. Hence, we need the weaker
concept of Newton differentiability.

Definition 2.7. [Strong convergence [109, p. 256]] Let X be a normed space. A sequence
{xx} € X is said to be strongly convergent (or convergent in the norm) if there is an x € X
such that

Jim [l = xix = 0.

This is written as x; — x.

Definition 2.8 (Weak convergence [109, p. 257]). Let X be a normed space. A sequence
{xx} C X'is said to be weakly convergent if there is an x € X such that for every f € X*

lim f(xg) = f().
This is written as x — Xx.

Lemma 2.5 (Weak convergence [109, p. 258]). Let X be a normed space and {x;} C X a
weakly convergent sequence in X. Then:

(i) The weak limit x of {xx} is unique.
(ii) Every subsequence of {x;} converges weakly to x.
(iii) The sequence {||xl|} is bounded.

Theorem 2.6 (Strong and weak convergence [109, p. 259]). Let X be a normed space
and {xi} C X a strongly convergent sequence in X with x; — x. Then x; — x.

Definition 2.9 ([116, p. 125]). Let X be a normed space and S C X. Then, S is said to be
weakly closed in X if for all weakly convergent sequences {xi} C S with x — x in X it holds
xeS.

Lemma 2.7 ([116, p. 126]). Let X be a normed space and S C X be closed and convex.
Then, S is weakly closed in X.

Definition 2.10 ([98, p. 89]). Let X be a real Banach space.
(i) A functional F: X — (=00, 0] is called convex if

F((1 = A)xy + Axg) < (1 = A)F(x1) + AF(x2)

forall x1,x, € Xand 0 < A < 1. It is called proper if it is not identically co.
(ii) A functional F: X — (=00, 00] is said to be lower semicontinuous at x € X if

F(x) < liminf F(y).
Yy—=x

A functional F is lower semicontinuous if it is lower semicontinuous at all x € X.
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(iii) A functional F: X — (=00, 0] is said to be weakly lower semicontinuous at x € X if

F(x) < li]1<rn inf F(x;)

for all sequences {x} converging weakly to x. F is weakly lower semicontinuous if it is
weakly lower semicontinuous at all x € X.

In this thesis, we need the following weaker notion of Newton differentiability; see
[92, 91].

Definition 2.11 ([92, p. 866]). Let X and Y be Banach spaces, D C X an open subset. A
mapping F: D — Y is called Newton-differentiable in the open subset U C D if there exists
a family of mappings G: U — L(X, Y) such that
|IF(x +d) - F(x) - G(x + d)dlly
lim
d—0 lldllx

=0 VYxel.

The operator G is called a Newton derivative of F on U.

For such mappings, the following convergence result for the (semismooth) Newton
iteration
D = 5 ® — G TEE®), k=0,1,... (2.1)

holds true.

Theorem 2.8 ([92, p. 867]). Let X and Y be Banach spaces, D C X an open subset. Let
F: D — Y be Newton-differentiable in an open neighborhood U C D containing x* with
Newton derivative G(x). Suppose that x* is a solution of F(x) = 0. If G(x) is nonsingular for
all x € U and {||G(x)7Y| rw.x) - X € U} is bounded, then the sequence {x®)} generated by
(2.1) converges superlinearly to x*, provided that ||x© — x*||x is sufficiently small.

2.1.3 Inner product spaces and Hilbert spaces

In this section, we refine the concepts from the previous sections to certain classes of
normed spaces and Banach spaces — the inner product spaces and Hilbert spaces.

An inner product space is a vector space X with an inner product (-, -)x defined on
X. An inner product on X defines a norm on X given by

Il = vV(x, 2)x
and a metric on X given by
At y)x =l = yllx = Vi =y, x = y)x.
If the inner product space is a complete metric space, then it is called a Hilbert space.

Theorem 2.9 (Riesz’s Theorem [109, p. 188]). Every bounded linear functional f on a
Hilbert space H can be represented in terms of the inner product, namely,

f) = (2,

where z depends on f, is uniquely determined by f and has norm

llzllge = Nl fllge-
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Proposition 2.10 (Strong convergence [94, p. 115]). Let H be a Hilbert space. A sequence
{x} € H converges strongly to x € H if and only if lim sup, _, . [[Xkller < llxllgy.

Definition 2.12 (Weak convergence [116, p. 121]). Let H be a Hilbert space. A sequence
{xx} € H is said to converge weakly to x € H if

kh_{l; (xkr y)w = (x/ y)(/’(

for every y € H.
Lemma 2.11 (Continuity of inner products [109, p. 138]). Let X be an inner product
space. If x, = x and yy — yin X, then (xi, yr)x — (X, ¥)x-

2.14 L7 and Sobolev spaces

The L7 spaces are important Banach spaces in the study of PDEs. They control the
regularity of functions. The Sobolev spaces W*” are subspaces of L spaces, which
control additionally the regularity of the derivatives. The presented tools are mainly
taken from the textbook [141].

In the following, let Q ¢ IR? be an open set. We denote the closure of Q by Q = QUIQ.
Definition 2.13 (L? spaces [141, p. 377]). Let 1 < p < oo. The space LP(Q)) is defined as

LP(Q) = {u: Q - R : uis measurable, |ju||;y < oo}

1
4
luller) = llullr = (f ()l dx) :
Q

An inner product in L*(Q) is given by

with the norm

(U, )12 = (U, V)12 = f u(x) v(x) dx,

Q

which defines the above declared norm || - || 2. The space L*(Q)) is defined as
L®(Q) = {u: Q — R : uis measurable, ||u||p~ < oo}

with the norm
lullz ) = llull = ess sup [u(x)|.

xeQ)
The essential supremum of a function is defined as
ess supu(x) = inf sup u(x).
xeQ) ZEQ,lZlZO Q\Z

The generalization to vector-valued functions u = [uy,...,un]": Q — RN is denoted by
(LP(Q)N, where

QN =fu: Q> RY:uj e /(Q), j=1,...,N]
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for 1 < p < oo, with the norm

1

N P
allwyy = Il = {Z ||u]~||§p] :
j=1

An inner product in (L>(Q))N is given by

N
(u, V)(LZ(Q))N = (ll, V)Lz = f[z u]'(x) 'U](X)} dX,
Q

=1
which defines the above declared norm || - || 2(qy~-

Remark 2.1. 1. More precisely, LF(Q2) and (LP(Q))N are spaces of equivalence classes of
functions. Two functions are equivalent if they are equal almost everywhere (a.e.).

2. For1 < p < oo, the spaces LP(Q) and (LP(Q))N are Banach spaces.
3. The spaces L2(Q2) and (L>(Q))N are Hilbert spaces.

In what follows, we consider scalar functions. The definitions translate to the case of
vector-valued functions. The following version of Young’s inequality is also called
Young’s inequality with ay (modified Young’s inequality) or Cauchy’s inequality
with ay. It is an important inequality in the L? spaces. Here, we do not formulate
the general inequality but the version which we need in this thesis.

Lemma 2.12 (Young’s inequality [114, p. 4]). Let ay > 0. For any a,b € R, we have
ay, o1 0o
<= —|b%.
bl < S lal’ + 5
Lemma 2.13 (Duality of L” spaces [141, p. 386]). Let 1 < p < co. Then, the dual space of
LP(Q) can be identified with L1(Q) where p~ + g7 = 1.
For dealing with partial derivatives, we make use of the following compact notation.

Definition 2.14 (Multi-index [141, p. 414]). Let d be the spatial dimension. A multi-index
is a vector o = [a1,0,...,a4]" € ]Ng. By lof = Z‘f:l a; we denote the length of the
multi-index c. Let u: (QQ — R be a sufficiently often continuously differentiable function.
We define the ath partial derivative of u by

ey
ai az - g
8x1 8x2 ox p

D%u =
Definition 2.15 (k-times continuously differentiable functions [41, p. 107]). The space
of continuous functions on € is denoted by C(Q), i.e.,
C(Q) = {u: Q - R: u is continuous on Q}.

Let k € INg. The space of k-times continuously differentiable functions on C is denoted by
CKQ), ie.,

CK(Q) = {u: Q » R: D%u exists and belongs to C(Q) V|| < k}.
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Further
Ck((_)) ={ue Ck(Q): D®u has a continuous extension on Q V|a| < k}.

The case k = 0 gives CO(Q) = C(Q) and COQ) = C(QY). For the case k = oo, the space C*(Q)
is defined as

C*(Q) = {u: Q — R: u is infinitely differentiable} = ﬁ,‘;iock(Q).

Further _ _
C*©@Q) = N2, CFQ.

Definition 2.16 (Distributions [141, p. 415]). The space of distributions (infinitely smooth
functions with compact support) is defined by

Co(Q) = {u € C*(Q): supp(u) C Q, supp(u) is compact}.
The support is given by

supp(u) = {x € Q: u(x) # 0}.

The following theorem is close to the definition of weak derivatives which will be
introduced afterwards.

Theorem 2.14 ([141, p. 416)). Let u € C(Q) and o a multi-index such that | < k. It
holds

f D%u(x) p(x) dx = (1) f u(x) D*p(x)dx  Y¢p € C3(Q).
Q Q
Definition 2.17 (Space of locally-integrable functions [141, p. 416]). Let 1 < p < co.

A function u: Q — R is said to be locally p-integrable in Q if u € LP(K) for every compact
subset K C Q). The space of all locally p-integrable functions in € is denoted by LfOC(Q).

Theorem 2.15 (Weak derivative [141, p. 417]). Letu € L} (Q)and let o be a multi-index.
The function DGu € Llloc(Q) is said to be the weak atth derivative of u if

f D2u(x) p(x) dx = (=1)! f u(x) D*p(x)dx Ve € CT(Q).
Q Q

Lemma 2.16 (Uniqueness of the weak derivative [141, p. 417]). Let u € L}OC(Q) and let

o be a multi-index. The weak octh derivative DSu € Llloc(Q) is defined uniquely in Q up to
a zero-measure subset of (.

Lemma 2.17 (Compatibility of weak and classical derivatives [141, p. 417]). Let u €
CH(Q) and let o be a multi-index such that || < k. Then, the classical ath derivative D*u
is identical to the weak ath derivative DS u.

Definition 2.18 (Sobolev spaces [141, p. 418]). Let 1 < p < coand 1 < k € IN. The
Sobolev space WP(Q) is defined as

WRP(Q) = {u € LP(Q): D%u exists and lies in LP(Q) ¥ |a < k}.

For every 1 < p < oo, the norm || - ||y, is defined as

S

oy = el = [Z IDgulf,

lax|<k
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For p = 2, an inner product in H*(Q) := W*(Q) is given by
(U, V) = (W, V)r = Z f D¢ u(x) Dgo(x) dx,
o<k
which defines the above declared norm || - |lyr2 = || - ||

In the WK?(Q) spaces, we use the following standard seminorm

1
4
[liry = s = | Y, IDSuIL,

le|=k
for1<p < oco.
Remark 2.2. 1. For1 < p < coand k € N, the spaces W*(Q) are Banach spaces.
2. For k € N, the spaces W**(Q) = H*(Q) are Hilbert spaces.

For the following useful integral identities, we need to specify our open set Q ¢ RY
a bit further.

Definition 2.19 (Domain [141, p. 412]). A subset Q C RY is said to be a domain if it is
nonempty, open, and connected.

Moreover, we need the notion of a Lipschitz-continuous boundary of a domain in
RY. Roughly speaking, it means there exists a finite covering of the boundary 9Q
consisting of open d-dimensional rectangles such that in each rectangle dQ) can be
expressed as a Lipschitz-continuous function of 4 — 1 variables; see [141, p. 423]. In
what follows, Q € IR? is a bounded domain with Lipschitz-continuous boundary. By
n(x) = [n1,ny,...,14]7 (x) we denote the unit outer normal vector to the boundary dQ
(defined a.e. on dQ)). An important theorem related to the integration by parts is the
following.

Theorem 2.18 (Gauss’ theorem [141, p. 416]). For every u,v € CH(Q) N C(Q), we have

dv
fB_xZde _fuﬁ_xl dx+‘[aqunids.

The above theorem generalizes to the divergence of vector fields.

Theorem 2.19 (Stokes’ theorem [141, p. 416]). Every smooth vector field w € [CHQ) N

C@)]d satisfies
fV-w(x) dx:f w(x) - n(x) ds.
o) 9Q

Now, we recall important standard integral identities that are used in the weak
formulation of PDEs. The Theorems 2.18 and 2.19 generalize as follows.

Theorem 2.20 (Green's theorem for H!-functions [141, p. 425]). For every u,v € H(Q),

it holds .
f8_xzvdx__fu8_x1 dx+£guvnids.
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Green’s theorem is the basis for the following two integral identities.

Lemma 2.21 ([141, p. 425]). For all u € HY(Q) and v € H*(Q), it holds

quvdxz—fVu-Vvdx+f u@ds,
Q Q o on

where 32 = Vo(x) - n(x), x € Q. For all u € [H'(Q)] and v € HY(Q), it holds

f(V'u)vdx:—fu~Vvdx+ (u-n)vds.
Q Q o0

Theorem 2.22 (Poincaré inequality [121, p. 64]). There is a constant cp such that for
every u € H™(Q)), where m > 1,

2
”u”%_[m < Ccp |:Z ”ngu”iz + Z (L ngu dx) .

la|=m la|<m

In the special case m = 1 and u has a zero average fQ udx = 0, the Poincaré inequality
asserts that
Il < cp IVulP.

In this thesis, we will mainly use the L2(Q)- and H'(Q)-inner product or norm. Hence
during the rest of this thesis, we write (-,-) and || - || for the L?(Q)-inner product and
L?(Q)-norm. We denote by (-,-)1and || - |l; the H 1(Q)-inner product and H'(Q)-norm.
Further, we will make use of the inner product

N

(u,v) = f u-vdx = Z(uilvi)
o}

i=1

in L2(Q)N with the norm || - ||, and of the inner product

N N
(V) = (w,v) + (Vu, V) = Y (i, 0) + (i, Vo) = Y (i, 0h
i=1 i=1

in HY(Q)N with the norm ||-||;. For vector-valued functionsu € HY(Q)N oru € H>(Q)Y,
we use the notation Vu = [Vuy, ..., Vun]T and Au = [Auy, ..., Aun]T. Moreover, we
denote by (-,-) the duality pairing between H'(Q)* and H'(Q) as well as its natural
extension to vector-valued functions. We define

H(Q) = {u* e HNQ) [u",1) =0}, (2.2)

which is equipped with the mass conserving H™!-inner product
v o= [ VAo V) T dx
Q

Here, y = (—A)"'v is the weak solution of

-Ay =1,
Vy-n=0 ondQ.
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Note that the solution to this elliptic problem is only defined up to a constant.
We always choose y such that fQ ydx = 0. Here, we finish the general functional
analytic setting. We refer the reader to the textbooks [109, 141] for further reading.
The following last two sections recall the definitions of gradient flows (taken from
[20]) as well as of unconditional stability, consistence, and convergence for PDEs,
which do not arise from a gradient flow (taken from [139]).

2.1.5 Gradient flows

According to [20], let Z be a vector space. Let U C Z be an affine subspace, i.e.,
there exists a 7 € Z and a linear space Y ¢ Zsuchthat U =i+ Y. Let&E: U - R
be a sufficiently smooth function.

Definition 2.20 (Variational derivative [20, p. 932]). The first variation of & at a point
u € U in a direction v € Y is defined by

58 . 8(u+60) - Eu)
g(”)(v) = %lg% 5 :

There exists a gradient of & with respect to the inner product (-,-) z on Z, denoted by
grad z&(u), if

o0&
(grad ;&(u),v)z = 6—u(u)(v) Yoe V. (2.3)
Now, the gradient flow of & with respect to the inner product (-, )z is given as
du(t) = —grad ;E(u(t)). (2.4)

Eyre [67] analyzed semi-implicit time discretization schemes of gradient flows, which
are constructed to be unconditional gradient stable. In particular, he concentrated
on the case where the underlying energy functional is not convex. The approach is
called convexity splitting, was originally introduced by Elliott and Stuart [61], and is
often attributed to Eyre [67]. In the following, we briefly illustrate its idea based on
Eyre’s setting. Note that this setting is a purely discrete one. However, as remarked
in [139, p. 420], the concept holds in a more general framework.

Let u(t) € C}(R+,R™), E(u) € C*(R™,R) and VE(u) be the gradient of E. Consider
the initial value problem
uy = —VE(u), u(0) = uyg. (2.5)

If E tulfills the following conditions
e E(u)>0VueR",
* E(u) = o as [lull = oo,
o (J(VE)(u)u,u) > A Vu € R™,

then (2.5) is called a gradient system and its solutions are called gradient flows. Here,
J(VE)(u) is the Jacobian of VE(u) and A € R. If E(u) is not convex, then A < 0, and
multiple equilibria of (2.5) may exist. The idea of convexity splitting is to write E(u)
as the sum of a convex plus a concave energy functional. The convex part is then
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treated implicitly whilst the concave part is treated explicitly. In formulas, we write
E(u) as
E(u) = E.(u) — E.(u), (2.6)

where
E, € C3(R™,R) and E,(u) is strictly convex for all u € R™,0 € {c,e}. (2.7)
The semi-implicit discretization scheme of (2.5) is then given by

u® - u®V = —1 (VE (u") - VE,(u™)), (2.8)
where u™ approximates u(nt) with time step size 7 for n € N and u© = wy,.
Theorem 2.23 ([67, p. 3]). If Ec(w) and E.(u) satisfy (2.6)—(2.7) and E,(u) satisfies

(J(VE)(u)u, u) > —A

when A < 0, then for any initial condition, the numerical scheme (2.8) is consistent, gradient
stable for all T > 0, and possesses a unique solution for each time step.

Next, we recall the definitions of unconditional stability, consistence, and conver-
gence for PDEs, which do not arise from a gradient flow. The presented tools are
taken from [139].

2.1.6 Unconditional stability, consistence and convergence

Let u be an element of a suitable function space H defined on Q% [0, T], with Q) C R2
open and bounded, and T > 0. Consider the PDE

u; = G(u, D%u), (2.9)

where G is a real valued function and D®u are the space derivatives with |af < 4. In
what follows, we write u™ = u(nt) for a solution of the continuous Equation (2.9) at
time nt with time step size 7, where n € IN. A corresponding discrete time stepping
method is denoted by

u™ = yum=b 4 g-Hueb, u™, peu-v, pru™), (2.10)

where G is a suitable approximation of G in U"V) and U™. We denote by
capital U™ the nth solution of the time-discrete Equation (2.10). We assume that
u™, U™ e L2(Q) for all n € Nj,.

Definition 2.21 ([139, p. 421].). The discrete time stepping method (2.10) is

1. unconditional stable if all solutions of (2.10) are bounded for all T > 0 and all n such
that nt < T;

2. consistent if
lim n" V(1) = 0,
=0
where 1"~V (t) is the local truncation error of the scheme and defined as

u(n) - u(”_l)

" (r) = = GO, u®, Dx Y, D). (211)
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Moreover, we define the global truncation error to be

n(t) = max I (©)llgs-

A numerical scheme is said to be of order p in time if

n(t) =O(t’) fort — 0.
In this thesis, we will abbreviate "~V and 7 for n"=Y(t) and n(x).

With this brief introduction of unconditional stability, consistence, and convergence,
we finish the functional analytic part. Next, we change over to the fully discrete
setting and the field of numerical linear algebra.

2.2 Basic matrix theory

In this section, we set up basic matrix concepts and notations used throughout this
thesis. These include the theory of eigenvalues, which play the crucial role in the
development of efficient iterative solvers for systems of linear equations. We recall
common vector and matrix norms, which we need for the numerical analysis of our
developed solvers. The matrix systems that we are considering in this thesis are of
block form. In particular, the Kronecker product and saddle point matrices play a
key role and are summarized at the end of this section. The presented results are
mainly collected from [136, 80].

2.2.1 Matrix properties

The vector space of all n X m matrices is denoted by C"™". Let A € C"™" with

ar o Mm

anl  * Aum

We write a;; or [A];; for the (i, j) entry of A. The transpose of A is given by

air o dm

T _ _ . . . mxn
A" =@ij)j=1,.m, = .1 |€eC™
i=1,..,n
Am * Anm

The transpose conjugate matrix is indicated by A" = A = AT, where the bar de-
notes the elementwise complex conjugation. The vector space of all m-vectors is
denoted by C". We write row vectors z € C™" as z = [z1,...,2m] and column
vectors z € C" = C"™V as z = [z1,...,zm]".

A subspace of C"" is a subset of C" that is also a complex vector space. Given the
vectors z1,...,z, € C™, then the set of all linear combinations of these vectors is a
subspace called the span of {z1, ..., z,}

n
span{zi, ..., zy} =1z e C": z :Zajz]-, ajeC,j=1,...,n;.
=
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If the set {z1,...,2,} is linearly independent, then each vector of spanizy,..., z,}
admits a unique expression as a linear combination of the a;’s. Two important
subspaces associated with A € C"" are first the range of A defined by

ran(A) = {Az: z € C"} = span{a.q, ..., Gun},

where a.; denotes the jth column of A. Second, the kernel or nullspace of A given

by
ker(A) ={z e C": Az = 0}.

The rank of A is defined as
rank(A) = dim(ran(A)).

For A € C"™" it holds
m = dim(ker(A)) + rank(A).

During the rest of this thesis, we consider real matrices A € R™". The matrix A is
square if m = n. In the following, we assume A € R™ if not stated otherwise. We
denote the identity matrix by

1

1

where 6;; is the Kronecker delta. The identity matrix satisties AI = IA = A. An
important property of matrices is invertibility. A is invertible if there exists a matrix
B € R™ such that

BA=AB=1.

If this is the case, then B is called the inverse of A and A is called invertible or
nonsingular. Otherwise, we call A singular. The inverse of A is uniquely determined
and we denote it by A~!. One criterion for determining the invertibility of A uses
the determinant. The matrix A is nonsingular if and only if det(A) # 0. A is called
orthogonal if ATA = I. Hence, the inverse of an orthogonal matrix A is given by
Al = AT

2.2.2 Spectrum of matrices

Another important concept is built by the eigenvalues and eigenvectors of A. They
are in particular crucial for the development of powerful iterative solvers; see Section
23.1.

Definition 2.22 (Eigenvalues and eigenvectors [136, p. 3]). A € Cis called an eigenvalue
of A if there exists a vector 0 # v € C" such that Av = Av. The vector v is called an
eigenvector of A associated with A. We call the pair (A, v) an eigenpair of A. The set of all
the eigenvalues of A is called the spectrum of A and is denoted by (A).

A canhave at most m distinct eigenvalues. Based on Definition 2.22, we can introduce
the characteristic polynomial of A. It is defined by

ca(t) = det(A — tI),




2.2. BASIC MATRIX THEORY 27

where t € C. It can be shown that c4(t) is a polynomial of degree m; see [136,
Exercise 1.8]. During this thesis, we will denote by IT,, the set of real polynomials of
degree m. It holds that A € C is an eigenvalue of A if and only if ca(A) = 0. Hence,
A is nonsingular if and only if 0 ¢ 0(A). The maximum modulus of the eigenvalues
of A is called spectral radius and is denoted by
A) = Al

pA) = max ||
Definition 2.23 (Similarity [136, p. 15]). Two matrices A and B are said to be similar if
there is a nonsingular matrix C such that

A=CBC™.

The similarity of A and B implies that they have the same eigenvalues.

Definition 2.24 (Diagonalizability [95, p. 59]). If A is similar to a diagonal matrix, then
A is said to be diagonalizable.

Definition 2.25 (Simultaneously diagonalizability [95, p. 61]). Two matrices A, B €
R™ ™ are said to be simultaneously diagonalizable if there exists a single nonsingular C' €
R™" sych that C~' AC and C~1 BC are both diagonal.

Definition 2.26 (Commutativity [95, p. 21]). A, B € R™" are said to commute if
AB = BA.

Theorem 2.24 ([95, p. 62]). Let A, B € R"™" be diagonalizable. Then A and B commute
if and only if they are simultaneously diagonalizable.

The structure and properties of A plays an important role in numerical linear algebra.
Examples include the development of efficient solution strategies for linear systems
of the form Az = b or the advancement of eigenvalue solvers. For some special
classes of matrices, one can specify their spectrum further. The most important type
relevant for this thesis are symmetric matrices. They have the property AT = A.

Theorem 2.25 (Spectrum of symmetric matrices [136, p. 25]). The eigenvalues of a
symmetric matrix A are real, i.e., 6(A) C R.

The maximum and minimum eigenvalues Amin(A) and Amax(A) of a symmetric
matrix A € R™ can be estimated by the use of the Rayleigh quotient.

Definition 2.27 (Rayleigh quotient). Let A € R™ be symmetric and 0 # z € R™. The
Rayleigh quotient of A and z is defined by
2T Az

Ra(z) = P

Note that if z is an eigenvector of A, then the Rayleigh quotient is the corresponding
eigenvalue.

Theorem 2.26 (Min-Max Theorem [136, p. 25]). The eigenvalues of a symmetric matrix
A satisfy

Amin(A) = min Ra(2)
Amax(A) = max Ra(2).
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Theorem 2.27 (Symmetric Schur decomposition [80, p. 440]). If A € R™ ™ is symmet-
ric, then there exists an orthogonal Q € R™™ such that

A
QTAQ=A=
Am

Moreover, Aqj = Ajq;for j =1,...,m, where q; denotes the jth column of Q.

Hence, any symmetric matrix is diagonalizable. In particular, a symmetric matrix
A € R™ admits a set of orthonormal eigenvectors that forms a basis of R"™.

Theorem 2.28 (Sylvester Law of Inertia [136, p. 448]). If A € R™" is symmetric and
C € R"™" is nonsingular, then A and CT AC have the same numbers of negative, zero, and
positive eigenvalues.

A symmetric matrix A € R"™" is called

e positive definite if
2TAz>0 Y0+ zeR",

e positive semidefinite if
2TA2>0 V0% zeR",

¢ negative definite if
2TAz<0 V0% zeR"and

e negative semidefinite if

2TA2<0 VYO0#zeR"

A symmetric matrix, which is neither positive definite, positive semidefinite, neg-
ative definite, nor negative semidefinite, is called indefinite. Hence, A € R™ " is
symmetric

e positive definite if and only if 6(A) C Rso,
e positive semidefinite if and only if 0(A) C Ry,
e negative definite if and only if 6(A) C R«o,

e negative semidefinite if and only if 0(A) C R, and

indefinite if and only if it has both, positive and negative, eigenvalues.

Theorem 2.29. Let A € R™™ be symmetric positive definite and B € R"™™ symmetric.
Then, for all 0 # v € R™ it holds

vI Bv

Amin(A_lB) < < /\maX(A_lB).
v

ol
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Proof. Since A'B is similar to A}(A'B)A™} = A"1BA}, it holds o (A7 B) =
o (A_%BA_%)' Since A2BA™7 is symmetric, we obtain for 0 # w € R"
TA"IBA: B
/\min(A‘lB) = Amin(A_%BA_%) < w 2 *w _v By
wlw vl Av
< Amax(AEBA™) = 1pa(A71B),

where v = A~ Tw # 0. m]

Lemma 2.30. Let A € R™™ be symmetric positive definite and B € R™™ symmetric
positive semidefinite. Then o(A™'B) C Rso. If B is additionally symmetric positive
definite, then 6(A™' B) C Rxo.

Proof. Since A™!B is similar to A%(A‘lB)A‘% = A‘%BA‘%, it holds G(A_lB) =
o (A‘%BA‘%). It is clear that A2 BA™2 is symmetric. Let 0 # z € R". Then

2TAIBA 22=(A"22)"B(A 2z) = y By > 0.

2.2.3 Vector and matrix norms

Next, we recall important vector and matrix norms. We utilize the Euclidean inner
product on C™. For two vectors y = [y, ..., ym]T, z=[z1,...,zm]" € C", itis defined

by
m
w2 =y"2=) 7z
j=1

The most commonly used vector norms are the p-norms defined by

which is associated with the Euclidean inner product. The vector norms || - ||, and
|| - l; induce the matrix norm || - [|,4, which is defined for A € R™" as

A=l
lAllp; = max = max ||Az||.
zeR" 220 ||z]| llzll;=1
In the case p = g, we obtain the p-norm and write || - ||5; = || -[l,- These p-norms satisfy

the inequality
IAB|, < [|All,[|Bll,
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for A € R™" and B € R"™. During this thesis, we denote the 2-norm simply by || - |I.
Important p-norms are

n
|All; = max Z |a;j| (maximum absolute column sum norm),
j=1,..m P
m
Al = .rrllax Z la;j| (maximum absolute row sum norm),
i=1,.,n &
j=1

Al = \Jo(ATA) = \[p(AAT) (spectral norm).

It holds

1Al < VIIA[L[lAlleo, (212)

see [80, pp. 72-73]. Note that for a symmetric matrix A, we have
Al = p(A).
Theorem 2.31. Let A € R™™. For each k € IN, it holds
ik
p(A) < AN,
Proof. Let A be an eigenvalue of A with corresponding eigenvector v. It holds

k k k k
IAFllvll, = A%l = |A ], < ATl

1
Since 0 # v, we get A < ||Ak||p and therefore |A| < ||Ak||r’;. Since A is any eigenvalue
of A, it also holds for the maximum modulus of the eigenvalues. m]

Theorem 2.32. Let A, B € R™™ be symmetric. Then,
p(AB) < p(A)p(B).

If A is additionally positive definite and B is additionally positive semidefinite, then

max A< (max A)(max y).
Aec(AB) Aec(A) u€o(B)

If B is additionally positive definite, then

min A > ( min )\)( min y).
Aea(AB) A€a(A) ueo(B)
Proof. Let A, B € R™" be symmetric. Then,

p(AB) < ||AB|| < [|All|IBIl = p(A)p(B). (2.13)

Now, let A additionally be positive definite and B additionally be positive semidef-
inite. Lemma 2.30 implies that 0(AB) C R5o. Hence, (2.13) becomes

max A< (max )\)(max y).
Aec(AB) Aec(A) ueo(B)
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Now, let B additionally be positive definite. Lemma 2.30 implies that c(AB) C R,
i.e., the product AB is nonsingular. Hence,

1
————— =p((AB) ) =pB A <|B A
Mitreram A p((AB)™) = p( )< I

1
(min/\ea(A) /\) (minyea(B) }l)'

O

<[ ATYIB Y = p(A™H)p(B™) =

An important concept in the matrix theory is the condition number of a matrix
A € R™™. This quantity depends on the chosen norm. In this thesis, we will only
equip it with the 2-norm. Hence, we define the condition number as

K(A) = Al A7

In some sense, it measures the degree of singularity of a matrix. In general, if x(A)
is large,l, then A is said to be an ill-conditioned matrix. Hence, an almost singular
matrix is usually expected to have a large condition number. We will see in Section
2.3.1 that the condition number can be used to characterize the convergence behav-
ior of iterative solution methods. It holds x(A) > 1. Moreover, if A is symmetric,
then k(A) = [Amax(A)| [Amin(A)["!, where Amax(A) and Apmin(A) are the maximum and
minimum eigenvalue of A.

Finally, we make use of the following notation. If A is a symmetric positive definite
matrix, we define the A-norm as

lzlla = V(z, Az).

2.2.4 Block and saddle point matrices

Matrices can be characterized via their outer structure. A special class are circulant
matrices, which appear in Chapter 4.

Definition 2.28 (Circulant matrix [80, pp. 220-222]). A circulant matrix C € C"™ ™ has
the form

o Cm—1 c. C2 C1
C1 Co Cm—-1 .- C2
C = C1 Co
Cm—2 - e Ol
| Cm-1 Cm-2 . 1 Cco

Hence, C can be described by the vector ¢ = [co,c1,- .- ,Cm-1]".
Circulant matrices are diagonalized by the discrete Fourier transform matrix.

Definition 2.29 (Discrete Fourier transform matrix [80, pp. 33-36]). The discrete Fourier
transform matrix Fy, = (fij)k j=1,..,m € C™™ is defined by

k-1)(j-1
fij = 0D

with w,, = exp(=2mni/m).

10f course, this depends on the definition of ‘large’; see, e.g., [80, Chapter 3.5].




32 CHAPTER 2. MATHEMATICAL FOUNDATIONS

Theorem 2.33 ([80, p. 222]). Let C € C"™ ™ be a circulant matrix with the corresponding
vector c as described in Definition 2.28. If A = Fy,c, then

F,'CF,, = diag(\, ..., An).
Let A € R™. Further important types of matrices relevant for this thesis are:

.....

e upper triangular matrices: 4;; = 0 fori > j,
e lower triangular matrices: 4;; = 0 for i < j, and

e block matrices, which generalize the matrices by replacing each entry by a
matrix.

When we are coming to vector-valued Cahn-Hilliard problems in Chapter 4 and 5,
we make use of the notion of the Kronecker product. If B € R"*"™ and C € R"*"™
such that
bir - by
b?’lll e bn1m1
then their Kronecker product B ® C' € R""*"™M"™2 jg given by
bnC -+ by, C
BoC=| : ..
by 1C - by, C

Hence, B ® C can also be seen as a n; X my block matrix whose (i, j) block is the
1y X my matrix b;;C'. Important Kronecker properties include (see [80, p. 27]):

BoC)=BTeCT, (2.14)
(BRC)D®F)=BD®CF, (2.15)
(BeC)'=BleCT, (2.16)

B®(C®D)=(B®C)® D.

Note that the matrix sizes in (2.15) must be compatible, i.e., B € R, C €
R™*™ D e R™*P1, F' € R™*P2, Moreover, B and C in (2.16) must be nonsin-
gular. Another property is the following:

diagonal block diagonal
If Bis ¢ lower triangular } ,then B® C'is { block lower triangular
upper triangular block upper triangular

Theorem 2.34 ([142, p. 78]). Let B € R™" with eigenvalues A1, ..., A, and corresponding
eigenvectors vy, ...,v,. Let C € R™"™ with eigenvalues uy, ..., [y and corresponding
eigenvectors wy, ..., wy. Then, the matrix B ® C has the eigenvalues Ajuy with the
corresponding eigenvectors v; ® wy, where 1 < j<nand1 <k <m.
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A major class of block matrices are 2 X 2 block matrices arising from saddle point
problems. Applications include computational fluid dynamics [79] or constrained
optimization [78]. In particular, such kind of matrices form the core of this thesis.
The discretization of Cahn-Hilliard type problems leads to linear systems of saddle
point type. The following results are collected from [16].

Consider the 2 x 2 block matrix

(2.17)

A BT
— 1
=l 5 %

with A € R™", By, B, € RP", C € RP”? and m > p. When (2.17) describes a saddle
point problem, its blocks satisfy one or more of the following conditions according
to [16, p. 3]:

e A is symmetric,

o the symmetric part of A, 1i.e., %(A + AT is positive semidefinite,
e B =B, =8B,

e C is symmetric positive semidefinite,

e C=0.

Note that the saddle point problems in Chapter 3-5 have the property m = p. If
A is nonsingular, the saddle point matrix A admits the following block triangular

factorization: 1T
T 0 A O I A'B
3 1

where S = —(C + BZA‘lBlT ) is the Schur complement of A in A. It follows from
(2.18) that A is nonsingular if and only if S is. Equivalent factorizations to (2.18) are

A o]|lI1 A'BT
_ 1
a0z aE] o1
I ol|]lAa B!
_ 1
ﬂ—[BZA_l IHO g ] (2.20)
Hence, we can formulate the determinant of ‘A as
det(A) = det(A) det(S). (2.21)
Similar to (2.18), we can write under the assumption that C' is nonsingular
I -Blc'][T o I 0
_ 1
ﬂ‘[o I Ho —CH—C—lB2 I]’ 222)

where T = A + BlT C~ 1B, is the Schur complement of A in —C. It follows from
(2.22) that A is nonsingular if and only if T is. The three factorizations (2.18)—(2.20)
will be used later in Section 2.3.2 when we discuss optimal solution techniques for
problems of the form Az = b. In order for Az = b to have a unique solution, A has
to be nonsingular.




34 CHAPTER 2. MATHEMATICAL FOUNDATIONS

Theorem 2.35 ([16, pp. 15-16]). Assume A is symmetric positive definite, By = B, = B,
and C is symmetric positive semidefinite. If ker(C) N ker(BT) = {0}, then the saddle point
matrix A is nonsingular. In particular, A is invertible if B has full rank.

Remark 2.3. Assume that A is symmetric positive definite, By = B, = B has full rank,
and C'is symmetric positive semidefinite. Then, S is symmetric negative definite. It follows
from the Sylvester Law of Inertia (Theorem 2.28) that ‘A is indefinite, with m positive and p
negative eigenvalues.

Assume that A and A are nonsingular. Then, according to (2.18)

T 11! -1 -1gTg-1 -1 _A-1gTg-1
A B, _| AT +A _1B1 S _1BZA A ?11 S . (2.23)
B, -C -S7BA S
Similar, assume that A and C are nonsingular. Then, according to (2.22)
T 171 -1 -1gTe-1
4 B = —1T -1 -1 g —1B1 C—l T -1 (2.24)
B, -C C B, T -C+C BT B1 C

Next, assuming that A is nonsingular, we want to discuss the numerical solution of
systems of the form Az = b. We begin with a general matrix A and come back to
saddle point matrices in Section 2.3.3.

2.3 Iterative solution of linear systems

This section is devoted to the solution of linear systems of the general form
Az =b. (2.25)

Here, A € R™" is the given coefficient matrix, z € R™ is the unknown solution
vector, and b € R" is the given right-hand side vector. In order for the Equation
(2.25) to have a unique solution, we assume that A is nonsingular. Systems of the
form (2.25) arise after the discretization of a continuous problem like a system of
PDEs. The linear systems are usually of very large dimension in order to obtain an
acceptable quality in the approximate solutions. Moreover, discretizations coming
from FEM result in a sparse matrix A, i.e., most of its entries are zero. There are two
classes of approaches, which solve the linear system (2.25) — direct methods and
iterative methods.

Direct methods [80, Chapter 11] are based on Gaussian elimination. Without careful
modifications they suffer from the fill-in during the factorization process. Hence, for
large and sparse matrices they demand high storage requirements. Effective versions
like sparse elimination methods, which control the fill-in, build an own field of re-
search; see, e.g., [77, 55, 51, 52]. The effectiveness and applicability of those methods
depends on the matrix structure. But in general, direct methods are competitive
for moderate system sizes. However, for much larger problems and in particular
in combination with three-dimensional experiments the application of direct solvers
becomes infeasible.

This is where iterative methods come in. Iterative methods form a general procedure
for solving the system (2.25). Starting with an initial guess 2 € R", they aim to
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generate a sequence of vectors {z)},c, which converges to the solution z of (2.25).
This section starts with an illustration of the strategy of iterative solvers on the ba-
sis of the Jacobi iteration. The Jacobi iteration is a well-known classic among the
iterative approaches. This part is followed by an introduction into state-of-the-art it-
erative solvers. These are called Krylov subspace solvers. Such methods are usually
only efficient in combination with an accelerator, which is called a preconditioner.
We recall a class of theoretical optimal preconditioners for saddle point systems on
which we want to build on. In fact, in theory the application of those precondition-
ers yield outstanding performances. A class of Krylov subspace solvers are proven
to converge after only a small number of iterations when optimal preconditioners
are included. These theoretical preconditioners form the basis for the development
of practical approximations for the Cahn-Hilliard type problems discussed in this
thesis. For an overview of iterative solvers and preconditioning techniques, we refer
to [70, 86, 136, 63, 16, 2, 15, 149].

Classical iterative methods

Classical approaches, such as the Jacobi or Gauss-Seidel iteration, have proved their
worth in the past. This is due to their easy derivation and implementation. Nowa-
days however, they often do not meet the desired demands of the rate of convergence.
Instead of using these techniques as standalone solvers, they are nowadays mostly
used as successful accelerators. This belongs to the concept of preconditioners, which
is briefly touched at the end of this section. Section 2.3.2 provides a more detailed
introduction into preconditioning techniques. We refer the reader to [136, Chapter 4]
to get familiar with the classical iterative methods. We will only briefly discuss the
Jacobi iteration as a representative. The following results are collected from [136,
Chapter 4].

We begin with the splitting
A=D-L-U,

such that (2.25) becomes
(D-L-U)z=b%. (2.26)

Here, D is the diagonal matrix of A, which is assumed to be nonsingular. Further,
—L is the strict lower triangular matrix of A and —U is the strict upper triangular
matrix of A. Since D is nonsingular, we can write (2.26) as

z-D Y L+U)z=D"b. (2.27)
This can be formulated as a stationary iteration
2D =D NL+U)2Y + D o= G20+ f (2.28)

for I € No. Let us denote the ith component of z() by zgl) and the ith component of b
by b;. Then, (2.28) reads componentwise as

m
(+1) _ 1 0
z, =ay (bi— Z aijz; J

j=1,j#i

The following theorem answers the question of convergence.
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Theorem 2.36 (Convergence of stationary iterations [136, p. 115]). The stationary
iteration (2.28) converges to the solution z of (2.25) if and only if p(G) < 1.

From (2.28), we can realize the efficiency regarding the computational costs per
iteration step: We need to perform one matrix vector multiplication and one cheap
solve with the favorable matrix D. Moreover, we can bring out the connection to
preconditioning. Since G = I — D! A, Equation (2.27) is equivalent to

DAz =D

This is a preconditioned system of the original problem Az = b in (2.25). Both sys-
tems have the same solution. The matrix D is called preconditioner. In general, D
can be any nonsingular matrix. In the case of the Jacobi iteration, D is constructed
as the diagonal matrix of A as derived above.

Here, we finish our discussion about classical iterative solvers. In the following, we
change over to the today’s techniques.

2.3.1 Krylov subspace solvers

This section gives a brief review of Krylov subspace solvers, which form the state-
of-the-art iterative solvers for large and sparse linear systems. The following results
are mainly collected from [136, 63].

As stated in the last section, classical iterative methods nowadays often do not meet
the desired demands of the speed of convergence. More efficient iterative methods
are projection methods. The idea of projection techniques is to extract the sequence
(z0} of approximate solutions from an affine subspace 20 1+ 9 of R™ of dimension
I. This is called the search subspace. The uniqueness of z() is typically realized via
the imposition of / orthogonality conditions. We denote by

r =b— Az0

the residuum in the Ith step of the iterative method. It is a measure for the quality of
the approximate solution 2. The I orthogonality conditions consist of constraining
the Ith residuum r® to be orthogonal to [ linearly independent vectors, i.e.,

U

Here, £; is another subspace of R" of dimension [. It is called the subspace of
constraints. This framework is commonly known as the Petrov-Galerkin conditions
in diverse areas of mathematics, e.g., the FEM. The case £; = ] leads to the Galerkin
conditions. Let us write 2) = 20 + kO where k) € %K. Then

rO=b-A20 =b- AO + kD) = 7O — 4O, (2.29)
Hence, the approximate solution z() can be obtained from

20 = 20 4,0 g0 e g (2.30)
(rO - AKO,w) =0 Yw e L, (2.31)
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The Krylov subspace
I = Ki(A, r(o)) = span {r(o), Ar© A2,0 Al_lr(o)} (2.32)

has proven to be efficient. It makes use of the sparsity of A in which case matrix
vector products are cheap to apply. According to [16, p. 50], it is known that the
Krylov subspaces form a nested sequence. In particular,

Ki(A, 7 c... c Ky (A7) = =K, (A,r?),

where dx = dim (7(m(A, r(o))) < m. Moreover, it holds dim (‘KI(A, r(o))) = [ for each
I < dk. This choice of K forms the basis of Krylov subspace methods. Depending on
the properties of A, different constraint subspaces .£; can be constructed which lead
to unique approximates 2,1 = 1,2,.... The following theorem states two common
examples.

Theorem 2.37 ([16, pp. 50-51],[136, p. 136]). Suppose that dim (‘KI(A, r(o))) =LIf

e A is symmetric positive definite and L; = Ki(A, 7?) (~ conjugate gradient method),
or

o A isnonsingular and L; = AKi(A, r©) (~ minimum residual method),

then there exists a uniquely defined iterate 2 of the form (2.30) for which the residual r")
satisfies (2.31).

Various Krylov subspace methods arose from different possibilities of the subspace
L) as well as from the way of preconditioning. We are going to recall the most
common Krylov subspace approaches further below. But first, we want to give an
explanation for the particular construction of the Krylov subspace in (2.32). In par-
ticular, one might ask why do we build the Krylov subspace with the vector r(©.

For this purpose, let us consider for a moment the Krylov subspace
Ki(A,v) = span {v, Av, A%, ..., Al_lv}

with an arbitrary given vector v € R™. For kD € Ki(A, v), we can write

1—
KO =3 ajAlv =g_1(A)v, (2.33)
j

—_

I
o

wherea; €R, j=0,...,I-1,and q;1(t) = Z;;%) a]-tf is areal polynomial of degree /1.
Now we make use of the Cayley-Hamilton theorem, which states that every square
matrix satisfies its own characteristic equation. Formally, this means ca(A) = 0,
where c4(t) is the characteristic polynomial of A. One can show that

m m

cA(A):(—l)’”A’”+...—[Z H Aj

i=1 j=1,j#i

A + det(A)I, (2.34)
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where Aj, j = 1,...,m, are the eigenvalues of A. The nonsingularity of A implies
det(A) # 0. Hence, we can multiply (2.34) by det(A)'A land rearrangements yield

det(A)~! = A

[T Az

j=1,j#i

(1) Amt 4 +[

m m
=1

1

Thus, we have
Al = Im-1 (A)

and the exact solution z of Az = b can be written as
z=A"b=g,_1(A)b.
In general, we include an initial guess z() as stated in (2.30). Then,
2-20=4"%-Ab-70) =10 =g, ,4)rO,

and a comparison with (2.33) shows that v = r(© is a natural choice. This answers
the question about the choice of the vector 7?) in the Krylov subspace (2.32). During
the explanation for this issue, another question might arise: How do we choose the
sequence of polynomials {g;};en, such that the approximations

20 =20 44 ,4)r0 e 20+ 55(A, 7))

are successively closer to the exact solution z? Will will discuss this in a moment.
But first, let us express the residuum ) as well as the error e!) = 2z — 20 in terms of
the polynomial g;(A). The residuum in (2.29) can be written as

r0 = 7O - Ag 1 (A)r® = (I - Agy(A))r® = pi(A)r?,

where p;(t) = 1 — tgq;_1(t) is a polynomial of degree [ with p;(0) = 1. Regarding the
error, we first rewrite (2.29) in another way:

r0=A4z- 420 = 40, (2.35)
Now, the error can be formulated as
eV =2 - 20 _ (20 _ 20y = O _g  (4)p© 2

= (I - Aqi1(A)e? = pi(A)e?.

e — Agi_1(A)e”

The first class of Krylov subspace solvers that we are going to briefly summarize are
the minimizing solvers. This means, they either minimize the error or the residuum
in a certain norm. In other words, the polynomials {g;};cn, are constructed such that
these quantities will be minimized.

We start with the conjugate gradient method (CG), which was developed indepen-
dently and in different versions by Lanczos [115] and Hestenes and Stiefel [90] in
1952. This is the state-of-the-art solver for symmetric positive definite matrices A. It
is based on the subspace of constraints £; = Kj(A, r(©). CG minimizes the A-norm
of the error e¥, i.e.,

e - min p A e . 236
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This expression can be simplified by utilizing the fact that A is symmetric. This
implies that IR has a basis of orthonormal eigenvectors of A. Thus, we can write
the error in terms of this basis:

m
¥ =Y pjvj, (2.37)
j=1

where ; € Rand Av; = Ajv;. Thus, we can simplify (2.36) to

m
le®la = min |1} gipi(A);
j=1

pIEHl/pI(O)Zl A
m -1
= min Z ; I—Az:oz'AZ v;
DLZE]R, i:O,...,l—l " ﬁ] . ! J
j=1 i=0 A
m -1
= min Z ‘B] ’U]' - aiAi+1’U]’
OCI'E]R, i=0,...,l—1 - n
j=1 =0 A
m -1
) 1
= min Z Jvi— Y aA o
i€R, i=0,,.,1-1 Pilvi S
j=1 i=0 A
m -1
= min Z ; v-—kZa-Al.'v‘
@€R, i=0,...1-1 || 4 Pilvi=A "
j=1 i=0 A
m
= min Z Bipi(Aj)v;
piEll;, pi(0)=1 = J L
- A
m
< min max |p;(Aj)| 2 Bivj
per, p©)=11[ R
= A
= min_ maxlpi(A)) lleolla- (2.38)
piElly, pi(0)=1 j /

If we know eigenvalue bounds of the form A; € [4,b],j = 1,...,m, with a > 0, then
the bound (2.38) becomes

eVl 4
< max [p;(z)|. (2.39)
||e(0)||A p,el‘[l, p,(O):l ZE[Il,b] p

The polynomial, which achieves this minimization, is the scaled and shifted Cheby-
shev polynomial. We will not discuss this polynomial further and refer the reader
to [133]. Of course, the best estimate is given if we know exactly the minimum and
maximum eigenvalue of A. The bound (2.38) gives a nice intuition about sufficient
conditions for fast convergence rates. Imagine a symmetric positive definite matrix
A € R™" which has only two distinct eigenvalues a and b. Then, we can construct a
polynomial py(t) of degree two that satisfies p2(a) = 0, p2(b) = 0 and p»(0) = 1. Then,
the bound (2.38) implies that CG will converge to the exact solution in at most two
iterations. This gives us an idea when we can expect CG to be a powerful solver: If
A is symmetric positive definite and has only few number of distinct eigenvalues,
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then the approximations 2z converge quickly to z. In praxis, we usually do not
have knowledge about the exact eigenvalues of a matrix. One could compute them
but this requires in general much more work than solving the linear system Az = b.
In praxis, we can replace the knowledge about the location of exact eigenvalues by
eigenvalue clusters. Hence, if A is symmetric positive definite and has only few
number of eigenvalue clusters, then the approximations z) converge quickly to
z. An important note is that the concept of eigenvalue clustering forms the basic
methodology of Krylov subspace solvers to converge fast. Further below, we will
recall some other Krylov subspace solvers. Their applicability differs for instance in
the assumptions on A or in the choice of the subspace £;. Moreover, some of them
are not constructed based on a minimization criterion of the form (2.38). However
in praxis, a small number of eigenvalue clusters usually results in fast convergence
rates for any Krylov subspace method.

Another criterion for the convergence behavior makes use of the condition number
of A.

Theorem 2.38 ([63, p. 75]). After I steps of the CG method, the iteration error e?) satisfies
the bound

leOlLa _ 2( (A) — 1]l
leOla = { Vx(A) +1)

Hence, if A has a small condition number, then CG will converge quickly. The con-
verse does not have to be true. For instance, imagine a matrix which has a large
condition number but only a few distinct eigenvalues. Then, the tighter eigenvalue
bound (2.38) implies convergence after a few iterations.

For an algorithm of CG, we refer to [63, p. 72]. The costs of CG per iteration add up
to two inner products, three vector updates, and one matrix vector multiplication.
CG requires to store only four vectors. We close the short discussion about CG here.
CG assumes a symmetric positive definite coefficient matrix. For many applications,
in particular in most of the problems of this thesis, this is not given. Hence, we
want to briefly touch more general Krylov subspace solvers. The minimum residual
method (MINRES) was introduced by Paige and Saunders [129] in 1975. It uses
L = AK(A,rO) as subspace of constraints. In contrast to CG, MINRES only
assumes a symmetric coefficient matrix A. Moreover, it does not minimize the error
but the 2-norm of the residuum:

[l < i max |p;(z)| (2.40)
POl = prerl -1 zelan '

where the eigenvalues A; of A satisfy A; € [a,b] forall j =1,...,m. For an algorithm
of MINRES, we refer to [63, p. 87]. The costs of MINRES per iteration add up to two
inner products, five vector updates, and one matrix vector multiplication. MINRES
requires to store only six vectors.

Up to this point, we have considered Krylov subspace methods which assume a
symmetric coefficient matrix. Now;, let us generalize this further. In the following,
A € R"™™ is an arbitrary nonsingular matrix. For this general case, there are two
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kinds of Krylov subspace solvers: First, we have minimizing solvers, which sat-
isfy a generalized version of the optimality condition (2.40). However, they suffer
from increasing costs per iteration. The second class requires a fixed amount of
computational work per iteration. However, this class forgoes the optimality condi-
tion. The generalized minimum residual method (GMRES) and biconjugate gradient
method (BiCG) are the two analogous methods to MINRES and CG for nonsymmet-
ric matrices. GMRES was developed by Saad and Schultz [137] in 1986. It uses
L) = AK (A, r©) as subspace of constraints. Similar as MINRES, the bounds on the
norm of the residuals are derived from the optimality condition.

Theorem 2.39 ([63, p. 169]). Let () denote the Ith iterate generated after I steps of GMRES
with residual r©. If A is diagonalizable, that is, A = VAV~ where A = diag(A1, ..., Am)
is the diagonal matrix of eigenvalues of A, and V' is the matrix whose columns are the
eigenvectors, then

IOl K min  max|p;(A;)
= 1 X [P1AAG)].
O petpo=1 5 P

If in addition S is any set that contains the eigenvalues of A, then

[l .
<x min  max |p;(A)l.
||l ©]| pielly, p(0)=1 AeS

Compared to the case of a symmetric matrix in (2.39), the eigenvectors of A enter the
bounds in the nonsymmetric case. However, the eigenvalue clustering still plays the
crucial role for fast convergence rates. One drawback of GMRES are the increased
work and storage requirements, which grow like O(Im). This can be improved for
example by restarting techniques; see, e.g., [122]. However, it is usually not clear
when to restart. For an algorithm of GMRES, we refer to [63, p. 168]. The costs
of GMRES per iteration add up to one matrix vector multiplication but many inner
products. As already hinted, we have to store the whole basis for the search subspace
%K.

BiCG was originally introduced in 1952 by Lanczos [115] and later in 1976 redis-
covered by Fletcher [69]. It uses £; = Ki(AT,rO) as subspace of constraints. BiCG
belongs to the class of Krylov subspace solvers which requires a fixed amount of com-
putational work per iteration. Moreover, it has fixed storage requirements. BiCG
requires two matrix vector products (one with A and one with AT), two inner prod-
ucts, and five vector updates. As a drawback, there is essentially no convergence
analysis available. However, in praxis the eigenvalue clustering still plays the crucial
role as we will see throughout this thesis. Another drawback is the possibility of
breakdowns, i.e., it may happen that no iterate z() satisfying both, (2.30) and (2.31),
exists. Variants of BiCG have been developed, e.g., the biconjugate gradient stabi-
lized method (BiCGstab) of van der Vorst [147]. In praxis such breakdowns are rare.
However, near-breakdowns may cause irregular convergence. In our experience
with the computational results in this thesis, we have not encountered any problems
due to breakdowns. Hence, we choose BiCG or BiCGstab as the numerical solver
for the nonsymmetric linear systems in this thesis. The procedure taken from [63,
p- 173] is illustrated in Algorithm 2.1.

We finish the presentation about the variants of Krylov subspace solvers. For a
deeper insight, we refer the reader to [136] and references therein. The important
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Algorithm 2.1: The biconjugate gradient method

Choose z©, compute 7@ = b — 420, set p©@ = +©
Choose #© such that (#©@, #@) £ 0
Set p© = 70
for!=0,1,2,...do

#0,p0)

®0,Ap0)

204D = 20 4 )

D) = 20 — gy Ap(D)

D = 20 — g, ATHO

<Test for convergence >

_ (,f,(lJr]),T,(lJr]))

Bo) = ooy
pD = £ 4 g
P = D 4 g0

end

a) =

message from the part above is the eigenvalue clustering, which typically results
in a fast convergence rate for any Krylov subspace solver. Of course, the matrices
coming from PDEs and applications usually do not have neither a nice eigenvalue
structure nor an acceptable small condition number. Hence, solving the resulting
linear systems with a Krylov subspace solver without any acceleration results in bad
convergence behaviors. This is where preconditioning techniques come in.

2.3.2 Preconditioning

We have already motivated the idea of preconditioning in the introduction part of
Section 2.3. We have seen that classical iterative methods like the Jacobi iteration
can be used as a preconditioner. The aim of a preconditioner is to enhance the
convergence of the iterative solver. In our case, we want to accelerate the speed of
convergence of Krylov subspace solvers. The basic idea is to construct a nonsingular
matrix P € R™™ and solve

Pl'Az=P ' (2.41)

instead of Az = b. In order for P to be efficient, it should satisfy the following
conditions:

e P should approximate A and
e the action of P~! should require little work.

The construction process of P should incorporate the goal of eigenvalue clustering.
That means, P! A is aimed to have a few number of eigenvalues or eigenvalue clus-
ters. This typically results in outstanding performances of Krylov subspace solvers.
The algorithms of Krylov subspace solvers have been modified to incorporate a pre-
conditioner. CG and MINRES need a symmetric positive definite preconditioner
in order to guarantee the inherent symmetry. GMRES and BiCG impose, besides
the nonsingularity, no additional requirements on P. As an example, Algorithm
2.2 depicts the preconditioned BiCG. The preconditioned system in (2.41) is called
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Algorithm 2.2: The preconditioned biconjugate gradient method

Choose z©, compute r® = b - A2
Choose #© such that (r©@,#©) £ 0
Solve Py(o) =r©® and PTQ(O) =70
Set p© = y@ and p© = 20
for/=0,1,2,...do
Al )

200D = 50 4 gp0

D = 20 — g, Ap()

PUD = 0O — g, ATHO

Solve py(l+1) =+ 3nd PT,g(l+1) — pU+D)

<Test for convergence >
_ (Tq(l+1),y(l+1))
Pa) = 70,y D)

p(l+1) — y(l+1) + ﬁlp(l)
ﬁ(l+1) — ,y\(l+1) + ﬁlﬁ(l)
end

left-preconditioned system. There is also the right-preconditioned system
AP '2=b, %=Pz,
and the centrally preconditioned system
P'AP'2=P['b, %= P2

In this thesis, we will apply left preconditioning. The development of efficient
preconditioners often depends on the structure and properties of A, which in turn
depends on the underlying PDE or problem. This is in particular the case for saddle
point systems. If we only consider the theoretical side of the construction, there are
preconditioners which are optimal for a wide range of problems. Optimal means that
they accelerate the convergence behavior of Krylov subspace solvers to a small num-
ber of iterations. However, these theoretically optimal preconditioners have crucial
drawbacks in praxis. They are usually built on inverses of large and dense matrices.
Hence, they typically cannot be explicitly used and clever practical approximations
have to be designed. Nevertheless, these theoretical preconditioners are of high
importance and form the basis for the development of practical solvers. Before we
are going to introduce a special class of such theoretical optimal preconditioners, we
briefly want to give another example of a preconditioner. We have already learned
about the Jacobi iteration as one example of a preconditioner. A powerful technique,
in particular for elliptic problems, is the multigrid method (MG).

Multigrid methods

It is known that classical iterative solvers like the Jacobi or Gauss-Seidel iteration
can damp high frequency errors rapidly. However, after the error is smoothed out
their convergence rates decelerate. Typically, they have difficulties in damping the
low frequency errors without special relaxation techniques. But the low frequency
errors can be generally seen as high frequency errors on a coarser mesh. Hence, if we
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would have a proper mapping from the current mesh to a coarser mesh, we could
further effectively damp the error via a standard iterative solver. This procedure
could be repeated again and again until we reach a satisfied coarse grid on which we
are able to efficiently solve a reduced linear system. What remains is to interpolate
the calculated solution back to the starting grid and update the approximate solu-
tion. MGs exploit this knowledge and employ grids of different mesh sizes. Under a
careful construction, their convergence rates are independent of the problem size m.
In this sense, they provide an optimal solver. Basically, MGs can be divided into two
classes. Geometric multigrid methods [151, 88] require information of the underly-
ing spatial mesh of the discretized problem. The algebraic multigrid method (AMG)
[134, 68] works in a purely algebraic framework. That means, they only use the
knowledge of the underlying matrix. Hence, they work well even for complicated
geometries and meshes. For a detailed description to MG and its origins, we refer to
[40]. MG is a fast and efficient method to solve many classes of problems. However,
its implementation can be quite complex. In this thesis, we will use AMG as part of
our developed preconditioners.

Now, we want to turn to a special class of theoretical optimal preconditioners which
form the basis for this thesis.

2.3.3 Saddle point preconditioners

In Section 2.2.4, we have introduced saddle point type matrices since they form the
core theme of this thesis. This section considers saddle point type linear systems of

the form A .
B u | | f
5 el )] e

shortly written as Az = b, with A € R™", By, B, € R”", C € R”?, and m > p.
In particular, we recall theoretical optimal preconditioners for such kind of prob-
lems. The focus lies on preconditioners involving the Schur complement S =
—(C + BZA‘lBl). In the following, we assume that A as well as A and S are
nonsingular.

Block diagonal preconditioners
The basic block diagonal preconditioner is given by

40 ] . (2.43)

Pp = [ 0 -S
Bank, Welfert, and Yserentant [9], Kuznetsov [113], as well as Murphy, Golub, and

Wathen [124] proposed it for the case C' = 0. In that case, left preconditioning of A
with Pp results in the matrix

(2.44)

-1pT
7'D=50131ﬂ:[_ 45 ]

S_le 0

The matrix 7 p is nonsingular by assumption, diagonalizable, and has only three
distinct eigenvalues, which are 1, %(1 + 5), and %(1 — +/5). That means that any
Krylov subspace method with an optimality or Galerkin property, e.g., GMRES [137]
or BiCG [69], will converge in at most three iterations. Further, Ipsen [97] generalized
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these results to the case C # 0.

Block triangular preconditioners
Block triangular preconditioners of the form

A0 ] (2.45)

PT:[BZ -8

were first considered by Bramble and Pasciak [39]. They studied saddle point sys-
tems with A being positive definite, C being positive semidefinite, and By = B, = B.

The block diagonal preconditioner $p can be presented in block triangular form in
two other ways:

A B] A B
_ 1 — 1
P_T—[ 0 —S] and P+T—[ 0 +S]' (2.46)
In the following, we use the notation
A BT
P = 1
T = [ 0 +S ] (2:47)

that combines both block tridiagonal preconditioners into one expression. Murphy,
Golub, and Wathen [124] proposed them for the case C' = 0. In that case, right
preconditioning of A with P4t results in the matrix

(2.48)

_ I 0
TiT:ﬂP,_,sz[ ]

ByA™! xI
The matrices 7 +r are nonsingular by assumption. The preconditioned matrix 7 _r
is diagonalizable and has only the two distinct eigenvalues +1. In contrast, 7 41 has
only a single eigenvalue of 1, but is not diagonalizable. The use of 7 +r rather than
7 p requires only one additional multiplication per iteration of a vector by B]. As
in the diagonal case, Ipsen [97] generalized these results to the case C # 0. Further,

the same results apply for left preconditioning 7 +1 = P;}Fﬂ. Moreover, the results
spread to the lower block triangular preconditioners

A 0 q A 0
B, -8 | ™ | B +S5|
Block preconditioners

Axelsson and Neytcheva [4, Proposition 5.1] considered saddle point matrices of the
form

(2.49)

3{:[ A  —a?BT ],

52 B )/2 A
where A € R™" is symmetric positive definite, the symmetric part 3(B + BT) of

B € R™™ is positive semidefinite, and «, , and y are some real constants. They
derived an optimal preconditioner

A -a’BT
P= [ B*B y*A+apy(B + BT) ] ' (2:50)
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The eigenvalues A of the generalized eigenvalue problem
Al
U2 (%]

1e [0.5,1],
{1} for v, € ker(B + BT).

satisfy

This preconditioner has been used for smooth Cahn-Hilliard equations by Boyanova
etal. [35,37, 36, 3,38]. Moreover, they showed in [35, p. 21] its connection to the block
diagonal and block triangular preconditioner discussed above. Their implementa-
tions turn out to contain the same steps and the computational amount of work is
almost the same.

The basis for most of the problems in this thesis is the lower block triangular pre-
conditioner P in (2.45). In some simpler cases, we make use of its block diagonal
version. Both types need the application of the inverse of two matrices. These are
the (1, 1) block A as well as the Schur complement S = —(C + By A™! BlT )- The crucial
part is the inversion of S, since it is usually large and dense. Hence, it typically
cannot be explicitly used and clever practical approximations have to be designed.
Depending on the properties of A, it might also not be an easy task to apply the action
of its inverse. Hence, it is our task to develop practical nonsingular approximations
Ap =~ Aand Sy = S. This results in the two preconditioners

(2.51)

PD(,:[AO 0 Ao 0]

0 —So] and PTOZ[BZ S,

that we are going to design in this thesis. The implementation that performs the
action of the inverse of Pp, requires the following two steps. The solution of the
problem Ppo[le , sz 1" = [ng , ng 17 requires:

1. Solve A0y1 = 4g1-

2. Solve —S()yz = g>.

T

The solution of the problem Pr,[yl, y11" = [g]

vector multiplication:

, gZT 1F requires one additional matrix

1. Solve Agy1 = g1.
2. Solve Spy> = Boy1 — ga.

In many problems discussed in this thesis, the (1, 1) block A is formed either by diag-
onal, symmetric positive matrices or by discretizations of elliptic operators. Hence,
in the former case we apply the action of the inverse of A by simple elementwise
multiplications. For the latter case, we already know that AMG provides a pow-
erful solver. Note that some other special cases for A arise, which need additional
consideration as we will see later in the corresponding chapters. Our general pro-
cedure for the approximation of the Schur complement S originates in the work
of Pearson and Wathen [130], who developed preconditioners for PDE-constrained
optimization. Their matching strategy is the following: Construct a preconditioner
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of the form S = §; A~1S,, which captures the exact Schur complement S as close as
possible. Note that we need S to be nonsingular. The block A is usually a symmetric
positive definite approximation of A if A does not already have these properties.
For symmetric positive definite matrices Sy, S», an approximate inverse of S is given
by 8§71 = S, 1AS’1‘ 1. Suitable constructions of S; and S, are typically problem de-
pendent as we will see in the course of this thesis. Finally, Sy is constructed as an
approximation of S which uses AMGs for the approximations of Sl_ Land Sz_ 1ie.,
Sy = AMG(S)) A TAMG(S,).

The construction of a Schur complement approximation of the form S; A1S; has
been derived in another context by Bansch, Morin, and Nochetto [10]. They devel-
oped operator preconditioners for a class of fourth-order problems. These include
the smooth scalar Cahn-Hilliard equation for special time discretization schemes. In
particular, they provided theoretical results on the spectrum of their precondition-
ers. In contrast, we derive our preconditioners for smooth Cahn-Hilliard problems
from a different direction of view. This includes another theoretical perspective and
a different way to prove their optimality. Moreover, in this thesis we extend this
preconditioning strategy to nonsmooth Cahn-Hilliard problems and other Cahn-
Hilliard applications.

The design, implementation, and numerical analysis of preconditioners of the form
(2.51) tailored for Cahn-Hilliard problems are the focus of this thesis. In particular,
the preconditioners are aimed to be robust with respect to parameter changes. We
finish here the mathematical background setting. The next three chapters present
three different Cahn-Hilliard problems. Each chapter starts with the problem for-
mulation and a brief function space discussion. This is where we have to keep the
functional analysis in mind. After proper discretizations, we end up with systems of
linear equations where the numerical linear algebra part is required. In the following
chapter, we start with the scalar Cahn-Hilliard equation.







Chapter 3

Scalar Cahn-Hilliard Equations

3.1 Introduction

We start with the study of two-component systems as introduced in Chapter 1.1.
Imagine a molten binary alloy like iron and nickel inside the spatial domain Q c RY
with d € {1,2,3}. The two pure phases are denoted by A (pure iron) and B (pure
nickel). We are interested in the evolution of the two components or their mixture in
the period (0, T) with a fixed time T > 0. Hence, we have to take the time t € (0, T)
and the spatial point x € Q into account. Remember the phase variable u = u(x, t),
which describes the difference of the local concentrations of both components. If
u(x,t) = 1, then only phase A (the pure phase A) is present at point x at time ¢. The
case u(x,t) ® —1 means only phase B (the pure phase B) exists at point x at time .
Values of u between —1 and 1 represent mixed regions. In particular, these regions
include the interfacial area. The interface is a small boundary layer that separates
the pure phases A and B from each other. Hence, it acts as a diffuse phase transition.
We can control its width via the model parameter ¢ > 0, which is again introduced
in Equation (3.1) below.

The theory of Cahn and Hilliard [44] is based on the Ginzburg-Landau energy

E(u) = fQ %qu|2+%1p(u) dx. 3.1)

An equilibrium profile of our considered mixture minimizes the Ginzburg-Landau
energy (3.1) subject to the mass conservation

a 0 udx=0.
The parameter ¢ > 0 is proportional to the thickness of the interfacial region as
mentioned above. The first part of (3.1) is large whenever u changes rapidly. Hence,
its minimization gives rise to the interfacial area. The potential function ¢: R —
R>0 U {oo} in (3.1) gives rise to phase separation. It has two distinct minima, one for
each of the two pure phases A and B. Hence, its minimization penalizes values away
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from the pure phases. As mentioned in Chapter 1, we consider potential functions
of polynomial and obstacle type with a main focus on the latter. The former is the
smooth double-well potential and is given as

1
Ppal() = 7 = 1)%. (32)
The latter is the nonsmooth double-obstacle potential

A=) Jul<1,

d’obs(”) = { oo |ul> 1. (33)

As we will show in the course of this chapter, the solution of linear systems of the

form Az = b with a large, sparse, and symmetric matrix A is at the heart of our
method. They have the following saddle point structure

-A M

=5 x|

with M € R™" being symmetric positive definite, K € R"*" being symmetric posi-
tive semidefinite, and A € R™" being symmetric and possibly indefinite. Due to the
possible indefiniteness of A, a nonsymmetric Krylov subspace solver is our method
of choice. The crucial parameters represented in A are the spatial mesh size h, the
time step size 7, the interface parameter ¢, as well as the Moreau—Yosida regulariza-
tion parameter c. We develop efficient preconditioners # for the solution of the linear
systems above. This is based on effective Schur complement approximations as well
as (algebraic) multigrid solvers developed for elliptic systems [68, 136, 134]. In par-
ticular, our preconditioners behave independent of all crucial parameters. Moreover,
we state a theoretical robustness proof for the smooth setting.

The structure of the chapter is as follows. The Cahn-Hilliard model is derived in
Section 3.2. We first consider the smooth double-well potential (3.2), which leads
to a fourth-order PDE. Then, we study the nonsmooth double-obstacle potential
(3.3), which yields a variational inequality. Both formulations are discretized in time
in Section 3.3. We focus on a fully implicit time-discrete scheme. This is due to
accuracy reasons and its motivation is investigated later in the numerical results.
Regarding the smooth setting, we proof the energy stability and uniqueness of the
solution of our time discretization scheme under reasonable assumptions. Concern-
ing the nonsmooth framework, we follow Hintermdiiller et al. [91] and extend the
analysis therein. Note that Hintermdiiller et al. developed the mathematical theory
for a semi-implicit time-discrete scheme for the Cahn-Hilliard variational inequality.
In contrast, we focus on a fully implicit time-discrete scheme. We show that the
time-discrete problem is equivalent to an optimal control problem with pointwise
constraints on the control. In Section 3.4-3.5, we apply Hintermdiller et al’s function
space-based algorithm. It combines a Moreau—Yosida regularization technique with
an SSN method. The former handles the control constraints while the latter solves the
optimality systems of the resulting subproblems. This method allows for a conver-
gence analysis in function space [92, 146] for which one expects a mesh-independent
behavior of the algorithm [93]. We derive the linear systems arising from the dis-
cretization using finite elements in Section 3.6. In Section 3.7, we analyze the linear
systems and propose preconditioning strategies for the saddle point problems. We
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additionally introduce preconditioners for a smooth semi-implicit scheme derived in
[67] and for a nonsmooth semi-implicit scheme derived in [91]. Section 3.8 illustrates
the robustness of our preconditioners for both problem setups. In Section 3.9, we
discuss alternative approaches. Section 3.10 summarizes our findings.

3.2 Derivation

There are two ways of deriving the Cahn-Hilliard equation. First, it can be derived
as the H™l-gradient flow of the Ginzburg-Landau energy (3.1); see, e.g. [20]. The
second kind comes from the mass balance law; see, e.g. [57, 126]. We consider the
latter case and briefly review the derivation of the Cahn-Hilliard equation. First of
all, the smooth double-well potential (3.2) setting is used. Then, we go over to the
nonsmooth double-obstacle potential (3.3) setting.

3.2.1 Smooth systems

In the following, we focus on the smooth double-well potential (3.2). We briefly
derive the Cahn-Hilliard equation in the framework of [57]. For a more detailed
and physical study, we refer to [53, 127]. We assume that the considered system is
isothermal. The law of mass conservation is given as

d
— udx:—f]-nds
dt Jr IR

for any subregion R C Q. Here, J denotes the mass flux. Due to Lemma 2.21, we

obtain 4
ajl;udx:—fRV-]dx.

Since R is fixed and arbitrary, we can derive dyu = =V - J. The mass flux is defined
as ] = —L(u)Vw, where L(u) > 0 (L(u) # 0) denotes the mobility function and w
the chemical potential difference between the species A and B. The latter is defined

via the variational derivative of & with respect to u (see Definition 2.20), whereby
U=Y =HY(Q):

E(u + nd) — E(u)

d .
d—nS(u +1nd) = }1136

1
_-1 € zl 2 2 _ ¢ 2_l 2 42
—}Ili%n 02|V(u+17d)| +48((u+nd) 1) 2IVuI 4£(u 1) dx
:fl(u3—u)ddx+eru-Vddx
Q¢ Q
1,
- fQ (Elppol(u)—sAu)ddx (3.4)

= f wddx.
Q

The identity in (3.4) is supplemented with Lemma 2.21 together with the natural zero
Neumann boundary condition Vi - n = 0 on JQ). Here, n is the unit normal vector
to dQ pointing outwards from Q. Finally, we impose the mass conserving boundary
condition

Lu)Vw-n=0 ondQ. (3.5)
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In conclusion, we obtain the Cahn-Hilliard equation:

diu =V - (L(u)Vw), (3.6)
w=—eAu + 5_1170;01(14), (3.7)
Vu-n=Lu)Vw-n=0 ondQ. (3.8)

This formulation states the Cahn-Hilliard problem in form of two second-order
PDEs. Substituting Equation (3.7) into (3.6), results in the fourth-order formulation.
Note also the high nonlinearity presented by the potential ;. Differentiating the
energy & in (3.1) with respect to the time yields

d 1, 3
a&(u) = fQ eVu - Vou + Elppol(u) o dx = f

wdiudx = f wV - (L(u)Vw) dx
Q Q

:f wL(u)Vw-nds—fL(u)Vw-dex (?S)—IL(M)lezdx.
le} Q Q

Therefore, the total energy is non-increasing in time. Differentiating the total mass
fQ u dx with respect to the time, gives

E ”dx:fatudx=fV‘(L(u)VW)dx:f L(u)Vw - ndx 35 0.
dt Jo o a .

Hence, the total mass is conserved.

In this paper, we assume a constant mobility and without loss of generality we use
L(u) = 1. Concerning well-posedness and regularity of a solution of (3.6)—(3.8) with
L(u) = 1 we refer to [62, 125]. Concentration dependent mobilities, and in particular
degenerate ones, are required for many applications; see, e.g. [58, 13, 117]. This is
for example the case if the mobility in the interface is larger than in the pure phases.
This motivates us to consider concentration dependent mobilities in the future in
order to model other physical situations.

3.2.2 Nonsmooth systems

In the last section, we focused on the smooth potential i,,]. We could easily calculate
the derivative of the smooth potential with respect to u. Now, we turn to the
nonsmooth potential {ops given in (3.3). It can be written via the indicator function

0 uel-1,1],
oo otherwise

Ti10(u) = {

as

Yobs(1) = Po(u) + L-1,1)(u),
where o(u) = %(1 — u?). Differentiating 7|1 1; in the sense of subdifferentials [65,
p- 523], we get the following Cahn-Hilliard system

diu = Aw, (3.9)
w=—eAu+¢e! (‘%(“) + y), (3.10)
ue 81'[_1,1](14), (3.11)
lul <1, (3.12)

Vu-n=Vw-n=0 ondQ, (3.13)
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where d7[_; 11(u) is the subdifferential of 7|_; 1] at 1, the nonsmooth part of the energy
&E. We refer to, e.g., [20], for more details about the derivation. This system can be
formulated as a variational inequality

(Qsu, vy + (Vw, Vo) =0 Yo e H(Q), (3.14)
(w,v —u) < e(Vu, V(v —u) + e (Yyu), v —u) YoeHY(Q), [v| <1, (3.15)
ul <1 ae. inQ, (3.16)

which is supplemented by the initial condition ug € HY(Q) with Jug| < 1in Q. The
existence, uniqueness, and regularity of a solution of (3.14)—(3.16) was shown in [27].

Due to the variational inequality, the nonsmooth Cahn-Hilliard problem poses a
harder challenge compared to the smooth one from the last section. This holds for
both, the mathematical as well as numerical analysis, as we shall see during the
following sections.

After the derivation of the constitutive Cahn-Hilliard equation or inequality, we are
going to study their discretizations in order to be able to solve them numerically. We
start with the discretization in time in the next section.

3.3 Time discretization

In this section, we focus on a fully implicit time discretization scheme. Indeed, this
results in a time step restriction for both, the smooth and nonsmooth setting, as we
will see below. This is not the case if a proper semi-implicit scheme is used. However,
as noted, e.g., in [140], semi-implicit schemes usually have larger truncation errors
and require smaller time steps than fully implicit schemes. Another motivation arises
in numerical simulations for the solution of Allen—-Cahn or Cahn-Hilliard variational
inequalities [23, 25,42, 138]: The experiments performed with a semi-implicit scheme
yield highly inaccurate results for large time steps. More precisely, these schemes
are not able to capture the evolution of the sharp interface limit anymore when the
time step is too large.

These arguments motivate us to apply a fully implicit time-discrete scheme.! This
means, we use the backward Euler discretization for the time derivative d;u and treat
all the other terms implicitly. In particular, we treat the potential function implic-
itly. Let 7 > 0 denote the time step size and t,_1 = (n — 1)t, n € N, discrete times.
We denote by u""D e H'(Q) the time-discrete solution at time step t,_1. Further,
u®™, wm e H(Q) form the time-discrete solution at time step t, = t,—1 + 7. In order
to ease the notation, from now on we write #°9, 1, and w instead of u" Y, 4™, and
w™, respectively.

Again, we start with the smooth setting and consider the weak formulation of
(3.6)—(3.8). We discretize this problem in time and give stability and uniqueness
conditions. Afterwards, we go over to the nonsmooth setting (3.14)—(3.16). We for-
mulate this problem as the first-order optimality system of an optimization problem.
This allows us to specify the conditions for a unique solution.

'Note that we draw on a semi-implicit scheme in the preconditioning part in Section 3.7.
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3.3.1 Smooth systems

Let us focus on the smooth setting and the corresponding Cahn-Hilliard Equation
(3.6)—(3.8). We consider its weak formulation and utilize the implicit Euler scheme.
Then, (1, w) solves the following problem: Find u, w € H'(Q) such that

(1= uM,0) + 7 (Vew, Vo) =0 Vo € H(Q), (3.17)
—(w,v) + € (Vu, Vo) + ¢ (gb}’)ol(u), U) =0 VYveHY(Q). (3.18)

Choosing v = 1 in (3.17), we obtain the conservation of mass, i.e., (1,1) = u°d, 1),
the specific feature of the Cahn-Hilliard model.

Now, we want to give stability and uniqueness conditions for the time step. However,
the quartic growth of 1,1(1) at infinity introduces various technical difficulties in
the analysis. Therefore, we consider a truncated double-well potential. To be more
precise, we restrict the growth of 1,,1(1) to be quadratic for |u| > M for a given
constant M. This can be done by replacing ¢p01 (1) with

WMLy - oMPu+ 1 (3MF +1) u> M,
~ 2
D(u) = 1w2-1) wel-MM],
MLy2 4 2MPu+ 1 (BMH +1) w<-M,
as done, e.g., in [140]. This gives
3ME-1 u>M,

0wy =4 3u’-1 uel[-MM],
AM2-1 u<-M,

and hence the following condition is satisfied: There exists a constant S such that

max [ (u)| < S. (3.19)

Truncating the polynomial potential is in fact a common practice; see, e.g. [140] and
references therein. In particular, the authors of [140] have proven stability conditions
for Allen-Cahn and Cahn-Hilliard equations with a truncated double-well potential.
They considered various numerical schemes except for the fully implicit one that we
are looking at. In the following, we state a uniqueness and stability result for our
time-discrete scheme.

Theorem 3.1. The solution of (3.17)—(3.18) is unique provided that T < 45%3 and P = Ppol
is replaced by .

Proof. Assume there exist two solutions (1, w) and (i, @) of (3.17)—(3.18). Then, we
get

(u—1i,v)+t(V(w-®),Vo) =0 Yoe HYQ), (3.20)
—(w —®,0) + & (V(u— 1), Vo) + e L (W' (u) — /' (i1),v) =0 Yoe HY(Q).  (3.21)

Choosing v = w — @ in (3.20) gives

0= (u—i,w—)+1|Vw-o)>. (3.22)
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Choosing v = u — ii in (3.21) gives
= —(u—i,w-d)+ |V -+ e (@) -y @),u—i).  (323)
The last term in (3.23) can be reformulated using the Taylor expansion of the potential
~ ~ ~ ~ ! (=~ 1 ~ 4
Y(u) =P +u—u) = @) + (u—a)yY' (@) + E(u — )2 9" (s),
~ ~ ~ ’ 1 ~ 1 (=
p(@) =+ i —u) = ) + @ —u) () + o (u - ) " @),
where s and § lie between u and #1. Adding these two equations, gives
’ !~ ~ 1 ~\2 (11,7 " (3.19) ~\2
') =" @) (=) = 5 -1)" (") +¢7E) = -S(u-u).
Therefore, we obtain in (3.23)
- 3 2 S 2
0>—-(u—it,w—o)+e||V(u — )| —Ellu—ull . (3.24)
For the last equation, we multiply (3.20) by £ and choose v = u — ii:
0=~ + = (V- @), V(- 1)

:§||u—ﬁ||2 ( V(w — @), V2eV(u — i)

e V2e

s . 252
2= llu —all” = — IV(w - )lI* - ellV(u - ). (3.25)

In (3.25), we have used Young’s inequality with ay = 1 (Lemma 2.12). Now, adding
(3.22), (3.24), and (3.25), we get

0> r(l - iz)nwu )]

L. . 3.
Hence, we obtain uniqueness if 1 — @ > 0, which is equivalent to 7 < 45%. Since

then, it follows that ||[V(w — @)|| = 0, which implies that w — @ is constant. Using this,
(3.20) yields (u — i1, v) = 0 for all v € H'(Q) and therefore u = il almost everywhere.
Finally, (3.21) gives w = @ almost everywhere. m]

Theorem 3.2. Under the condition T < 85%3 and provided that ) = Py is replaced by 1, the
time discretization scheme (3.17)—(3.18) is energy stable. This means its solution satisfies
Eu™) < EuD) foralln > 1.

Proof. Choosing v = w in (3.17), gives
0= (u — oM, w) + 7|Vl (3.26)

old

Choosing v = u — u®“ in (3.18), gives

0= —(u—uold,w)+§(||vm|2 — [[va |+ [V (e = e “ ) (@), u—u?). (3.27)
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The last term in (3.27) can be reformulated using the Taylor expansion of the potential
YY) = Pl 1™ = ) = 9 + @ ) ) + - uP Y),
where s lies between u and u°!4. This yields

V' (u) (u - uOId) = ¢(u)—¢(u°1d)+% (u - u"ld)2 Y (s) (3;) I/J(u)—v,b(u‘)ld)—g (u _ uold)Z .

Therefore, we obtain in (3.27)

1d & 2 1d]|2 1d ?
0> - (u —u° ,ZU) + 5 (||V”|| - ”V”O ” + ||V (u —u’ )” ) (3.28)

1 1 S
+- @), 1) -2 (p@),1) - - (= uold”z
For the last equation, we multiply (3.17) by 25_5 and choose v = u — u°d:
= % ”u — 1,[0101”2 + é (Vw’v (M _ uold))
S
= - WP + ( = \/_Vw VeV (1 - uold)) 5.29)
> % Hu - uold”2 ||V I? - = Hv MOId)”Z‘ (330)

In (3.30), we have used Young’s inequality with ay = 1 (Lemma 2.12). Now, adding
(3.26), (3.28), and (3.30), we get

TSZ 2 & 2 1d 112 1 1 1d
0> T(1 - @) Vol + 5 (lIVuH — [[vacd)| )+ = (), 1) - 3 (), 1).
Now, we can bound the energy in (3.1):

2
61000 = & (1Vul? = [0+ o, )= (909,1) < ¢ 55 -1 vl

Hence, we obtain energy stability if ;—ij —1 <0, which is equivalent to 7 < 85“'2 . ]

Remark 3.1. The time step conditions in Theorem 3.1 and 3.2 differ by a factor of two. This
factor is introduced in the right term of (3.29) in order to cancel out the second last term in
the right-hand side of (3.27). Hence, the real reason for the factor of two appears in (3.27),
where we replace

€ (Vu, V(u - uOId))
by ,
< (19u? = v+ 9 (= )

in order to match the gradient energy term in E(u) and EC'Y), respectively.
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The resulting time step restrictions are similar to the stability conditions in [140].
Although these conditions appear to be quite restrictive for ¢ < 1, the authors of
[140] pointed out that they are in fact needed for the sake of convergence. Moreover,
note that explicit schemes usually lead to even more severe time step restrictions.

The approach of the truncated polynomial is only used for the theoretical part. In
praxis, the polynomial potential ¢, behaves quite well and does not result in blow
ups of the solution. Violations of u € [-1, 1] in form of u € [-1 — 6(¢), 1 + 6(¢)] occur.
However, 6(¢) is relatively small. We investigate this issue further in Section 3.8.5.

After having stated and analyzed our time-discrete Cahn-Hilliard equations in the
smooth setting, we proceed to the nonsmooth case.

3.3.2 Nonsmooth systems

In the following, we concentrate on the nonsmooth setting and the corresponding
Cahn-Hilliard variational inequality (3.14)—(3.16). By utilizing the implicit Euler
scheme, we obtain the following problem: Find u, w € H(Q) such that

(u,v) + ©(Vw, Vo) = @9, v) VYo e H(Q), (3.31)
(w,v—u) < e(Vu, V(v —u)) + 5_1(4}6(14),0 —u) YoeHY(Q), [v|<1, (3.32)
ul <1 a.e in Q. (3.33)

The system (3.31)—(3.33) is supplemented by the initial condition 1y € H'(Q) with
[ugl < 1in Q. As in the smooth case, choosing v = 1 in (3.31), we obtain the conserva-
tion of mass, i.e., (1,1) = (u°9,1) = m where m € (=1,1). Without loss of generality,
we assume that m = 0 and |Q] = 1, with |[Q] being the Lebesgue measure of €, hold
true.

During the next three sections, we follow the analysis presented in Hintermdiller et
al. [91]. Note that they studied the Cahn-Hilliard variational inequality with a semi-
implicit Euler scheme. The difference between our and their scheme is the treatment
of the potential term 1, in (3.32). We handle it implicitly whilst Hintermiiller et
al. handle it explicitly. In this sense, we extend parts of Hintermdiller et al’s analysis
from the semi-implicit time-discrete problem to the fully implicit one.

Asdonein [28, 83,91, 20], we rewrite (3.31)—(3.33) as the first-order optimality system
of an optimization problem. For this, we define

K={oeH'(Q): pl<laeinQ),  Vi={veH(Q: (v,1) =0,

and consider the following minimization problem
1
(u,wr)relf}?x% J(u,w) = §||Vu||2 + ; L Po(u) dx + %HVwIl2 subject to (3.31).  (P)

Let
F ={(u,w) € K x Vy: (u, w) achieves (3.31)}

be the admissible set of (). Analogous to [91, Lemma 3.1], we have the following
result.
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Lemma 3.3. The following properties hold true:
(i) F#0and F C Vo X V.
(i) F is a closed and convex set of H'(Q) x H'(Q).
(iii) Let T < 4€3. Then, J is strictly convex on F.

(iv) LetT < 4&3. Then, for every sequence (ty, Wy)meN in F such that limy, e |[Umll; = oo
or im0 ||y |1 = o0, we have limy;,—0o S (U, Wyyy) = 0.

Proof. (i) F # 0 since (u°'4,0) € F. Let (u,w) € F. It follows w € V. By takingv =1
in (3.31), we obtain (1,1) = (1°'9,1) = 0. Hence, u € Vj.

(ii) First, we proof that ¥ is convex. Let (11, w1), (up, w2) € ¥ and A € [0, 1]. We have
to show that (Aug + (1 — A)up, Awy + (1 — A)wy) € F holds true. From

()\wl + (1 - /\)’602, 1) =A (w1, 1) +(1 - /\) (Z(Jz, 1) =0,
S—— S——
=0 =0

it follows Awq + (1 — A)w, € V. Further,

Aug + (X1 =Mugl <A Jwa] +@A-=A) |ual <lae inQ
<l a.e.in Q <l a.e.in Q

and hence Auj + (1 — A)up € K. Finally,

(Aug + (1 = Duy, v) + ©(V(Awq + (1 — D)wy), Vo)
= Al(u1,0) + ©(Vwy, Vo)] + (1 = D)[(u2,v) + ©(Vw,, Vo)]

Z(MOId,U) :(HOId,U)
= w9, v) VoveHYQ),
which means that (Au; + (1 — A)uo, Awy + (1 — A)wo) fulfills (3.31). Altogether, F is

convex.

Now, let us proof the closedness of F in H'(Q) x HY(Q). Let (um, Wm)men C F
converge strongly to (1, w) € HY(Q) x HY(Q) for m — co. We have to show that
(u,w) € ¥. According to Theorem 2.6, every strongly convergent sequence is weakly
convergent, i.e.,

m—00

(Um,0)1 — (,0); Yo e H(Q)
& () + (Vity, Vo) "= (u,0) + (Vu, Vo) Yo € H(Q),

as well as

(W, v)1 = (w,0); Yo e H(Q)

& (W, v) + (Vwy, Vo) = (w,v) + (Vw, Vo) Yo € HY(Q).
Hence, we obtain

(u,v) + ©(Vw, Vo) = @9, v) Vv e H(Q)
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and
(w,1) =0.

What is left to show is that u € K. As stated in [91, p. 781], K is weakly closed in
HY(Q). Hence, Definition 2.9 yields the desired result. Altogether, (1, w) € .

(iii) Let (uq, w1), (42, wy) € F and a € (0,1). We define
r@) = aJ (ur, w1) + (1 — a)J (2, wz) = J (auy + (1 — a)uz, aw; + (1 — a)wy).
We have to show r(a) > 0. We start with proving r(a) > 0. It holds
(@) = a(SIvinlP + Svan P+ (), 1) - SV +(1 - )P
+ (1= ) (SIValP + SVl + <o), 1) - SN G@ws + (1 - )
— = olaan + (1= ), 1)
" (HaalP + il = 2 (1, 1))

 2e
T 2 2
+3 (IVw1IP + Vol = 2 (Vaon, Vo))

&
= a(t =) |5 (VP + Vil =2 (T, V)

all-a 1
= XD (Vs )P+ el r — )P = Sl — P,
Since (u1, w1), (uz, wr) € F, they satisfy (3.31)
(u1,0) + ©(Van, Vo) = @9, 0) Yo e H(Q), (3.34)
(12, 0) + T(Vwy, Vo) = w4, 0) VYo € H(Q). (3.35)
Choosing v = u;1 — uy in (3.34)—(3.35), we obtain
(u1, w1 — u2) + T(Vwy, V(g — u2)) = @, uy — up), (3.36)
(2, w1 — u2) + T(Vw, V(g — u2)) = U, uy — up). (3.37)
Subtracting (3.36)—(3.37) from each other, we get
— llu1 = ual® = ©(V(wy = wy), V(g — u2)). (3.38)

Applying Young’s inequality with ay = 28 > 0 (Lemma 2.12) to the right-hand side
of (3.38), gives

T
—lluy = ua|* = ©(V(wy —wy), V(u1 —u2)) = =7V (w1 —wy)|* — @Ilv(ul — )| (3.39)
Substituting (3.39) into the equation for r(«) yields

oz 20 [(e - 4%8) ¥ =)+ (T - ?) Ve wz>||2].

For the strict convexity, we require
T

T
-—>0 © > ,
¢ p 4¢2

4B¢

p
T—?>O & f<e (3.41)

(3.40)
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Hence,

T
@<ﬁ<€,

which leads to the time step restriction

T
— <& < T < 4%,
4e

Now, assume 7(a) = 0. Then,
V(i1 = u)lI* = [IV(wy — wy)I* = 0. (342)

Since ¥ € Vo x YV, we have fQ Uy —up dx = f

o W1 — w2 dx = 0. Hence, we can apply
the Poincaré inequality (Theorem 2.22)

2 2 2 2 2
g —ually < cp IV —w)ll® & llug —u2ll” + IV —u)lI* < cplIV(ur —u2)ll%,
2 2 2 2 2
llwr —wallf < cp V@1 —w)llI® & llwr —wall” + V(w1 —wo)lII* < cpllV(wr —w2)ll"

It follows from (3.42) that |lu; — uz|| = llwy — wz|| = 0. This implies (11, w1) = (12, wy)
almost everywhere in Q. In summary, J is strictly convex on ¥ provided that T < 4¢>.

(iv) Let (u,w) € . Using

I P DS S PO SIS T
[ w00 ax= [ Fa-uyax=Fi01-3 [ o ax=3 -l

we obtain

e T 1 1 e T 1

= Z|IVul? + =|[|[Vw|? + — —=1lul?* > =||[Vul]® + =||Vwl|[* = —||ul]>.

T (w,w) = SIVulP + SIVolP + 5= ol > SVulP + Z Vel — o ful
~——

>0

Since (1, w) € ¥, Equation (3.31) is fulfilled. Choosing v = u in (3.31) leads to
— Nl = ©(Vw, Vi) — (u®9, ). (3.43)

Applying Young's inequality with ay = 281 > 0 to the left term in the right-hand side
of (3.43) and with ay = 28> > 0 to the right term in the right-hand side of (3.43), we

get

1
IVall® = Ballu® | - 4—ﬁ2|Iullz- (3.44)

*
46,

Since ¥ € VyxVy, we have fQ udx = 0. Hence, we can apply the Poincaré inequality
(Theorem 2.22)

—[Jull?> = ©(Vw, Vi) — 9, u) > —1p1]|Vall* -

2 2 2 2
lully = [lull” + [IVull® < cp [[Vull

(3.45)
= [Jull® < cp IVull* = [|Vul* < cp ||Vul?

in (3.44) and obtain

R > — \V 2_L+C_PV2_ old 2.
lull® = —zp1||Va|| (4[31 i IVull= = Bl
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Substituting this result into the equation of J (1, w) above, we get

 (u, w) > (5 - - C—") IVul? + (3 _W 1) IVeol2 — g—zuu(ﬂdn?

2 8B 8P 2 2
This inequality holds for all §1, 2 > 0. Now, we want to choose f1, f2 such that
& T cp & T cp
- — - — ———> — 3.46
2 8Bie 8ppe 2 8Bie  8pre (3.46)
T P11
5~ % >0 & p1 <e. (3.47)
Since f, > 0, we need in (3.46)
e T T
- — >0 © > —.
2 8Pie Pr>qe
Hence,

T
— < p1 <¢&
4¢2 P ’

which leads to the time step restriction

T
— <& < T < 463,
4e

Under these conditions for T and 1, we can choose f; such that (3.46) is fulfilled.
Next, due to (3.45), it holds lim;—e [|[Vun|| = oo for every sequence u,, € V,y with
limy—eo [[tmlli = o0. The same result is true if we replace u,, by w,,. Therefore,
limy 00 I (Um, Wy) = o0 for every sequence (1, Wi )men C F with limy, e [[tpll1 = 00
or limy—e0 |[wimll1 = oo, provided that T < 4&5. |

Remark 3.2. Note the necessity of the time step restriction T < 4&> for the implicit scheme,
which has not to be claimed for the semi-implicit one in [91]. Nevertheless, the time step
restriction is an essential characteristic of the nature of the problem. The results obtained
for large time steps within the semi-implicit system are highly inaccurate for capturing the
evolution of the sharp interface limit; see Section 3.8.4 or [42, 138, 20].

The relation between () and (3.31)—(3.33) is established next.

Theorem 3.4. Let T € (0,4¢3). The problem (P) has a unique solution (u*,w*). Moreover,
there exists a unique Lagrange multiplier p* € HY(Q), such that w* = p* — (p*, 1) and (u*, p*)
is a solution of (3.31)—(3.33). Conwversely, if (u*, p*) is a solution of (3.31)—(3.33), then (u*, w")
with w* = p* — (p*, 1) is the unique solution of (P).

Proof. The existence and uniqueness of the solution of (#) follow from the previous
lemma. In order to prove the existence of a Lagrange multiplier p*, we need a
constraint qualification. For the semi-implicit time-discrete scheme, Hintermiiller et
al. [91, pp. 781-782] make use of the constraint qualification by Zowe and Kurcyusz
[154]. The proof for our time-discrete system follows analogously and we refer
the reader to [91, pp. 781-782] for the complete proof. Moreover, Hintermiiller et
al. proved the uniqueness of p*, which can be adapted to our problem formulation
as well. The same holds true for the reverse implication stated in the last part of the
theorem. m]

After having analyzed the nonsmooth implicit time-discrete Cahn-Hilliard system,
we want to tackle this problem. The presence of the variational inequality in (3.32)
makes this problem hard. In the next section, we make use of a technique which
transforms the variational inequality into an equation.
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3.4 Moreau-Yosida regularization

Variational inequalities like (3.32) may be reformulated by introducing Lagrange
multipliers associated with the constraints in K as done, e.g., in [20]. However, they
are elements of H!(Q)* and do not allow a pointwise interpretation. This complicates
the numerical treatment. Motivated by [91], we replace the optimization problem
() by its Moreau—Yosida regularized version

min  J.(u,w) subjectto (3.31) (Pe)
(u,w)eHY(Q)xVy

with the objective

1 1
Jelw,w) = J(u,w) + o[l max(0,u - DI + o I min(0, u + DIP.

Here, 0 < ¢ < 1 denotes the associated regularization or penalty parameter. Note
that the constraint u € K in (P) has been relaxed to u € H'(Q) in the regularized
problem (#.). At the same time, a damped version of the box constraints in K has
been inserted into the objective function. The smaller c is the larger is the penal-
ization for the violation of the condition |u| < 1. Hence, the limit c — 0 represents
the original minimization problem (#). Indeed, this convergence is proven below
in Proposition 3.6. Further, we will see in Theorem 3.5 that the regularization of the
box constraints answers for the disappearance of the variational inequality.

Besides the minimization perspective, there is another way to explain the regular-
ization. Basically, the double-obstacle potential 14 in (3.3) is regularized by

Yel) = % (1 —i % [max(0, 1 — 1) + min(0, 1 + 1)]2)
= o(u) + i [max(0, u — 1) + min(0, u + 1)]%.
Figure 3.1 illustrates the regularized potential for different values of c. This figure is

not to scale and is intended for illustrative purposes only. Note that the black curve
represents the original double-obstacle potential. Analyzing (), we obtain a result

1 "R | T c= 10—1
\ . |- - c=103
— ' ! c=10"
< ' ' —c=107"
= ' '
-1 1

u

Figure 3.1: Illustration of the Moreau—Yosida regularized potential for different
values of the penalty parameter c.

similar to Theorem 3.4.
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Theorem 3.5. Let T € (0,4¢3). The problem (P.) has a unique solution (u., w.). Moreover,
there exists a unique p, € H'(Q) such that

Pec — (pa; 1) = W, (348)
©(Vpe, Vo) + (1, v) — (u"ld, v)=0 VYve Hl(Q), (3.49)
e(Vue, Vo) + ¢! (max(0, ue — 1) + min(0, 1. + 1), v)

— (pe,v) — € Hue,v) =0 Vo e HY(Q). (3.50)
Conversely, if (u., pc) is a solution of (3.49)—(3.50), then (u., w.) with w. = p. — (p., 1) is the

unique solution of (Pc).
Proof. The functionals u — ||max (0, u — DI? and u — ||min (0, u + 1)||* are convex
and Fréchet-differentiable on H'(Q) as noted in [91, p- 783]. We can show that 7,
the feasible set of (P.), and 7. satisfy the analogue of Lemma 3.3 for (¥.). In fact, the

proof is exactly the same. Hence, (#;) has a unique solution (i, w.), provided that
T < 4¢€3. The rest of the proof follows analogously to [91, p. 783]. m]

Proposition 3.6. Let T € (0,4¢%). Let {(uc, we)}eso be a sequence of solutions of (P.) as
¢ — 0. Then, there exists a subsequence still denoted by {(u, w.)}c>0 such that

(ue, we) — (', w") in H(Q) x H(Q) (3.51)

as ¢ — 0, where (u*, w*) is the unique solution of (P). In particular, u* is the order parameter
corresponding to the solution of (3.31)-(3.33).

Proof. First of all, we have
T (e, we) < Je(ue, we) < I, w') = J (', w"). (3.52)
Hence, there exists a constant § > 0 independent of ¢ such that
Jc(ue, we) < B.

Next, we estimate (1., w.) from below. As in the proof of Lemma 3.3(iv) we obtain
with 7 < 4% and suitable B1,p2>0

T T 1h1 B2
: S _- _ Viu 2 Vw 2 old|2
Telute,we) > (2 e e )n il (2 - )n elP == ]

_g,llucll2 T zapledh
2
H—max(O Ue — H—mm(O uc+1)
52 ’
> Cillucll} + Callwell} - el old|2 4 ”—maX(O uc—1)

2

+ = ||[—min(0, u, + 1
3| geminc e
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In order to ease the notation, we have introduced the constants C;,C> > 0, which
depend on ¢, 7, 1, B2, cp. This results in

{uc) bounded in H'(Q),
{w.) bounded in H(Q),

{i max(0, u, — bounded in L*(Q), (3.53)
C

{i\f min(0, u. + 1)} bounded in L*(Q). (3.54)
C

Since {(uc, we)}e>0 is a bounded sequence in the Hilbert space HY(Q) x H(Q), ithas a
weakly convergent subsequence. Hence, there exists a (1, w) € H/(Q) x H!(Q) and a
subsequence {(u,, we, )}men C H'(Q) X H(Q) such that

(e, we,) = (u,w) in HY(Q) x H(Q).

Because of the compact embedding H'(QQ) — L?(Q)), weakly convergent sequences
in H'(Q) are strongly convergent in L*(Q), i.e.,

(e, we,) = (u,w) in L2(Q) x L2(Q). (3.55)
According to Proposition 2.10, the strong convergence in L?(Q2) implies

lull> = lim sup |juc,, ||* = lim inf ||u,, |[*. (3.56)
m—00

m—oo

According to the proof of Lemma 3.3(ii), the weak convergence of {(u,, wc,,)}men in
HY(Q) x HY(Q) implies

(u,v) + ©(Vw, Vo) = @9, v) VYo e H(Q)

and
(w,1) =

From (3.55) and Lebesgue’s dominated convergence theorem, it follows
max(0, u., —1) = max(0,u —1) in L}(Q),
min(0, u.,, + 1) e min(0,u +1) in L2(Q).
This together with (3.53)—(3.54) yields
-1<u<1 aeinQ. (3.57)
Hence, (1, w) € F. It holds that the H!(Q)-seminorm
[ol} = IVoll?

is weakly lower semicontinuous. Hence, according to Definition 2.10, the weak
convergence of a sequence v, — vin HY(Q) form — oo implies [v]; < liminf,;—eo [Ul1-
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Therefore, we have

e 1 1 T
= SVulP + — — =l + vl
Jaww) = SIVUlP+ 5= Il + ZIVel
, 11
< %hmm_)ingVqulF - —2€||u||2 + %hmmﬁgfnvmmw
G560 (e , 11 , T )
< — N _
< llglrgorolf(zllvbtcmll > 26Iluc,,,ll + 2IIVwcmll )

= liminf 9 (u,, wc,)-
m—o0
Together with (3.52), we obtain
J (u, w) < liminf I (u.,, we, ) < J W', w). (3.58)
m—o0

The pair (1", w*) is the unique solution of (#). In contrast, (1, w) is a feasible solu-
tion of (P). Hence, J(u,w) > J (u*, w") and (3.58) becomes an equation. This gives
(u,w) = (u*, w*).

It remains to show the strong convergence in (3.51). We have already proven the
weak convergence. Hence, what is left to show is the following norm convergence:

m—00
lluc, I — 1l

m—00
llwe, [ —> Il

(3.52) and (3.58) imply

1 1 —00
—||max (0, u, — 1| + =—||min (0, u, + 1)|> =5 0.
Cm Cm
Thus,
J ', w*) <liminf 7., (uc,, we,) < limsup J,,, (uc,, we,,) < J W, w).
m—0o0 M—00
This means

j(u*/ w*) = nlll—I)r(}o jcm (ucm’ wcm)
and it follows

lim [|Vue, |l = [[Vu']| and lim |[Vw,, || = [[VW]|.
m—-0o0 m—00

From ||qu||% = |luc,II* + |IVue,|I> and the strong convergence in (3.55), we imply
the norm convergence of IIuCMII%. The same holds for w.,. The weak and norm
convergence yield the strong convergence result (3.51). m|

We have seen how the application of a Moreau-Yosida regularization technique can
circumvent the treatment of the variational inequality in (3.32) as well as the box con-
straints in (3.33). Indeed, it results in an iterative way for solving the time-discrete
Cahn-Hilliard system (3.31)—(3.33): For a sequence {c,}y,en with ¢, — 0, solve the
optimality system (3.49)—(3.50).
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Now, we have arrived at a time-discrete nonlinear equation for both cases, the smooth
potential setting as well as the regularized nonsmooth one. In order to solve the
former system, we apply standard Newton methods. Since this is a straightforward
step, we will not discuss it here. Regarding the second case, we have to pay attention
to the maximum and minimum operator present in (3.50). However, we can solve
the corresponding nonlinear system via a weaker notion of Newton methods — the
SSN method. This will be the topic of the following chapter.

3.5 Semismooth Newton method

We apply the function space-based algorithm motivated in [91] for solving the time-
discrete Cahn-Hilliard problem (3.31)—(3.33). For a specified sequence ¢ — 0, we
solve the optimality system (3.49)—(3.50), compactly written as

Fe(ute, we) = (F (e, we), FP (ue, we)) = 0, (3.59)
for every c by an SSN algorithm. In (3.59), the components are defined by

(1900, = 50,01+ 0 %0

<FE2)(u, w), v> = ¢(Vu, Vo) + ¢t (max(0, u — 1) + min(0, u + 1), v) — (w,v) — ¢ (1, v),

for all u,w,v € H(Q). Due to the presence of the maximum and minimum operator,
F. is not Fréchet-differentiable. However, it satisfies the weaker notion of Newton
differentiability; see Definition 2.11.

Lemma 3.7. The mapping F.: H{(Q)xH(Q) — HY(Q)*xH(Q)" is Newton-differentiable.
Furthermore, the operator G.(u, w) given by

B ©(Vow, Vo) + (6u, §)
<Gc(u, w)(ou, dw), (¢, ¢)> = ( (Vou, Vi) + C_l(XM(u)éu/ ) — (6w, P) - 8_1((51/[, ) )

serves as a Newton derivative for F., where x py) is the characteristic function of the set
Mu) = {x € Q:ux)| > 1}.
For the proof, we refer to [91, p. 788] and [92, pp. 885-886].

Lemma 3.8. Let T € (0,4¢3). For a given u € H'(Q) and (y1, y2) € H'(Q)* x HY(Q)*, the
optimization problem

min T (1, 5p) + ¢ (X pny O, 01) — (Y2, 14
(6u,6p)eHL(Q)xV (Pc)

subject to  T(Vop, Vo) + (0u, d) = (y1,¢) Yo € H(Q)
admits a unique solution (5u, 5p). Moreover, there exists a unique dw € H(Q) such that
T(Vow, Vo) + (6u, ) = (y1,P), (3.60)
e(Vou, V) + ¢ a0, ) = 6w, ) — €71 (5, 9) = (ya, 1) (3.61)

forall ¢, € HY(Q). Conversely, if (6u, dw) is a solution of (3.60)~(3.61), then (6u, 6p) with
op = 6w — (6w, 1) is the unique solution of (Pg,).
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For the proof, one proceeds as in the proofs of Theorem 3.4 and 3.5.

Lemma 3.9. The SSN method (2.1) (with F and G replaced by F. and G.) converges super-
linearly to (uc, wc), the solution of (3.59), provided that ||(u©, w©®) — (u., w.)|| HI(Q)xH!(Q) IS
sufficiently small and T € (0,4¢3).

Proof. From Lemma 3.8, we deduce that for all (u,w) € HY(Q) X H(Q), G.(u, w)
is invertible, i.e., for given (y1,y2) € HY(Q)* x HY(Q)", there exists a unique pair
(6u, 6w) € HY(Q) x HY(Q), such that (3.60)~(3.61) is satisfied. Multiplying (3.60) by
¢!, choosing ¢ = 6u, and applying Young’s inequality with ay = 281 > 0 (Lemma
2.12)and By € (ﬁ, e) (note that T < 4¢3), we get

1 1
“lI5ul = =y, du) = ~(Véw, Vou)

1 61 2 T 2
< = —||V — ||V . .62
< E(]/1,5M>+ E [IVow]| +4,31€” oul| (3.62)

Taking (¢, 1) = (6w, 6u) in (3.60)—(3.61) and adding the two equations, we obtain

e IVoulP + T [IVowl? = (yr, 6w) + (y2, 6u) = ¢ (X pOu, du) +& 7 [[oulf .
————
>0

Together with (3.62), this yields

(g - L) ||V6u||2+(T - T—ﬁl) VS|
4B¢ &
—_— —_————
>0 >0

1
< <]/1, 6w> + <]/2; 6u> + E<J/1/5u>

1 » 1
< —|lbwl|{ + —
15, 10wl + 7
where we have used Cauchy’s inequality (Theorem 2.4) and Young's inequality with
ay = 26 > 0 and ay = 283 > 0 (Lemma 2.12) in (3.63). The constant C > 0
possibly depends on ¢, 7, ¢, f1, B2, or B3, but not on éu or éw. Taking (¢, 1) = (1,1) in
(3.60)—(3.61), we get

2
v

(15wl + [IVSul?) + C (||y1 2) (3.63)

©u,1) = (y1, 1), (3.64)
(6w, 1) = ¢~ (tmadu, 1) = €7 y1, 1) = Cy2, 1) (3.65)
The Poincaré inequality (Theorem 2.22) yields

3.64)
loulP + IVoulP = lloull? < cp [IIV6ul? + 61,12 “2” ep [IV6ulP + 11,12

Cauchy’s inequality (Theorem 2.4) applied to the last term gives
1, D =y, (v, D) < llyalls <y, DI < Dyl I = a2

Note that we have made use of the assumption 1 = |Q] = |[1]? = ||1||% imposed in
Section 3.3.2. Altogether, we obtain

I5ul® < cp [IIVoul? + lly1] = IVoul® < cp [IIVoul? + lly1l?]. (3.66)
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The Poincaré inequality (Theorem 2.22) applied to ow yields
5202 < cp [IIVSwlP? + (6w, 1)?]. (3.67)

From (3.65), we obtain

1 1 2
(00,17 = | < Gemodn, D = £, 1) = o, 1)

1 2 2 1
= C_Z(XM(M)(SLII 1)2 - C_E(XM(ll)éur 1)<y1/ 1> - E(XM(M)éu/ 1)(]/2, 1) + ;(]/1, 1>2
2
+ =y D2, D + (12, 1)
1 2 2
= C_2(XM(u)6u/ (X M()Ou, 1)) = E(XM(L[)(S”/ (1, 1)) - E(XM(u)éu/ (y2,1))

F 5 n1) + 2, (2 1) + (2 2, 1) (3.68)

Now, we apply Cauchy’s inequality (Theorem 2.4) to each of the terms in (3.68).
Further, we again make use of the assumption 1 = |Q] = 11 = ||1||% imposed in
Section 3.3.2. We obtain

MOt Oy, 1) < 1 maydull Ocmaydu, DL 1 maodul® 1112 < 11oul?,
(=X MO, Y1, 1) < 1w dull v, DL I padull yall 1112
1 1
< 24 —hll? < Solloul + —I1l?,  (3.69
< O2lIX My Oull +452||y1|| < Oo|6ul| +452||y1||*, (3.69)
(=X Maytt, Y2, 1) < I manSull <y, DL < X vt Ol 21l 112112
1 1
< 24 =yl < 2¢ —lyl?, (37
< 031X My Oull +453||sz| < O3|6ul| 463|lyzll*, (3.70)

W (v DY < llyalle (v, DR < Nyl I = i,
2, (2, 1) < llyalle vz, D R < Nyl 110 = a2,
1, (2, D) < llyalle (v, D R < lyallllyzlle 1205

1
< 2 4 |yl 3.71
< ollwnlls + 1o, ly2lls, (3.71)

where we have applied Young’s inequality (Lemma 2.12) with ay = 26, > 0in (3.69),
ay =263 > 0in (3.70), and ay = 201 > 0in (3.71). Substituting the inequalities above
into (3.68) gives

11 26 101 1
2 1(1, 20 ) 2 _( 1 ) 2
(60,1 < ¢ (2 + =2 + 200 loulP + - (55 + 7 +201) Iyl
1 1
+ +1+ 2,
(2653 2661 ) ||]/2||*
Hence, we get in (3.67)
11 2
5wl < cp [||V6w||2 ;- (— s 22 263)||5u||2
cne ¢ (3.72)

1 1 1 1
—|=—+-+26 3+(—+1+—) 2]
+e (2c62 * £ * 1)”y1|| 2¢d3 2e61 Iyl
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Substituting (3.72) into (3.63) yields

B1
(6—45—)||V5M||2 ( T)HV&UH2

‘_ZT_’ ‘_5_’
< Vsl + g Vol + [ W 4222(%-F?§2-+za ﬂ|bu“2
" [%;2 (23_52 N +251) + c} Inlf + | (2353 14 25151)+ c] a2
< g IVowlP + [14;? ' %(1 222 4 20 )| Ivoul?
4%+£il%h%ﬁ4iQ& H%W?WW (3.73)

— 1 C ,

i [4ﬁ2 (2c63 T e )T ]”yZH*

where we have used (3.66) in (3.73). This can be written as
(SR

C4Bie 4chy\c e

1 + Cp
45
T 2
+{r- - L wowl? < ¢ (||y1

i )

The constant C; > 0 possibly depends on ¢, 7, ¢, cp, 1, B2, $3, 01, 62,63, but not on du
or 6w. Now, we have to choose Sy, 3, 01,02, 63 such that

+253)— lnva e

(3.74)

Tﬁl cp
-——>0, 7
T i > (3.75)
2

T Cp (1 26, ) 1+cp
—— = — +26 0. 3.76
e A\ e )T Taps 7 (3.76)

Due to our choice of f1, it holds 7 — % >0and ¢ - 4[# > 0. Hence, (3.75) yields
ECp

_ 3.77
P> T p &7

Next, in (3.76), we first require
2
T Cp (1 209 )
-—— > — -+ —=+25
4B¢ g depp \c ¢ 3
which leads to the choice
C%,Eﬁl (% + % + 253)
c(4e?p1 — 1)
for arbitrary 67,63 > 0. Together with (3.77), we have to choose p, > 0 with
ecp C%Eﬁl (% + % + 263)
I P c@epi-1) |

p2 >

B2 > max[
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Second, we require in (3.76)

c
t P (1+2—62+263)>1+CP,
c & 4ﬁ3

which leads to
é‘Cﬁ1ﬁ2(1 + Cp)

3> .
4C€2‘31‘32 - TCﬁz - ECIZ)ﬁl (% + 2{2 + 263)

2
<

Finally, we can write (3.74) as

Ca (IVoul? + IVoul?) < Cy (||y1 2 4 vz

where C, > 0 with

2
. T Cp (1 209 ) 1+cp 61 cp
C, = R TR e
2 mm[g e dcp\c e )T a0t T e T ap,
Hence ) )
IVoull? + [[Vow|P < C(||y1 >+ |y ) (3.78)
This leads to

11, 6wl = AUl + 6wl = \ioull? + V6wl + a2

< ¢

where we obtained (3.79) after applying first (3.72), second (3.66), and finally (3.78).
For max (||y1 Y2

S [elf) 679)

*) < B for some constant § > 0, we consequently have

*l

G: M (w, w)(y1, 2)
sup ” c Y Y2 “1><1
(y1,y2)#(0,0) (ylr yZ)*X*

1(6u, dw)ll15q

sup
(y1,¥2)#(0,0) ||]/1||3 + ||]/2||Z
PN 2
(s

< sup (3.80)

1v2200) Ny |2 + [l 2
- e
with some constant C > 0 possibly depending on ¢, 7, ¢, cp, f1, B2, B3, 01, 02, 63, but not

on u or w. In (3.80), we have used (3.79). Thus, F, with associated Newton derivative
G, fulfills the conditions of Theorem 2.8, which completes the proof. O

||Gc_ u, w)||£((H1(Q)*)2,(H1(Q))2) -

2
*

This finishes our analysis of the function space-based algorithm for solving the time-
discrete Cahn-Hilliard problem (3.31)—(3.33). In the next section, we derive the fully
discrete problems for both, the smooth system in (3.17)—(3.18) and the regularized
nonsmooth system in (3.49)—(3.50).
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3.6 Finite element approximation

In this section, we apply FEM [144] to the regularized nonsmooth Cahn-Hilliard
system in (3.49)—(3.50). We also want to apply it to the smooth version (3.17)—(3.18).
Since both procedures are similar, we only present the methodology based on the
nonsmooth setting. Regarding the smooth case, we will state the fully discrete linear
system at the end of this section.

In the following, we assume for simplicity that Q is a polyhedral domain. General-
izations to curved domains are possible using boundary finite elements with curved
faces. Let {R)};50 be a triangulation of Q into disjoint open rectangular elements?
with maximal element size h. Let J, be the set of nodes of R and p; € Jj, be the
coordinates of these nodes. We approximate the infinite-dimensional space H!(Q)
by the finite-dimensional space

Spi=1{peClQ): ¢z € Qi(R) VR e Ry} € H(Q)

of continuous, piecewise multilinear functions. For instance, in the two-dimensional
case d = 2, we use bilinear functions, i.e., Q; = span{x®y® : a; € {0,1},i = 1,2}.
We denote the standard nodal basis functions of Sy, by ¢; for all j € J,. They have
the property ¢;(p;) = 0ij,i,j = 1,...,m. The discretized version of the problem
(3.49)—(3.50) is the following: Given uzld € Sp, tind (up, we ) € Sy X Sy, such that

(PO e wep) o) =0 Vo €8y, (3.81)
(Fﬁ),(uc,h, W), op) =0 oy €S, (3.82)

where the components are

(POt wen), 0n) = T(Vtwen, Vou) + (tde, 0n — (45, 03,
(P @te o), 0n) = €(Vite, Vo) + 7 (max(0, tey = 1) + min(0, ugy, + 1), o)

-1
— (W, O — € (U, Upi-

The semi-inner product (-, ), on Co(Q) is defined by

m

(o= [ mlsmdx= Y W edfeise) VF.g € o),

i=1

where 1,: Co(Q) — Sy is the Lagrange interpolation operator. Within our finite
element framework, for a given (uy,, wy) € Sy, X Sy, every step of the SSN method for
solving (3.81)—(3.82) requires to compute (ouy, dwy,) € Sy, X S, satisfying

T(Vown, Vo) + (Stty, 0 = —F) (uy, wy), (3.83)

£(Vty, Vou) + ¢ (Vg 5t 00D = (50, 0 = 7 Gt O = —Fop(uap,w1),  (3.84)

h —\ym _h N s h N —=(0if — .
for all v, € S, where XMy = Yic1 XM(uh)(pl)(Pl with XM(uh)(pl) =0if -1 <uy(p;) <1
and X}/I\/t(u,,)(pi) = 1 otherwise. If we now write a function v, € S, by v;, = }} i€l Ui Pj

2The use of rectangles is motivated by performing the implementation with deal.II [8].
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and denote the vector of coefficients by v, the fully discrete linear system per SSN
step reads in matrix form as

(3.85)

—eK-c'G+e'M M w1 T —cH(Gi1-G-1)
M K ,w(k+1) - M,uold .

Here, u®*D, w®*+D) € R™ and u°d € R™ is the solution vector from the previous time

step. Remember that k denotes the iteration step of the SSN method. The lumped
mass matrix and the stiffness matrix are defined as

M = (i, pn)ij=1,..m = diag((1, @:))i=1,..m € R™",
K = ((Voi,V9}))ij=1,.m € R™".

Note that M is a diagonal, symmetric positive definite matrix and K is symmetric
positive semidefinite. In particular, they have the following eigenvalue characteri-
zation.

Proposition 3.10 ([63, pp. 57-60]). Let d € {2, 3} be the spatial dimension.

(Mwv,v)

th? < ———~ < CHe,
(v,v)
0< (K, v) < Chi-2,
(v,v)

for all v € R™. The constants ¢, C, C are positive and independent of h. In particular, K has
a one-dimensional kernel spanned by the constant vector 1 = [1,...,1]" € R™

In terms of the condition number, (M) < & 'C and x(K) = co. Note that the
original version of Proposition 3.10 in [63, pp. 57-60] is actually stated under proper
mesh subdivisions. We will not go into these details but note that they hold true in
our setting. Moreover, the stiffness matrix in [63, pp. 57-60] is symmetric positive
definite due to the imposition of Dirichlet boundary conditions instead of Neumann
ones. The matrix representations coming from the generalized derivative of the term

(Xl}v((u, )6uh, vy,)y, are the following diagonal matrices
[M]; if [u®] > 1
G = G(u®) = diag i it~ e R"™™,
0 otherwise /_,
Loae o, (R)
G. = G,(ul) = diag[ M 11, > 1 e R™",
0, otherwise o
TN
G- = G_(u®) = diag( [Mi - if ;< =1 e R™™,
0 otherwise 1w

.....

where u® = [uzki, ..l ug?n]T is the solution from the SSN step k.
At the very beginning of Section 3.1, we mentioned that we are also interested in the
FEM solution of the semi-implicit time-discrete Cahn-Hilliard problem. Remember
that we have motivated the use of an implicit scheme due to accuracy requirements.
However, the bottleneck of the time step restriction 7 < 4¢3 arose. In contrast, no
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time step restrictions are imposed on the semi-implicit scheme. The corresponding
fully discrete linear system per SSN step reads in matrix form as

—eK-c'G M || u®D -1 (Gs1 - G_1) — e ' MM
M K| wkd | = Muold . (3.86)

We also apply FEM to the implicit time-discrete smooth Cahn-Hilliard system
(3.17)—(3.18). The fully discrete linear system per Newton step reads in matrix form

as
—eK-¢'F M uD —2¢7'M u(k))3
k+1) | = . (3.87)
M ™K wk+D) Mol
The matrix representation coming from the derivative of the potential term is the
diagonal matrix
2
F = Fu®) = diag([M]ii [3 ()’ - 1]) € R™™,
¢ i=1,..m

.....

Note that the powers of the form in (u(k))p ,p € IN, have to be understood elemen-
twise. The use of a semi-implicit time discretization scheme, where the potential
term gbl'ool(u) is treated explicitly, leads to a similar time step restriction as we have
in the fully implicit case. We refer the reader to [140, p. 12] for the analysis. A
scheme, which is known to be unconditional gradient stable, is the convexity split-
ting method by Eyre [67] presented in Chapter 2.1.5. Eyre [67, p. 12] proposed the
following splitting of the potential term 1%01(14) = u® — u: The first part, 1, is treated
implicitly and the second part, u, is treated explicitly. This leads to the linear system
-cK-¢'H M ukD ] —25‘1M(u(k))3 — e 1My 3.88

M K || wkd [T Mo (3.88)

per Newton step. The matrix representation coming from the derivative of the
potential term 3 is the diagonal matrix

2
H = Hu®) = diag([M]hS () ) e R™XM,
7! ;. m
It holds

2
3(u®) € 10, 3 IR =: [0,a] (3.89)

fori=1,...,m.

Now, we have arrived at the core of our numerical algorithms — the numerical
solution of systems of linear equations. Due to the use of FEM, all the matrix blocks
M,K,G,F, and H are large and sparse. In the next section, we design optimal
practical preconditioners for each of the four linear systems (3.85)—(3.88).

3.7 Preconditioning

This section is devoted to the development of practical preconditioners for the ef-
ficient solution of the four linear systems (3.85)—(3.88). We begin with the simplest
problem and go step by step to the next harder one. Note that the construction of
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efficient preconditioners in the smooth case is already well established by Boyanova
et al. [35, 37, 36, 3]. The authors discussed among others the fully implicit time-
discrete scheme. We apply their main procedure to the semi-implicit scheme (3.88).
However, our theoretical proofs differ halfway through. Moreover, we will gener-
alize these theoretical results to vector-valued problems in Chapter 4.7. Note that
this technique ignores the symmetry inherent in our coefficient matrices. Hence, we
develop another type of preconditioner, which preserves the symmetry. This allows
us to make use of symmetric Krylov subspace solvers, which are cheaper than the
nonsymmetric ones. In the following, we start with such a symmetry preserving
preconditioner.

3.7.1 Smooth semi-implicit systems

The smooth semi-implicit Cahn-Hilliard system (3.88) can be written as

e | [ =] ] |

M —-1K || —w®D M —K || —wkD
3.90
| 2e7TM (u(k))3 + e T Myod ( )
- Muold

and is hence of saddle point form. In the following, we denote the coefficient matrix
by A. It can be easily seen that A is symmetric. The matrix H cannot be identical
to the zero matrix since this would imply that the solution «® from the previous
Newton step k is identical to the zero vector. Hence, the (1,1) block A is in general
symmetric positive definite. According to Theorem 2.35, A is nonsingular. Due to
Remark 2.3, the Schur complement

S=—(K+MA'M)

is symmetric negative definite, and A is indefinite with m positive and m negative
eigenvalues.

Next, we design a preconditioner. Since A is symmetric indefinite, our Krylov
method of choice is MINRES. Hence, we need to construct a symmetric positive
definite preconditioner. We propose the block diagonal preconditioner

A 0
P:[ 4 _g]. (3.91)

As Schur complement approximation, we design S as

S = —SlA_lsl
=— (M + VeK) A7 (M + VieK) (3.92)
= e KA'K-MA"'M - VieMA'K — VJte KA™' M. (3.93)

The second term in (3.93) matches the second term in the exact Schur complement.
The first term in (3.93) approximates the first term in the exact Schur complement.
Due to the balanced distribution of 7¢ in form of 4/7¢ in the factor Sy, the influence
of both remainder terms in (3.93) is reduced.
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Lemma 3.11. S is symmetric negative definite.

Proof. It can be easily seen that S is symmetric. Let 0 # v € R™. We introduce the
vectorsa = A~ Mwv and b = \/TEA_%K’U. Hence, we can write

vISv=-a'a-a’b-bla-b'b=—(a+b)(a+b)=—|la+b]><0.

It remains to show that v'Sv < 0. It holds |la + b|| = 0 if and only if a + b = 0.
Assume there exists a vector 0 # v € R” such that a = —b. This is equivalent to

AT My = — \/T_SA_%K’U.
If we multiply this equation from the left by —(1€)" 1M1 Az, we obtain
M'Kv = —(TS)_%’U.

This means —(Té‘)_% € o(M'K). However, due to Lemma 2.30, it holds c(M 1K) C
Rso. Hence, vTSv < 0 for all 0 # v € R™. O

To illustrate the performance of 7S, we show eigenvalue plots in Section 3.8.1.
Let us conclude the discussion of the preconditioner  with a statement about its
practical realization. The action of the inverse of S is performed with an AMG since
S1 forms the discretization of an elliptic operator. The same holds for the (1, 1) block
A. Hence, the practical block diagonal preconditioner is given by

A4 o
PO_[ 0 _S():|,

where Ay = AMG(A) and Sy = AMG(S1)A"'AMG(S;). In Section 3.8.2, we illus-
trate the robust performance of the preconditioner $y applied with MINRES.

In the following, we discuss a second way to develop a preconditioner for the smooth
semi-implicit Cahn-Hilliard system (3.88). This can be achieved by applying the
steps in [35], which we explain below in the proof of Theorem 3.12. In fact, the
procedure is straightforward since our coefficient matrix in (3.88) has only a negligible
difference to the coefficient matrix in [35]. More precisely, the authors of [35] consider
a system of the form (3.87) (implicit discretization) while we focus on the form (3.88)
(semi-implicit discretization) in this section. Hence, the only difference occurs in the
matrix H or F'. But this distinction is negligible for the following approach. More
importantly, the proof of the theorem below differs from the one in [35] at a marked
point. For the development of a preconditioner, we rewrite (3.90) again and consider

[ L = T e

K M u+D 1K M u®+D)
3 (3.94)
_ —25‘1M(u(k)) — e 1 My
- Mauold )

In the following, we denote this coefficient matrix by A. Since we obtained A from
(3.90) by interchanging m columns and multiplying m rows by —1, its determinant
does not change. Hence, A remains nonsingular. Note that A is not symmetric
anymore as it was in the previous case. Hence, nonsymmetric Krylov subspace
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solvers have to be used. Due to (3.89) together with Proposition 3.10, the diagonal
entries of H lie in the interval [0, Ch?a]. Hence, the estimated order for the diagonal
entries in ¢ ' H lie in the interval [0, 3Ce?1|u®||2,], since & is of order ¢. Hence, as
in [35], we suggest to neglect the block H in A. Therefore, we approximate A as

M -eK
HAo = [ K M ]
In what follows, we discuss the quality of the approximation Ay. We denote the
Schur complement of A by § = M + te KM ' K. Note that both, the (1,1) and

(2,2) block of Ay, are nonsingular. In particular, they are symmetric positive definite.
Consider the generalized eigenvalue problem

5‘([ Z; ]: wto[ g; ] (3.95)

Theorem 3.12. It holds
o(A; A) € B.(1),

where B.(1) is a circle in the complex plane around one with radius ¢. The radius is bounded

byc <3, |5 lu®|2,. In particular, m eigenvalues are equal to one. We get ¢ < 0.5 when

T < 3 /O9uP|iL,).

Proof. We transform (3.95) to

(ﬂ—ﬂo)[ g; ]z uﬂo[ Z; ] (3.96)

where y = A — 1. The inverse of Ay can be expressed via a combination of (2.23) and
(2.24) as

51 eSTKM™?
-1 _
Ao ‘[ —-tSTKM™! S-1 ] (3.97)
This yields
-1 _ _ 0 —e 18 1H
Ay (A=A = [ 0 e 'STKM'H | (3.98)

Hence, (3.96) has m zero eigenvalues corresponding to eigenvectors [q],07]7. Thus,
(3.95) has m one eigenvalues. Next, we write (3.96) out as

—e'Hqy, = y(Maq1 — eKqy), (3.99)
0= ‘LL(Tqu + qu). (3100)

We express 1gq from (3.99) and substitute it into (3.100)
e ' KM Hqy = p(teKM 'K + M) Q.

Multiplying this equation from the left by M ™! yields the following generalized
eigenvalue problem

e "M 'KM'Hq, = u (I + Te(M_lK)z) Q.
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We introduce
-1 -1 2\1 -1 -1
R=1(I+1e(M7K))) M7 KM'H

and estimate its eigenvalues in the following. Therefore, we first perform a similarity

transformation; see Definition 2.23, on R: M RM~: =: R. Note that R and R have
the same eigenvalues. Next, we analyze the eigenvalues of R. Therefore, we first
reformulate R as

R=r1e'M2(1+ TE(M_lK)z)_l M1 KM HM 2

= e (I + re(MTKP) M—%]_l M KM HM 2

=te (M7 4 Te(M—l.r{)Zz\zr%)_1 M KM 'HM?

=te M (T + TeM—%KM—lKM—%)]_l M'KM'HM™?

=te (I + nzM—%KM—lKM—%)_1 M KM 'HM™

- e (I +7eK?) KH, (3.101)
where K = M KM~z and H = M HM"2. Note that K is symmetric pos-
itive semidefinite. From now on, this proof differs from the one in [35]. Due to
Theorem 2.27 (symmetric Schur decomposition), we can write K = QAQT, where

Q = [qi1l...lgn] € R™ is orthogonal and A = diag(Ay, ..., A,) such that K'q]- = Ajq;
for j = 1,...,m. Hence, K? = QA%Q". Using this Schur decomposition, we can

-1
rewrite (I + TEKZ) K in (3.101) further as

-1

(1+7ek?) " K =(QQ" +1cQA’Q") ' QAQT = [Q(QT +reA’Q")| QAQT
= (Q" +7eA%Q") " AQT = (I +7cA?) Q"] AQT
=Q (I + TEAZ)_l AQT,
where (I + ’ceAZ)_1 A is a diagonal matrix. Hence, (I +1e K 2)_1 K is symmetric. It
follows that "
]

=0\l - o '
(I +eK?) Kgj= ——5—q
]

(3.102)

for j =1,...,m. Using the inequality
0<(1-ab)®=1+a%*—2ab
with a,b € R, we can bound the eigenvalues of (3.102) as
Aj - Aj _ 1
1 +/\?’ce C 20 j\te  2+te

for j=1,...,m. Here, we have used a? = te and b? = /\?. This yields

p((I+ T&KZ)_l K') <!

<3 (3.103)
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Finally, we can estimate the eigenvalues of R. Note that, due to Theorem 2.31, it
holds p(R) < ||R||. Further, we obtain

IR| < te7}| (I + T€K2)_l K| |H| = Te_lp((I + ’[eK'Z)_l K') p(H)

T

<
2ete

p(H), (3.104)

o1 N
where the equality holds due to the symmetry of (I +1e K 2) K and H. Moreover,
due to the diagonal structure of H, we have

- 2
H=M >HM = diag (3 (u%9) )

i=1,...,m.

Due to (3.89), the diagonal entries of H lie in the interval [0, a], where a = 3|[u®]|j2,.
Thus, we obtain in (3.104)

N \T 3 \/T ‘
Rl<——a==/=|uP. 3.105
IR)| it 2VE [l ( )
Therefore, for T < €3/(9llu®|I%,), it holds o(R) = o(R) C Bo5(0) and hence o(A, A) C
Bos5(1). O

Remark 3.3. Note that the time step condition in Theorem 3.12 complies with the one in
Theorem 3.1 and 3.2 for the implicit time-discrete scheme. Due to accuracy requirements,
small time steps are needed in the semi-implicit scheme too; see Section 3.8.4.

After we have proven that Ay is a reasonable approximation of A, we can go over to
the construction of a suitable preconditioner # for Ay and hence for A. We propose
the block triangular preconditioner

M
P = [ 0 ] .
As Schur complement approximation, we design S as
S=8M"'S
= (M + \/EK) M! (M + \/EK)
=M+1teKM'K +2vVteK. (3.106)

The first two terms in (3.106) match the exact Schur complement § = M+1e KM 'K
of Ay. The influence of the last term in (3.106) is reduced due to the factor /7¢. In

fact, this approximation turns out to be an optimal Schur complement preconditioner
for Ay (see also [130]):

Lemma 3.13. It holds
o (S—ls*) c[05,1].
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Proof. Due to Proposition 3.10, S and S are symmetric positive definite. Hence, we
may prove the result using the Rayleigh quotient argument in Theorem 2.29. We
write

o7 S o' (M + e KM K)v oTa +bTh
vTSv 'UT(M+75KM—1K+2\/§K)'U " aTa+bTb+2a’b’

where @ = M2v and b = VTeM 2Kv. From the properties of M and K, it

follows a’a > 0 and b'b,a’b > 0 and therefore z;gz < 1. On the other hand,

(@ — b)(a — b) > 0, which gives :;gz > 0.5. O

Let us conclude the preconditioner $ with a statement about its practical realiza-
tion. The action of the inverse of Sy is performed with an AMG since S; forms the
discretization of an elliptic operator. The (1, 1) block M is a diagonal matrix with pos-
itive entries. Hence, its inverse can be performed by elementwise multiplications.?
Hence, the practical block diagonal preconditioner is given by
M 0
PO - [ K —S() ]’

where Sy = AMG(S1)A~'AMG(S)).

Since the above theoretical analysis proves the optimality of the preconditioner P,
we will not study the numerical robustness. We will see in the next section that
we can apply the above procedure, i.e., approximating the coefficient matrix by Ay
and applying the optimal block triangular preconditioner Py, to the smooth implicit
system as well.

3.7.2 Smooth implicit systems

The difference to the system from the last section occurs in the (1,1) block of (3.87).
In particular, the matrix F' is in general indefinite: Due to (3.89) together with
Proposition 3.10, the diagonal entries of F lie in the interval [-Ch?, Ch?(a — 1)]. This
implies that A = ¢K + ¢ 1F can be easily indefinite. In this case, A resembles
a discrete Helmholtz operator. In [64], it is described how difficult it is to solve
Helmholtz problems with classical iterative methods. For this reason, and also
because of the demand of a positive definite preconditioner for symmetric Krylov
subspace methods, we switch to the nonsymmetric system matrix as done in the
second part of the last section. We rewrite (3.87) and consider

M -A ][ wkD M —¢K-¢1F || wkD
K M || u®) [T K M wl+)

(3.107)
| —2&7iM (u(k))3
- Mufd )

In the following, we denote the coefficient matrix by A. The estimated order for
the diagonal entries in ¢! F lie in the interval [-Ce?~1, Ce®1(3|[u®|?2, - 1)], since h

SFor consistent mass matrices, the Chebyshev semi-iteration [81, 82] provides a powerful precon-
ditioner [150, 132].
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is of order ¢. Hence, as in the last section, we suggest to neglect the block F in A.
Therefore, we approximate A as

M -¢K
ﬂ“‘[u{ M ]

We denote the Schur complement of Ag by § = M + te KM K. As in the semi-
implicit case, we can prove:

Theorem 3.14. It holds
o(A; A) c B.(1).
The circle radius is bounded by ¢ < 1 \/g max {1, 13]|u®]2, — 1|}. In particular, m eigen-

values are equal to one. We get ¢ < 0.5 when T < €3/ max? {1, 13]|u®||2, — 1|}.

Proof. The proof is the same as the one for Theorem 3.12. The only negligible differ-
ence appears at the end in (3.104), where we have to replace H by F = M “1FM"z.
Due to the diagonal structure of F', we have

F = diag (3 (u(k?)2 — 1)
hi =1, m.
Due to (3.89), the diagonal entries of F lie in the interval [-1,a — 1], where a =
3|lu®]|]2,. Thus, we obtain in (3.104)

. VT 1 [z
R| < Lle-1}=5 /= 1, Bllu®Z - 1]}
1Rl < oz maxtl o~ 1) 5+ 75 max {1, Blu®IR, -1

Therefore, for 7 < 53/max2{1, 13]lu®|, — 1|}, it holds o(R) = o(R) C Bys(0) and

hence a(ﬂglﬂ) C Bos(1). |

Remark 3.4. Note that the time step condition in Theorem 3.14 complies with the one in
Theorem 3.1 and 3.2.

The proposed block triangular preconditioner
M
rel )

where
S = (M + \/EK)M—1 (M + \/EK),

is exactly the same as before in the semi-implicit case. In fact, 0(5"15') c [0.5,1]
as proved in Lemma 3.13. Again, since the above theoretical analysis proves the
optimality of the preconditioner $, we will not study the numerical robustness.

Here, we finish the discussion about preconditioning of smooth Cahn-Hilliard sys-
tems. Next, we come to the harder case of nonsmooth systems. We will see that a
simplification of the coefficient matrix in form of Ay is not satisfying anymore. We
start with the nonsmooth semi-implicit Cahn-Hilliard system (3.86).
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3.7.3 Nonsmooth semi-implicit systems

Consider the matrix system in (3.86) with the coefficient matrix

A= (3.108)

—-¢eK-c'G M| [-A M
M tK | | M K |

It can be easily seen that A is symmetric. The (1,1) block A is symmetric positive
semidefinite. In particular, A is symmetric positive definite when G' # 0. This can
be seen by letting 0 # v € R™ and considering the following two cases:

ev=1= vIGuv =0ifand only if G = 0,
ev#1 = vIKv>0, vIGv > 0.
This means, only for the very first few time steps (as long as no pure phases are

I(BI <1fori=1,...,m and hence G = 0. As soon as active

sets (pure phases) have formed, i.e., |ul(1k3| > 1 for some i, G # 0 and A remains

present), we have |u

positive definite. Let us have a closer look at the matrix c™'G and assume that
G # 0. Then, penalized entries, i.e., the nonzero entries, are in general scattered
throughout its diagonal. The intensity of the penalization can be controlled by the
penalty parameter c. The smaller c is the stronger is the penalization and the more
accurate is the numerical approximation of the nonsmoothness. In particular, the
penalized entries of c"!G lie in the interval c"'h“[¢, C]. The nonpenalized entries of
¢ G are equal to zero. Under the assumption G # 0, the Schur complement of A is
S =1K + MA™'M. A symmetric Schur complement preconditioner of the form

(M + \/EK) Al (M + x/EK)
=1eKA'K + MA'M + VieMAT'K + Ve KA™'M,

d-1

as done in (3.92), would only be satisfying if ¢ > ¢~ since

e KA =K (K + c—le-lc)_l

and the estimated order for the diagonal entries in ¢ '¢7'G lie in the interval
[0, Cc71e%1], where we have used that / is of order ¢. Note that sufficient sizes
of c are ¢ < 107, and in our numerical examples we usually work with ¢ = 1077.
Moreover, we have in mind that we want to go over to adaptive mesh strategies,
where we coarsen the mesh inside the penalized regions. This excludes a symmetric
preconditioner P for A. Moreover, neglecting the block G, as done before with H
and F', would give a worse approximation for small penalization parameters, which
is summarized as follows:

Theorem 3.15. Let

M —¢K-c'G M -A M -¢K
A=k M ]“[TK M] and ﬂo_[TK M ]
It holds
o(A; A) c B.(1).
The circle radius is bounded by ¢ < % In particular, m eigenvalues are equal to one. We

get ¢ < 0.5 when T < ec?.
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Proof. The proof is the same as the one for Theorem 3.12. The crucial difference
appears at the end in (3.104), where we obtain

. B ol o T
IR < e !|(I +7eK?) K|IGI <

p(G’) (3.109)
2cte

with G = M~2GM 1. Due to the diagonal structure of G, we have

)
1 ) > 1,

G =di
1ag( 0 otherwise.

-----

Thus, we obtain in (3.109)
VT
2c+fe
Therefore, for T < ec?, it holds o(R) = o(R) C Bos(0) and hence o(A, LA) c Bys(1).
O

IR <

Hence, neglecting the block G would only be satisfying for tiny time step sizes t,
which is far away from being practical.

In the following, we concentrate on the coefficient matrix in (3.108). The first block
triangular preconditioner we propose is

—A 0
50:[ o —S]' (3.110)

As mentioned, A is only symmetric positive semidefinite if G = 0. Hence, we
suggest
A { A+etl ifG=0, (3.111)

A= A otherwise,

where the shift €7 is an heuristic choice. As Schur complement approximation, we
design S as

S=5A7S,
= (M + ViK) A7 (M + VA) (3.112)
=tK+MA'M + VtM + VTKA™'M. (3.113)

The first term in (3.113) matches the first term in the exact Schur complement S =
TK + MA M. The second term in (3.113) approximates the second term in the
exact Schur complement. Due to the balanced distribution of 7 in form of /7 in both
factors S7 and S, the influence of both remainder terms in (3.113) is reduced. To
illustrate the performance of $~1.S, we show eigenvalue plots in Section 3.8.1. Let
us conclude the preconditioner P with a statement about its practical realization.
The action of the inverse of S7 and S, is performed with an AMG each since both
form the discretization of an elliptic operator. The same holds for the (1, 1) block A.
Hence, the practical block triangular preconditioner is given by

[ -4 o0
P0_|: M _SO:|/
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where Ay = AMG(A) and Sy = AMG(S1)A'AMG(S5). In Section 3.8.2, we illus-
trate the robust performance of the preconditioner $y applied with BiCG.

In the following, we discuss a second way to develop a preconditioner for the
nonsmooth semi-implicit Cahn-Hilliard system (3.86). We can avoid the case analysis
in (3.111), which is done to make the block A symmetric positive definite. By
interchanging the column blocks in (3.86), we obtain

Bl RN v )

tK M uk+D K M u+
) : g (3.114)
- (G4+1-G-1) - ¢ "Mu®
= M,uold .

In the following, we denote the coefficient matrix by A. The Schur complement is
now S = M + KM 'A. It can be easily seen that A is not symmetric anymore.
However, the preconditioner above has already been built based on a nonsymmetric
Schur complement approximation, which results in the use of nonsymmetric Krylov
subspace solvers anyway. Hence, without thought, we can work with the nonsym-
metric system in (3.114). This has the advantage that the (1, 1) block is now diagonal
and symmetric positive definite and hence cheap to invert. The block triangular
preconditioner we propose is
M 0
P= [ K -8 ] '

As Schur complement approximation we design S as

S=8M1S,
= (M + VTK)M™ (M + VT A) (3.115)
=M+tKM A+ VTA+ ViK. (3.116)

The first two terms in (3.116) match the exact Schur complement. Due to the bal-
anced distribution of 7 in form of /7 in both factors S; and S5, the influence of both
remainder terms in (3.116) is reduced.

In fact, this is the preconditioner we suggest to solve the nonsmooth implicit system
(3.85).

3.7.4 Nonsmooth implicit systems

Consider the matrix system in (3.85). As before, the coefficient matrix is symmetric.
However, the (1,1) block can easily become indefinite now. For this reason, and also
because of the demand of a positive definite preconditioner for symmetric Krylov
subspace methods, we switch to the nonsymmetric system

M -A|[ w®D M —¢K-c'G+e'M || w®D
tK M || u®) | 7| 1K M ul+D)

) [ G- G ] (3.117)

Mu°d
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In the following, we denote the coefficient matrix by ‘A. The Schur complement is
now S = M + 1K M~ A. The outer structure of (3.117) is the same as we have in the
second part of the last section. Again, neglecting the blocks G and M in A would
give a worse approximation for small penalization parameters, which is summarized
as follows:

Theorem 3.16. Let
M -¢K
Ao = [ K M ]

It holds
o(AF'A) c B.(1).

The circle radius is bounded by

< 1 T 1 ife> %,
“=2Ve (%—1) ifc< 3.
In particular, m eigenvalues are equal to one. We get ¢ < 0.5 when

1 ifc>5&,
TS€3 c -2 f
(E—l) lfCSE.

Proof. The proof is almost the same as the one for Theorem 3.12. The matrix R
becomes .
R=t(I+1e(M'K?) M KM ('G-c"M)

and hence R becomes
. PR .
R=r1 (I + TSK2) K(c—lc; - 5—11),
where G = M~ 2GM™2. We finally end up with

IR|| < (I + T€K2)_l K

lcIG -7 = 1p ((I + fcef(z)_l K) p(crG - e7T)

T -1 -1
<——0p(c"G-¢"1),
5 Fgp( )

_ -1 .
where the equality holds due to the symmetry of (I + e K 2) K and c!G - ¢7'I.
Moreover, due to the diagonal structure of G, we have

G=M3IGM = diag(

1 if [l > 1,
0 otherwise. Lom

------

Therefore,

—¢7 1 otherwise,

-1 _ -1 1,0
G-l = diag( e iyl > 1, )
1,...m
which results in

p(c'G - e71T) = max {5‘1, lc! - s‘ll}.
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Now, we do a case analysis for c. Assume that el — &7l < ¢!, which is equivalent

to

el lcel o 0<cl<2eh

This is the case for small penalizations, i.e., large ¢ > ¢/2. We obtain

_ 1
<Y oL T

- 25\/5 2 &3

Now, assume that |c™! — ¢71| > ¢!, which is equivalent to

cloel>el o 2
This is the case for large penalizations, i.e., small ¢ < ¢/2. We obtain

Vet - 1 [1 (s _1).

IR < ———— =25 (5
c

NG 2V e

1 ifc>§,
TS€3 . -2 i
(E_]') lfcgi,

Therefore, for

it holds o(R) = o(R) C By 5(0) and hence G(ﬂalﬂ) C Bos(1). O

Remark 3.5. Note that the time step condition in Theorem 3.16 for small penalizations, i.e.,
large ¢ > €/2, complies with the uniqueness condition in Lemma 3.3 and the subsequent
analysis. For large penalizations, i.e., small ¢ < &€/2, the above time step condition in

Theorem 3.16 is even more restrictive than the uniqueness condition in Lemma 3.3.

Hence, we build on the second part of the last section and propose the block triangular

preconditioner
M 0
P_[TK _S]' (3.118)
As Schur complement approximation, we design S as
S=SM"'S,
= (M + ViK)M™ (M + VT A) (3.119)
=M+tKM A+ VTA + ViK. (3.120)

The first two terms in (3.120) match the exact Schur complement. Due to the balanced
distribution of 7 in form of /T in both factors S; and S,, the influence of both
remainder terms in (3.120) is reduced. Note that we do not need to solve a linear
system with the difficult indefinite block A anymore. Instead, we have to solve a
shifted linear system with A. More precisely, if we write out the block S,

Sy =M+ VtA = \ESK+$G+(1—$)M,

we see that S, is positive definite if T < ¢2. Remember the uniqueness condition

7 < 4¢ in Lemma 3.3 that is imposed on our time-discrete formulation anyway. For
¢ <0.25,itholds that4¢® < ¢2. In the numerical experiments, we never use interfacial
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parameters larger than 0.25. Instead, ¢ should be as small as possible. Hence, the
positive definiteness of S, is guaranteed if 7 < 4¢3 and € < 0.25. In fact, the positive
definiteness of S is always guaranteed in our numerical experiments. To illustrate
the performance of S~1S, we show eigenvalue plots in Section 3.8.1. In Section 3.8.2,
we illustrate the robust performance of the preconditioner P applied with BiCG.

Here, we finish the theoretical discussion about the preconditioners. In the next
section, we illustrate their efficiency via various numerical experiments. Moreover,
we outline an algorithm for the numerical solution of the Cahn-Hilliard problems.

3.8 Numerical results

In this section, we show numerical results for the presented Cahn-Hilliard problems.
First, we explain our implementation framework.

The connection between the spatial mesh size &, the interfacial parameter ¢, and the
time step size 7 is as follows. As discussed in Chapter 1.1, it is essential to ensure
that at least eight grid points lie on the interface. Using smooth potentials, this leads
to the condition i < 2V2¢ - atanh(0.95)/9; see, e.g., [56, Section 7.9] or the note in
[6, p. 374]. Using nonsmooth potentials, this leads to the condition 1 < em/9; see,
e.g., [42, p. 17]. As far as we know, there is no theory available for the case of the
regularized nonsmooth potential. In our numerical examples, we use the condition
h < emt/9 for the regularized nonsmooth potential. Regarding the time step size, we
have analyzed the time step conditions for the smooth and (regularized) nonsmooth
implicit time-discrete system in Section 3.3. For the former, we use 7 < ¢ and for the
latter it is T < 4¢>.

Our finite element implementation is done in C++ on a 64-bit server with CPU type
Intel® Xeon® X5650 @2.67 GHz, with 2 CPUs, 12 Cores (6 Cores per CPU), and
48 GB main memory available. We make use of the open source finite element li-
brary deal.Il version 7.1.0 [8], which generates finite elements on rectangles. Deal.Il
works with the Trilinos library [89], version 10.4.2 in our case, which we use for our
multilevel approximations. More precisely, we use the smoothed aggregation AMG
implemented as part of the Trilinos Multi Level Preconditioning Package (ML) [76].
The ML package allows for a variety of smoothers. In our experiences, ten steps of a
Chebyshev smoother were superior to similar or smaller numbers of Gauss-Seidel or
Jacobi smoothing steps. The Chebyshev smoother is the recommended option for the
discretization of elliptic operators; see, e.g., [89]. The use of two AMG V-cycles was
always sufficient for our experiments, and, in fact, we did not observe improvements
when a larger number of V-cycles was used.

In the following, we present two algorithms for the numerical solution of the implicit
time-discrete Cahn-Hilliard problem with a nonsmooth potential. Algorithm 3.1 is
based on a uniform spatial mesh. Algorithm 3.2 is based on an adaptive spatial
mesh. For a description of our adaptive mesh strategy, we refer to Section 3.8.3. If
not mentioned otherwise, we consider the unit square Q = [0, 1]? as spatial domain.

Let us explain some parts of Algorithm 3.1. We provide an initial solution u® and
set w® = 0. If not mentioned otherwise, we set the entries of the initial vector
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Algorithm 3.1: The numerical solution of the nonsmooth implicit time-discrete
Cahn-Hilliard problem via an SSN method combined with a Moreau-Yosida
regularization technique on a uniform mesh.

Choose h, ¢,7,¢1,C2, ..., Cpyaes e Erel, €abs
Build the spatial mesh
Initialize M, K, and the AMG solver for $;
Set u®, w©®
forn=1,...,nrdo
Update the second right-hand side of the linear system
forp=1,2,...,pmax do
if n > n. then

P = Pmax
end
c = Cp

ifp =1o0rn > n, then
Set wP0) = 411 1y (1P0) = 41D
else
Set w0 = 4y(1p=1) 1p(1p0) = 4(np=D)
end
fork=0,1,2,... until convergence do
Update the first right-hand side of the linear system
Update the block A
Update the AMG solver for S,
Solve the linear system and obtain wPk1) qp(npk+l)
if ”Fc,h(u(n'p'kﬂ)r w(n,p,k+1))” < erelllpc,h(u(n'p'o)/ ,w(n,p,O))”2 + €aps then
Set uP) = Pk qpy(0) = 4py(pk+1)
break
end
end
end
Set (M = ytPme) 1) = 4pPmad)

end

u® randomly between —0.3 and 0.5, i.e., no pure phases are present at time ¢ = 0.
The first loop we enter is the one over the time step n. Therein is the second loop,
which runs over the Moreau-Yosida regularization parameter c. In Algorithm 3.1,
we run this loop over an integer p, which serves as a subindex for the sequence
of regularization parameters {cp}y=1,. ... Inside this second loop, we solve the
regularized subproblem Fcp,h(u(”'p), wP) =0 by the SSN method. Hence, the third
loop is the SSN iteration, which runs over the SSN step k. But first, let us say a few
more words about the second loop and the sequence of regularization parameters.
In our numerical experiments, we set ¢; = 107! > ¢, = 1072 > ... > ¢, = 1077
if not mentioned otherwise. In praxis, it is sufficient to loop over the sequence of
penalization parameters {cp}y=1,.. p,.., Only for the very first few time steps as soon as
pure phases exist. From then on, it suffices to solve only for the smallest parameter
C = Cp- This is because the initial solution might not be a good starting point for
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the SSN method. If not mentioned otherwise, we set n, = 5. This means, we fix
C = Cppa from time step 6 onwards, and the loop over p becomes unnecessarily. Now,
we come to the SSN iteration, which forms the third loop. Except for the very first
SSN call, each is initialized by the approximate solution of the previous one. The
very first SSN call is initialized with (u(®,w©®). As stopping criterion, we use

IF (KD PR D) < e lIF p (™0, PO + epps,  k=1,..., kinax,

given in [91]. We set kmax = 20, €] = 10712, and e,ps = 1070 in all examples.
In each SSN step, we solve the system of linear equations by a Krylov subspace
solver. This forms the core of the overall algorithm. We choose either precon-
ditioned BiCG, BiCGstab, or MINRES as pointed out in Section 3.7. We set the
BiCG/BiCGstab/MINRES tolerance to be 1077 for the preconditioned relative resid-
ual in all examples. Except for the very first Krylov subspace solver call, each is
initialized by the approximate solution ("%, 0) of the previous one. The very first
Krylov subspace solver call is initialized with (u(©, 0).

Algorithm 3.2 is a version of Algorithm 3.1, which uses adaptive finite elements.
This results in hanging nodes. Hence, additional constraints have to be imposed to
insure that the solutions of the systems of linear equations are continuous at these
nodes. We just note that deal.Il handles these constraints via a special object called
ConstraintMatrix. Hence, we do not have to take care of these issues. However, the
mass matrix M might not be diagonal anymore. Hence, in the adaptive case, we ap-
proximate the inverse of M with an AMG. More details about our mesh refinement
and coarsening technique are given in Section 3.8.3.

The formulation with a smooth potential is a simplification of the presented two
algorithms. Basically, the second loop over the penalty parameter drops out and the
SSN method becomes a standard Newton method.

Now, we are ready for numerical results.

3.8.1 Eigenvalue plots

In Section 3.7, we have developed different Schur complement approximations and
referred to this section for some corresponding eigenvalue plots. The following
eigenvalue plots are simply generated with MATLAB®. The mass and stiffness ma-
trix M and K are generated in C++ using the FEM library deal.Il [8] as described
above. For the following simple demonstrations, we consider uniform refinements
of the unit square [0, 1]? with three different mesh sizes h; = 2773 fori = 1,2,3. Let
us denote the diagonal matrix H in (3.88) for each mesh by H @D fori=1,2,3. It
is implemented in MATLAB as a random vector with MATLAB’s command rand.
We choose 6 = 0.03 in (3.89) and generate three vectors h; = [rl,...,rmi]T e R™,
where m; = (hl.‘1 +1)? for i = 1,2,3, from the uniform distribution on the interval
[0,3 + 60 + 36%]. The diagonal values of H @ are then set to be [H®] jj = [M]jjrj for
j=1,...m; Similarly, let us denote the diagonal matrix G in (3.85) for each mesh by
GYfori=1,2,3. Itis implemented in MATLAB as a random vector with MATLAB’s
command randperm. First, we initialize three vectors g; = [p1, ..., pmi]T € R™ as one
vectors. Then, we set randomly 25 percent of each vector g; to zero via randperm.
The diagonal values of G are then set to be [G(i)]jj = [M]jjpj for j = 1,...m;. The
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Algorithm 3.2: The numerical solution of the nonsmooth implicit time-discrete
Cahn-Hilliard problem via an SSN method combined with a Moreau-Yosida
regularization technique on an adaptive mesh.

Choose h,&,7,¢1,€2, . . ., Cpyas My Erel, €abs
Build the initial spatial mesh
Initialize M, K, and the AMG solver for S
Set u®, w©®
forn=1,...,nrdo
if n > 2 then
Refine/coarsen the spatial mesh
Update M, K, and the AMG solver for S
Transfer the solution u" to the new mesh
end
Update the second right-hand side of the linear system
forp=1,2,...,pmax do
if n > n. then

P = Pmax
end
c= Cp

ifp =1o0rn > n, then
Set uP0) = (1= 4p(1P0) = 4p5(n-1)
else
Set w(P0) = 4 (1P=1) 4py(p.0) = 445(1p-1)
end
fork=0,1,2,... until convergence do
Update the first right-hand side of the linear system
Update the block A
Update the AMG solver for S,
Solve the linear system and obtain wPk) qp(npk+l)
if ||Fc,h(u(n'p'k+l)r w(n,p,k+1))” < erel”PC,h(u(n’p’O)/ w(ﬂ,p,O))HZ + €abs then
Set u(P) = WPk 4py(10) = 4py(pk+1)
break
end
end
end
Set u® = 1 (1Pmax) 41 = gy Pma)

end
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action of all inverses are performed with MATLAB’s backslash command. This is
a direct solver based on the LU-factorization, which works well for our small sized
two-dimensional problems. In total, three inverses occur in the implementation:
One in the Schur complement S, one in the Schur complement approximation S, as
well as one in $718. Finally, we have used MATLAB's eigs command to obtain the
eigenvalues of the generated matrix $71S.

We start with the smooth semi-implicit system (3.90) with the Schur complement ap-
proximation (3.92). Each subplot in Figure 3.2(a)-3.2(c) demonstrates the robustness
with respect to a different model parameter. In Figure 3.2(a), we vary the mesh size
h while fixing ¢ = 9-274/(2 V2 - atanh(0.95)), = 1073. In Figure 3.2(b), we vary the
interfacial parameter ¢ while fixing h = 27%, 7 = 6 - 107, In Figure 3.2(c), we vary
the time step size T while fixing h = 276, ¢ = 9-276/(2 V2 - atanh(0.95)). Finally, in
Figure 3.2(d), we vary simultaneously all three parameters /, ¢, 7. In fact, this is the
practical procedure: Choose ¢ as small as possible (depending on ) and 7 as large as
possible (depending on the accuracy). Each of the four subplots illustrates nicely the
eigenvalue clustering around one. Moreover, all eigenvalues are real and positive as
expected from Lemma 2.30.

Next, we go over to the nonsmooth semi-implicit system (3.108) with the Schur com-
plement approximation (3.112). Each subplot in Figure 3.3(a)-3.3(d) demonstrates
the robustness with respect to a different model parameter. In Figure 3.3(a), we vary
the mesh size h while fixing ¢ =9 274, 1=10"2 ¢c=10"7. In Figure 3.3(b), we vary
the interfacial parameter ¢ while fixing h = 276 71=10%¢c=10". In Figure 3.3(c),
we vary the time step size t while fixing h = 27, ¢ = 9-27%/7, ¢ = 10~7. In Figure
3.3(d), we vary the penalty parameter ¢ while fixing h = 276 £=9.27%/r, 7 =104
Finally, in Figure 3.3(e), we vary simultaneously all three parameters &, ¢, T while
fixing ¢ = 1077. Each of the five subplots illustrates nicely the eigenvalue clustering
around one. Moreover, all presented eigenvalues are real and positive.

We proceed with the nonsmooth implicit system (3.117) with the Schur complement
approximation (3.119). Figures 3.4(a)-3.4(e) demonstrate the robustness with respect
to different model parameters. In Figure 3.4(a), we vary the mesh size h while fixing
€=9-27%1,71=102,¢c=10". In Figure 3.4(b), we vary the interfacial parameter
¢ while fixing h = 276, 1=10"%c=10"7. In Figure 3.4(c) and 3.4(d), we vary the
time step size t while fixing h = 276 £ =9.27%/r, ¢ = 1077. Here, we observe the
appearance of complex eigenvalues. In Figure 3.4(e), we vary the penalty parameter
¢ while fixing h = 27%, ¢ = 9-27%/%, t = 10™%. Finally, in Figure 3.4(f), we vary
simultaneously all three parameters , ¢, T while fixing ¢ = 1077, Again, each of the
six subplots illustrates nicely the eigenvalue clustering around one.

3.8.2 Robustness

In this section, we demonstrate the robustness of our proposed preconditioners re-
garding all model parameters. We will not present numerical results for the smooth
implicit system in (3.107) since the theory in Section 3.7.2 already promises the inde-
pendence of the preconditioner regarding any model parameter.
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Figure 3.2: Spectrum of §~1S for the smooth semi-implicit system (3.90) with the
Schur complement approximation (3.92).
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the Schur complement approximation (3.112).
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We start with the smooth semi-implicit system (3.90) with the preconditioner (3.91)
and the Schur complement approximation (3.92). Each subplot in Figure 3.5(a)-3.5(c)
demonstrates the robustness with respect to a different model parameter. In Figure
3.5(a), we vary the mesh size h while fixing ¢ =9-277/(2 V2 - atanh(0.95)), T = 107°,
and T = 107*. In Figure 3.5(b), we vary the interfacial parameter ¢ while fixing
h=27,7=10"% and T = 1072 In Figure 3.5(c), we vary the time step size T while
fixingh =27,¢ =927/ (22 - atanh(0.95)), and T = 10~%. All in all, the three
subplots illustrate the independence of our developed preconditioner regarding the
mesh size, the interfacial parameter, as well as the time step size. Finally, in Figure
3.5(d), we vary simultaneously all three parameters &, ¢,7 while fixing T = 107%.
Although the smooth semi-implicit system is unconditionally stable, we use in the
numerical examples of this section the time step condition T < ¢2, which was investi-
gated for smooth implicit systems in Section 3.3.1. This is because experiments yield
highly inaccurate results for large time steps; see Section 3.8.4. Table 3.1 illustrates
the maximum and average number of Newton iterations, the maximum and average
number of MINRES iterations, the average central processing unit (CPU) time (in
seconds) for MINRES, and the CPU time (in seconds) for the whole simulation for
each of the four subplots, respectively.

Next, we go over to the nonsmooth semi-implicit system (3.108) with the precon-
ditioner (3.110) and the Schur complement approximation (3.112). Each subplot in
Figure 3.6 demonstrates the robustness with respect to a different model parameter.
In Figure 3.6(a), we vary the mesh size h while fixing ¢ = 9-277/n, T =2-107, ¢, =
1077, and T = 4-107*. In Figure 3.6(b), we vary the interfacial parameter ¢ while
fixing h = 277 ¢t =2-107%, Chomax = 107, and T = 2-1072. In Figure 3.6(c), we
vary the time step size T while fixing h = 277, ¢ = 9-27/m, ¢y, = 107, and
T = 4-10"*. In Figure 3.6(d), we vary the penalty parameter ¢, while fixing
h=27,e=9.27/t,t=2-10"°,and T =4-107*. Allin all, except for Figure 3.6(a),
the subplots illustrate the independence of our developed preconditioner regard-
ing the interfacial parameter, the time step, size as well as the penalty parameter.
In fact, we observe a decrease of iteration numbers when ¢, is decreased. We
observe a benign increase of iteration numbers when the mesh is refined. Finally,
in Figure 3.7(a), we vary simultaneously all three parameters h, ¢, 7 while fixing
Cpmax = 107 and T = 4-107%. Although the nonsmooth semi-implicit system has
no time step restrictions, we use in the numerical examples of this section the time
step condition 7 < 4¢3, which was investigated for nonsmooth implicit systems in
Section 3.3.2. This is because experiments yield highly inaccurate results for large
time steps; see Section 3.8.4. Table 3.2 illustrates the maximum and average number
of SSN iterations, the maximum and average number of BiCG iterations, the average
CPU time (in seconds) for BiCG, and the CPU time (in seconds) for the whole simu-
lation for each of the five subplots, respectively. Note that the higher number of SSN
iterations in row three and four can be reduced by choosing 1. in Algorithm 3.1 larger.

We proceed with the nonsmooth implicit system (3.117) with the preconditioner
(3.118) and the Schur complement approximation (3.119). Each subplot in Figure 3.8
demonstrates the robustness with respect to a different model parameter. In Figure
3.8(a), we vary the mesh size h while fixing ¢ = 9 - 27 n, t=2-107, Comax = 1077,
and T = 4-10"%. In order to reduce the number of SSN iterations, we have set
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x-axis shows the time t and the y-axis the average number of MINRES iterations per

Newton step.
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Figure 3.7: Results for the solution of the nonsmooth semi-implicit and implicit
system. The x-axis shows the time ¢ and the y-axis the average number of BiCG
iterations per SSN step. h; = 27776, ej=9hj/m, 1 =2- 1072, 1, = 3.125-107°,
13=4-1077, Cpmax = 1077 for j=1,2,3.

n, = 20 in Algorithm 3.1. For the following tests, we use 1, = 5. In Figure 3.8(b), we
vary the interfacial parameter ¢ while fixing h = 277, 7 = 2-107, ¢, = 1077,
and T = 2-1072. In Figure 3.8(c), we vary the time step size t while fixing
h=27¢=9-27/n¢c,,. =107, and T = 4-10"%. In Figure 3.8(d), we vary
the penalty parameter ¢, while fixing h = 277, ¢ = 9-277/n, t = 2-107°, and
T = 4-107%. Allin all, except for Figure 3.8(b), the subplots illustrates the indepen-
dence of our developed preconditioner regarding the mesh size, the time step size,
as well as the penalty parameter. We observe a benign increase of iteration numbers
when the interfacial parameter decreases. Finally, in Figure 3.7(b), we vary simulta-
neously all three parameters i, ¢, T while fixing ¢, =107 and T = 4-10*. Table 3.3
illustrates the maximum and average number of SSN iterations, the maximum and
average number of BiCG iterations, the average CPU time (in seconds) for BiCG,
and the CPU time (in seconds) for the whole simulation for each of the five subplots,
respectively.

3.8.3 Mesh adaptation

Experiments show that it is essential to ensure that at least eight spatial mesh points
lie across the interface in order to avoid mesh effects; see also [29]. This results in the
huge linear systems. The thinner we model the interface, the higher is the number of
spatial mesh points and hence the system size m. This number can be reduced by the
use of adaptive meshes. Hence, we refine the interface up to a level where at least
eight mesh points are found across the interface. We coarsen the mesh in areas where
the concentration u is (almost) constant. Using the nonsmooth potential, we can eas-
ily identify the interfacial and constant areas. The constant areas are the spatial points
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Figure 3.8: Results for the solution of the nonsmooth implicit system (3.117) with

the preconditioner (3.118) and the Schur complement approximation (3.119). The

x-axis shows the time t and the y-axis the average number of BiCG iterations per
SSN step.
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Simulation ‘ Newton ‘ MINRES ‘
Figure  Plot \ Max Avg \ Max Avg CPU (s) \ CPU (s)
35@) (-rr) 3 2| 27 26 9 2041
(=+=+) 3 2| 27 25 36 7916
(---) 2 2| 27 25 177 | 35257
(=) 2 2 28 25 670 122054
35(0) () 2 1| 28 20 7 | 82822
(===+) 2 1 27 22 7 89353
( ) 3 1 27 22 8 100229
(—) 3 1| 27 25 9 | 123230
35()  (-eeer) 3 2 27 26 9 2041
(===x) 3 2 26 23 8 3718
( ) 3 2 24 22 8 6910
(—) 3 1] 23 20 7 | 13190
35(d)  (vreee ) 3 2 27 26 9 2050
(===x) 3 2 26 25 36 78165
( ) 3 1 26 24 175 | 2143690

Table 3.1: Results for the solution of the smooth semi-implicit system (3.90) with the
preconditioner (3.91) and the Schur complement approximation (3.92): The maxi-
mum and average number of Newton iterations, the maximum and average number
of MINRES iterations, the average CPU time (in seconds) for MINRES, as well as the
CPU time (in seconds) for the whole simulation.

Simulation ‘ SSN ‘ BiCG ‘
Figure Plot | Max Avg | Max Avg CPU(s) | CPU (s)
3.6(a) (seer) 5 2| 46 32 23 2888
(=eme) 7 2| 48 36 99 | 12709
( ) 10 2 54 41 551 74768
(=) 18 3 60 47 2447 395285
36(0) (-or) 4 2| 36 28 20 | 40680
(=emr) 5 2| 37 31 27 | 64461
(== =) 6 2| 4 3 33 | 85393
(=) 5 2 46 33 47 122221
3600 ()| 5 2| 46 32 23 2943
(meme) 5 2| 47 31 24 4859
( ) 5 2 44 32 25 7831
(=) 4 2 45 33 27 13524
36(d)  (er) 5 2] 40 32 21 1691
(===") 5 2 43 32 22 2236
(=) 5 2| 46 3 23 2885
(—) 6 2| 4 31 21 2886
37(a)  (or) 5 2| 5 3R 23 2954
(=emn) 6 3| 5 38 143 | 80432
( ) 6 3 60 45 620 | 2033630

Table 3.2: Results for the solution of the nonsmooth semi-implicit system (3.108)
with the preconditioner (3.110) and the Schur complement approximation (3.112):
The maximum and average number of SSN iterations, the maximum and average
number of BiCG iterations, the average CPU time (in seconds) for BiCG, and the
CPU time (in seconds) for the whole simulation.
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Simulation |  SSN | BiCG \
Figure Plot [ Max Avg [ Max Avg CPU (s) [ CPU (s)
3.8@) (v ) 4 2 31 20 10 4016
(===") 5 3 32 19 37 17211
( ) 5 3 42 19 189 91930
(=) 5 3 41 19 683 322118
3.8(b)  (vree ) 5 2 19 12 6 14165
(===x) 5 2 22 16 9 24015
( ) 5 2 25 19 13 34711
(=) 6 2 34 25 23 62833
3.8(c)  (vrrr- ) 6 2 34 16 9 1922
(===") 5 2 30 13 8 2299
( ) 5 2 28 15 9 3348
(=) 4 2 27 16 9 5593
3.8(d)  (vree- ) 6 3 31 19 9 1078
(=== 6 3 34 17 8 1440
( ) 6 2 34 16 9 1900
(=) 7 2 34 15 8 2153
37(b)  (-==-- ) 6 2 34 16 9 1882
(====) 7 4 46 28 71 46596
( ) 6 3 51 33 328 | 1121900

Table 3.3: Results for the solution of the nonsmooth implicit system (3.117) with
the preconditioner (3.118) and the Schur complement approximation (3.119): The
maximum and average number of SSN iterations, the maximum and average number
of BiCG iterations, the average CPU time (in seconds) for BiCG, and the CPU time
(in seconds) for the whole simulation.

x that satisfy |u(x)| = 1. The interfacial area is formed by those spatial points x that
satisfy |u(x)| < 1. Using the regularized potential, the interfacial area is specified in
the same way. The constant areas are the spatial points x that satisfy [u(x)| > 1. Using
the smooth potential, it is not that clear where to separate the constant areas from
the interfacial area as pointed out in the introduction in Chapter 1.1. As our simple
approach is based on the knowledge about the location of constant and interfacial
areas, we apply our adaptive mesh strategy only to the nonsmooth case. Our mesh
adaptation strategy is similar to the one in [20]. As pointed out at the beginning of
Chapter 3.8, for a given ¢ > 0 we use the upper bound limin < 5, where hiin is the
refinement level across the interface. Since we want to avoid meshes which are too
coarse, we additionally define imax := 10 himin, Where hmax represents the maximal
mesh size. Our mesh adaptation is based on the following strategy: An element
R € Ry, is marked for refinement if it satisfies diam(R) > hyn and if it, or one of its
neighboring elements, satisfies [u(x)| < 1. Here, diam(R) denotes the largest diagonal
of R. An element R € R, is marked for coarsening if it satisfies diam(R) < hmax and
[u(x)] > 1. Thereby, we refine in an area, which contains the interface and coarsen
within the pure phases. Since we also include the neighboring cells for the refinement
process, we do not coarsen too close to the interface. Note that it is also possible to
incorporate more sophisticated adaptation strategies. For instance, Hintermdiller et
al. [91] designed an adaptive finite-element algorithm based on an a-posteriori error
analysis.

In Figure 3.9, we illustrate the performance of our preconditioner (3.118) with the
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Schur complement approximation (3.119) for the solution of the nonsmooth implicit
system (3.117) on adaptive meshes. We test three different settings with varying
values of 19, ¢, 7, where h® denotes the mesh size of the initial uniform mesh.
The x-axis shows the time t, the left y-axis displays the average number of BiCG
iterations per SSN step, and the right y-axis illustrates the number of degrees of
freedom, respectively. Except for the peak, which occurs as soon as pure phases
develop, the iteration numbers stay constantly low. Moreover, with the formation of
pure phases, the coarsening process begins and the number of degrees of freedoms
decreases. Table 3.4 illustrates the maximum and average number of SSN iterations,
the maximum and average number of BiCG iterations, the average CPU time (in
seconds) for BiCG, and the CPU time (in seconds) for the whole simulation for each
of the three subplots, respectively. The final phase variable for each simulation is
illustrated in Figure 3.10 together with the spatial mesh.

| SSN | BiCG \
Figure [ Max Avg [ Max Avg CPU (s) [ CPU (s)
3.9(a) 9 3 100 26 62 13952
3.9(b) 9 4 94 33 314 | 230026
3.9(¢c) 10 5 248 52 2156 842244

Table 3.4: Results for the solution of the nonsmooth implicit system (3.117) with the
preconditioner (3.118) and the Schur complement approximation (3.119) using adap-
tive meshes: The maximum and average number of SSN iterations, the maximum
and average number of BiCG iterations, the average CPU time (in seconds) for BiCG,
and the CPU time (in seconds) for the whole simulation.

3.8.4 Implicit versus semi-implicit time discretization

This section confirms the argument in Section 3.3 that the time step restriction is
an essential characteristic of the nature of the problem. In the following, we study
the convergence of the nonsmooth Cahn-Hilliard model to the corresponding sharp
interface model ¢ — 0, which is the Mullins-Sekerka model. For more details, we
refer to [72, 131, 42]. Moreover, further convergence tests regarding the other model
parameters can be found in [42]. In the following, we compare the solutions obtained
by the implicit and semi-implicit nonsmooth Cahn-Hilliard model. Remember, the
implicit model involves the time step restriction T < 4¢%, whereas no time step restric-
tion is imposed in the semi-implicit case. The numerical test is an analytic example
where the exact solution to the Mullins-Sekerka model is known and can be found,
e.g., in [42]. We consider the domain QQ = B1(0) C R?, which is a disc around the
origin (0, 0) with radius one. The initial state for the Mullins-Sekerka model consists
of two circles with radii 1 = 0.3 and r, = 0.15. The innermost and outermost blank
area is initialized with the value 1, and the remaining intermediate area is initialized
with the value —1. The time evolution of the exact solution to the Mullins-Sekerka
model results in a shrinking of both radii until the smaller one vanishes at time
tc = 1.85-107. Now, we want to examine the quality of the solution of the Cahn-
Hilliard model with a small interface parameter. Due to the presence of an interface
in the Cahn-Hilliard model, we include an interfacial area between the phases in
the initial state. More precisely, the initial state given in Figure 3.11(a) is described
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Figure 3.9: Results for the solution of the nonsmooth implicit system (3.117) with
the preconditioner (3.118) and the Schur complement approximation (3.119) using
adaptive meshes. The x-axis shows the time t, the left y-axis displays the average
number of BiCG iterations per SSN step, and the right y-axis illustrates the number
of degrees of freedom.
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(a) Result for Figure 3.9(a). (b) Result for Figure 3.9(b). (c) Result for Figure 3.9(c).

Figure 3.10: Computations with adaptive meshes: The final phase variable with the
corresponding spatial mesh for the three simulations in Figure 3.9.

as follows: From the origin, we draw two circles with radii r; = 0.3 and r, = 0.15.
Each of the two circles forms the median of an interfacial area. More precisely, each
of the two interfaces is a circular ring with a width of 1.35¢. We initialize the inter-
face with the value 0. Finally, the innermost and outermost blank area is initialized
with the value 1, and the remaining intermediate area is initialized with the value
—1. Now, we compare the evolution of the initial state using the implicit and semi-
implicit nonsmooth Cahn-Hilliard model. We set ¢ = 9- 277/n, t =1.85-1073/90 and
T = 1.85-1073, where 7 < 4¢3 holds true. Figure 3.11 shows that the smaller radius
vanishes later in time with the semi-implicit scheme.

1.0
|

0.0 ‘ O
1o

(a) Initial state. (b) Solution of the nonsmooth (c) Solution of the nonsmooth
implicit Cahn-Hilliard model at ~ semi-implicit Cahn-Hilliard
time T = 1.85- 1073, model at time T = 1.85- 1075,

Figure 3.11: Results for the analytical example using the nonsmooth implicit and
semi-implicit Cahn-Hilliard model.
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Now, we explore the evolution of the nonsmooth semi-implicit system for larger
values of 7 as this scheme has no theoretical time step restrictions. In Figure
3.12, we consider the solutions at time T = 1.85 - 107> for the time step sizes
7 = 1.85-1073/40, 1.85 - 1073/20, and 1.85 - 1073/10. Note that T > 4¢3 holds for
the latter two simulations. Naturally, the approximation error gets larger for large

()7 =1.85-10"2/40 (b) T = 1.85-1073/20 (€) 7 =1.85-10"3/10

Figure 3.12: Results for the analytical example: Solutions of the nonsmooth
semi-implicit Cahn-Hilliard model with different values of the time step size 7 at
time T = 1.85-107°.

time steps. Hence, the related sharp interface problem is no longer well approxi-
mated. We can see that the approximation is crude for larger time steps. Hence,
very small time steps are necessary to capture the evolution of the sharp interface
model. In conclusion, even though the time step size is allowed to be arbitrary large
for the nonsmooth semi-implicit system, the results obtained for large time steps are
highly inaccurate for capturing the evolution of the sharp interface limit. The time
step restriction is an essential characteristic of the nature of the problem. Note that
the same phenomenon was observed for the nonsmooth Allen—Cahn equation; see,
e.g., [138].

The same observation can be made with the smooth semi-implicit Cahn-Hilliard
model. The setting is the same as before except for the value of ¢, which is now
e =9-277/(2V2 - atanh(0.95)). We use this value also for the width of the interface
between the circles in the initial state. In Figure 3.13, we consider the solutions at
time T = 1.85 - 1073 for the time step sizes T = 1.85 - 1073/185, 1.85 - 1073/18, and
1.85-1073/4. Again, we can see that the approximation is crude for larger time steps.

This section has verified our preference for the implicit time discretization scheme
despite the inherent time step restriction. This observation also serves as the basis
for the next chapter, where we only focus on the implicit time discretization scheme.

3.8.5 Long-time evolution

In the following, we consider the long-time evolution of the smooth and nonsmooth
implicit Cahn-Hilliard model; see Figure 3.14. In the smooth case, we use the setting
Q=[0,1>h=278 ¢=9n/(2 \/E-atanh(O.95)), 7=10"7, T = 1073. In the nonsmooth
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(a) T =1.85-1073/185 (b)T=1.85-10"/18 (c)t=185-107/4

Figure 3.13: Results for the analytical example: Solutions of the smooth
semi-implicit Cahn-Hilliard model with different values of the time step size 7 at
time T = 1.85-1075.

case, we use the setting O = [-1,1]%, 1. = 0, h® =275 ¢ = 0.02, T = 1075, Cpmax =
1077, T =5-1073, where h© denotes the mesh size of the initial uniform mesh.

i | ﬁ S

@)\ %.0%‘?‘??2)

.0,02' é.lﬁ.;?% « q
IPr==A' J‘

e.'a

— 'S“.‘ ',‘

(d) t =102,

LOO’I '

0.00'
-1.00'

(e)t=0. (fHt=5-1075. (g)t=5-10"* (h)t=5-1073.

Figure 3.14: Long-time evolution using the smooth (upper row) and nonsmooth
(lower two rows) implicit Cahn-Hilliard model.

In Figure 3.15, we illustrate the performance of our preconditioners for the solution
of the smooth and nonsmooth implicit system. Both x-axes show the time t. In Fig-
ure 3.15(a), the y-axis displays the average number of BiCG iterations per Newton
step. In Figure 3.15(b), the left y-axis displays the average number of BiCG iterations
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10°
12 : 100 4
751 13
10 -
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0 5.107% 1073 0 25-1073 5.1073
(a) Results for Figure 3.14(a)-3.14(d). h =278,  (b) Results for Figure 3.14(e)-3.14(h). h® =275,
& =9h/(2V2-atanh(0.95)), T = 1077. €=0.02,7=107¢p,, =107,

Figure 3.15: Results for the long-time evolution using the smooth (left) and
nonsmooth (right) implicit Cahn-Hilliard model. The x-axis shows the time t. On
the left, the y-axis displays the average number of BiCG iterations per Newton step.
On the right, the left y-axis displays the average number of BiCG iterations per SSN
step and the right y-axis illustrates the number of degrees of freedom. Since we use
a uniform mesh for the smooth model, we do not display the number of degrees of
freedom on the left.

‘ Newton/SSN ‘ BiCG ‘
Figure | Max  Avg | Max Avg CPU(s) | CPU (s)
3.14(a)-3.14d) | 3 1] 13 8 17 | 239838
3.14(e)-3.14(h) 7 4 106 23 156 343433

Table 3.5: Results for the long-time evolution: The maximum and average number
of Newton/SSN iterations, the maximum and average number of BiCG iterations,
the average CPU time (in seconds) for BiCG, and the CPU time (in seconds) for the
whole simulation for the smooth and nonsmooth Cahn-Hilliard model, respectively.

per SSN step and the right y-axis illustrates the number of degrees of freedom. Since
we use a uniform mesh for the smooth model, we do not display the number of
degrees of freedom in Figure 3.15(a). Except for the peak, which occurs as soon as
pure phases develop, the iteration numbers stay constantly low. Moreover, with the
formation of pure phases, the coarsening process begins and the number of degrees
of freedoms decreases. Table 3.5 illustrates the maximum and average number of
Newton/SSN iterations, the maximum and average number of BiCG iterations, the
average CPU time (in seconds) for BiCG, and the CPU time (in seconds) for the whole
simulation for the smooth and nonsmooth case, respectively. Table 3.6 illustrates the
minimum and maximum phase values at some time steps. We observe that the con-
centrations may exceed one and become less than minus one for smooth potentials.
However, the overshoots and undershoots are not reported to blow up.

Note that one should not compare the above results in terms of smooth versus
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nonsmooth. The evolution with smooth and nonsmooth potentials is very different
and distinct parameters are used. Moreover, both types of potentials are used in
many applications. In some of them, like the deep-quench limit, the nonsmooth
potential must be used. In other applications, smooth potentials are preferred and
produce satisfactory results. Therefore, the development of efficient solvers is of
great interest in both cases.

| | :
value | model | 2-10*  4-10* 6-10*  8-10* 107
smooth | —1.03879 -1.03965 -1.03896 —1.03957 —1.03117
nonsmooth | —=1.00001  -1.00001 -1.00001  —1.00001  —1.00001

smooth 1.02389 1.03046 1.0179 1.01093 1.00778
nonsmooth 1.00001 1.00001 1.00001 1.00001 1.00001

min

max

Table 3.6: Minimum and maximum phase values during the simulation with the
smooth and nonsmooth Cahn-Hilliard model.

3.8.6 Three-dimensional dumbbell

Next, we consider the three dimensional domain Q = [-1, 1]® and choose a dumbbell
as initial state. Figure 3.16 shows the evolution for this example using the nonsmooth
implicit Cahn-Hilliard model with n. = 0, h® =275, ¢ = 0.03, T = 5- 107, Cpmax =
1075, T = 1073, where h© denotes the mesh size of the initial uniform mesh. In
Figure 3.17, we illustrate the performance of our preconditioner. The x-axis shows
the time ¢, the left y-axis displays the average number of BiCG iterations per SSN step,
and the right y-axis illustrates the number of degrees of freedom. The maximum and
average number of SSN iterations are 10 and 5. The maximum and average number
of BiCG iterations are 77 and 43. The average CPU time for BiCG is 5983s and the
CPU time for the whole simulation is 732803s.

o—o 0-9 TR ® ©°

@)t=0. (b)t=2-10"*. (€)t=35-10"*. (d)t=4-10"4

1.0 l
0.0 ' '
2ol

Figure 3.16: Evolution of a dumbbell.
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Figure 3.17: Results for the evolution of a dumbbell: The x-axis shows the time ¢,
the left y-axis displays the average number of BiCG iterations per SSN step, and the
right y-axis illustrates the number of degrees of freedom.

3.8.7 Two-phase flows

In this section, we apply our preconditioning strategy to the solution of a coupled
two-component Cahn-Hilliard/Navier-Stokes system. We consider the diffuse inter-
face model for two-phase flows of two incompressible fluids with different densities,
which was introduced by Abels, Garcke, and Griin [1]. It is given as

pdv + ((pv+])-V)v—=V.(2nDv) + Vp = wVu + pg, (3.121)
V.v=0, (3.122)

o +v-Vu—-V-(Lw)Vw) =0, (3.123)
—oeAu+1¢'(u)—w =0, (3.124)

v=0 ondQ, (3.125)

Vu-n=Lu)Vw-n=0 ondQ, (3.126)

together with the initial conditions v(0, x) = vo(x) and (0, x) = uo(x) forallx € Q c R?
with d € {2,3}. Consistent with this chapter, u denotes the phase variable, w the
chemical potential, ¢ the interfacial parameter, ¢ the potential function, and L(u) the
mobility. Moreover, we denote the two fluids by A and B. We indicate the specific
(constant) density of the pure fluid A by pa and of the pure fluid B by pp. Without
loss of generality, we assume 0 < p4 < pgp. The mean density p is given as

0= plu) = PB ZPAu+ PA;‘PB'

We indicate the specific (constant) viscosity of the pure fluid A by fja and of the
pure fluid B by fjg. The viscosity of the mixture is denoted by n = n(u) > 0 and
fulfills n(=1) = fja and 1n(1) = fjp. Further, v is the volume averaged velocity, p
the pressure, g the gravitational force, o the scaled surface tension, J = —%L(u)Vw,
and Dv = %(VV + (VV)T) denotes the symmetrized gradient. The above model by
Abels, Garcke, and Griin couples the Navier-Stokes Equations (3.121)—(3.122) to the
Cahn-Hilliard system (3.123)—(3.124) in a thermodynamically consistent way, i.e., an
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energy inequality holds. Moreover, as mentioned above, their model incorporates
the consideration of different densities p4 and pp.

Recently, Garcke, Hinze, and Kahle [73] developed a special time and space dis-
cretization scheme for the model (3.121)—(3.126), which conserves the energy in-
equality. They considered nondegenerate mobilities L(#) > 0 and a Moreau—Yosida
regularization of the double-obstacle potential function in the form of

¥ = e(u) = 20—5 (1 —u?+ % [max(0, u — 1) + min(0, u + 1)]2).

Asbefore, 0 < ¢ < 1denotes the regularization parameter. For the rest of this section,
we consider constant mobilities L = L(u). The space discretization in [73] is designed
as an adaptive finite-element algorithm based on an a-posteriori error analysis. In
the following, we briefly summarize the arising fully discrete setting. Let {77}, be
a triangulation of Q into disjoint open triangular elements. Garcke et al. define the
finite-dimensional spaces

Sn1 = {¢ € C(QY): ¢ |y € P(T) VT € Ty} =: spanfe} |,

Snz =1 € CQY": @Iy € Po(T)! VT €T, Iy = 0} =: span{iy] 7,
where Pi(T) denotes the space of polynomials up to order / defined on T. In each
time step, the corresponding Cahn-Hilliard/Navier-Stokes system is solved by an
SSN method. As before, n — 1 denotes the previous time step, 7 the time step size,
and k the previous SSN step. The coefficient matrix of the arising fully discrete linear
scheme is given as

F BT| 1T 0
_ ANS‘ Cit | | B 0 0 0
ﬂ_[ CT ‘ ACH B 0 0 Ml —ggKl_Gg—lc—lG s (3127)
T 0 |7LK; M,

where the matrices are defined as

F =M, +T,+ K, € R¥>x?m,

(n=1) (n-2) .
p"V+p -
[Ma]ij = (T(’Oé’ <Plz),

[T.]i; = a(p Do) + T, o) o),
1 1
a(u,v,w) = = f (u-V)v)wdx— = f (u-V)yw)vdx,
2 Ja 2 Ja
[K:1ij = (20" Depy, Veph),
[Blij = —(V- ), ¢}), B € R™*m,
[I1;; = —(¢] Vu®™V, p}), I € R2"2xm,
[T];j = ~(pju"D, Vo)), T € R™2™,
[M]ij = (@{,(Pa), M, € R™™,
[Kilij = (V(P{,V(Pé)l K; e R"™>™,
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[Glij = (em®)p!, b)), G € R™*™,

1 [u®x)|>1
®)y _ /
Am™) { 0 otherwise.

Note that the mass matrices are not lumped here. The blocks Ans and Acpy are
the discrete realizations of the linearized Navier-Stokes and Cahn-Hilliard system,
respectively. Their coupling is represented by Cj, the coupling through the interfacial
force, and Cr, the coupling through the transport at the interface. Garcke et al. solve
the system Az = b by preconditioned GMRES with a restart after 10 iterations. They
use the block diagonal preconditioner

| Axns 0
P—[ 0 ACH]' (3.128)

The (2,2) block Acp is inverted by LU decomposition. The (1,1) block Ang is an
upper block triangular preconditioner of the form

(3.129)

. F BT

0 Sks

F is composed of the diagonal blocks of F and is inverted by LU decomposition.
Sns is an approximation of the exact Schur complement Sxns = —~BF1BT of the
Navier-Stokes system. Garcke et al. use

& _ -1
Sns = —K,F, ' M,

where F), is the representation of F' on the pressure space, K, the pressure Laplacian
matrix, and M), and the pressure mass matrix. This Schur complement approxima-
tion was proposed, e.g., in [99, 63].

Now, our contribution concerns the fully iterative solution of the system Az = b. This
is based on the preconditioning techniques we have developed for the nonsmooth
Cahn-Hilliard system in Section 3.7 together with the above methods that have been
developed for the Navier-Stokes equations. We propose the upper block triangular
preconditioner

Ans C
Pout = [ (I)\IS S,I :|; (3130)

where § is an approximation of the exact Schur complement S = Acy — CTAI:#SCI
of the whole system. We choose Ang as

X F BT
Ang = [ 0 —Sns ] (3.131)
As above, F' is composed of the diagonal blocks of F. We perform the action of its
inverse via an AMG. Sys is given as above. The action of the inverse of M), and of
K, are performed with an AMG each. Now, let us consider the Schur complement

S, which can be approximated as

M, —0e Ky —oe” e l@

LK, — tTF1 M, = 5.

S~ Acy — CTAA‘I:Ilscl = [
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We propose to approximate the action of the inverse of S by a preconditioned GMRES
iteration applied to the system of the form Sy = f. We call this iteration the inner
iteration. As preconditioner for the inner iteration, we suggest the upper block
triangular preconditioner

(3.132)

P = [ M, -o0eK;-oe G ]

0 -Sch
Scy is an approximation of the exact Schur complement
Scy =M +1 (LK1 -TF'I) M (aeKl + ae—lc—la)
of S. We design Scy as
Scy = SiM;'S,
= (M1 + \/ﬁKl) Ml_1 (M1 + m[aeKl + ae_lc_lG])

=M + TLKlMl_l (aeKl + ae‘lc_lG) + VtLo Ky
+ V1Lo (8K1 + 8_1C_1G). (3.133)

The first term in (3.133) matches the first term in the exact Schur complement. The
second term in (3.133) approximates the second term in the exact Schur complement.
Due to the factor V7Lo, the influence of both remainder terms in (3.133) is reduced.
The action of the inverse of S1 and S; is performed with an AMG each.

As we use GMRES as inner iteration, we apply the flexible generalized minimum
residual method (FGMRES) as outer iteration. FGMRES is a variant of GMRES and
was introduced by Saad [135]. This method allows changes in the preconditioner
at every step. In contrast to the rest of this thesis, we apply right preconditioning
here. Note that a left preconditioner modifies the right-hand side, whereas a right
preconditioner does not modify it. As stated in [46, p. 4], a major hurdle for devel-
oping variable preconditioners for left preconditioning is the disconnection between
the preconditioned residuals and the actual residuals.

We set the GMRES tolerance to be 107! for the preconditioned relative residual. We
use FGMRES with the tolerance min(1074/||b||, 10~#) and a restart after 30 iterations.
The solution of the linear system Az = b is executed in MATLAB® R2012a on a

32-bit server with CPU type Intel® Core" E6850 @3.00 GHz with 2 CPUs. Note that
Garcke et al. [73] implemented the whole numerical simulation in C++, and I would
like to thank Christian Kahle for providing his code. We use the MATLAB Engine
API in order to call MATLAB® from C++.

In the following, we illustrate the performance of our proposed preconditioner with
respect to the mesh size and the Reynolds number. Further numerical tests are a topic
of ongoing research. As test example, we use a quantitative benchmark for rising
bubble dynamics; see [96]. A simulation is illustrated in Figure 1.8. The setup is
described as follows; see also [73, p. 168]. The spatial domainis {2 = (0, 1) x (0, 2) with
no-slip boundary conditions for the velocity field on the top and bottom wall and
free-slip boundary conditions on the left and right wall. The initial state consists of
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a bubble of radius r = 0.25 centered at the spatial point (0.5,0.5). The initial velocity
is zero. The fixed parameters in our experiments are given as 0 = 15.5972, p, =
100, i =10, 2 =1, g = [0, —0.98]", c = 107°. In Figure 3.18(a), we simultaneously
vary the mesh size via refinements of the initial spatial mesh {Th}gl)o' the interfacial
parameter ¢, the time step size 7, as well as the mobility L. In Figure 3.18(b), we
vary the Reynolds number via increasing the density p;. In our experiments, the

Reynolds number is given as
0.35p1
Re = ——.
m
Figure 3.18 illustrates the promising behavior when the Reynolds number is increased
as well as when the parameter set ({771}(0) &, L) is refined as a whole, which is the

. h>0"
practical procedure.
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(a) set 1: m” = 6599, m? = 26213, ¢ = 0.04, (b) m” = 6599, m = 26213, & = 0.04,

1=2-107,L=4-107. set2: m” =10399, =~ 7=2:107,L=4-10" andRe =35 (-:+),
m? = 41413, ¢ = 0.02,7 =5-104,L =210, Re =350 (=+=+), Re =700 (- - -).

set 3: m” = 17831, m{’ = 71141, e = 0.01,
©=125-10"*,L = 1075. We fix Re = 35.

Figure 3.18: The average number of FGMRES iterations per SSN step for the
solution of a coupled two-component Cahn-Hilliard/Navier-Stokes system. Here,
m§0) and méo) denote the initial numbers of degrees of freedom. Note that the
numbers of degrees of freedom during every simulation stay in the range of mgo)

(0)
and m,

, respectively.
3.9 Existing solvers

In this section, we briefly discuss existing solution methods for the nonsmooth Cahn-
Hilliard equation.

Traditional iterative solvers such as (nonlinear) Gauss-Seidel have been used for the
smooth and nonsmooth case, but these suffer from deteriorating convergence rates
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for increasing refinements [57, 14, 120].

Graser and Kornhuber [83] proposed a preconditioned Uzawa iteration method
for the saddle point formulation of the discrete (semi-implicit in time) Cahn-Hilliard
system with an obstacle potential. The method proceeds as follows. Consider the kth
Uzawa iteration, which consists of two sub-steps: First, an elliptic obstacle problem
with box constraints needs to be solved in order to obtain u® and the appropriate
coincidence set

Niw®) = {p e ], uBp) =1}

This step includes the direct work with the inverse (A + 817(h)‘1, where Kj, = KNSy,
dly is the subdifferential of the indicator function of Kj, and (Au,v) = £(Vu, Vov) +
&(u,1Xv,1) Yo € S;,. In order to solve this, Graser and Kornhuber apply a mono-
tone multigrid method [107, 108], which can be stopped after a finite (usually quite
moderate) number of steps. With the help of the coincidence set, the second substep
reduces to a linear saddle point problem, which has to be solved for obtaining w*+1.
In order to solve this problem, Grédser and Kornhuber apply a multigrid method with
a block Gauss-Seidel smoother. Once the exact coincidence set N, (u) is detected, the
Uzawa iteration provides the exact solution (for the considered time step). The solu-
tion of the second substep in the Uzawa iteration forms the main computational cost.
About 15 multigrid steps are necessary to solve this problem to machine accuracy,
and the computational cost for each spatial problem is obtained approximately by
multiplying that number with the number of Uzawa steps. The first substep uses 4
to 7 monotone multigrid steps, which plays a minor role considering the CPU time.

Banias and Niirnberg [7] proposed a fully nonlinear multigrid method for the dis-
crete Cahn-Hilliard problem. For a sequence of triangulations 7%, the algorithm
consists of alternating pre-smoothing steps for the approximate solution by projected
Gauss-Seidel iterations [14] and restrictions to the next coarser grid. On the coarsest
triangulation, the appropriate system is solved exactly. By prolongation to the next
finer grid, the solution is updated together with post-smoothing steps by projected
Gauss-Seidel iterations. In practice, this method exhibits mesh-independent conver-
gence properties for arbitrary time steps in 2D and 3D and also for a small interfacial
parameter ¢. However, Batias and Niirnberg are unable to prove convergence of
the multigrid solver (except for the case, when the discrete Cahn-Hilliard system
reduces to a linear problem, which occurs when [u| < 1). The same holds for
methods including a smooth potential; see [101, 105].

An important point for the future is a comparison with our approach.

3.10 Conclusions

In this chapter, we have investigated the numerical solution of the two-component
Cahn-Hilliard model. We have considered smooth and nonsmooth potentials with a
focus on the latter. For the discretization in time, we have used a fully implicit scheme.
This is due to accuracy reasons and the numerical examples justify this choice. Re-
garding the smooth setting, we have proved the energy stability and uniqueness of
the solution of the time-discrete scheme under reasonable assumptions. Concerning
the nonsmooth framework, following [91], we have extended the analysis from the
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semi-implicit to the implicit time-discrete case in terms of three aspects: First, we
have shown that the time-discrete problem is equivalent to an optimal control prob-
lem with pointwise constraints on the control. Second, we have handled the control
constraints by a Moreau—Yosida regularization. Third, we have applied a local super-
linear SSN method for solving the optimality systems of the resulting subproblems.
For the discretization in space, we have used classical FEM for both systems, the
smooth and regularized nonsmooth one. At the heart of our method lies the solu-
tion of large and sparse systems of linear equations of saddle point form. We have
introduced and studied block diagonal and block-triangular preconditioners using
efficient and cheap Schur complement approximations. For these approximations,
we have used multilevel techniques, algebraic multigrid in our case. Furthermore,
we have designed preconditioners for the linear systems arising from a semi-implicit
time-discrete scheme. For the smooth systems, we have derived optimal precondi-
tioners, which are proven to be robust with respect to crucial model parameters. For
the nonsmooth systems, extensive numerical experiments show a nearly parameter
independent behavior of our developed preconditioners. Additionally, we have im-
plemented a simple adaptive spatial mesh refinement approach, which reduces the
number of degrees of freedoms. Together with our preconditioners, this allows us
to perform three-dimensional experiments in an efficient way. As another applica-
tion, we have applied our preconditioner to a coupled Cahn-Hilliard/Navier-Stokes
system equipped with a nonsmooth potential. The numerical results illustrate the
efficiency of our approach.




Chapter 4

Vector-Valued Cahn-Hilliard
Equations

4.1 Introduction

In the last chapter, we have studied two-component systems. In practice, often more
than two phases occur; see, e.g., [123, 66, 60, 59, 22, 100, 75], and the phase field
model has been extended to deal with multi-component systems. Instead of two
phases, we consider N > 2 components now. Imagine a molten N-component alloy
inside a bounded spatial domain Q C R? with d € {1,2,3}. The N pure phases are
denoted by A; fori=1,...,N. As before, we are interested in the evolution of the N
components or their mixture in the period (0, T) with a fixed time T > 0. In the case
of two phases, we could describe their local concentrations via a single scalar phase
variable. However, this is not possible anymore in the case of N > 2 phases. Instead,
a vector-valued phase variable u = [ui,...,un]’: Q@ x (0,T) — RN is introduced.
Here, u; describes the concentration of phase A; fori =1,...,N. If u;j(x,t) = 1, then
only phase A; (the pure phase A;) is present at point x at time ¢. The case u;(x,t) = 0
means phase A; is absent at point x at time ¢. Values of u; between 0 and 1 represent
mixed regions. In particular, these regions include the interfacial area. Here, the
interface is a small boundary layer that separates the pure phases A;,i = 1,...,N,
from each other. As in the previous chapter, it acts as a diffuse phase transition and
we can control its width via the model parameter ¢ > 0. For the limit case ¢ | 0,
which gives the sharp interface model, we refer to, e.g., [74, 72, 131]. Due to the
model properties, it holds

N
u; = 1 (4.1)
=1

1

and u; >0fori=1,...,N, so that admissible states belong to the Gibbs simplex

N
GN = {v: [01,...,on]7 € RN: Zvi =1, v; >0fori= 1,...,N}. 4.2)
i=1
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The motion of the interfaces separating N components can be modeled with the
Ginzburg-Landau energy. The energy (3.1) for two components generalizes to

52 al
E(u) = fQ ?;IVui|2+gb(u) dx (4.3)

for N > 2 components. An equilibrium profile of our considered mixture minimizes
the Ginzburg-Landau energy (4.3) subject to the mass conservation

d

T Qui dx=0, i=1,...,N.

The parameter ¢ > 0 is proportional to the thickness of the interfacial region as
mentioned above. The first part of (4.3) is large whenever u; changes rapidly for
some i € {1,...,N}. Hence, its minimization gives rise to the interfacial area. The
potential function ¥: RN — Ry U {co} in (4.3) gives rise to phase separation. It has
N distinct minima, one for each pure phase A;. As in the last chapter, we consider
potential functions of polynomial and obstacle type with a main focus on the latter.
The former is the smooth multi-well potential; see, e.g., [57]. It is an extension of the
double-well potential (3.2) to N components and is given as

N
Ypoi®) = 7 Y1~ (4.4)
i=1

Following [119], the interfacial equilibrium profile in one space dimension can be

described by 1;(x) = % (1 + tanh (2 \755 )) Let us describe the interface thickness as

the distance between x1 and x, with u1(x1) = 0.05 and u1(x2) = 0.95. Then, we can
express the equilibrium thickness via ¢ by

1 X2
095 = - 1+tanh( )),
2( 2V2e

which is equivalent to
X =2V2e- atanh(0.9).

Similar, we obtain
X1 =—2V2e- atanh(0.9).

Hence, the equilibrium interfacial thickness is given by 4 V2¢ - atanh(0.9) using a
polynomial potential. As in the previous chapter, we want to have eight or nine grid
points across the interface transition. If we denote by & the spatial mesh size across
the interface, this leads to the condition

< 42¢ - atanh(0.9)

h < 9 ~ 09253 ¢.

The second potential is the nonsmooth multi-obstacle potential; see, e.g., [12]. It is
an extension of the double-obstacle potential (3.3) to N components and is given as

Po(w) = —tu-Tu uegh,

oo otherwise. (4.5)

1Pobs (u) = {
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Here, T € RN isa symmetric matrix, which contains constant interaction parame-
ters [T'];;. From physical considerations, T'must have at least one positive eigenvalue.
During the rest of this chapter, we denote by Amax(T') the largest positive eigenvalue
of T. A typical choice is T = I — 117 with 1 = [1,...,1]" € RY and the identity
matrix I € RVN, which means that the interaction between all different components
is equal and no self-interaction occurs. As in the last chapter, we choose

ETT

h < 5~ 0.3491 ¢

in order to have at least eight or nine grid points across the interface transition.

For logarithmic potentials we refer to, e.g., [11]. Using a polynomial potential, the
Cahn-Hilliard model results in a system of time-dependent, nonlinear PDEs. As in
the last chapter, we will name this formulation the smooth system. Using an obstacle
potential, the Cahn-Hilliard model results in a system of variational inequalities. We
will call this formulation the nonsmooth system.

As we will show in the course of this chapter, the solution of linear systems Az = b
with a large and sparse matrix A is at the heart of our method. They have the
following saddle point structure

| A IeM
A=l 19M Lok
with T € RM*N being the identity matrix, M € R"™ " being symmetric positive def-
inite, K, L € R™™ being symmetric positive semidefinite, and A € RN"*N" being
nonsymmetric and possibly indefinite. In the last chapter, we could sometimes ex-
ploit the symmetry of A. However, this is not possible anymore in this chapter.
No matter how we rearrange the blocks in A, A is always nonsymmetric due to
the nonsymmetry of A. Moreover, the size of A has increased manifold. In the
last chapter, we have dealt with A € R2™2m T contrast, in this chapter we have
A € RAN™WNm - Dye to the nonsymmetry of A, a nonsymmetric Krylov subspace
solver is our method of choice. The crucial parameters represented in A are the
spatial mesh size h, the time step size 7, the interface parameter ¢, the number of
phases N, as well as the Moreau—Yosida regularization parameter c. We develop effi-
cient preconditioners P for the solution of the linear systems above. This is based on
effective Schur complement approximations as well as (algebraic) multigrid solvers
developed for elliptic systems [68, 136, 134]. In particular, our preconditioners behave
promising regarding parameter changes. Moreover, we state a theoretical robustness
proof for the smooth setting.

The structure of the chapter is as follows. The Cahn-Hilliard model is derived in
Section 4.2. We first consider the smooth multi-well potential (4.4), which leads
to a system of fourth-order PDEs. Then, we study the nonsmooth multi-obstacle
potential (4.5), which yields a system of variational inequalities. Both formulations
are discretized in time in Section 4.3. We focus on a fully implicit time-discrete
scheme as motivated in the previous chapter. Regarding the smooth setting, we
proof the energy stability and uniqueness of the solution of our time discretization
scheme under reasonable assumptions. Concerning the nonsmooth framework, we




118 CHAPTER 4. VECTOR-VALUED CAHN-HILLIARD EQUATIONS

consider the underlying minimization problem for which we derive existence and
uniqueness conditions. In Section 4.4, we apply the Moreau—Yosida regularization
technique and derive a convergence result. Section 4.5 shortly introduces the SSN
method for solving the regularized subproblems. We derive the linear systems
arising from the discretization using finite elements in Section 4.6. In Section 4.7,
we analyze the linear systems and propose preconditioning strategies for the saddle
point problems. Section 4.8 illustrates the efficiency of our preconditioners for both
problem setups. In Section 4.9, we discuss alternative approaches. In Section 4.10,
we summarize our findings and discuss possible future directions.

4.2 Derivation

There are two ways of deriving the multi-component Cahn-Hilliard equation. First,
it can be derived as the H™!-gradient flow of the Ginzburg-Landau energy (4.3)
under the constraint (4.1). The second kind comes from the mass balance law; see,
e.g., [60,59]. We consider the latter case and briefly review the derivation of the multi-
component Cahn-Hilliard equation. First of all, the smooth multi-well potential (4.4)
setting is used. Then, we go over to the nonsmooth multi-obstacle potential (4.5)
setting.

4.2.1 Smooth systems

In the following, we focus on the smooth multi-well potential (4.4). We briefly
derive the multi-component Cahn-Hilliard equation in the framework of [60, 59].
We assume that the considered system is isothermal. The law of mass conservation
is given as

d

dt
for any subregion R C Q. Here, J; denotes the mass flux for each component
i=1,...,N. Due to Lemma 2.21, we obtain

i‘[uidxz—fv-]idx Yi=1,...,N.

Since R is fixed and arbitrary, we can derive

fuidx:— ]i-nds Vi=1,...,N,
R JR

&tui:—VJZ- Vizl,...,N.

As in [59, p. 243], we assume the thermodynamical principle that the fluxes J;,i =
1,...,N, are linear and homogeneous functions of the forces Vw;,j = 1,...,N, see
also [106, p. 136]. We make the ansatz

N
Ji = = ) [LW];Vaw; = - (L()Vw);,

=1
wherew = [wy, ..., wx]" is the vector of chemical potentials. The Onsager coefficients
[L(u)];j may depend on u; see, e.g., [59]. This thesis deals with constant coefficients
[L];j. During the rest of this chapter, we denote by L = ([L]ij)i 1

matrix. Concentration dependent mobilities are a topic of future research. The vector

N the mobility
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of chemical potentials w is defined via the variational derivative of & with respect to
u (see Definition 2.20), whereby

N
'L(:{v:[vl,..., 1T e HY(Q)N: Zvl }
=1

N
y={v=[v1,---, 1" e HH(OQ)V: sz }
=1

Note that forall g = [¢1,...,gn]" € Y there exists a vector d = [dy, ..., dn]" € H(Q)N

such that
1 N
g=d-— [; dl-)l. (4.6)

Forv =[vy,...,on]" € RN let

e _ [P Wea ' : :
W) = | G W) (v)] = W)@ V@] =: U5y (¥)

(v) =

in which ¢ (v;) = v? — 302 + 30;. Calculating the variational derivative of &, we
obtain for u € U and g € Y satisfying (4.6) with d € H LN

y &E(u +ng) — E(u)
m
n—0 n

1 62 ul 2 1 = 2 2
= }Ili%ﬁ [3 2 IV(ui + ngil” + 1 ;:1 (ui + ngi)"(1 — u; — 1gi)
e N 1 N
Z 12 _ Z —u)?
—E / |Vu1| 4 [ (1 ul) ] dX

1
Eu,-)gidx+e fZVul Vgidx

d
d—nc‘l(u +18)

Il
5
iM=
—_—
=
~w
|
N W
=
=N
+

N
- LZ(#}PM(”) ZAui) gidx (4.7)
i=1
N N
0 f Y () - Aul)(dl - %Zd]]dx
Q%=1 j=1

The identity in (4.7) is supplemented with Lemma 2.21 together with the natural
zero Neumann boundary condition Vu; -n =0on dQ fori=1,...,N. Here, n is the
unit normal vector to JQ pointing outwards from Q). Moreover, we impose the mass
conserving boundary condition

(LVw); n=0 ondQ,i=1,...,N.
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In conclusion, we obtain the vector-valued Cahn-Hilliard equation:

d; = (LAw);, (4.8)
1 &
= —52AM1' + gb%ol(ui) - N Zl ¢;Ol(uj), (4.9)
]:
Vu;-n=(LVw);-n=0 ondQ, (4.10)

fori=1,...,N.

In order to fulfill Onsager’s reciprocity law, we require that L is symmetric; see [106,
p- 137] or [59, p. 243]. In order to ensure that the constraint (4.1) is fulfilled during
the evolution, a common way in the literature is to assume that

L1=0, 4.11)

see, e.g., [60, 26, 59]. Since summing (4.8) overi=1,...,N then leads to

N N
5 =) o= ) V- (LVw); = V- Z[L]Uw}] V- ZVw]Z[L]l]—O

i=1 i=1 i=1 i,j=1

Therefore, (4.1) is fulfilled during the evolution if Y, u; = 1 holds at time ¢ = 0.
Summing (4.9) overi =1,...,N, then leads to

N N
Y wi=-e2A) wi=0. (4.12)
i=1 ]

i=1

It is further assumed that L is positive semidefinite, which gives that the total energy
is non-increasing in time. Differentiating the energy & in (4.3) with respect to the
time yields

d d 82 N 2 N 2 al)bpol(u)

a&(u) EL?ZNW' +¢p01(u)dx:LZ[e V“i'vatui"‘a—uiat“i] dx
N

fz zAuz+l,Up01( z) 8tuz dx = fz w; + NZ ‘&uldx

j=1
)
= wi(LAw)i dx = - f Vw; - (LVw);dx <0,

where we have used Lemma 2.21 with (4.10). Therefore, the total energy is non-
increasing in time. Differentiating the total mass fQ u; dx with respect to the time

gives
ul dx—f 8u1 (A‘is)f(LAw)idx:—f (LVw); - nds 410 0.
o) e}

Hence, the total mass of each phase is conserved.
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Since L is symmetric positive semidefinite, we can make use of its symmetric Schur
decomposition

L=QAQ" = QA2QTQAQ" =: L,Ls, (4.13)

where AZ is a diagonal matrix containing the square roots of the eigenvalues of L
and QTQ = I. Note that L; € RN is symmetric positive semidefinite. Further, as
stated in [60, p. 7] or [26, p. 112], it holds

N
1
T T 1.7 _ T, _ NoT
v Lv > [j)(Pv)' Pv = lpv" Pv = [U v N(i_zl vl]'v 1), (4.14)

where I is the smallest positive eigenvalue of L and Pv = v — & ( g\il vi) 1 for all

v=Jvy,...,on]" € RN. Note that P = PT = P2

Remark 4.1. We have explained above the common assumption L1 = 0. Nevertheless, it is
possible to work with L = I for convenience; see, e.g., [118]. Therefore, we also consider this
case in our work. We will see in Section 4.7 that our numerical solver simplifies in this case.

4.2.2 Nonsmooth systems

In the last section, we focused on the smooth potential i,;. We could easily calculate
the derivative of the smooth potential with respect to u. Now, we turn to the
nonsmooth potential ¢ops given in (4.5). It can be written via the indicator function

0 uegh,

Lgn(u) = { oo otherwise
as )
l;bobs(u) = 170()(11) + IgN(u) = —Eu -Tu+ Igz\/(u).

As in Chapter 3.2.2, I oy can only be differentiated in the sense of subdifferentials.
The resulting system can be formulated as a system of variational inequalities; see
[60]: Find (u,w) € H'(Q)N x HY(Q)N such that

(9, vy = —(LVw,Vv) Yve H(QV, (4.15)
N
w,v—u) < ¢4(Vu, V(v -u)) - (Tu,v-u) + I\ll Z (Tw)j1,v—u) (4.16)
j=1
vve H(QN,ve GV ae inQ,
uegG" ae inQ. (4.17)

The system (4.15)—(4.17) is supplemented by the initial condition uy € H'(Q)V, ug €
GN a.e.in Q. Existence and uniqueness of a solution to (4.15)—(4.17) was shown in
[60].
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Remark 4.2. Another formulation was studied in [12]: Givenug € H'(Q),up € GN a.e. inQ,
find (u,w,n) € H(Q)N x HY(Q)N x L*(Q) such that

(dru, vy = —(LVw, Vv) Vv e HY(Q)V, (4.18)
N
w+nl,v—u) < e2(Vu, V(v —u)) — (Tu, v —u) + I%] ; (Tw)1,v—u) (4.19)

Vve H(QYN,v>0ae. in Q,
u>0 ae inQ, (4.20)

N
Z w;=0 ae. inQ. 4.21)
i=1

This formulation relaxes the condition u € GN almost everywhere in Q in (4.15)—(4.17) to
u > 0 almost everywhere in Q3 by introducing the Lagrange multipliers explicitly. Existence
and uniqueness of a solution to (4.18)—(4.21) was shown in [12].

Due to the system of variational inequalities, the nonsmooth vector-valued Cahn-
Hilliard problem poses a harder challenge compared to the smooth one from the last
section. This holds for both, the mathematical as well as numerical analysis, as we
shall see during the following sections.

After the derivation of the constitutive vector-valued Cahn-Hilliard equation or
inequality, we are going to study their discretizations in order to be able to solve
them numerically. We start with the discretization in time in the next section.

4.3 Time discretization

In Chapter 3.3, we have motivated the use of a fully implicit time discretization
scheme. This means we use the backward Euler discretization for the time deriva-
tives duu;,i = 1,...,N, and treat all the other terms implicitly. In particular, we
treat the potential function implicitly. Let 7 > 0 denote the time step size and
tu-1 = (n—1)7, n € IN, discrete times. We denote by u D e H(Q)N the time-discrete
solution at time step t,,_1. Further, u, wi ¢ HY(Q)N form the time-discrete solution
at time step t, = t,_1 + 7. In order to ease the notation, from now on we write uold qy,
and w instead of u™ b, u®, and w®, respectively.

Again, we start with the smooth setting and consider the weak formulation of
(4.8)—(4.10). We discretize this problem in time and give stability and uniqueness con-
ditions. Afterwards, we go over to the nonsmooth setting (4.15)—(4.17). We consider
the corresponding optimization problem which allows us to specify the conditions
for a unique solution.

4.3.1 Smooth systems

Let us focus on the smooth setting and the corresponding system of Cahn-Hilliard
Equations (4.8)—(4.10). We consider their weak formulation and utilize the implicit
Euler scheme. Then, (u, w) solves the following problem: Find u, w € H(Q)N such
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that

(i = u?™,0) + T (LVW);, Vo) =0 Vo e HY(Q), (4.22)

N
— (Wi, v) + €% (Vu;, Vo) + (gbl’ool(ui), v) — I%] (Z t,b;ml(u]-), v] =0 VYoeHY(Q), (4.23)
=1

fori=1,...,N. Choosing v = 1 in (4.22), we obtain the conservation of mass, i.e.,
(u;, 1) = (u?ld, 1) fori=1,...,N, the specific feature of the Cahn-Hilliard model.

Now, we want to give stability and uniqueness conditions for the time step. However,
the quartic growth of 1,01(u) at infinity introduces various technical difficulties in the
analysis. Therefore, as in Chapter 3.3.1, we consider a truncated multi-well potential.
To be more precise, we restrict the growth of p1(u) to be quadratic for u; <1 -M
and u; > M for a given constant M. In the following, we write 1 for the truncated
version of 0. Using the truncation technique, we obtain the following condition:
There exists a constant S such that

” -

-—(s)

maXx
81/11'

seRN

<S VYi=1,...,N. (4.24)

With the use of (4.24), we can prove:

Theorem 4.1. The solution of (4.22)—(4.23) is unique provided that T < % and Y = Ppol
is replaced by its truncated version 1.

Proof. Assume there exist two solutions (u, w) and (i, W) of (4.22)—(4.23). Then, we

get

(u—1,v)+t(LV(w—-w),Vv) =0, (4.25)
— (W —W,v) + &2 (V(u— ), Vv) + (¢ (u) — ¢/ (@), v)
1 N

- 5| L W) -y @y)rvi=0, (426

j=1
for all v e HY(Q)N. Choosing v = w — W in (4.25) gives

0 = (u-,w-W)+7(LV(w- W), V(w—W))

CD) (4=, w = W) + 1(Ls L V(W — W), V(w — W))

(u—1,w—w)+1(L;V(w — W), L;V(w — W))
(u—1ii,w— W)+ 7||LV(w — W) (4.27)

Choosing v = u — i in (4.26) gives

0=—(u—1i,w—-w)+e?||V(u-)
N
+ (l,b’(u) - w’(ﬁ), u- ﬁ) - ]\l] [Z (gb’(u]) _ I][J’(ﬂ])) 1u—il. (428)
1

]
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The last term in (4.28) is zero since we can reorder this term to
N N (N
Z (l//(llj) - 77[1’(17{])) lLu-1i|= Z Z (lp,(u]') - 17[/(17!]’)), u; — i
i=1 i=1 \ j=1

j
N N

[l,b'(uj) ACHY Z (u; — fti)]
= P

and Zf\il (u; — i1;) = 0 for a.e. x € Q due to (4.1). The second last term in (4.28) can be
reformulated using the Taylor expansion of the potential

£ (si)(u; — i1;)?,

NI —

Yu) = P(ii+u—) =@+ ¢ (@) (u-a)+

M= 1=

l
—_

£ @) — i1;)?,

N —

P(@) = Pu+id-uw) =)+ ¢'(u)- ([G-u)+

1

.
where f'(s;) = %(s) and s, § lie between u and #i. Adding these two equations gives

N (4.24) N
(Y (u) = ' (@) - (u—1a) = Z (f'(s1) + f/3) (wi —i1)* > =S Z (u; — ;).
P im1

N[+~

Therefore, we obtain in (4.28)
0>—(u—a,w-w)+e|Viu—-a) - Su—al. (4.29)
For the last equation, we choose v = S (u — i) in (4.25) and get

0= S|ju— il + 7S (LV(w — W), V(u — i1))

= Sfu_alp 4 | VP vp(L)LSV(W — W), ﬁLSV(u — @)
V2e vp(L)
2q2 .
> st -af - SED LV - W - LY 0, @30

where we have used Young's inequality with ay = 1 (Lemma 2.12). Due to

ILsV(u — @[> = (LsV(u — @), L;V(u — ) = (LV(u — &), V(u — i)
< p(L)V(u - a)|P*,

we can estimate (4.30) further to

TZSZP(L)

17 LYW =) = & [V (a - @) (4.31)

0> S|u—al* -
Now, adding (4.27), (4.29), and (4.31), we get

©5%p(L)

4¢2

0>7 (1 — )llLSV(w - W), (4.32)
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75%p(L)
4¢?

462
S?p(L)"

Hence, we obtain uniqueness if 1 —
Since then, it follows with (4.14) that

> 0, which is equivalent to 7 <

|| LsV (W — Vv)||2 = (LV(w - W), V(w —W)) > [ (PV(w — W), V(w — W))
= [IV(w — W)I?,

where the last equality is a result from (4.12) in a weak sense. Therefore, we obtain

in (4.32)
2
0> 1(1 - TS4’;§L)) IV(w — W%

Finally, |[V(w — W)|| = 0 implies that w — W is constant. Using this, (4.25) yields
(u—1,v) = 0 Vv € H(Q)N and therefore u = # almost everywhere. Finally, (4.26)
then gives w = W almost everywhere. m]

Theorem 4.2. Under the condition T < and provided that { = Py is replaced by

52 (L)
its truncated version \, the time discretization scheme (4.22)—(4.23) is energy stable, i.e., its
solution satisfies E(u™) < EuD) forall n > 1.

Proof. Choosing v = w in (4.22) gives

0= (u - uOld ) + 7 (LVwW, VW) ¢19 ( —u°d, w) + 7 (LsLsVw, VW)
(u u°! ) + 17 (LsVw, L;Vw)) = ( —u°d, w) + || LsVW]]%. (4.33)

Choosing v = u — u® in (4.23) gives
0=—(u-u, w)+ %2 (||Vu||2 — [[Vu|* + [V - u°ld)||2)
(gb (u),u— u°101 [Zgb (u)1,u—-u® ]

As in the proof before, we can show that the last term in (4.34) is zero, and the second
last term in (4.34) can be reformulated using the Taylor expansion of the potential

(4.34)

f (si)(u; — MOId)Z

I\JIH

Mz 'lMZ

I)b’(u) . (ll _ uold) ll)(ll) l)b(uold)

I\JICD

( . ulpld)Z

¢<u> P(ud) -

Il
—_

[i

where s lies between u and u®!d. Therefore, we obtain in (4.34)

02— (u-u,w)+ %2 (||Vu||2 — Ve + [V - u°ld)||2)

5 . (435
+ ((u), 1) - (¢(uold), 1) -3 ||u _ uold” .
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For the last equation, we choose v = % (u — u"ld) in (4.22) and get

_S 0 TS 1d
0= fhu— +?(LVW,V(u—u° ))

TS A/p(L
= 4 ||u - u°1d||2 + ﬂLst, ¢ L.V(u - u®d)
2 2¢ V(L)
S R TS%p(L) ) & 1dy [|2
> 5 [lu =" - — T L VWi - 2o |2V —u)||”, (4.36)
where we have used Young'’s inequality with ay = 1 (Lemma 2.12). Due to
||LSV(u - u"ld)H2 = (LSV(u —u) L,V(u- uOld))
= (LV(u —u), V(u - u°ld))
< p(L) [V - w97,
we can estimate (4.36) further to
S 1d 112 TZSZP(L) 2 e 1d, |2
02 2 fJu— |- —gaz VWP - 5 |25V = u)||”. (4.37)

Now, adding (4.33), (4.35), and (4.37), we get

S2p(L 2
02 T(l - - 85 ; )) ILsVwif + % (||Vu||2 - “Vu01d||2) + (P(w), 1) - (P°),1).

Now, we can bound the energy

2
Ew - &) = - (IVulP - [vuk]) + (o), 1) - (), 1)

©S%p(L)
< T( - 1) LYW
2
Hence, we obtain energy stability if %QL) —1 <0, which is equivalent to 7 < %.
|

The resulting time step restrictions comply with the ones for the two-component
system in Chapter 3.3.1. Although these conditions appear to be quite restrictive for
¢ < 1, the authors of [140] pointed out that they are in fact needed for the sake of
convergence. Moreover, note that explicit schemes usually lead to even more severe
time step restrictions of order O(&?).

As in the previous chapter, the approach of the truncated polynomial is only used
for the theoretical part. In praxis, the polynomial potential {,,] behaves quite well
and does not result in blow ups of the solution. Violations of u € [0,1] in form of
u € [-0(¢e), 1+ 06(¢)] occur. However, 6(¢) is relatively small. We investigate this issue
further in Section 4.8.3.

After having stated and analyzed our system of time-discrete Cahn-Hilliard equa-
tions in the smooth setting, we proceed with the nonsmooth case.
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4.3.2 Nonsmooth systems

In the following, we concentrate on the nonsmooth setting and the corresponding
system of Cahn-Hilliard variational inequalities (4.15)—(4.17). By utilizing the im-
plicit Euler scheme, we obtain the following problem: Find u, w € HY Q)N such
that

(u,v) = —7(LVw, Vv) + (u9,v) Vv e H(Q), (4.38)
N
(w,v—u) < e4(Vu,V(v-u)) — (Tu,v —u) + I\ll Zl‘ (Tw)1,v—u) (4.39)
p
vve H(Q)N,ve GNae.inQ,
ueG" aeinQ. (4.40)

As in the smooth case, choosing v = e; in (4.38), we obtain the conservation of
mass, i.e., fQudx =m = [my,...,my]". In other words, (u,e;) = (u°4,e;) = m; for
i=1,...,N, where m; € (0,1) and Zf\il m; = 1. Here, e; is the function which is
identical to one in the ith component and zero otherwise. Without loss of generality,
we assume that |Q| = 1, with |Q] being the Lebesgue measure of €, holds true.

During the next three sections, we extend parts of the analysis presented in Chap-
ters 3.3.2-3.5 to the multi-component case. We define

N
K = {v =[o1,...,on]" € HQN: v(x) > o,Z vi(x) = 1a.e. in Q},
i=1

N
Vy = {v =[v1,...,on]" e HH(Q)N: (v,1) =0,i=1,...,N, Zvi(x) =0a.e.in Q},
i=1

and consider the following minimization problem

2 1
min  J(u,w) = %lqul|2+f—iu-Tu+§Vw-Ldex

(u,wW)eK %V Q
subject to  (4.38).

(#)

Let
F ={(u,w) € K X Vy: (u,w) achieves (4.38)}

be the admissible set of (). Analogous to Lemma 3.3, we have the following result.
Lemma 4.3. The following properties hold true:
(i) F #0and F C (Vo +m) X V.
(ii) F is a closed and convex set of H(Q)N x HY(Q)VN.
(iii) Let T < 4&?Amax(T)"2p(L)7L. Then, T is strictly convex on F.

(iv) Let T < 482/\maX(T)_2p(L)_1. Then, we have limy,—co J (W, W) = o0 for every
sequence (W, Wi )meN in F such that 1imy, e |[Umll1 = 00 or limy,—e0 [[Will1 = 0.
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Proof. (i) F # @since (u°',0) € . Let (u,w) € F. It follows w € V. By taking v = e;
in (4.38), we obtain (u;,1) = (u, e;) = (ud, ¢;) = (u?ld, 1) = m;. Hence, u — m € V.

(ii) First, we proof that ¥ is convex. Let (u,w), (y,z) € ¥ withu = [uy, ..., un]t, w =
[w, ..., wN]T, y=1Iyi,..., yN]T, z=1z1,...,z8]T and A € [0, 1]. We have to show that
(Au+ (1 - A)y, Aw + (1 — A)z) € F holds true. From

Aw+(1-MNz,)=A(w,1)+(1-71) (z,1) =0

~—— ~——
=0 =0
and
N N N
Z/\wi+(1—A)zi:/\ Zwi +(1-2) zi =0ae inQ,
i=1 =1 =1
=0 a.e.in Q =0 a.e.in Q

it follows Aw + (1 — A)z € V. Further,
Au+(1-A)y=>0ae. inQ,

since u,y > 0 a.e. in Q, and

N N N
Y Auw+(1-Ayi=A Y u +1-2) Yy =laeinQ
i=1 i=1 i=1
N—— ——
=1 a.e.in Q =1 a.e.in Q

and hence Au + (1 — A)y € K. Finally,

(Au+ A=Ay, v) +(LV(AW + (1 = A)z), Vv)
= A(u,v) + 1(LVw, Vv)] + (1 = A)[(y, v) + 1(LVz, Vv)]

:(u°1d,v) =(u°1d,v)
=, v) VveH(QY,
which means that (Au+ (1 —A)y, Aw + (1 - A)z) fulfills (4.38). Altogether, ¥ is convex.
Now, let us proof the closedness of ¥ in HY Q)N x HY(Q)N. Let (W, Wi)men C
¥ converge strongly to (u,w) € H(Q)N x HY(Q)N for m — oo, whereby u,, =
[, s NI, Wi = [, wiN]TT, w0 = [ug,. o un]’, wo= [wy,. .., wN]. We

have to show that (u, w) € . According to Theorem 2.6, every strongly convergent
sequence is weakly convergent, i.e.,

(U, V)1 — (w,v); YveH(QN
& (W, v) + (Vi Vv) = (u,v) + (Vu, Vv) Vv e H( QN
as well as

(Wi, V)1 —> (w,v); YveHY(QN

& (W, V) + (VW V) =5 (w, V) + (Vw, Vv) Vv e H(Q)N.
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Hence, we obtain
(u,v) + (LYW, Vv) = (u®,v) Vve H(QN

and

(W, ei) =0
fori =1,...,N. What is left to show is that u € K and w € V. As stated in [21,
p- 238], K is convex and closed in H'(Q)N. According to Lemma 2.7, K is weakly

closed in H'(Q)N. Hence, Definition 2.9 yields u € K. Similarly, Vy is convex and
closed in HY(Q)N. Altogether, (u, w) € ¥.

(iii) Let (u,w),(y,z) € ¥ and a € (0,1). We define
@) =aJw,w)+(1-a)J(y,z)— T (au+ (1 -a)y,aw + (1 —a)z).

We have to show r(a) > 0. We start with proving r(a) > 0. It holds

2

€ 2
ra) = a(EIIVullz +

(Vw, LVw) — % (u, Tu)) - %IIV(au +(1- a)y)ll2

T

2
& , T 1
+(1-a) E||Vy|| + 5 (Vz, LVz) — 5 (v, Ty)

+ % (au+(1-a)y, T(au+ (1 - a)y))

- % (V(aw + (1 — @)z), LV(aw + (1 — a)z))
2
=a(l-a) [% (IIVuH2 + ||Vy||2 —2(Vu, Vy)) - % ((w,Tu) + (y,Ty) — 2(u,Ty))

+% ((Vw, LVw) + (Vz, LVz) - 2 (Vw, LVz))]

= M (20— y)IP +  (V(w ~ 2), LV (w ~ 2) ~ (u -y, T - )
= U2 (219 - ) + LT w - DI ~ (u—y, T(u - y)).

Since
u-y)'Tu-y) < Amax(D)(u-y) (u-1y),

we can bound r(a) from above to

r(a) >

a(lz_ 2 (SZIIV(u ~YIP + 7T (VW = 2), V(W = 2)) = Amax(T) ||u - y||2). (441)

Since (u, w), (y, z) € F, they satisfy (4.38)
(u,v) + (LYW, Vv) = (u®d,v) VYve H(Q), (4.42)
(y,v) + ©1(LVz, Vv) = (w®4,v) Vv e H(QV. (4.43)
Choosing v = u — y in (4.42)—(4.43), we obtain

(u,u—y) +7(LVwW,V(u—-y)) = (ud,u-y), (4.44)
(yyu—y)+1(LVz,V(u-y)) = (w9, u-y). (4.45)
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Subtracting (4.44)—(4.45) from each other, we get

= llu = yI* = (LV(w ~ 2), V(u - y)). (4.46)
Applying Young’s inequality with ay > 0 (Lemma 2.12) to the right-hand side of
(4.46), gives

1
—|lu—yl? = 7| V2LV(w - 2), @stm -y)

T
> —tay||LsV(w = 2)IP = —IIL:V(u - y)I*. (447)
ay

Due to

1LV - y)|f = (LV(u-y), LV -y)) = (LV(u-y), Vu-y)) < p(L) [V -y)|’

we can estimate (4.47) further to

(L
~ I - yIP = ~tav | LV (w - )| - %Y)uvm -yIP. (448)

Substituting (4.48) into (4.41) yields

- /\max T)p(L
oz 209 [(ez - 2o COPE ) 190 = yIP + (¢ = wav A (DD LY 0 = )P

For the strict convexity, we require

22 Amax(T)p(L)T . Amax(T)p(L)T

0 & > 4.49
40(\( &y 482 ( )

1
/\max(T) ‘

T—TayAmax(T) >0 & ay < (4.50)

Hence,
/\max(T)p(L)T <y <
4¢2 Y /\max(T)’

which leads to the time step restriction

Amax(T)p(L)T - 1 o 1< 4¢?
462 Amax(T) /\maX(T)ZP(L) .

Under these conditions, we can estimate r(a) further by using

ILV(w = 2)|> = (LV(W - 2), V(W = 2)) > Io (PV(w - z), V(W — 2)) = [ |[V(w - 2)|?,

where the inequality results from (4.14), and the last equality is a result from

fil w; —z; = 0 a.e. in Q. Hence, we obtain

oy > 2202 AL
B 2

1 IV(u = y)II* + Io (T = TayAmax(T)) IV (w — Z)|*].
ay

Now, assume r(«) = 0. Then,

IV(u—y)IP = IV(w - 2)I* = 0. (4.51)
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Since u —y,w —z € Vj, we have fQui—yi dx = wii—zi dx=0fori=1,...,N.
Hence, we can apply the Poincaré inequality (Theorem 2.22)

i = yill; < cp IV =yl & g = yill® + IV = y)IP < eplIV (i =yl

2 2 2 2 2
llw; = zilly < cp V(Wi —z)lIF & lwi —zill” + [IV(wi = z)II” < cplIV(wi — z)II7,
fori=1,...,N. Hence,

lu =yl + IV(u = I < cp V(- y)IP,
Iw = z|? + IV(w = 2)|” < cp [IV(w - 2)I”.

It follows from (4.51) that [Jlu — y|| = ||[w — z|| = 0. This implies (u, w) = (y, z) a.e. in Q.
In summary, J is strictly convex on F provided that T < 4 Amax(T) 2p(L) 7.

(iv) Let (u,w) € . Using
u'Tu < AmaX(T)uTu,

we obtain
2 2 /\max(T) 2
J(u,w) = —IIVuII (VW LVW)——(u Tu) > —IIVull —IIL Vwl? Tllull :
Since (u, w) € ¥, (4.38) is fulfilled. Choosing v = u in (4.38) leads to
—lulP? = «(LVw, Vu) — (u°9, u) = 7(LVw, L;Vu) — (u®4, u). (4.52)

Applying Young’s inequality with ay = 28; > 0 (Lemma 2.12) to the left term in the
right-hand side of (4.52) and with ay = 28, > 0 to the right term in the right-hand
side of (4.52), we get

—|lull?> = T(LVw, LVu) — (u®9, u)

1
> —1pq||Ls VW]* — ?IIL sVull? — Bollu®d|? - %uunz. (4.53)

Due to
| LsVul* = (LsVu, LVu) = (LVu, Vu) < p(L)|[Vull?,

we can estimate (4.53) further to

Tp(L)
4p1

Applying the Poincaré inequality (Theorem 2.22) yields

— Ilall? > =Tl Ls VWi = ——==IVul* = Ballu®? - ||u||2 (4.54)

4p>

2
il = ||u||2+||w||2<cp(||wl||2 ( f uidx)]=cP(||Vui||2+m?) (4.55)
Q

and hence
2
il < cp (V2 + m2) = Vi) < cp (IIVuil® + m?)

fori=1,...,N, which leads to

2 2 T
[lu]l* < cp||VUll* + cp m'm.
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Hence, we can estimate (4.54) further to

2 o (Tp(L) cp ) 2 oldi2 _ CP T
— || = =tB1||LsVW||* = | —— + — |||Vu||* - u — —m m. 4.56
[l B1llLsVw]| ( TRRRTY IVall* = Balu®<| 4B (4.56)

Substituting this result into the equation of ' (u, w) above, we get

82 Amax(T)Tp(L) Amax(T)CP 2
> = — _
T, w) > ( . = 5, )||Vu||
T Amax(T)Th1 5 Amax(T)B2 odiz Amax(T)cp 1
+(§ - S LV - S P - 2 m
This inequality holds for all g1, B2 > 0. Now, we want to choose f1, 52 such that
e Ama(T)TPp(L)  Amax(T)ep R &2 Amax(T)tp(L) S Amax(T)cp
2 8B1 8B2 2 8p1 88,
(4.57)
T /\max(T)Tﬁl 1
——— >0 © <—— (458
2 2 < i@ ¢
Since f, > 0, we need in (4.57)
2 /\max(T)TP(L) /\max(T)TP(L)

———>0 & B>

&
2 81 4¢2

Hence,
Amax(T)Tp(L) 1
— <p1< ,
4¢2 Amax(T)

which leads to the time step restriction

/\max(T)Tp(L) < 1 o T < 462
4¢2 Amax(T') /\max(T)ZP(L) -
Under these conditions for 7 and 1, we can choose 8, such that (4.57) is fulfilled.
Now, we can estimate 7 (u, w) further by using

|LsVwi* = (LVw, Vw) > Iy (PVw, Vw) = Iy [|[Vw][*,

where the last equality is a result from Zﬁl w; = 0 a.e. in Q. Hence, we obtain

€2 Amax(T)Tp(L) Amax(T)CP 2 T /\max(T)Tﬁl 2
J(u,w) > (3 - 81 T )||V11|| + 1o (E - #) (IVwl|
_ Amax(T)B2 old|2 _ Amax(T)cp 1
— [la®<l 8 m

Next, due to the Poincaré inequality stated in (4.55), which yields
Ilalf} < e (IVlP + m"m), (4.59)

it holds lim, e [[Vuy,|| = oo for every sequence u,, € K with lim,, .« |[uylli = 0. The
same result is true if we replace u,, by wy,: Since w € V), the Poincaré inequality
(Theorem 2.22) yields

Iwlif < cpllVwl. (4.60)

Therefore, it holds lim;—co J (W, Wy,) = o0 for every sequence (u,;, Wi,)new C F with
limyy,—eo [[Ulli = 00 or limy,— 0 [[Wiill1 = 00, provided that 7 < 452/\maX(T)_2p(L)_1. |
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Remark 4.3. The time step condition is the same as in [12].

The existence and uniqueness of the solution of () immediately follow from the
previous lemma:

Theorem 4.4. Let T € (0,4*Amax(T)"2p(L)™Y). Then, the problem (P) has a unique
solution (u*, w").

After having analyzed the nonsmooth implicit time-discrete Cahn-Hilliard system,
we want to tackle the solution of this problem. The presence of the variational
inequalities in (4.39) makes this problem hard. As in Chapter 3.4, we make use of
the Moreau—Yosida regularization technique.

4.4 Moreau-Yosida regularization

In Chapter 3.4, we have motivated the use of the Moreau—Yosida regularization. More
precisely, we have incorporated the bound constraints |u| < 1almost everywhere with
this technique. In this section, we apply it to the bound constraints u > 0 almost
everywhere. We define

N
I, o= {v =[v1,...,on]" € H(Q)V: Z vi(x) =la.e.in Q}
i=1

and replace the optimization problem (%) by its Moreau—Yosida regularized version

. . n
(u,w)r?(ll(rllevo Jc(u,w) subject to (4.38) (P.)

with the objective
1. .
Je(w, W) = J(u, W) + || min(0, wl.

As before, 0 < ¢ < 1 denotes the associated regularization or penalty parameter.
Note that the constraint u € K in () has been relaxed to u € K in the regularized
problem (). At the same time, a damped version of the bound constraints in K has
been inserted into the objective function. The smaller cis the larger is the penalization
for the violation of the condition u > 0. Hence, the limit c — 0 represents the original
minimization problem (). Indeed, this convergence is proven below in Proposition
4.6.

Remark 4.4. Note that we still have the condition YN, v;(x) = 1 a.e. in Q in K. We will
include it in the same manner as in the smooth case in Section 4.2.1. More precisely, we will
incorporate it via the variational derivative at the end of this section.

Analyzing (), we obtain a result similar to Theorem 4.4.

Theorem 4.5. Let T € (0,46?Amax(T)2p(L)7Y). Then, the problem (P.) has a unique
solution (u., w).

Proof. As noted in the proof of Theorem 3.5, the functionals u; — |[min (0, )|, i =
1,...,N, are convex and Fréchet-differentiable on H'(Q). We can show that ¥, the
feasible set of (P.), and J. satisfy the analogue of Lemma 4.3 for (). In fact, the
proof is exactly the same. Hence, (P.) has a unique solution (u., w.), provided that
7 € (0,4* Amax(T) 2 p(L)71). |
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Proposition 4.6. Let T € (0,4¢*Amax(T)2p(L)7Y).  Let {(uc, We)}eso be a sequence of
solutions of (P.) as ¢ — 0. Then, there exists a subsequence still denoted by {(u., W¢)}c>0
such that

(u, we) — (u,w*) in H{(Q)N x H{(Q)N (4.61)

as ¢ — 0, where (u*, w") is the unique solution of (P).

Proof. First of all,

T (e, we) £ Je(ug, we) < Je(u', w) = J(u', w). (4.62)
Hence, there exists a constant f > 0 independent of ¢ such that
Je(ue, Wc) < ﬁ

Next, we estimate J.(u., w,) from below. As in the proof of Lemma 4.3(iv) we obtain
with T < 462 Amax(T)"2p(L)~! and suitable B, B2 > 0

2 Amax(T)tp(L)  Apax(T Amax(T)T
Tty woy > [ - 2P Al Ny gy 2D o

8p1 8f2
>0
2
Am X T m X T
- S DR e - 2T ‘— min(0, u.)
Next, due to the Poincaré inequality stated in (4.59) and (4.60), i.e.,
)2 < cp (IIVa]? + m"m),
Iwell} < epllVwell?,
we can estimate J.(u., w;) further to
2
/\m X(T) 2
Te(ue, we) = CrlIVul* + CalVwe|* - Csm"m - aTﬁnuOldnz H 77 min(0,u)

In order to ease the notation, we have introduced the constants C;, C,, C3 > 0, which
depend on ¢, 7, B1, B2, cp, Amax(T), p(L). This results in

{uc} bounded in H'(Q)V,
{w¢} bounded in H'(Q)Y,
{% min(0, uc)} bounded in L2(Q)N. (4.63)

Since {(u., W.)}c>0 is a bounded sequence in the Hilbert space H (Q)N x HY(Q)V, it has
a weakly convergent subsequence. Hence, there exists a (u, w) € HY Q)N x HY(Q)N
and a subsequence {(u.,, We, ) men € H(Q)N x HY(Q)N such that

(u,, we,) = (u,w) in H(QN x H{(Q)N.

Because of the compact embedding H!(Q)N «— L?(Q)N, weakly convergent sequences
in HY(Q)V are strongly convergent in L2(Q)N, i.e.,

(u,,we,) — (w,w) inL2Q)N x L2(Q)N. (4.64)
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According to Proposition 2.10, the strong convergence in L?(Q)Y implies

lul* > lim sup |lu,, |[* > lim inf [|u,, ||*. (4.65)
m—00

Mm—00

According to the proof of Lemma 4.3(ii), the weak convergence of {(uc,, Wc,, )} meN in
HYQN x HY(Q)N implies

(u,v) + t(LVw, Vv) = (u®9,v) Vv e H(QN
and
(w,e;)=0

fori=1,...,N. Moreover, K; and V, are weakly closed in HY(Q)N. Hence, Defini-
tion 2.9 yields (u, w) € K7 X V). From (4.64) and Lebesgue’s dominated convergence
theorem, it follows

min(0, u.,,) iy min(0,u) in L2(Q)N.
Together with (4.63), this yields
u>0 ae. inQ. (4.66)

Hence, (u, w) € . Now, consider

2
1
J(u,w) = %nwn2 -5 @ Tw+ % (Vw, LVw). (4.67)

In the following, we estimate each term on the right-hand side of (4.67) from above.
First, it holds that the H'(Q)N-seminorm

2 2
vl = [IVvl]

is weakly lower semicontinuous. Hence, according to Definition 2.10, the weak con-
vergence of a sequence v, — vin HY Q)N for m — oo implies |v|; < liminf, e [Vinl1-
Second, Lemma 2.11 together with the strong convergence u,, '—> u in L2(Q)N
yields

N N
(e, Ttag,) = Y [Thifltey iyt ) "= Y [Thiws,uj) = (u, Tw),
i:l l=1

where u., = [uc,1,..., U, n]" and u = [uy,...,un]". Third, since (u,w) € F and
(uc,,, we,,) € Fc, where F . is the feasible set of (P.), both pairs achieve (4.38). Hence,
choosing v = w for the former pair and v = w,, for the latter, we get

(LYW, Vw) = (u®, w) — (u, w),
©(LVw,,, Vw,,) = (9, w,) - (u,, we, ).
Lemma 2.11 together with the strong convergence in (4.64) yields

m—00

T(LVw,,, Vw,,) — (u°, w) - (u,w) = 7(LVw, Vw).
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Therefore,

€2
J(u,w) < E hm mf IV, |I* - % hm mf (uc,, Tug,) + = hm 1nf (Vwg,,, LVw,,)

&2
< liminf —||Vqu||2 - = (ucm, Tu.,)+ = (Vwcm, LVw,,)
= liminf J (u.,, we,,)-
m—oo
Together with (4.62), we obtain
J(u,w) < liminf I (u,,, w,) < J(u’,w"). (4.68)
m—0oo

The pair (u*, w”) is the unique solution of (#). In contrast, (u, w) is a feasible solution
of (P). Hence, J(u,w) > J(u’,w") and (4.68) becomes an equation. This gives
(u, w) = (u*,w").

It remains to show the strong convergence in (4.61). We have already proven the
weak convergence. Hence, what is left to show is the following norm convergence:

m—o0
lluc, Il "—

Iwe, i = (W]l
(4.62) and (4.68) imply
5c_llmin (0w, )IP =="0.
Thus,

Ju',w) < hm 1nfj o, (U, We,) < limsup I, (uc,, We,,) < J (0", w’).

m—0o0

This means
j(u*/ W*) = hm jcm(ucmr “Cm)/
m—00

and it follows

lim |[Vu, || =|[Vu’]] and lim [[Vw || = [[VW|.
m—oo m—oo

From ||ucm||% = ||qu||2 + ||V11c,,,||2 and the strong convergence in (4.64), we imply
the norm convergence of ||qu||% The same holds for w.,. The weak and norm
convergence yield the strong convergence result (4.61). m|

As already pointed out in Chapter 3.4, there is another way to explain the regular-
ization. The multi-obstacle potential ¢,},¢ in (4.5) is regularized by

N
1 .
Yobs(1) = Po(u) + % Zf min(0, u;).
=
Instead of the energy functional & in (4.3), we consider
Ec(u) = f Z Vi + o(u) + — Z | min(0, u;)|* dx
i=1

N

1
= L %; |Vul'|2 — EuTTu+ Z mln(O M | dx.

i=1
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As done for the smooth potential in Section 4.2.1, the vector of chemical potentials w
is defined via the variational derivative of &. with respect to u (see Definition 2.20),
whereby

N

U = {VZ [U1,...,UN]T EHl(Q)NZ Zvi = 1},
N

Y= {vz [01,..., o8] € H(Q)N: Zvi =O}.

Note that forall g = [g1, ... ,gN]T € Y there exists a vector d = [dy,...,dn]T € H(Q)N

such that
1 (&
g=d- N [Zf di) 1. (4.69)

Calculating the variational derivative of & under the assumption u < 0, we obtain
for u € U and g € Y satisfying (4.69) with d € HY(Q)N

d . E(utng)—E(u)
dn&(u +18) 17135 ,

z

o1 21 ‘ ,
- }IIL%TY ( Zw u; +ng)l 24 (ui + ngi) (T'(u + ng));

N N
€ 1 1
+—Z(ul+1]gl —?Z Vuz-|2+§ u;i (Tua); — 2—CZu12) dx
i=1 =1 i
S 1
f Z( (Tu); + —ui)gi dx + ezf
Q%3 ¢ Q
= f (_(Tu)z' + lui - €2Aui) gidx (4.70)
(o c
(4.69) N
s fg i Zf ]
(“1) f
Q
_ fo '

1=

Z

I
—_
I
—_

;- Vgidx

1=
<
¥

—_

Mz =

1
( (Tu); + ul - szAul)

11
—_

M-

—(Tu); + ”z 1 i ((Tu)] - —u]) —¢ Au,]d dx (4.71)

1 j=1

1=

wj di dx.

—_

The identity in (4.70) is supplemented with Lemma 2.21 together with the natural
zero Neumann boundary condition Vu;-n=00ondQ fori =1,...,N. In conclusion,
we obtain the following time-discrete vector-valued Cahn-Hilliard equation: Find
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u, we. € HH( Q)N withue = [uc1, ..., ucn]" and we = [we 1, ..., wen]" such that

(uc,i —u?,0) + T (LVW,);, Vo) =0 Voe H'(Q), (472)

1

1 .
(Wi, v) = €2 (Vi Vo) + (Tu);, v) — E(mln(ol Uc,;), V)

N
* %Z E(min(ol tie,),0) = (Twe);, v)] =0 VYoeHYQ), (4.73)
j=1

fori =1,...,N. Wesupplement (4.72)—(4.73) by the initial condition ug € H'(Q)N,ug €
GV a.e. inQ. AsinSection 4.2, one can show that Zﬁ1 u; = land Zg\il w; = 0hold true.

We have seen again, how the application of a Moreau—Yosida regularization tech-
nique can circumvent the treatment of the variational inequalities in (4.39) as well
as the box constraint in (4.40). Indeed, it results in an iterative way for solving the
time-discrete Cahn-Hilliard system (4.38)—(4.40): For a sequence {c,}en With ¢, — 0
solve the system (4.72)—(4.73).

Now, we have arrived at a system of time-discrete nonlinear equations for both
cases, the smooth potential setting as well as the regularized nonsmooth one. In
order to solve the former system, we apply standard Newton methods. Since this is
a straightforward step, we will not discuss it here. Regarding the second case, we
have to pay attention to the minimum operator present in (4.73). However, as in
Chapter 3.5, we can solve the corresponding nonlinear system via the SSN method.
This will be the topic of the following chapter.

4.5 Semismooth Newton method

For a specified sequence c — 0, we solve the system (4.72)—(4.73), compactly written
as
Fe(ue, wo) = (F (ue, we), F? (ue, we)) = 0, (4.74)

for every c by an SSN algorithm. In (4.74), the components are defined by
<F£l)(u, w), v> =1 (LVwW,Vv) + (u,v) — (u"ld, V) ,

(F2(w,w),v) = €(Vu, V) + %(min(o, u),v) = (w,v) = (T'u,v)

1 N

N
j

1
|<min©,11,v) - (Tw)1,v)]
=1
for all u,w,v € H'(Q)N. F, is not Fréchet-differentiable due to the presence of the
minimum operator. However, the minimum operator satisfies the weaker notion
of Newton differentiability; see Definition 2.11. As for the two-component case in
Chapter 3.5, we can state a Newton derivative for F:
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Lemma 4.7. The mapping F.: H(QN x H(Q)N — (H1 QN )* X (Hl QN )* is Newton-
differentiable. Furthermore, the operator G.(u, w) given by

_ T (LVow, Vo)
(G 00090, 8.9 = 53, ) g ) (T, )
+(0u, ¢) )
—(ow, ) — & T |2 0wy dui1, ¥) - (Tow)1, )] )7

serves as a Newton derivative for F.. Here, x pm,) is the characteristic function of the set
M) = {x € Q:ui(x) <0}.
The term x pq)Ou is given as
X M(u)Ou = [XM(m)éulz ey XM(uN)(S“N]T .

For the proof, we refer to [91, p. 788] and [92, pp. 885-886].

Lemma 4.8. Let 7 € (0, 452/\maX(T)‘2p(L)‘1). For a given u € HY Q)N and (Y1, y2) €
(Hl(Q)N )* X (H1 QN )*, the optimization problem

1
j(éul (SW) + E(XM(u)éu/ 6“) - <Y2/ 6“)

min
(6u,6W)eK; X Vo (Pac.)
subject to T (LVow, V) + (5u, ¢) = (y1,¢) VY € HH(QN
admits a unique solution (ou, 6w).
Proof. One proceeds as in the proofs of Theorems 4.4 and 4.5. m]

In the next section, we derive the fully discrete problems for both, the smooth system
in (4.22)—(4.23) and the regularized nonsmooth system in (4.72)-(4.73).

4.6 Finite element approximation

In this section, we apply FEM [144] to the regularized nonsmooth Cahn-Hilliard
system in (4.72)—(4.73). We also want to apply it to the smooth version (4.22)—(4.23).
Since both procedures are similar, we only present the methodology based on the
nonsmooth setting. Regarding the smooth case, we will state the fully discrete linear
system at the end of this section. Moreover, the following presentation complies
with the FEM Section 3.6 for the two-component model.

In the following, we assume for simplicity that Q is a polyhedral domain. Let {Rj};~¢
be a triangulation of Q) into disjoint open rectangular elements with maximal element
size h, |, be the set of nodes of R, and p; € Jj, be the coordinates of these nodes. We
approximate the infinite-dimensional space H!(Q) by the finite-dimensional space

Sn={p e C'Q): ¢ Ir € Qi(R) VR € Ry} c H(QY),

of continuous, piecewise multilinear functions. We denote the standard nodal ba-
sis functions of S, by ¢; for all j € J,. They have the property ¢;(p;) = 6ij, i,j =
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1,...,m. The discretized version of the penalized problem (4.72)—(4.73) is the fol-

lowing. Given uzld = [ug}f, . ,uﬁ}g]]T € ShN , find (u., wep) € ShN X ShN , Where
uey = [uep, - uepN]T, Wep = [Wepa, .., wepn]T such that
(Fﬁ};)(uc,h,wc,h), o)=0 Vo,eSyi=1,...,N, (4.75)
(Fﬁj’(uqh,wah), 9)=0 Yo, eSi=1,...,N, (4.76)

where the components are
1,i 1d
<F£,h1)(uc,hrwc,h)/ Uh> = T (LVWen)i, Vo) + (ep,is 0n)n = (| Oy

2, 1 .
(FED (g, Wen), on) = &(Vitgyi, Voy) + Z(in(0, ve,), Op)i = @epir O

1

N
— (Tuc)i own = 5 Z E(min(o, e, ) O = (Tucp)j, Uh)h]-
=

Within our finite element framework, for a given (uy, wy,) € ShN X ShN , every step of
the SSN method for solving (4.75)—(4.76) requires to compute (6uy,, dSwy,) € S}Il\l X ShN
satisfying
T ((LVowy);, Voy) + (61, Uh)h = —FS,'li)(uh,Wh),
1
2 (Vouy,i, Voy) + E(X’}y((uhﬂ.)éuh,iz Ui = (0Wn,i, vn)n — (T'OuR)i, v
N

1 1 5

N [E(X}/I\A(uh/j)éuh,jr op — (Tou)y,j, Uh)h] = —Fij,l)(uhfwh),
j=1

forallv, € Sy andi = 1,...,N. Here, w, = [up1,...,upn1", Wi, = [wy, ..., wpN]7,

and ouy, = [6uh,1,...,6uh,N]T, owy, = [5wh,1,...,6wh,N]T. Further, we define X’}\A(um) =

i X}/Z\/l(uh,i)(pj) @; with Xl//l\/((uh,i)(pj) = 0if uy,(p;) > 0 and )(}/Zw(uh,i)(p]-) = 1 otherwise. In
the following, we consider T' = I — 117, which is a typical example as mentioned in
Section 4.1. If we now write a function v, € S, by v, = ), i€l On,j Pj and denote the
vector of coefficients by v, the fully discrete linear systems (smooth and nonsmooth)
per (semismooth) Newton step read in matrix form as

-A  IeM |[ u®D | b “@77)
I®M LK || wkD |7 | T M)ud | '
T T T T
Here, ut) = | ()", .., (uf™)'] wtd = (), (wf)] e Y7,

T 1T
and u°d = [(u‘l)ld) L., (u?\}d) € RN™ is the solution vector from the previous

time step. Remember that k denotes the iteration step of the (semismooth) Newton
method. The first right-hand side is

b=(I®M) (—2 (u(k))3 + g (u(k))2) + %(I ® M) [ZN: 2 (u§k>)3 - g (ug.k))z 1

T T
for the use of the smooth potential, where u® = [(ugk)) ,...,(ug)) ] and 1 =

P
[1,...,1]T € RN™ Note that the powers of the form in (u(k))p or (u§k)) ,p €N,
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have to be understood elementwise. For the use of the nonsmooth potential, we
have
b=0.

As in the last chapter, M € R™ is the lumped mass matrix and K € R™" is the
stiffness matrix. Remember that M is a diagonal, symmetric positive definite matrix,
and K is symmetric positive semidefinite. Moreover, I € RV is the identity matrix.
The block A is given as

Aay Ag - An-y Aw
Agy Ay - An-ay Awy
A= N
Agy  Ap o An-in-) Ay
Agy  Ap - An-y Anny

where fori=1,...,N
Ay = Agy®) = 2K +(1- L) By e R
ii) = Aup(u; ") =K + ) Foo € ,
®) 1 i
A = Ap(u;) = —yEo € R™, (4.78)

2
F(i) — Ei)(ul(-k)) — djag ([M]]] [3 (ugfz/]) - 31/{;1]2/] +05

) c 1Rm><m
’
=1,

in the smooth system and

1\, _
Ay = Agp(w) = K + (1 B N) (C 'Gy-M )
k 1, _
Ay = Ap) = -5 (7'Go ~ M), @.79)

. k
[M];; if u;},j <0,

_ (k)Y _ g5
Go =Galy;) = d1ag( 0 otherwise

//////

in the nonsmooth system. Here, u;kl?j denotes the jth element of the vector u;kz

Regarding the blocks F{;, i = 1,...,N, note that the smooth Cahn-Hilliard model

(k?.slfori: 1,...,N,j=1,...,m. Hence,

yields solutions which satisfy 0 < u, ij

3(u§fl?].)2 - 3u,(1"3]. +0.5 € [-0.25, 362(u®) - 35(u®) + 0.5] =: [-0.25, a(u®)]  (4.80)

fori=1,...,N, j=1,...,m, where

k)Y — & (G — 1,0 _ .
S(u9) = Uy such that Iuh’p,q 0.5 = |ju 0.5 1|oo- (4.81)
The lower bound follows from the fact that the function f: R - R,z — 3z2-3z+0.5,
has a global minimum at zgp = 0.5 with f(zg) = —0.25. For the upper bound, we make
use of the symmetry of f around zp.

Now, we have arrived at the core of our numerical algorithms — the numerical
solution of systems of linear equations. Due to the use of FEM, all the matrix
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blocks M, K, G, F(;, i =1,...,N, are large and sparse. In particular, the higher the
number N of phases is the larger is every block of the system matrix in (4.77). In the
next section, we design effective practical preconditioners for the two linear systems
represented in (4.77).

4.7 Preconditioning

This section is devoted to the development of practical preconditioners for the effi-
cient solution of the two linear systems represented in (4.77). In both cases, smooth
and nonsmooth, a linear, nonsymmetric system in saddle point form is at the heart
of the computation. Hence, nonsymmetric Krylov subspace solvers have to be used.
Due to the complex structure of the block A, we rewrite (4.77) and consider

wor 1o || e || aonnes

TtLK I®M wk+D) (I ® M)ud (4.82)

In the following, we denote the coefficient matrix in (4.82) by A. As in the last
chapter, we propose the block triangular preconditioner

P = (4.83)

IeM 0
tLe K -S|’

where § is an approximation of the Schur complement § = I® M + 7(L ® K)(I ®

M)7! A. Inverting the block I ® M is cheap as M is a nonsingular diagonal matrix.

The remaining task is to design a Schur complement approximation S that is easy

to invert and resembles S. Finally, the practical block triangular preconditioner is
given by

P = IeM 0

0 ‘[ Lo K-S ]

where we have to discuss an implementable Schur complement approximation Sy of
S. Overall, the two difficult points are the nondiagonal block matrices A and L® K,
which couple N equations of size m, respectively. The nonsymmetric block matrix A
contains the gradient energy parts, which only arise in the diagonal blocks, as well
as the interacting terms coming from the potential. These include in the case of the
nonsmooth potential the coupling of all penalization terms. In fact, the latter poses
the most challenging part; see Section 4.7.2 for details. Asin the last chapter, we begin
with the simpler smooth problem and continue with the harder nonsmooth one. Note
that the construction of efficient preconditioners in the smooth case is already well
established by Boyanova et al. [38]; see also [35, 37, 36, 3] for the two-component
model. The authors discussed among others the fully implicit time-discrete scheme.
However, they only consider the case L = I in the fully discrete problem. We extend
the procedure to the case where L is symmetric positive semidefinite. Moreover, our
theoretical proofs differ halfway through. The following presentation generalizes
Chapter 3.7 to the vector-valued formulation.

4.7.1 Smooth systems

In the following, we develop a preconditioner for the smooth Cahn-Hilliard system
represented in (4.82). This can be achieved by applying the steps in [38], which we




4.7. PRECONDITIONING 143

explain below in the proof of Theorem 4.10. Note that the proof of Theorem 4.10
differs from the one in [38] at a marked point. Moreover, we generalize the proof
from the case L = I to the case of symmetric positive semidefinite matrices L. Due
to (4.80) together with Proposition 3.10, the diagonal entries of F;, i = 1,...,N, lie
in the interval [-0.25 Ch?, Chea(u®)]. Hence, as in [38], we suggest to neglect the
blocks Fi;), i = 1,...,N in A. Therefore, we approximate A as

IOM —€’IQK

o= Lok TeoM

In what follows, we discuss the quality of the approximation Ay. We denote the
Schur complement of Ay by § = I ® M + 1¢*(L ® K)(I ® M) }(I ® K). Note that
both the (1,1) and (2, 2) block of Ay are nonsingular. In particular, they are symmetric
positive definite.

Theorem 4.9. Ay is nonsingular. In particular, S is symmetric positive definite.

Proof. According to (2.18), Ay is nonsingular if and only if S is. We rewrite S as

S = IOM+13(Le K)I® M) HI®K)

C1 renM+ XL K)I® M) ® K)

O e M + 1L o KM'K).

Due to the symmetry of M, K, and L, as well as the identity (2.14), it follows that S
is symmetric. Moreover, Theorem 2.34 yields

dLe KM'K)={\L)A\(KM'K),i=1,...,N,j=1,...,m},

where A;(L), i = 1,...,N,denote the eigenvalues of L, and )\]-(KM‘lK), j=1,...,m,
denote the eigenvalues of K M "' K. Due to Proposition 3.10 as well as the symmetric
positive semidefiniteness of L, it holds o(L ® KM 1K) C Rxo. Finally, using the
Rayleigh quotient argument (Definition 2.27), we obtain

vISv =0T ® M+t v (LOIKM 'K)v >0
~——— —
>0 >0

for all 0 # v € RN™. This gives (S) C Rs. O

Consider the generalized eigenvalue problem

54[ Zi ]:A:ﬂo[ Zl } (4.84)

Theorem 4.10. It holds
o(Ay A) c B.(1).

The circle radius is bounded by ¢ < —“T’S(L) max {0.25, |a(u(k))|}, where a(u®) is given
in (4.80)—(4.81). In particular, Nm eigenvalues are equal to one. We get ¢ < 0.5 when

7 <0.25&?p(L)"! max~? {0.25, |04(U(k))|}-
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Proof. We transform (4.84) to

(A~ Ag) [ o ] = uAg [ o ] (4.85)

where y = A — 1. The inverse of Ay can be expressed via a combination of (2.23) and
(2.24) as

A = [ S-1 28 W I ® K)(I® M) ] ‘

1S (L ® K)I® M)™! §-1 (4.86)

Note that we have used the symmetry of S. More precisely, S is equal to the Schur
complement of Ay in its (2, 2) block. This yields

0 S-A+ (I8 K)|

1 _ —
Ay (A=) = [ 0 —1SHL®K)I®M)™! [_A * 82(I®K)]

} . (487)

Hence, (4.85) has Nm zero eigenvalues corresponding to eigenvectors [qlT ,0T]T. Thus,
(4.84) has Nm one eigenvalues. Next, we write (4.85) out

(—A+ (I ® K))gz2 = p((I ® M1 - £2(I ® K)q), (4.88)
0 = u(t(L ® K)q, + (I ® M)qy). (4.89)

We express g1 from (4.88) and substitute it into (4.89)

(L ® K)(I ® M) [A —(I® K)] @

e ., (4.90)
u|teX(L ® K)(I ® M) (I®K)+(I®M)]q2.

Multiplying (4.90) from the left by (I ® M)™! yields the following generalized eigen-
value problem

1Ie M) (L® K)I® M)} [A — (I ® K)] @

=u [I +12(I QM) LK) I M) ' (I® K)] Q. (*91)

Note that the first identity matrix on the right-hand of (4.91) is correctly written as
(In X I;), where Iy € RNN and I,, € R™™. Under this notation, the remainder
identity matrices in (4.91) are correctly written as Iy. In order to ease the notation,
we write I for all identity matrices. We introduce

Ri=t[I+1Ie M) (Lo K)IoM) ' IoK)|
IeM) (Lo K)IeM)'[A-(I8K)

and estimate its eigenvalues in the following. Therefore, we first perform a similarity

transformation (Definition 2.23) on R in the form of (I M %) RI® M ‘%) = R.
Note that R and R have the same eigenvalues. Next, we analyze the eigenvalues of
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R. Therefore, we first reformulate R as

R=tIoMH[[+1To My (Lo K)IoM) (I K)|
TeM) ' (LeK)IeM) ' [A-2IeK)|IeM?)
=t|[(I+7eTe M) (Lo K)IT® M) (I8 K))(I® M-%)]_1
TeM) (Lo K)IeM)' [A-2I8K)|IeM™?)
=t[TeM™)+12Ie M) (Lo K)I®o M) (Ig K)I® M—%)]_1
TeM)(LeK)IeM) ' [A-2IeK)|IeM™?)
—t[TeMH(I+rTo M) Lo K)Io M) I K)o M)
TeM)y (Lo K)\IeM)'[A-2I8K)|IeM™?)
=t[I+1(I @ M) *(Le K)I® M) (IeK)I® M—%)]_1
TeM)H(LeK)IeM) ' [A-2IeK)|IeM™?)
—(1+7LK) LA, (4.92)

where K = ITe M) I @ K)YI® M 2), L = (I® M 1) (L ® K)I ® M~2), and

A=(I® M‘%) [A -2 ® K)] I® M‘%). From now on, this proof differs from the
one in [38]. It can be easily seen that K is symmetric. If we rewrite K as

K=IeM KM,
Theorem 2.34 yields
o(K) = o(M™2KM™%) C Rso.
Hence, K is symmetric positive semidefinite. Due to Theorem 2.27 (symmetric Schur

decomposition), we can write M 3IKM™ = QKAKQIT« where Qx = [gx1l...lgxm] €
R™"™ is orthogonal and Ax = diag(Aki,...,Axm) such that M_%KM_%qu]- =

Akjak, for j =1,...,m. Similarly, it can be easily seen that L is symmetric since
L is symmetric. If we rewrite L as
L=LeM KM},
Theorem 2.34 yields
oL®M KM ) ={ALiAgji=1,...,Nj=1,...,m|,

where A1 ;, 1 = 1,...,N, denote the eigenvalues of L. Due to Proposition 3.10 as
well as the symmetric positive semidefiniteness of L, it holds o(L) € Rs. Due to
Theorem 2.27 (symmetric Schur decomposition), we can write L = Q. ALQE, where
QL = [qral...laiN] € RNXN g orthogonal and A; = diag(Ars,...,ArN) such that
Lqyj=Arjqujforj=1,...,N. Using the two introduced Schur decompositions, we
can rewrite K and L as

K=Te M KM =QQT ® QxAxQL “2” (Q1 ® QI ® Ax)(QT ® QD),
L=LeM KM =QAQ ®QAQl “2 (QL®Qu)(AL® ANQT & Q).
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Hence,

LK = (Qu®QAL®AL)(Q] ® QL(QL® Qx)(I ® AK)(Q] ® Qf)

“I QLo Qur, e AY)QT e QY), (4.93)

ST
and we can rewrite (I +1e2LK ) L in (4.92) further as

(1+72LK) " L =[(Qo Q@ ® QD) + teX(@QL ® Q)AL ® ADQ] 8 Q)]

(QL® Q)AL ® AK)(Q] ® QL)
- [(@® Qo (I +2(Ar @A) QT e Q)]
(QL® Q)AL ® AK)(Q] ® Q)
= (@ Q[I+12(AL0AY)] AL ANQ[®QD),  (494)
where [I +7e2(AL ® Ai)]_1 (AL ® Ak) is a diagonal matrix. Hence, (I + Tezf,f()_l L
is symmetric. It follows that
ALiAKj

~ ~\—1 ~
IT+1’LK) L(qi®q)= ———2—
( ) (qu,i QK,]) 1+ TEZ)\L,i/\ij

(qri ® qx)) (4.95)

fori=1,...,N, j=1,...,m. Using the inequality
0<(1-ab)?=1+a’b*>—-2ab
with a,b € R, we can bound the eigenvalues of (4.95) as

ALiAK,j ALiAKj VAL

<
1+ 'cez/\Lli/\%j ¢ \/%AK,]' VAL 2¢ VT

for j=1,...,m. Here, we have used 4 = 1¢?Ag j and b* = Ay jAg ;. This yields

vVe(L)

P ((I + Tezf,K')_l f/) < ﬁ (4.96)
eVt

Finally, we can estimate the eigenvalues of R. Note that due to Theorem 2.31, it
holds p(R) < || R||. Further, we obtain

-1 T4p(L)
2¢

. ~ ~\—1 . ~ o~ ~ ~
IRl < 7l (I +72LK) " LIIAll=7p ((I + T2 LK) L) 1A4] <
T
(4.97)

RS
where the equality holds due to the symmetry of (I +1?LK ) L. Moreover, due
to the diagonal structure of each block in A — ¢2(I ® K) we have

IAll,

A=IeM)[A-2IeK)|IeM?)

(N-DFy  -Fp - —Fao ~F
. —Foy  (N=-DFy - —Fno —Fu)
—1?(1) —1?(2) o (N=1)Fn-y -F

~F) ~Fop - —Fnoy  (N-1DEy
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where
~ ~ k . k k
F; = F(i)(uz(‘ )) = diag (B(M;,Zj)z - 3“1(1,1?,]' + 0.5) N
j=1,...,m.
Due to (4.80)-(4.81), the diagonal entries of 13‘(1'),1' = 1,...,N, lie in the interval
[-0.25, ac(u(k))]. Since each block in A is diagonal, the number of nonzero entries per
row or column is N. Moreover,

lA|l; <2 max {0.25, |a(u(k))|} and ||Aljo <2 max {0.25, |a(u(k))|}.

Thus, (2.12) yields

- ~ ~ N-1
1Al < Il < 2= max{0.25, la(u®)]}.

Hence, we obtain in (4.97)

_ — (L
IR < M%() max {0.25, a(u®)l} <

Tp(L)
N e

max {0.25, |a(u(k))|} . (4.98)
Therefore, for T < 0.25 ¢2p(L)~! max~2 {0.25, Ia(u(k))l}, it holds o(R) = o(R) C Bys(0)
and hence 0(3(51:7() C Bos(1). O

Remark 4.5. Note that the time step condition in Theorem 4.10 complies with the one in
Theorem 4.1 and 4.2.

After we have proven that Ay is a reasonable approximation of A, we can go
over to the construction of a suitable preconditioner for Ay and hence for A. We
propose the block triangular preconditioner # in (4.83), where we design S to be an
approximation of § = I ® M + 1¢(L ® K)(I ® M)™'(I ® K), which is the Schur
complement of Ay. More precisely, we use
S=S5(IeM)'S, (4.99)
=(I®eM+eVI(L® K))(I® M) (I& M +&Vi(I 8 K)) (4.100)
=IOM+12 (LK) IQM) ' IQK)+eViI® K) + e Vi(L ® K). (4.101)
The first two terms in (4.101) match the exact Schur complement S of Ajy. Due to the

balanced distribution of £27 in form of € 4/7 in both factors S; and S5, the influence
of both remainder terms in (4.101) is reduced.

Lemma 4.11. It holds
o($718) c (0,1].

In particular,
o(87'8) c [ple,7, M, K, L), 1],

where

1 1 1

, 1 IR T 1+p(L)
1+evVip(M2KM™2) 1+2% 1+2m

B(e, 7, M, K, L) = min

and ly denotes the smallest positive eigenvalue of L.
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Proof. As in the proof of Theorem 4.9, we can show that S is symmetric positive
definite. Hence, Lemma 2.30 implies o(S718) € Rsg. In order to obtain sharper
bounds, we proceed as in the proof of Theorem 4.10. First, we rewrite S71§ as
N ~ -1
S8 = [I QM+ 12 (LK) IQM) ' IQK)+ e ViIQK) + e VT(L ® K)]
[T® M + XL e K)(IeM) (I8 K)]
=[TeM?)(I+r22Ie M )L K)Ie M) IeK)I®M?)
+eviI @ M) I ® K)I® M™?)
1 1 1,11 1
+eViI®@ M )L K)I @ M™2))(Ie M?)| (IeM?)
[1+2T @ M2)(L® K)I © M) \(I® K)(I®M™7)|(IeM?)
=T M 2)[I+12IeM ) Lo K)IeM) (I8 K)I® M)
-1
+e VI @ M I @ K)I ® M%)+ eI @ M™I)(L e K)(I® M™7)|
[1+2T @ M™2)(L® K)I © M)\(I® K)I®M™7)|(IeM?)

~ o~ . ~1-1 ~ ~
=(I®M ?)[I+ LK +eViK +eViL| [1+ LK |(I®M?).

Hence, S7!S and R = [I +e2tLK + e VK + sx/?f)]_l [I + EZTEK] are similar
and have the same eigenvalues. Here, K = (I ® M ‘%)(I K Ie®M ‘%) and
L= (I®M_% )(L®K)(I®M_%) are the same matrices as in the proof of Theorem 4.10.
Again, we make use of the symmetric Schur decompositions of M KM~ and L
in the form of M KM~™: = QKAKQIT<, where Qx = [gkil...lgxkm] € R™™ is

orthogonal and Ax = diag(Ak1,..., Axn) such that M‘%KM‘%qK,]- = Ak,jqk,; for
j=1,...,m,and L = QLALQz, where Q1 = [qr1]...lgiN] € RNXN ig orthogonal and
Ap =diag(AL1, ..., ALN) such that Lqp ; = Apjqpfor j=1,...,N. Hence,

R =[(QL®Qu)(@Q] ®Q)) +1(QL® Qx)(AL® AY(Q] ® QF)
+eVI(QL® QI ® AQ] ® QL) + ¢ VE(QL® QAL ® AQT ® QD)
[(QL® Q@] @ QD) + &1(QL e Q(AL® AN(Q! @ Q)
= [Que Qo (I + (AL ® AY) + e VT(T @ Ax) + ¢ Vi(AL® AY) (@ 0 QD]
(QLe Q[T+ 21(AL® AY|(Q] ® QF)
= (@O Q[T+ (AL ® AY) + e VET ® A + £ VE(AL® AK)]
[1+ 1AL @ AD](Q] ® Q).

It follows that

2 12
o(R) = L, j=1,...,mi=1,. N} (4102
1+ ek (ETAL,Z')\K,]‘ + YT+ \/%AL,i)
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Remember that Axj, AL; > 0forj=1,...,m,i=1,...,N. Hence, we obtain the upper

bound 5 ) ) )
1+e¢ T/\L,iAK/]' 1+¢ T/\L,i/\K,j

< =
1+ EZT/\LIZ‘A%(]. +eVTAgj+eVTALidg 1+ SZT/\L,i/\%(j

>0

1
1+¢ \/%AK,]'

As a first lower bound for the spectrum of R, we get

€ o(R).

1 1
> .
1+eVTAg; 1+ eTp(M 21 KM™2)

In the following, we assume Ak ;, A ; # 0. We can rewrite the eigenvalues in (4.102)
as

2 12
1+¢ TAL/I/\K,]' _ 1
1+ EZT/\L,Z‘/\%(J + & \/?/\K,] + &€ \/EAL,i/\K,j € ﬁAK,j(l"'/\L,i)

-2 12
1+¢ T/\L,,/\K//.

1+
Using the inequality
0<(1-ab)®=1+a%?*-2ab

with a,b € R, we can bound

e Vg1 + AL) € Vidg L+ ) 1+ AL, < maxJ LT 1+ p(L)
1+ gZTAK,]-AL,iAK] 2¢ VT Ak ,/)\LZAK] 2 AL 2Vl 2+4/p(L)

where [y is the smallest positive eigenvalue of L. Here, we have used a? = 1Ak
and b2 = /\L,iAK,j- O

Lemma 4.12. If L = I, then
o(8718) c [05,1].

Proof. Due to Proposition 3.10, § and S are symmetric positive definite. Hence, we
may prove the result using the Rayleigh quotient argument in Theorem 2.29. We
write

o S vI(IeM + 12 (I® K)I® M) (I8 K))v
vI8v  oT (T® M + eI ® K)I ® M) \(I® K) +2y7e(I ® K)) v
aTa +b'b

aTa +bTb+2aTb’

wherea = (I ® M)zv and b= Vre(I® M)"(I® K)v. From the properties of M

and K, it follows a’a > 0 and b7b,a”b > 0 and therefore g” < 1. On the other

hand, (@ — b)"(a — b) > 0, which gives 2 g” > 0.5. O
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Now, let us discuss the practical realization of . The (1,1) block I ® M is a diagonal
matrix with positive entries. Hence, its inverse can be performed by elementwise
multiplications. The block

Sy =I®M +e\i(I®K)=I8(M + V1K)

in (4.99) is block diagonal and contains the same discrete elliptic operator, M +¢ VT K,
on each diagonal block. Therefore, we approximate the inverse of each diagonal block
with one and the same AMG preconditioner. The resulting practical approximation
of S, is

I® AMG(M +¢\1K). (4.103)

It remains to discuss the action of the inverse of the block S, in (4.99). Due to the
presence of L, S is in general not block diagonal. During the rest of this section,
we restrict the class of considerations to diagonal and circulant (see Definition 2.28)
matrices L. More general forms are a topic of further research and are not discussed
in this thesis. As reference examples, we take L = I (used, e.g., in [118]) and
L=1- %11T (used, e.g., in [59, 85]). The latter is a circulant matrix. Moreover, it
satisfies the condition L1 = 0 in (4.11). In the former case L = I, we obtain S7 = S;.
Hence, the action of the inverse of Sj is implemented as in (4.103). This results in the
following practical Schur complement approximation

So = [I® AMG (M + & VTK)| (I ® M)~ [I © AMG (M + ¢ VTK)|.

Independently from the number N of phases, we have to initialize only one AMG
preconditioner.

Now, let us study the case L = I — %11T, which serves as a reference example for
circulant matrices L. Then, S is not block diagonal anymore. In fact, each block is
occupied by K. However, as L is a circulant matrix, it can be diagonalized using the
discrete Fourier transform matrix Fy (see Definition 2.29 and Theorem 2.33), i.e.,

L = FN diag(/\Lrl, .. -//\L,N) F_l,

see [47]. This property forms the basis of an efficient fast Fourier transform (FFT)
based preconditioner, which is used, e.g., in [143], and briefly reviewed in the fol-
lowing. In our case, we do not merely diagonalize L, but rather the whole block
matrix S1 since Sy is the matrix whose inverse we have to apply. More precisely, if
we apply the FFT to a system of the form S1y = g, we get an equivalent system with
the block diagonal system matrix

(F'®I)S1(Fy® I) = I ® M + Vtediag(ALs, ..., ALn) ® K. (4.104)

Inserting the eigenvalues of L, whichare Ay =0and A;p = ... = Apy = 1, we see
that the resulting approximation in (4.104) is of block diagonal form, and almost all
diagonal blocks are equal. In fact, only two different diagonal blocks occur: M for
the case A1 = 0and M + e K for all remaining eigenvalues A j =1,j=2,...,N.
As the application of the Fourier transform will in general result in complex valued
systems, we formulate the N blocks in (4.104) to 2 X 2 real-valued block systems. In
detail, we have to solve two types of systems: One time

g |_|M O U | _| 9
A2 SN e
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and (N — 1) times
Yr _ M+\/%.5K 0 Gy ~ Gr
ﬂL[gC]_[ 0 M+\/E.5KH37C]_[§C]' (4.106)

Again, the system (4.105) arises for the diagonal block with A;; = 0 and (4.106) for
all remaining eigenvalues Ay j,j =2,...,N. Asin [143], we solve each of the above N
real-valued systems with a fixed number of steps of an inexact Uzawa-type method

- (+1) _ 10 7
(g ] ]
Yc Yc Tc
p 0] g g 0]
MR
Trc gdc Yc

is the /th residual, and w is the relaxation parameter. In the case (4.105), we use the
preconditioner

where

M 0
PL - [ 0 M ]/
and its inverse can be performed by elementwise multiplications. In the case (4.106),
we use the preconditioner
AMG(M + VteK) 0
P = ] :
0 AMG(M + V1eK)

Again, independently from the number N of phases, we have to initialize only one
AMG preconditioner.

Here, we finish the discussion about preconditioning of smooth Cahn-Hilliard sys-
tems. In Section 4.8.1, we illustrate the robust performance of our developed pre-
conditioner applied with BiCG. Next, we come to the harder case of nonsmooth
systems. We will see that a simplification of the coefficient matrix in form of Ay is
not satisfying anymore.

4.7.2 Nonsmooth systems

In the following, we develop a preconditioner for the nonsmooth Cahn-Hilliard
system represented in (4.82). The outer structure is the same as we have in the
smooth system. However, as in the previous chapter, neglecting the penalty blocks
Gi,i=1,...,N,in A would give a worse approximation for small penalization
parameters, which is summarized below in Theorem 4.13. The penalization is even
more crucial than in the last chapter. As can be seen from (4.79), penalized entries
are in general scattered throughout the diagonals of every block of A. In particular,
the penalized entries of the nondiagonal blocks A, i = 1,...,N, of A lie in the

interval —% (c‘l - 1) [C, ], since ¢ < 1. The nonpenalized entries lie in the interval
%[5, C]. This also applies to the diagonal blocks A;;, i =1,...,N, of A, whereby the
matrix 2K comes in addition. Again, this indicates a severe dependency between ¢

and c and hence h. Note that sufficient sizes of ¢ are ¢ < 107#, and in our numerical
examples we usually work with ¢ = 10~7. Moreover, we have in mind that we want to
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go over to adaptive mesh strategies, where we coarsen the mesh inside the penalized
regions. All in all, the estimated order of penalized entries is usually of large size
and highly differs to the order of the remaining nonpenalized entries. Hence, they
should not be neglected.

Theorem 4.13. Let
IOM -2IQK

o=\ Lok TeoM

It holds
o(A; A) c B.(1).

(L)

The circle radius is bounded by ¢ < ——
We get ¢ < 0.5 when T < 0.25c2e?p(L)~L.

. In particular, Nm eigenvalues are equal to one.

Proof. The proof is almost the same as the one for Theorem 4.10. The modification

occurs at the end in (4.97)
T+/p(L)
P Al 4.107)

ENT

IR <

where || A|| differs to the one in the smooth system. Due to the diagonal structure of
each block in A — £2(I ® K), we have

A=IoMH[A-HToK)|IoM™)
N-D('Gy=1)  —('CGa-T) - ‘EC_1G<N>‘I)

_ 1 ~("@w-1)  WN-D(Cp-1I) - (G -1)
N : : E |
~(cGw - 1) (G -1) o N-D( G- T)
where ®
) ) 1 ifu’. <0
G = Coy(w®) = dia hii
@ (Z)(uz ) g( 0 otherwise. )_1 il
Therefore,

. -1 ifu <o
C_lG(i) -I= diag ¢ ! uh/lr] < !
—1 otherwise, 1
and the maximum diagonal entry of each block c‘lé’(i) -I,i=1,...,Nisc ! -1.
This is because the penalty parameter c should be close to zero. Since each block in

Ais diagonal, the number of nonzero entries per row or column is N. Moreover,

Al <2

- A N-1 _
1Al < Vil AlllAlleo < 2——c g

Hence, we obtain in (4.107)

(c—1 - 1) < 2N1\_] 11 and Al < 2NZ\_] ! (c—1 - 1) < 2NN_ L

Thus, (2.12) yields

N-1 _; Viyp(L) +tp(L)
N c < .

IRl <
€ ce

(4.108)

Therefore, for t < 0.25 czezp(L)‘l,itholds o(R) = 6(R) C By5(0)and hence o(A, LA) c
Bos(1). O
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Hence, neglecting the blocks G;), i = 1,...,N, in A, as done in the last section for
smooth systems, would only be satisfying for tiny time step sizes 7, which is far
away from being practical. Therefore, we build on the last chapter and keep the
whole block A within our Schur complement approximation. Our proposed Schur
complement preconditioner is

S = S1(I®M)_152

(N-1) Ve
N

(I® M)+ \E(L@K))(I@M)‘l( (I® M)+ VTA

\N=Dve
(4.109)

M(L ® K) + _ViN_ (4.110)

N VEN - 1)
The first two terms in (4.110) match the exact Schur complement. Due to the balanced
distribution of 7 in form of /T as well as the scaling with —— and its inverse in

(N-1) Ve
both factors, Sl and S,, the influence of both remainder terms in (4.110) is reduced.
Let us discuss the action of the inverses of S1 and S;. The former was already studied
in the previous section. Therefore, let us concentrate on the latter now. The factor S,
still contains the nondiagonal block matrix A shifted by scaled mass matrices. This
shift ensures the positive definiteness of the diagonal blocks of S,. More precisely, if
we write out the diagonal blocks of S,

—IOM+7(LK)I® M)A+

veier + YW De N1 (e ymm

fori = 1,...,N, we see that they are positive definite if 7 < ¢. Remember the
uniqueness condition 7 < 4.52)\mx(T)‘2p(L)‘1 that is imposed on our time-discrete
formulation anyway. For our choices of T and L, the uniqueness condition reads
T < 42, For ¢ < 0.25, it holds 4¢2 < ¢. In the numerical experiments, we never use
interfacial parameters larger than 0.25. Instead, it should be as small as possible.
Hence, the positive definiteness of the diagonal blocks of S is always guaranteed in
our numerical experiments.

Remark 4.6. For other choices of T or L, where Amax(T') or p(L) is not equal to one, one
might include this information in the Schur complement approximation. For instance,

5 NAmax(T) +/p(L)
- 1) e

(I® M)+ V(L ®K)]

(N-1) \/_
NAmax(T) VP

is a possible candidate. The discussion about further possibilities of T or L is a topic of future
research.

( ® M)+ \TA

Ie® M) (

The proposed strategy concerning the solution of a system of the form S,y = g is the
use of a block Jacobi method with a fixed number of steps:

g = 40 4 PO,
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where
r) = g — Sy

is the /th residual, and w is the relaxation parameter. We use the preconditioner

AMG((N_;[)\/EM + \/EA(l,l))
Pa= ’
AMG(WM + \/EA(N,N))

which is an AMG approximation of the block diagonal matrix of S. In contrast to
the previous section, we have to initialize N AMG preconditioners instead of one.
Moreover, they have to be recomputed in every Newton step since the position of pe-
nalized entries is changing with every Newton step. In detail, the penalized entries

in the blocks A(; or A; ;) depend on the phase ufk). Since all phases are separated in
the domain (at least after a few time steps), one cannot expect the penalty parameter
to act in the same regions for all phases. That is why an approximation of the matrix
A, where all diagonal blocks are equal, seems not to be of good quality, and our
experiences confirm this observation. Nevertheless, Section 4.8.1 shows a promising
performance of our developed preconditioner applied with BiCGstab.

Here, we finish the theoretical discussion of the preconditioners. In the next section,
we illustrate their efficiency via various numerical experiments.

4.8 Numerical Results

In this section, we show numerical results for the presented vector-valued Cahn-
Hilliard problems. First, we explain our implementation framework. This is already
described at the beginning of Chapter 3.8 for the most part. Hence, we only add the
differences here.

The connection between the spatial mesh size &, the interfacial parameter ¢, and the
time step size 7 is as follows. As discussed in Chapter 1.1, it is essential to ensure that
at least eight grid points lie on the interface. Using smooth potentials, this leads to
the condition & < 4V2¢ - atanh(0.9)/9. Using nonsmooth potentials, this leads to the
condition i < em/9. As far as we know, there is no theory available for the case of the
regularized nonsmooth potential. In our numerical examples, we use the condition
h < emt/9 for the regularized nonsmooth potential. Regarding the time step size,
we have analyzed the time step conditions for the smooth and nonsmooth implicit
time-discrete system in Section 4.3. For the former, we use T < ¢2/(3p(L)) and for the
latter it is T < 4¢%/(Amax(T)?p(L)). As hinted in the previous two sections, we focus
in the following on the matrices T' = I - 117, L=I,and L =1- 1%,11T. This leads to
the time step condition 7 < £2/3 in the smooth case and 7 < 4¢2 in the nonsmooth case.

The algorithm for the numerical solution of the vector-valued Cahn-Hilliard prob-
lem with a nonsmooth potential is basically the same as in the last chapter; see
Algorithm 3.1 and 3.2. The formulation with a smooth potential is a simplification
of the presented two algorithms. If not mentioned otherwise, the initial state u®
is created via a number of randomly distributed circles with slightly different radii,
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which are separated by an interfacial area. The N phases are randomly distributed
among the circles and the surrounding area. Within the interfacial area, we set all
initial phase variables to the value 1/N such that they sum up to one.

Now, we are ready for numerical results.

4.8.1 Robustness

In this section, we demonstrate the robustness of our proposed preconditioners re-
garding all model parameters.

We start with the smooth system in (4.82) with L = I, the preconditioner (4.83) and
the Schur complement approximation (4.100). Each subplot in Figure 4.1 demon-
strates the robustness with respect to a different model parameter. In Figure 4.1(a),
we vary the mesh size h while fixing ¢ = 9 - 277/(4 V2. atanh(0.9)), T = 107>, N = 5,
and T = 5-107%. In Figure 4.1(b), we vary the interfacial parameter ¢ while fix-
ing h = 27771 =10° N =5,and T = 103, In Figure 4.1(c), we vary the
time step size T while fixing h = 277, ¢ = 9- 277/(4+2 - atanh(0.9)), N = 5, and
T = 5-107*. In Figure 4.1(d), we vary the number of phases N while fixing
h=27,e=9-27/(42-atanh(0.9)), T = 1075, and T = 5- 10~%. All in all, the four
subplots illustrate the independence of our developed preconditioner regarding all
parameters. Finally, in Figure 4.2(a), we vary simultaneously all three parameters
h,e,7 while fixing N =5and T = 5- 107%. Table 4.1 illustrates the maximum and
average number of Newton iterations, the maximum and average number of BiCG
iterations, the average CPU time (in seconds) for BiCG, and the CPU time (in sec-
onds) for the whole simulation for each of the five subplots, respectively.

We repeat the tests above for the case L = I — £117. Each subplot in Figure
4.3 demonstrates the robustness with respect to a different model parameter. In
Figure 4.2(b), we vary simultaneously all three parameters #, ¢, 7 while fixing N = 5
and T = 5-107*. Table 4.2 illustrates the maximum and average number of Newton
iterations, the maximum and average number of BiCG iterations, the average CPU
time (in seconds) for BiCG, and the CPU time (in seconds) for the whole simulation
for each of the five subplots, respectively.

We proceed with the nonsmooth system in (4.82) with L = I, the preconditioner
(4.83) and the Schur complement approximation (4.109). Each subplot in Figure 4.4
and 4.5(a) demonstrates the robustness with respect to a different model parameter.
In Figure 4.4(a), we vary the mesh size h while fixing n. = 20, ¢ = 9 - 277 In, T =
107, N = 5, ¢y, = 107, and T = 2-1072. In Figure 4.4(b), we vary the interfa-
cial parameter ¢ while fixing n, = 20, h = 27,7 =10"3,N = 5, Cpmax = 1077, and
T=2-10"2 In Figure 4.4(c), we vary the time step size t while fixing n. = 5, h =
27 £=9.277/n, N =5, Cpmax = 107, and T =2-1072. In Figure 4.4(d), we vary the
number of phases N while fixing n. = 20, h = 27, e=92"7/n, T =1073, Cpmax = 1077,
and T = 2-1072. In Figure 4.5(a), we vary the penalty parameter ¢, while fixing
ne=20,h=27,¢6=9-27/n,t =103, N =5,and T = 2-107%2. All in all, the
five subplots illustrate the efficiency of our developed preconditioner regarding all
parameters. We observe a benign increase of iteration numbers when ¢ is decreased
as well as when N is increased. Finally, in Figure 4.5(b), we vary simultaneously
all three parameters , ¢, T while fixing n. =5, N = 5, ¢, = 107, and n = 20. Ta-
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Figure 4.1: Results for the solution of the smooth system (4.82) with L = I, the
preconditioner (4.83), and the Schur complement approximation (4.100). The x-axis
shows the time t and the y-axis the average number of BiCG iterations per Newton

step.
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Figure 4.2: Results for the solution of the smooth system (4.82) with the
preconditioner (4.83) and the Schur complement approximation (4.100). The x-axis
shows the time t and the y-axis the average number of BiCG iterations per Newton

step. Setj: hj =271, ¢; = 91;/(4 V2 - atanh(0.9)), 71 = 107°, 7, =4 - 107°,
73=8-10"7,N=5forj=1,2,3.

Simulation | Newton | BiCG ‘
Figure  Plot \ Max Avg \ Max Avg CPU (s) \ CPU (s)
41(a)  (=ree- ) 2 1 11 9 25 1430
(===") 2 1 12 10 102 5589
( ) 2 1 11 10 470 25139
(—) 2 1 12 10 1785 95731
41(b)  (ve=-- ) 2 1 12 9 24 2632
(===") 2 1 10 9 24 2674
( ) 2 1 11 9 22 2502
(—) 2 1 10 8 22 2438
41(c) (e ) 2 1 11 9 25 1443
(===") 2 1 10 9 24 2611
( ) 2 1 10 8 22 4763
(—) 2 1 10 7 19 12539
4.1(d)  (veer- ) 2 1 11 10 15 879
(===-) 2 1 11 9 25 1440
( ) 2 1 11 9 51 2968
(—) 2 1 11 9 105 6021
42(a)  (=rre- ) 2 1 11 9 25 1453
(=== 2 1 11 9 100 13064
( ) 2 1 11 9 435 | 275281

Table 4.1: Results for the solution of the smooth system (4.82) with L = I, the pre-
conditioner (4.83), and the Schur complement approximation (4.100): The maximum
and average number of Newton iterations, the maximum and average number of
BiCG iterations, the average CPU time (in seconds) for BiCG, and the CPU time (in
seconds) for the whole simulation.
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Figure 4.3: Results for the solution of the smooth system (4.82) with L = I — %117,
the preconditioner (4.83), and the Schur complement approximation (4.100). The
x-axis shows the time t and the y-axis the average number of BiCG iterations per

Newton step.
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Simulation ‘ Newton ‘ BiCG ‘
Figure  Plot [ Max Avg [ Max Avg CPU (s) [ CPU (s)
43@)  (-ee) 2 1] 11 10 102 5665
(=+=+) 2 1] 12 10 344 | 18552
(---) 2 1] 12 10 1604 | 85169
(=) 2 1 12 10 5932 315821
43(b) () 2 1] 12 10 101 | 10779
(====) 2 1 11 10 97 10289
( ) 2 1 11 9 95 10087
(=) 2 1 11 9 88 9380
13(Q) () 2 1] 11 10 102 5675
(=== 2 1 11 10 94 9998
(---) 2 1] 1 9 91 | 18863
(=) 2 1 11 8 80 50744
43(d) () 2 1| 11 10 65 3592
(===+) 2 1 12 10 102 5665
( ) 2 1 12 11 202 11426
(=) 2 1 13 11 417 23518
42(0) (o) 2 1] 11 10 101 5637
(=+=") 2 1] 12 10 337 | 43440
( ) 2 1 11 9 1417 891781

Table 4.2: Results for the solution of the smooth system (4.82) with L = I — %11T,
the preconditioner (4.83), and the Schur complement approximation (4.100): The
maximum and average number of Newton iterations, the maximum and average
number of BiCG iterations, the average CPU time (in seconds) for BiCG, and the
CPU time (in seconds) for the whole simulation.

ble 4.3 illustrates the maximum and average number of SSN iterations, the maximum
and average number of BiCGstab iterations, the average CPU time (in seconds) for
BiCGstab, and the CPU time (in seconds) for the whole simulation for each of the six
subplots, respectively.

We repeat the tests above for the case L = I — I%,llT. Each subplot in Figure 4.6
and 4.5(c) demonstrates the robustness with respect to a different model parame-
ter. Except for the case when the mesh size is decreased, our preconditioner shows
promising performances. However, what is even more important in praxis, when the
mesh size is refined together with the interfacial parameter (and hence with the time
step size), the iteration numbers decrease significantly; see Figure 4.5(d). In this fig-
ure, we fixn, =20, N =5, Chmax = 10~7, and n = 20. Moreover, we observe a decrease
of iteration numbers when ¢ is decreased; see Figure 4.6(b). Table 4.4 illustrates the
maximum and average number of SSN iterations, the maximum and average num-
ber of BiCGstab iterations, the average CPU time (in seconds) for BiCGstab, as well
as the CPU time (in seconds) for the whole simulation for each of the six subplots,
respectively.

4.8.2 Mesh adaptation

Similar to Chapter 3.8.3, we can reduce the number of spatial mesh points and hence
the system size m by going over to adaptive meshes. Again, we refine the interface
up to a level where at least eight mesh points are across the interface. We coarsen the
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Figure 4.4: Results for the solution of the nonsmooth system (4.82) with L = I, the

preconditioner (4.83), and the Schur complement approximation (4.109). The x-axis

shows the time t and the y-axis the average number of BiCGstab iterations per SSN
step.




4.8. NUMERICAL RESULTS 161

50 T

40

T
.'U-:
.-
14
IS
-
-
.
]

T

30

k] bS] e

20 .

’
2N

]

]
92}
D
i
N

e
A Y

o
%

e 10 '
0 0.01 0.02 0 10 20
n
@L=In=20,h=27,¢6=9-27/m, (b)Setj: L=1I,n.=5h;=27"° ¢ =9h;/m,
=102 N =5,and Cpmax = 1073 (seees ), 71=10"3,7,=3.125-10"%, 73 =8-10°, N =5,
Cpmae = 107° (===, Cppxe = 1077 (= = =), Cpma = 1077 for j =1,2,3.

C}”max = 10_9 (_)

40 T T
x
50 1 o -
x L4
S R TS
40F = ; ' R
‘_’.' ..... Set 1 . ".-
30 —mvget2 | E
---set3
3 - "“
KN RN
. '.~.'0 " .-.~’ . -‘ Y ,
20 ?: ..:"~~_l' \\¢,‘ ‘-,.‘\_I' =
.
\”
10 1 10 1
0 0.01 0.02 0 10 20
n

(L=I-3%11",n.=20,h=27, (d)Setj: L =1I—-£117,n. =20, h; =277,
e=9-27/n,7=10", N =5,and ¢, = 107 € =9hi/n,11=6-103,17, =107,
(2222, Cpax = 107° (==, Cppe = 1077 (= = =), 173 =3.125-10%, N =5, ¢p,,,, = 1077 for

Com = 1079 (—). i=1,2,3.

Figure 4.5: Results for the solution of the nonsmooth system (4.82) with the

preconditioner (4.83) and the Schur complement approximation (4.109). The y-axis
shows the average number of BiCGstab iterations per SSN step.
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Figure 4.6: Results for the solution of the nonsmooth system (4.82) with
L =1 - 117, the preconditioner (4.83), and the Schur complement approximation
(4.109). The x-axis shows the time t and the y-axis the average number of BiCGstab
iterations per SSN step.
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Simulation ‘ SSN ‘ BiCGstab ‘
Figure  Plot [ Max Avg [ Max Avg CPU(s) [ CPU (s)
44@)  (vwee- ) 5 2 30 13 137 41794
(===") 5 3 31 13 573 184483
( ) 6 3 35 14 2425 771196
(=) 5 3 41 16 8763 | 2878150
44(0b)  (vreee ) 5 2 28 14 147 42294
(===") 5 2 24 9 100 29883
( ) 5 3 20 8 74 24090
(=) 4 2 13 6 55 17810
44(c)  (===-- ) 6 3 59 17 191 35730
(===") 5 3 58 16 186 48658
( ) 6 3 47 14 162 65794
(=) 5 3 47 14 174 141358
44(d)  (----- ) 5 2 23 12 68 18792
(===") 5 2 30 13 137 41794
( ) 5 3 47 17 441 149656
(=) 6 3 77 25 1313 549691
45()  (veee- ) 5 4 22 9 85 20648
(===") 6 3 28 12 108 31887
( ) 6 3 26 13 136 41770
(=) 5 2 25 14 169 53356
45(b)  (rreee ) 5 3 62 17 193 38629
(===") 6 3 66 20 980 202650
( ) 7 4 84 21 4195 | 1066722

Table 4.3: Results for the solution of the nonsmooth system (4.82) with L = I,
the preconditioner (4.83), and the Schur complement approximation (4.109): The
maximum and average number of SSN iterations, the maximum and average number
of BiCGstab iterations, the average CPU time (in seconds) for BiCGstab, and the CPU
time (in seconds) for the whole simulation.

mesh in areas where the concentration u is (almost) constant. Using the nonsmooth
potential, we can easily identify the interfacial and constant areas. The constant areas
are the spatial points x that satisfy u;(x) = 1 for onei € {1,...,N} and u;(x) = 0 for all
j€{l,...,N}\ {i}. The interfacial area is formed by those spatial points x that satisfy
0 < ui(x) <1 forsomei € {1,...,N}. Using the regularized potential, the interfacial
area is specified in the same way. The constant areas are the spatial points x that
satisfy u;j(x) > 1 for some i € {1,...,N}. Using the smooth potential, it is not that
clear where to separate the constant areas from the interfacial area as already pointed
out in Chapter 3.8.3. As our simple approach is based on the knowledge about the
location of constant and interfacial areas, we apply our adaptive mesh strategy only
to the nonsmooth case. As in Chapter 3.8.3, for a given ¢ > 0 we use the upper
bound hmin < 5, where hniy is the refinement level across the interface. Since we
want to avoid meshes which are too coarse, we additionally define max = 10 fimin,
where hmax represents the maximal mesh size. Our mesh adaptation is based on
the following strategy: An element R € R, is marked for refinement if it satisfies
0 < ui(x) < 0.99999 for some i € {1,...,N} and if diam(R) > 2 - hyin. Here, diam(R)
denotes the largest diagonal of R. An element R € Rj, is marked for coarsening if it
satisfies u;(x) < 0 or u;(x) = 0.99999 foralli € {1, ..., N} and if diam(R) < hnax/2. Note
that more sophisticated adaptation strategies based on an a-posteriori error analy-
sis have been developed, e.g., by Hintermiiller et al. [91] for the two-component case.
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Simulation ‘ SSN ‘ BiCGstab ‘
Figure Plot [ Max Avg [ Max Avg CPU (s) [ CPU (s)
4.6(a)  (vuee ) 7 2 104 35 166 41836
(===") 7 3 230 83 1614 405727
( ) 7 3 | 1200 196 12036 | 2928520
4.6(b)  (vre- ) 5 2 39 19 336 93934
(===") 5 2 81 25 455 114646
( ) 4 2 97 26 455 115610
(=) 4 3 98 32 544 136436
4.6(c)  (seee ) 7 3 138 26 489 99505
(===") 5 3 93 21 402 106175
( ) 5 3 58 16 311 120697
(=) 5 3 56 15 298 236575
4.6(d)  (===-- ) 5 2 33 16 168 42543
(====) 5 3 41 20 759 273560
( ) 6 4 59 26 1977 868903
45(c)  (seee ) 5 4 27 11 178 41627
(===") 5 3 64 15 245 68928
( ) 5 2 54 19 344 93893
(=) 5 2 43 21 403 118859
45(d)  (===-- ) 7 3 88 34 160 41189
(===") 5 2 47 18 324 92956
( ) 6 3 48 16 1031 329997

Table 4.4: Results for the solution of the nonsmooth system (4.82) with L = I — ]l\,l 17,
the preconditioner (4.83), and the Schur complement approximation (4.109): The
maximum and average number of SSN iterations, the maximum and average number
of BiCGstab iterations, the average CPU time (in seconds) for BiCGstab, and the CPU
time (in seconds) for the whole simulation.

In Figure 4.7, we illustrate the performance of our preconditioner (4.83) with the
Schur complement approximation (4.109) for the solution of the nonsmooth system
(4.82) on adaptive meshes. We consider the case L = I and test three different
settings with varying values of hO ¢ 1, where h© denotes the mesh size of the initial
uniform mesh. The x-axis shows the time ¢, the left y-axis shows the average number
of BiCGstab iterations per SSN step, and the right y-axis the number of degrees of
freedom, respectively. We can see that the iteration numbers stay constantly low.
Moreover, the coarsening process acts in the pure phases and reduces the number of
degrees of freedoms. Table 4.5 illustrates the maximum and average number of SSN
iterations, the maximum and average number of BiCGstab iterations, the average
CPU time (in seconds) for BiCGstab, and the CPU time (in seconds) for the whole
simulation for each of the three subplots, respectively. The final phase variables for
each simulation is illustrated in Figure 4.8 together with the spatial mesh.

4.8.3 Long-time evolution

In the following, we consider the long-time evolution of the smooth and nonsmooth
vector-valued Cahn-Hilliard model; see Figure 4.9. In the smooth case, we use
h=27¢= 9h/(4\/§- atanh(0.9)), 7 = 107, T = 10~!. In the nonsmooth case, we
use the setting h =277, ¢ = 9h/m, 1 = 1073, ¢, = 1077, T = 2. In both simulations,
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Figure 4.7: Results for the solution of the nonsmooth system (4.82) with the
preconditioner (4.83) and the Schur complement approximation (4.109) using
adaptive meshes. The x-axis shows the time ¢, the left y-axis the average number of
BiCGstab iterations per SSN step and the right y-axis the number of degrees of
freedom.
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| SSN | BiCG \
Figure | Max Avg | Max Avg CPU(s) | CPU (s)
3.9(a) 7 4 104 34 93 19097
3.9(b) 6 4 91 29 305 67620
3.9(c) 6 4 100 32 1375 328189

Table 4.5: Results for the solution of the nonsmooth system (4.82) with the pre-
conditioner (4.83) and the Schur complement approximation (4.109) using adaptive
meshes: The maximum and average number of SSN iterations, the maximum and av-
erage number of BiCGstab iterations, the average CPU time (in seconds) for BiCGstab,
and the CPU time (in seconds) for the whole simulation.

(a) Result for Figure 4.7(a).

(c) Result for Figure 4.7(c).
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Figure 4.8: Computation with adaptive meshes: Final phase variables with the
corresponding spatial mesh for the three simulations in Figure 4.7.

wesetN:SandL:I—%llT.

‘ Newton/SSN ‘ BiCG/BiCGstab ‘
Figure \ Max Avg \ Max Avg CPU (s) \ CPU (s)
4.9(a)-4.9(d) 2 1 12 9 86 869137
4.9(e)—-4.9(h) 6 2 162 39 822 | 3756234

Table 4.6: Results for the long-time evolution: The maximum and average number
of Newton/SSN iterations, the maximum and average number of BiCG/BiCGstab
iterations, as well as the average CPU time (in seconds) for BiCG/BiCGstab and
the CPU time (in seconds) for the whole simulation for the smooth and nonsmooth
Cahn-Hilliard model, respectively.




4.8. NUMERICAL RESULTS 167

(e)t=0. (t=1073. (g)t=1 (h)t=2.

Figure 4.9: Long-time evolution using the smooth (upper row) and nonsmooth
(lower row) vector-valued Cahn-Hilliard model.
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(a) Results for Figure 4.9(a)-4.9(d). h =277, (b) Results for Figure 4.9(e)—4.9(h). h =27,
e =9n/(4V2 - atanh(0.9)), t = 1075, N = 5. ¢=9h/n,7=10" N =5,¢,,, =107

Figure 4.10: Results for the long-time evolution using the smooth (left) and
nonsmooth (right) vector-valued Cahn-Hilliard model. The x-axis shows the time ¢
and the y-axis displays the average number of BiCG (left) and BiCGstab (right)
iterations per Newton/SSN step.
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In Figure 4.10, we illustrate the performance of our preconditioners for the solution of
the smooth and nonsmooth vector-valued Cahn-Hilliard system. The x-axis shows
the time t and the y-axis displays the average number of BiCG (in the smooth case)
and BiCGstab (in the nonsmooth case) iterations per Newton/SSN step. Table 4.6
illustrates the maximum and average number of Newton/SSN iterations, the maxi-
mum and average number of BiCG/BiCGstab iterations, the average CPU time (in
seconds) for BiCG/BiCGstab, and the CPU time (in seconds) for the whole simu-
lation for the smooth and nonsmooth model, respectively. Table 4.7 illustrates the
minimum and maximum phase values at some time steps. We observe that the
concentrations may become less than zero for smooth potentials. However, no blow
ups are reported.

Note that one should not compare the above results in terms of smooth versus
nonsmooth. The evolution with smooth and nonsmooth potentials is very different
and distinct parameters are used. Moreover, both types of potentials are used in
many applications. In some of them, like the deep-quench limit, the nonsmooth
potential must be used. In other applications, smooth potentials are preferred and
produce satisfactory results. Therefore, the development of efficient solvers is of
great interest in both cases.

| | i

value \ model \ 4.1072 6-1072 8-1072 1071
min smooth —0.0265432 —-0.0225901 —0.0237592 —0.0277528
nonsmooth | -1.19975-107 -1.21102-1077 -1.19531-10"7 -1.178-1077

max smooth 0.970885 0.978767 0.989315 0.995248
nonsmooth 1.00005 1.00004 1.00004 1.00004

Table 4.7: Minimum and maximum phase values during the simulation with the
smooth and nonsmooth vector-valued Cahn-Hilliard model.

4.8.4 Three-dimensional example

Next, we consider the three-dimensional domain Q = [0, 1]? and simulate the phase
separation and coarsening process. Figure 4.11 shows the evolution for this exam-
ple using the nonsmooth vector-valued Cahn-Hilliard model with h® = 27¢, ¢ =
9h/m, T =103, N =5, Comax = 1077, L = I, T = 1072, where h© denotes the mesh
size of the initial uniform mesh. In Figure 4.12, we illustrate the performance of our
preconditioner. The x-axis shows the time t, the left y-axis displays the average num-
ber of BiCGstab iterations per SSN step, and the right y-axis illustrates the number
of degrees of freedom. The maximum and average number of BiCGstab iterations
for the simulation are 107 and 29.

4.9 Existing solvers

In this section, we briefly discuss existing solution methods for the smooth and non-
smooth vector-valued Cahn-Hilliard equation.




4.9. EXISTING SOLVERS 169
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Figure 4.11: A three-dimensional simulation of the phase separation and coarsening
process of a five-component mixture.
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Figure 4.12: Results for the three-dimensional simulation of the phase separation
and coarsening process of a five-component mixture: The x-axis shows the time ¢,
the left y-axis displays the average number of BiCGstab iterations per SSN step, and
the right y-axis illustrates the number of degrees of freedom.

A nonlinear multigrid method for the smooth vector-valued Cahn-Hilliard equa-
tion is proposed by Lee et al. [118, 119]. In [118], the authors consider the case
L = I. Moreover, they present a practically unconditionally gradient stable scheme,
which is based on a nonlinear splitting method. This allows a decoupling of the
N-component Cahn-Hilliard system into N — 1 scalar Cahn-Hilliard equations. The
efficiency of this approach is shown by means of the average CPU time, whose con-
vergence rate is linear with respect to the number of phases. In [119], the authors
consider the case of a concentration dependent mobility matrix. Moreover, they
apply Crank-Nicolson’s method for the discretization in time. The authors develop
a Full Approximation Storage multigrid method with a pointwise Gaufs-Seidel re-
laxation scheme as a smoother. The nonlinearity is treated using one Newton step.
The authors demonstrated the second-order accuracy of the numerical scheme.

Gréser et al. [85] propose globally convergent nonsmooth Schur-Newton methods
(NSNMG) for the solution of discrete multi-component Cahn-Hilliard systems. They
consider logarithmic as well as obstacle potentials. NSNMG can be formulated in
primal-dual form and results in a preconditioned Uzawa method. Each step consists
first of the update of the primal variable, which includes the direct work with the
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inverse (A + dp)~!. Here, A is a symmetric positive definite matrix and d¢ is the
subdifferential of the nonsmooth part of the potential, which includes the indicator
function Zil X[0,00)(t4i). The second step of NSNMG is to compute the dual variable,
which can be done by solving a truncated linear saddle-point problem and updat-
ing the step size for the Uzawa method. The authors solve the linear systems by
preconditioned GMRES with a restart after 50 steps. They numerically investigated
the local mesh independence of NSNMG as well as a robust convergence speed of
NSNMG and of the truncated nonsmooth Newton method for different numbers of
phases.

An important point for the future is a comparison with our approach.

4.10 Conclusions and future research perspectives

In this chapter, we have investigated the numerical solution of the multi-component
Cahn-Hilliard model. We have considered smooth and nonsmooth potentials with
a focus on the latter. Motivated by the previous chapter, we have used a fully im-
plicit scheme for the discretization in time. Regarding the smooth setting, we have
extended the proof of the energy stability and uniqueness of the solution of the time-
discrete scheme from the two-component to the multi-component case. Concerning
the nonsmooth framework, we have interpreted the time-discrete problem as the
first-order optimality system of an optimization problem for which we have derived
existence and uniqueness conditions. In particular, we extended the analysis from
the two-component to the multi-component case. Motivated by Chapter 3, we have
applied an SSN method combined with a Moreau—-Yosida regularization technique
for handling the pointwise constraints. For the discretization in space, we have used
classical FEM for both systems, the smooth and regularized nonsmooth one. At the
heart of our method lies the solution of large and sparse systems of linear equations
of saddle point form. We have introduced and studied block-triangular precon-
ditioners using an efficient and cheap Schur complement approximation. For these
approximations, we have used multilevel techniques, algebraic multigrid in our case.
For the smooth systems, we have derived optimal preconditioners which are proven
to be robust with respect to crucial model parameters. For the nonsmooth systems,
extensive numerical experiments show an outstanding behavior of our developed
preconditioners. Additionally, we have implemented a simple adaptive spatial mesh
refinement approach, which reduces the number of degrees of freedoms. Together
with our preconditioners, this allows us to perform three-dimensional experiments
in an efficient way.

As pointed out during this chapter, there are several aspects for further research.
First of all, we have not extended the whole analysis for the nonsmooth case from
the two-component to the multi-component case. Second, we have improved the
preconditioners proposed in [33] for the nonsmooth case when the mobility L = T
is used. The case L = I — 4117 still seems to be improvable with some fine tuning.
Third, we have restricted our attention to constant mobility matrices, likewise in
the previous chapter. However, in many applications, concentration dependent
mobilities are required. This is for example the case if the mobility in the interface
is larger than in the pure phases. Fourth, the study of preconditioners for the linear
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systems arising from other time discretization schemes, e.g., a semi-implicit scheme,
might be of high interest for special applications. Finally, in the previous chapter,
we have employed our preconditioner to a coupled Cahn-Hilliard/Navier-Stokes
system, which governs the hydrodynamics of two-phase flows. An interesting field
of future research is the application of our preconditioners to the numerical solution
of multi-component flows.







Chapter 5

Modified Cahn-Hilliard Equations

5.1 Introduction

Image inpainting is the art of modifying parts of an image such that the resulting
changes are not easily detectable by an ordinary observer. Applications include the
restoration of damaged paintings and photographs [5], the replacement of selected
objects, or the reduction of artifacts in medical images [87].

Bertozzietal. [19, 18] introduced the fourth-order Cahn-Hilliard inpainting approach
for binary, i.e., black-and-white, images. This model is based on the scalar smooth
Cahn-Hilliard equation discussed in Chapter 3. In [31], we extended the inpainting
approach to the scalar nonsmooth Cahn-Hilliard equation discussed in Chapter 3.
Further, Bertozzi et al’s binary Cahn-Hilliard inpainting model has been recently
generalized to gray value images [32, 48]. This model is based on the vector-valued
smooth Cahn-Hilliard equation discussed in Chapter 4. In this chapter, we will focus
on this gray value Cahn-Hilliard inpainting model. As in the previous two chapters,
we will discuss the two types of potential functions, smooth and nonsmooth. Note
that the presented study applies to the binary case as well.

Let f be the given gray value image, which is defined on the image domain Q c R¥
with d € {2,3}. We denote by N the number of gray values which form the image
f. These N gray values are collected in the vector g = [g1,..., gN]T e RN. Note
that 2 < N < 256. The parts of f that are going to be modified are denoted by the
inpainting domain D C (). The target is to reconstruct the image f in this region D in
an undetectable way. We denote the reconstructed image by f,. Let T > 0 be a fixed
time. We introduce a vector-valued phase variableu = [uy, ..., un]T: Qx(0,T) — RN,
Here, u; describes the concentration of gray value g; fori =1,...,N. If uj(x,t) = 1,
then only gray value g; (the pure gray value g;) is present at point x at time ¢. The
case ui(x,t) = 0 means gray value g; is absent at point x at time t. Values of u;
between 0 and 1 represent mixed regions. In particular, these regions include the
interfacial area. Here, the interface is a small boundary layer that separates the pure
gray values g;, i = 1,...,N, from each other. As in the previous two chapters, it acts
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as a diffuse phase transition, and we can control its width via the model parameter
¢ > 0. Basically, we can imagine each component u; as a “binary” image that evolves
in time. More precisely, u; represents the evolution of the gray value g;. We initialize
u; with u;(x,0) = fi(x). Here, f = [f1,.. .,fN]T e GV, where GN is given in (5.2), is
the vector of given gray value distributions from the given image f. That means,
fi(x) € {0,1} describes the absence or presence of gray value g; in f at point x for
i=1,...,N. Above, we have put the term binary in quotation marks because u; is
actually binary only at the initial state t = 0. For ¢ > 0, the thin interfacial areas are
present, which represent mixed regions. The evolution of the reconstructed image f;
is obtained from the components u; via

N
fr= )it
i=1

The final reconstructed image f; of f is f.(x, T). As in Chapter 4, it holds

w=1 (5.1)

N
i=1

and u; >0fori=1,...,N, so that admissible states belong to the Gibbs simplex

N
G\ = {v: [v1,...,on]T e RYN: Y =1, viZOforizl,...,N}. (5.2)
=1

i

The Cahn-Hilliard inpainting model is based on the Ginzburg-Landau energy &,
which is used in Chapter 4. Here, it is given as

N
1
Eu) = fQ §;|Vui|2+ggb(u) dx. (5.3)

The parameter ¢ > 0 is proportional to the thickness of the interfacial region as
mentioned above. The first part of (5.3) is large whenever u; changes rapidly for
some i € {1,...,N}. Hence, its minimization gives rise to the interfacial area. The
potential function 1: RV — Ry U {oo} in (5.3) gives rise to phase separation. It has N
distinct minima, one for each pure gray value g;. We consider the same two potential
functions of polynomial and obstacle type as in the last chapter. For the sake of
clarity, we repeat them again: The first one is the smooth multi-well potential given
as

N
1
Ypar(w) = 3 Y ul(1— i) (5:4)
i=1
The second potential is the nonsmooth multi-obstacle potential given as

Yo(w) =—Ju-Tu uegV,

oo otherwise. (5:5)

wobs (u) = {

Again, T € RV is a symmetric matrix, which contains constant interaction parame-
ters [T];;. From physical considerations, T'must have at least one positive eigenvalue.
During the rest of this chapter, we denote by Amax(T') the largest positive eigenvalue
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of T. A typical choiceis T = I — 117 with 1 = [1,...,1]T € RN and the identity ma-
trix I € RNV, which means that the interaction between all different gray values is
equal and no self-interaction occurs. For logarithmic potentials, we refer to, e.g., [49].

As we have seen in the previous chapter, the vector-valued Cahn-Hilliard equation
is derived by minimizing the Ginzburg-Landau energy (5.3) subject to the mass
conservation

d

dt
In particular, it can be derived as the H™!-gradient flow of the Ginzburg-Landau
energy (5.3) under the constraint (5.1).

fuz-dx:O, i=1,...,N. (5.6)
Q

Image inpainting is based on the knowledge about the given image f as well as the
inpainting domain D. Therefore, the actual starting point is the fidelity functional

w N
F(u) = fQ 5 2 (i) dx, (5.7)
i=1

where
0 ifxeD,

wza)(x):{ wy ifxeQ\D,

is the fidelity parameter. Its minimization keeps the reconstructed image f, =
Zfil giui close to the given image f in the undamaged parts Q\ D. In order to obtain
Cahn-Hilliard inpainting, this fidelity functional is regularized by the Ginzburg-
Landau energy & in (5.3). As Bertozzi et al’s [19, 18] black-and-white Cahn-Hilliard
inpainting model, our proposed gray value Cahn-Hilliard inpainting model arises
as a superposition of two gradient flows: An H™!-gradient flow under the constraint
(5.1) for the Cahn-Hilliard part and an L2-gradient flow for the fidelity term. We will
derive the inpainting model in Section 5.2.

(5.8)

As we will show in the course of this chapter, the solution of linear systems Az = b
with a large and sparse matrix A is at the heart of our method. They have the
following saddle point structure

-A I®M

A=l 1eM I8K

with I € RNV being the identity matrix, M € R™" being symmetric positive def-
inite, and K € R™ being symmetric positive semidefinite. In the smooth setting,
A € RNmxNm jg 5 symmetric, block diagonal matrix. However, in the nonsmooth
case, A € RN™Nm jg nonsymmetric and possibly indefinite. The crucial parameters
contained in A are the spatial mesh size i, the time step size 7, the interface parameter
¢, the number of phases N, the Moreau—Yosida regularization parameter c, as well as
two parameters that arise in our time discretization approach. We develop efficient
preconditioners P for the solution of the linear systems above. This is based on
effective Schur complement approximations as well as (algebraic) multigrid solvers
developed for elliptic systems [68, 136, 134]. For the smooth systems, we derive the
conditions for optimal preconditioners. For the nonsmooth systems, extensive nu-
merical experiments show a promising behavior of our developed preconditioners.
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The structure of the chapter is as follows. The modified Cahn-Hilliard model is
derived in Section 5.2. We first consider the smooth multi-well potential (5.4), which
leads to a system of fourth-order PDEs. Then, we study the nonsmooth multi-obstacle
potential (5.5), which yields a system of variational inequalities. An important
difference to the previous two chapters is that the modified Cahn-Hillard equation as
awholeisnot given by a gradient flow. Especially, the model arises as a superposition
of two gradient flows. The convexity splitting method can deal with such systems
and, under the right conditions, yields an unconditional gradient stable time-discrete
scheme. The smooth and nonsmooth formulations are discretized in time in Section
5.3 using the convexity splitting approach. In the smooth setting, we extend the proof
of consistency, unconditional stability, and convergence of the time-discrete scheme
from the two-component to the multi-component case. Concerning the nonsmooth
framework, following the previous two chapters, we apply an SSN method combined
with the Moreau—Yosida regularization technique. Section 5.4 shortly introduces the
SSN method for solving the regularized subproblems. We derive the linear systems
arising from the discretization using finite elements in Section 5.5. In Section 5.6,
we analyze the linear systems and propose preconditioning strategies for the saddle
point problems. Section 5.7 illustrates the efficiency of our preconditioners for both
problem setups. In Section 5.8, we summarize our findings and discuss possible
future directions.

5.2 Derivation

Asmentioned in the previous section, the gray value Cahn-Hilliard inpainting model
is given as a superposition of the H™!-gradient flow for & in (5.3) under the constraint
(5.1) and the L?-gradient flow for ¥ in (5.7), i.e.,

dru = —gradg;ll)S(u) — grad, ¥ (u).

We have already derived the first part, the multi-component Cahn-Hilliard equation,
in Chapter 4.2. Hence, we will not repeat the details again. First of all, the smooth
multi-well potential (5.4) setting is used. Then, we go over to the nonsmooth multi-
obstacle potential (5.5) setting. As in the two chapters before, we handle this case
with the Moreau-Yosida regularization technique.

Remark 5.1. A different approach for image inpainting using the Cahn—Hilliard model was
studied in [104], see also [21, 24]. There, image inpainting is modeled as minimization
problem. In particular, the authors extended the projected gradient method to the arising type
of problems.

5.2.1 Smooth systems

In the following, we focus on the smooth multi-well potential (5.4). In Chapter 4.2.1,
we have derived the following vector-valued Cahn-Hilliard equation:

i = (LAW);, (5.9)
1 1 v

wi = —eAu; + g%ol(”i) TN Z 4’1/301(”1')' (5.10)
j=1

Vu;-n=(LVw);-n=0 ondQ, (5.11)
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fori=1,...,N. Here, ¢ (v)) = 1/)1"01( ) = 03— 3207+ 1v;,and L € RV is the mobility
matrix with constant entr1es We have derived that L has to be symmetric positive
semidefinite with L1 = 0, where 1 = [1,...,1]7 € RN. In Remark 4.1 as well as in
the numerical examples of Chapter 4, we have seen that it is nevertheless possible
to work with L = I. In order to simplify the inpainting model, we will focus on
the case L = I in this chapter. Now, if we superpose the system (5.9)-(5.11) with
the L2-gradient flow for ¥ in (5.7), we obtain the smooth gray value Cahn-Hilliard
inpainting model:

o = Aw; + a)(f, —u;), (5.12)
1 1
Wi = —eluj + —i (i) — — Z; Vool (1), (5-13)
]:
Vui-n=Vw;-n=0 ondQ, (5.14)

fori =1,...,N. We call this system the smooth vector-valued modified Cahn—Hilliard
equation.

Remark 5.2. Recently, Cherfils et al. [48] considered and analyzed a similar model. More
precisely, they proved the existence and uniqueness of solutions as well as the existence of the
global attractor. Moreover, they constructed finite-dimensional attractors and proved that
that their model is algebraically consistent with the two-phase model. In contrast, our work
focuses on the numerical analysis of an unconditionally time stepping scheme as well as its
efficient numerical solution via FEM.

5.2.2 Nonsmooth systems

In the last section, we focused on the smooth potential i,;. We could easily calculate
the derivative of the smooth potential with respect to u. Now, we turn to the
nonsmooth potential {'ops givenin (5.5). In Chapter 4.2.2, we have seen that the Cahn-
Hilliard model results in a system of variational inequalities. We have circumvented
this difficulty by the Moreau—Yosida regularization technique in Chapter 4.4. We
apply this technique here as well. We regularize the multi-obstacle potential 1ops in
(5.5) by

Ye(u) = Po(u) + — Z min(0, u;)? = ——u Tu+ — Z min(0, u;)>.

As before, 0 < ¢ < 1 denotes the associated regularization or penalty parameter.
The smaller c is the larger is the penalization for the violation of the condition u > 0.
Hence, the limit c — 0 represents the original multi-obstacle potential 1ops in (5.5).
Instead of the energy functional & in (5.3), we consider

N
E(u IVui> + ¢0 (W) + — Y |min(0, ;) dx
- [52 N

1

N
f Zqu 2 - —uTTu+ Z min(0, u;)? dx. (5.15)
o i=1
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In Chapter 4.4, we have derived the corresponding system of Cahn-Hilliard equa-
tions. As already mentioned, we focus on the case L = I, and the strong formulation
reads as:

du; = Aw;, (5.16)

Mz

1
w; = —eAu; — —(Tu)l + - mm 0, u;) + [—— min(0, u;) + (Tu)] (5.17)
j=1

Vu;-n=Vw;-n=0 ondQ, (5.18)

fori=1,...,N. For the sake of clarity, we omit the subindex c in the solution (u., w,)
of (5.16)—(5.18). Now, if we superpose the system (5.16)—(5.18) with the L2-gradient
flow for ¥ in (5.7), we obtain the regularized nonsmooth gray value Cahn-Hilliard
inpainting model:

8tui = Aw; + a)(ﬁ — U (5 19)
N

;= —eAu; — —(Tu)Z + - ! mm(O u;) + N Z [—— min(0, u;) + (Tu)] (5.20)
j=1

Vu;-n=Vw;-n=0 on 2Q), (5.21)

fori=1,...,N. We call this system also as the (reqularized) nonsmooth vector-valued
modified Cahn—Hilliard equation.

After the derivation of the constitutive vector-valued Cahn-Hilliard equations, we
are going to study their discretizations in order to be able to solve them numerically.
We start with the discretization in time in the next section.

5.3 Time discretization

In Chapter 3.3 and 4.3, we have motivated the use of a fully implicit time discretiza-
tion scheme in order to accurately capture the dynamics. In this chapter, we pursue
a different objective: We wish to obtain a reconstructed image as fast as possible.
Hence, in this sense, time discretization schemes with time step restrictions are not
the best choice.

In the case of the smooth black-and-white Cahn-Hilliard inpainting model, Bertozzi
etal. [19] proposed a semi-implicit scheme, the convexity splitting scheme (see Chap-
ter 2.1.5). The authors conjectured unconditionally stability in the sense that solutions
of the numerical scheme are bounded within a finite time interval independent of the
time step size. Indeed, Schonlieb et al. [139] proved consistency, unconditional sta-
bility, and convergence of this scheme. The convexity splitting method was designed
to solve gradient systems. But it can also be applied in a modified form to evolution
equations that do not follow a variational principle. In particular, such equations
include our Cahn-Hilliard inpainting models (5.12)—(5.14) and (5.19)—(5.21) as de-
scribed further on.

In the following, we denote by 7 > 0 the time step size and by t,_1 = (n = 1)7, n €
IN, discrete times. We start with the smooth setting (5.12)—(5.14). We will prove
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consistency, unconditional stability, and convergence of a semi-implicit time-discrete
scheme. Afterwards, we go over to the nonsmooth setting (5.19)—(5.21).

5.3.1 Smooth systems
Let us focus on the smooth setting and the fourth-order formulation of (5.12)—(5.14):

N
L, 1 /
Quti = —A| ey = —Y ) + =< Y W) [+ olfi ), (522)
j=1
Vu;-n=V(Auy;) -n=0 ondQ, (5.23)

fori=1,...,N. Let u be the exact solution of (5.22)-(5.23) and u™ = u(n7) the exact
solution at time n7. We denote by U™ be the n-th iterate of the time-discrete scheme
(5.26)—(5.27), which is derived next.

In the following, we extend the numerical analysis of the convexity splitting scheme
for the smooth binary Cahn-Hilliard inpainting model studied in [139] to the vector-
valued inpainting model (5.22)—(5.23).

As described in Chapter 2.1.5, the original idea of convexity splitting applied to
gradient systems is to write the considered energy functional as the sum of a convex
plus a concave energy functional. The convex part is then treated implicitly whilst
the concave part is treated explicitly. Under the right conditions, this approach leads
to an unconditionally gradient stable time discretization scheme. As pointed out in
the previous sections, the smooth vector-valued modified Cahn-Hilliard equation
as a whole is not given by a gradient flow. Especially, our proposed model arises as
a superposition of the H™!-gradient flow for & in (5.3) under the constraint (5.1) and
the L?-gradient flow for F in (5.7). In this case, convexity splitting is applied to each
of these energies. To be more precise, we split & as & = &. — &,, where

The constants C; and C; are positive and need to be chosen large enough such that
the energies &, &, ¥, and ¥, are strictly convex. It is easy to see that & and ¥ are
already strictly convex for C; > 0 and C; > 0. The crucial points are the energy func-
tionals that contain the nonconvex potential function ,,1(u) as well as the fidelity
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terms w(f; —u;)?, i=1,...,N.

Now, we want to give the requirements for the constants C; and C; to make sure that
& and F, are strictly convex. However, as in Chapter 4.3.1, the quartic growth of
Ypol(u) at infinity introduces various technical difficulties in the analysis. Therefore,
as in Chapter 4.3.1, we consider a truncated multi-well potential. To be more precise,
we restrict the growth of Yp01(u) to be q1~1adratic foru; <1-Mand u; > M for a given
constant M. In the following, we write ¢ for the truncated version of 1,. Using the
truncation technique, we get the following condition: There exists a constant S such

that
5

Yy
EPe: 5 (s)

With the use of (5.24) we can prove:

max
seRN

<S Vi=1,...,N. (5.24)

Lemma 5.1. &, and F, are strictly convex if Cy is comparable to % and C, is comparable to
wo provided that y = Yy is replaced by its truncated version 1.

Proof. Letu = [uy,...,un]’ € H(Q)N and v = [0y, ...,on]" € HY(Q)N. Based on [145,
p- 54], we have to show

Ee(u + 0v) — E(u)

Ee(u+v)—Ee(u) > %ir%

6 4
Fo(u +v) - Folu) Zér%ﬁ(u+6‘(;)—ﬁ(u).

We have

Cq

Eiu+v) - 8w = [~ (v = g)+ T Y (400 1)

- [ Fwwen-pwy+ 3

M= 1=

(01‘2 + 2uivi) dx. (5.25)

N
d
oas =g+ Y (o5

i=1

where s lies between u + v and u. Therefore, we obtain in (5.25)

N
Ee(u+v)—E(u) = f——Z( . (u)+; 2821€(s))+%2(01-2+2”i0i) dx.
i=1 j

Similarly, one can show

N N
. Eu+ov) — Ep(u) f 1 oy C1
lim = —— v; u) + 2u;v; dx,
g D i, WG ) 2w

5—0 o

(95}
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which leads to

N ) N
. S(utov)-8Eu) 1 , 7Y C1 5
Ex(u+v) ~Ex(w) - lim = Q——Zvi—a(s)+ va dx

5
G24) ((C, S )
> =t_=2 2 dx.
= fg(z 25)21401 dx

Therefore, &, is strictly convex if C; is comparable to 1. Proceeding the same way
with the second energy functional ¥, gives

C Folu+ 6v) — Fo(u) Cr w\&
Fou+v) = Fo(w) = lim : - [(F-5)L

Therefore, ¥, is strictly convex if C; > wy.

Note that these convexity requirements are the same as the ones for the smooth
black-and-white Cahn-Hilliard inpainting model.

Remark 5.3. An assumption consistent with (5.24) is also made in the numerical analysis
for the smooth black-and-white Cahn—Hilliard inpainting model, see [139, Theorem 3.1].
There, the authors assume that the second derivative of the smooth potential evaluated at
the previous time step is bounded. In particular, this assumption is needed below as well
in order to prove the consistency, unconditional stability, and convergence of the resulting
time-discrete scheme.

The resulting time-discrete scheme is given by

um — g1

- = —grad(£.(U") - &,(UMD)) — grad (F(UM) - Fo(UTD)).

This translates to a numerical scheme of the form

u" - uh
————+ N - AU + U
N
- _A¢pol(u<” Dy - —A Y W |+ e - U ) (5.26)
j=1
-G AU Y + cut Y,
VU;-n=V(AU;) - n=0 ondQ, (5.27)

fori =1,...,N. Next, we prove the consistency, unconditional stability, and con-
vergence of the time discrete scheme (5.26)—(5.27) in the sense of Definition 2.21. In
doing so, we follow [139, pp. 425-434] and extend the proof from the scalar to the
vector-valued case. In the following, we assume f € L2(Q)N, f € GN ae.in Q, and
we write 1 instead of 1.
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Theorem 5.2 (See [139, Theorem 3.1] for black-and-white Cahn-Hilliard inpainting.).
Let u be the exact solution of (5.22)~(5.23) and u™ = u(nt) the exact solution at time nt.
Let U™ be the n-th iterate of (5.26)~(5.27) with constants C; > 1, Co > wo. Then, the
following statements are true:

1. (Consistency). Under the assumption that |[ug||—1 and ||VAu|| are bounded, the nu-
merical scheme (5.26)—(5.27) is consistent with the continuous Equation (5.22)—(5.23)
and of order one in time.

Under the additional assumption that

az_l/) (U(ﬂ—l))

e <S Vi=1,...,N (5.28)
i

for a nonnegative constant S, we further have:!

2. (Unconditional stability). The solution sequence U™ is bounded on a finite time
interval [0, T] for all T > 0. In particular for nt < T, T > 0 fixed, we have for every

>0
[VUM|2 + K4 |[AUD|1?

2
< T (VU2 + 1K |AUO|P + 1C(Q, D, wo, ), (.29)

for suitable constants Ky and Ky, and a constant C depending on Q, D, wo, f only.
3. (Convergence). The discretization error €™, given by e™ = u™ — U™, converges to
zero in L2(QQ) as T — 0. In particular, we have for nt < T, T > 0 fixed that

IVe™)|1? + T%||Ae(n)||2 < %eKlTCTZ (5.30)

for suitable constants C, C, K.

We start with the proof for consistency.

Proof of consistency. By rearranging the terms in (5.26), we can write our time-discrete
scheme in the form of (2.10):

u" =u"" + " HwtH, um, prutH, pru®),

1 1

where
ng_l)(U(n_l)/ U(n), DaU(n—l), DaU(n)) — Cz(ugﬂ—l) _ ul(f’l)) _ EAZ ul(l’l) —C1A(U§n_l) _ ul(n))
iy

1
Uy - —A
aui( ) eN

+1A
&

- p (n-1) (n-1)
L a_uj(U )| +o(fi—U; 7).

!Note that this assumption complies with the one in (5.24). It is even less restrictive, since we only
need the boundedness evaluated at the solution of the previous time step.
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Let " = [175" b, ng; YT be the local truncation error vector defined as in (2.11):

(m um 1)
T]z(n D _ - G(ﬂ 1)(u(n 1) (n) D% (n—-1) D% (n))
) 0D
=t r . ! - Cz(u(.n_l) - u(.n)) + €A2u§") + ClA(ugn_l) - u(."))

0
ot "1>>+—A[Za (u"~ 1>>] w(fi ") (53D

Then
ngn—l) _ 771('71_1)1 + U(n n2 (5.32)
with
(n) (n-1)
u —u:
77gn—l),l S R S a u(n 1) )
T
(n) (n-1) (n) (n-1) (n) (n-1)
u. —u. u. —u. u. —u.
102 = o [_] _ clm[;] ‘o [_]
T T T

Here, we have used that u(" D= = u;j((n — 1)1) is the exact solution at time (n — 1)t.

That means it fulfills the contmuous Equation (5.22)—(5.23):

N
(n-1) _ m-y_19¢ iy 1N )
d; = A[SAui = u"" ") + N ; ou; W)+ o(fi —u ).

n-11 n-1),2

The partition of the local truncation error into the sum of 7, and 7, is exactly
the same as in the scalar inpainting model, see [139, p. 426]. Hence, the rest of the
proof follows the proof of [139, Proposition 3.2]. That means, assuming that |[ug||-;
and |[VAw,|| are bounded, the global truncation error 7 is given by

n=max|[n"™|_; = O(t) ast— 0.
n

Next, we will proof the unconditional stability.

Proof of unconditional stability. First, we multiply the ith row of the time-discrete
model (5.26) with —AUE”) and integrate over €:
( +C )(uf”>,Au<”>) (A2, AU + (AU, AU
1 - _ _
- (% ; CZ)(uf” D AU = (@(fi - U"D), AU + cl(Aug” D, AU™)

_1 8_1,0 (n-1) (n) (n-1) (n)
S(Aau'(U ), AU NZ (U ), AU (5.33)

1
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Lemma 2.21 applied to the second last term on the right-hand side of (5.33) yields

Iy
(n-1) (n)
L A—&ui (U )Aui dx

J P)
= f Au§”>v(—¢(u<”-1)))-nds— f V(—”D(U("-l)))-muﬁ”)dx
Q ' o \du; !

:f Aul(n)a EZ(U(n 1)) Vu(n Do hds— f e 2(U(n 1))Vu(n 1) VAU(”) dx
Q _,—/
=0

P _
- - (—IP(U("—D)VU?” ”,mu@],
ou? ! !
1

where we have used the Neumann boundary conditions that are imposed in (5.27) as

well as the splitting assumption (u) = Zﬁl Yi(u;). The last term on the right-hand
side of (5.33) can be handled in the same way. Applying the Neumann boundary
conditions again to some remaining terms in (5.33), we obtain

1
(; + Cz) IVUPIR + VAU + CillAU™|?
. ) _
- (; + Cz) VU, vu?) + (Ve f; - U, vuy”)

+C (AU, au®) + [ ~(ueyvu mu“”)
1
eN

N 2#}
_ Z( (U 1>)vu(” b VALI(”)). (5.34)
au

Using Young's inequality (Lemma 2.12)
- 1 - 1
vu" P, vu) < —||vu€” D2 4 —||vu€”)||2

9 -
8—1’20(U(”‘1))VU§” ”,mu}”)] H I’l’( =Dy Y
u

i

2
| HVAu?") )
2 1

(Au(”—l) Au(”)) 1”Au(n 1)”2 ”Au(”—l)HZ
i 4 i 2 i 4
1
(Vafi = U"™), VU™) < SIVa(fi = U D) + ||VU§"’||2,

where 61 > 0, we obtain in (5.34)
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. 1
0 (534 (

1 _
—+ cz) IVUP R + elVAUP|R + Cy AU - (; + cz) vu", vuy
— (Vo(f - U ), vul™) - ¢ (AU, au™)

2
- 1[3 f(Um vy VAu‘”)]

1 N
‘Xl

1/1 _
(+wbwvw”W+deme+cmAmmW—5(;+CJUWU?”W+uvw”W)

U(” 1>)vu<” Y vaul

_ 1 C _ _
—ANMf—w"%W—Awwﬂﬁ—iﬂmu@WFﬂmw”%m
¢ )

+ 6 ||VALI(”>

(U(” nyvul of + 61 Hmu "

>y

U(n 1))V u(” 1)
Bu

51
After rearranging, we get

S A (n)z( 51) )2

— + 2 |vu =Ljaut - A)vau

(55 + 5 = 5)IVUIP + SHAUOR + (e - 2 )wauly
1

C - 1 - C -
4—+§MWWW%;MM—W”W+JMWDW

—\27
2 2
1
T 25.Ne ;

1 Pl

82
L Lo
2516

8ul.2

ur-Dywvu S (U
1

Using the estimate
IVo(f; - U™ P < 202 VU VI? + C(Q, D, wo, f),

as stated in the middle of [139, p. 427], together with 6; = €2, we obtain

1 G 1 2 G )2
—+ 2|V AU
(2T+ > )ll u; e + || Ul
2
1 C2 ) (n-1)2 1 1 (n-1)
< |7z + 5 + g |IVU, urhyvug
_(27 > Il 1= + ( )

2

C _
U(” 1>)vu<” il 71||Au§” DI+ C@Q, D, wy, fi)-

N
ZNé X;
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Summing up these inequalities overi =1,...,N, we get

1 C2 1 (1’1) 2 Cl (Tl) 2
(57 + 5 = 5 IVUOIE + SHau)
1 C 1),2 ‘:b 1 ( 1)
g(z—+7+w0)||VU" IR + - 2(U<” Hwu'-

+ 7||AU("—“||2 +C(Q, D, o, ).

Because of (5.28), we can estimate

2
352‘

82¢
(n-1) (n-1)
”_&12 (u” )Vlll.
1

and we have

1 C
(5 + 2 - 3) VU0 + Zautpe
2t 2

< (% + % +wp + )||vu<” e 4 & S IAUTDIE + C(Q, D, wo, ).

This is (almost) the same estimation as the last inequality in [139, p. 427]. Therefore,
the rest of the proof follows the proof of [139, Proposition 3.3]. This results in the
desired estimation (5.29). O

In order to proof the convergence, we need two auxiliary lemmas. The first one is
the following:

Lemma 5.3 (See [139, Lemma 3.2] for black-and-white Cahn-Hilliard inpainting.).
The error eV between the exact and approximate solution, defined as in Theorem 5.2,

fulfills
f eV dx = O(7?).
Q

Proof. Because of the fidelity term in (5.22) and (5.26), solutions of these equations
are not mass preserving, i.e., fQ e~ dx does not in general vanish. In fact, we have

for a solution u™1 of (5.22)—(5.23)
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J
ifu(‘”_l)dx:—(sz2Lt§”_1)cix+1fA—l’b(u(”_l)) dx
dt Q ! Q ! & Q 81/11-

1 v o ) _
2 V|2 ). n g D) g
N;LQ (8u]-(u )| n S+Lw(f u, ) dx

02
:lf ¢( (= 1))Vun Y.nds
0!

@) 814 N _
=0

1 9? 1,[} _ _
_ z r (n—l) (n-1) -, (n=1)
il fQ au )Vuj n ds + ‘wi(fl u: ) dx
]_

=0
f w(f; —u"Y) dx,
where we have used Lemma 2.21. In particular,
d _
— | " Vdax=0 (5.35)
dt Jp !

since w(x) = 0 for all x € D. A similar computation for the discrete solution of
(5.26)-(5.27) shows that

(;+c) f (U - u® ) dx = f w(f - U™ dx,
T Q Q

and in particular

1
(z+c) f (U - U D) dx = (5.36)
T D
Next, consider
e(jl) (n 1)
17 +eA%e™ — CrAe™ + Coe™
() _ 70D
u - u'
=- (% +en2U® - G AU + cu”
ORI
+ % +eA?u™ — Crau" + Coul”,  (5.37)

where we have used the definition of the discretization error. In (5.37), we express
the terms in brackets using (5.26) and the remaining terms via the local truncation
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error T]Z(."_l) in (5.31). Hence, we obtain

e _ oD
S eAzel(.”) - ClAeE") + Czegn)

I L U U £ R0 e
_ [EA((?—W(U )) A ;a—uj(u )

+o(fi - ") = AU + quiY)

P)
+ (czuf.”‘” - CrAu" Y + %A(a—w(u(”_l)))

i

L A i % (n-1) =1 (n-1)
eN j=1 Ju; @+ wlfi—u )+,
— 1 allb (n—-1) 81/} (n-1) 1 y agb (n-1) 817D (n-1)
= - EA(«Tui(U ) — a_ui(“ )| - WA; a—uj(U ) — a_uj(“ )
-C1A (ugn—l) _ ugn—l)) +Co (ul(n—l) _ ugn—l)) _ w(ugn—l) _ ugn—l))]
(n-1)

+ 11 (5.38)

Asbefore, integrating over Q, applying Lemma 2.21 and the zero Neumann boundary
conditions for u™, u®=b, UM Ur-D we get

(;+c) f (" — " V) dx + f we ™V dx = f " Vdx,  (5.39)
T Q Q Q
where

f 7" ax °2 f (" 4+ "02) dx

Q Q

(;+c) f (™ - 1) dx — f 2" dx
T Q Q

(1 + cz) f (@ + 19"V + O(?) - ul"™V) dx - f "™V dx
Q Q

T

Tszo'?tug"_l) dx+fO(T+C2’[2)dx
Q Q
O(7).

This is the same estimation as in the upper part of [139, p. 430]. Therefore, the rest of
the proof follows the proof of [139, Lemma 3.2]. This results in the desired estimation

(1 + Co1) f eV dx = O(7?).
Q

The second auxiliary lemma is the following;:

Lemma 5.4 (See [139, Lemma 3.3] for black-and-white Cahn-Hilliard inpainting.).
Let u™=V be the exact solution of (5.22)—(5.23) at time t = (n — 1)t, and let T > 0. Then,
there exists a constant C > 0 such that |[Vu V|| < Cforall(n—1)t <T.
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Proof. We write the continuous evolution Equation (5.22) in vector form as

ora = -l enu— Ly L1y 2 f 5.40
= A fehu— —g/(u) + — ;auj(“) + w(f — ). (5.40)
Let N
_ r__ 1 v 1.y
w=[w,...,wN] = sAu+€au(u) elelauj(u)'

We multiply (5.40) with w, integrate over (), and obtain
(dru, w) = (Aw, w) + (w(f — u), w). (5.41)

Differentiating the Ginzburg-Landau energy functional (5.3) over ¢ leads to

d _ 1 84}(“) aul 8Mi
58(11) = f Z s ou + eV, -VE dx

fQ Z (%a—ui(u) - eAui) % dx

1 du;
) z[wz L ] e
(dru, w) + [Btu, %1 ]Z:; a—;bj(u)J

1w Y
(Aw, W) + (@(f ), w) +| Jru, —1 ; a_uj(“)

(541)

= _(Yw, VW) + (0(f — 1), —cAu) + (w(f — ), %gb’(u))
Yoo
+ (—w(f — )+, %1 ; a—;f;(u)], (5.42)

where we have used Lemma 2.21 with zero Neumann boundary conditions in order
to obtain the second and last equality. Since ¢(u) is bounded from below, we only
have to show that &(u) is uniformly bounded on [0, T], and we automatically have
that |Vu| is uniformly bounded on [0, T]. The last term on the right-hand side of
(5.42) is zero since
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N9
(—w(f —u) + o, %1 ; a—fj(u))

;& N ¥
= gT\]1:1f(—a)(ﬂ—uz)+8tui);(8—w(u))dx
1 " N N N
= ?\]LZ(W(u)){_w;ﬁer;ul+at(;ul) dx
o,

Hence, we end up with the same expression of %S(u) in (5.42) as in the last equation
of [139, p. 433]. Therefore, the rest of the proof follows the proof of [139, Lemma 3.3],
and, by integrating %8(11) in (5.42) over [0, T], we finally end up with

E(u(t)) <EW(0)) + C(T) + T - C(wo, €, 6,9, D, £)

T
- f [ f Vw2 dx + w°—9(1 ~5Ct,Q) | w2 dx] dt,
0 Q € Q\D

for each 0 <t < T for a positive constant C; and 6 < ﬁ Hence, for a fixed T > 0,
[Vu| is uniformly bounded in [0, T].
O

Finally, we will proof the convergence stated in Theorem 5.2.

Proof of convergence. We multiply (5.38) with —Ael(,”) and integrate over Q. Thereby,
we use

fa i AeVAT Y nds =0

as used in the first equation of [139, p. 431]. Altogether, we obtain

1 _
= (Ve = (Vel"™, vel™)) + el VA2 + Crllae™|? + Col Vel
T 1 1 1 1 1 1

_ 1 al?b n— alﬁb n— (1)
<o) v

N
1 eI o
+ Z \vA [ (n-1)y _ (n—-1) VA ('n)
eN ]_:1( (31/[]'(U ) 31/[]'(“ ) ! 61
- (A(uf“” —ul"™), Ae§">) -G (V(u§”‘1> —u{"™), Ve§”>)
+ (Vw(ul?”‘” —ul"™), Vef.")) n (m-lqj’“‘”, VAe§">) .

Using the definition of the discretization error as well as the estimation

L (V1P ~ (Ve 9e™)) = o (I9e1P ~ Ve VIR),

1
2T
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as stated in the first inequality of [139, p. 431], we obtain
1 -
5z (19617 = IVe{" PI) + elVAIP + Callae” I + Call VeI

0?
[ ~UeryvuY - ‘D(u(”-l))vu(”—”,meﬁ")]
ou? ! :

i

N 2 2
1 v (%Y P -
(n-1) n-1) _ (n-1) (n-1) (n)
Y z (a S UYL - —2 @)V, Vae )
J
+Cy (Aeﬁ” Y, Ae") + Co (V" , Vel ) — (Ve el ™, vel) + (VAT n" Y, vael™).

Using Young's inequality (Lemma 2.12)
(A, 86) < AP + S A,
(Ve vel?) < ZIVel P + vl I,
(Vo™ vel?) < ZveiP + 2 i 55, VeI,
(VA D VAe‘”)) 52_4 VAP + 1 “ D2
where 61,67, 03,04 > 0, we get
% (IVeI2 = [IVe"VIR) + el VAR + CallAel” | + CallVel™ |

1 (30 PR .
y-1 “(71 1) (n-1)yy (n-1) \Vs (n)
= e [W( v i W(u ") w7, Ve

i i

C o -
S e + 5l VIR

. P -0y eD — ¥ Dy yal)
+ N Z (ﬁ(U )VU]. - ﬁ(u )Vu]. ,VAe:
- j

C2(52 2 -1
22 |ve12 + 52||Ve§” 12

(n=1),2
—|In: . 4
264 1 (5.43)

We can estimate the first term on the right-hand side of (5.43) in the same way as in
the last inequality of [139, p. 431]:

830 2 . 8 o -y . 04 ()2
+§||V€i | +2—63IIV€1- | +3IIVA€1~ 1=+

1(9° Ly 07 -
- —w(U(”‘l))Vlﬂ” h_ —l’b(u("_l))Vu(.n Y vael”
ou? ou?
i i s (5.44)
VeI el VIR 4 (52 )||VA O

For that, we have used (5.28), the local Lipschitz continuity of 2¥ and Lemma 5.4.

ou 2 7
We have set C to be a universal constant for all bounds. Using the estimation

e 1P < 211" — O + 210(0)I1, (5.45)




192 CHAPTER 5. MODIFIED CAHN-HILLIARD EQUATIONS

as stated in the first inequality of [139, p. 432], and Lemma 5.3, we can apply the
Poincaré inequality (Theorem 2.22)

-1 -1
e = O < cp IVe!" |12

to (5.45):
le{" VI < 2cp [IVe]" I + 2O (5.46)
Substituting (5.46) into (5.44), we get
R ;Y _
(a 2(U(” Dyvu Y - > 2(u(” D" 1>,VAe§”>
1
C n-12 . C o (-1 2, 202 ( 5 ‘56) ()2
< ——||Ve: —||Ve: — | ||IVAe;”||~.
< 5o Vel I+ S Ive P + |0< PIF+ (52 + 52 JIvael

In the same way, we can estimate the fourth term on the right-hand side of (5.43).
Altogether, we get in (5.43)

1 0 04 O5+0
(50 + Co (1= 2) = 2)Ivel1P 4. (1= 22 ) iaeP + (e - 2% - —52 ) ivacl I

o2
1 C C - _
< (— f 2, —] ||Ve§” DIz + —1 ||Ae§” DI? + ||r;(” VIR,

"2t 203 260  20s¢ 204

C 22 05 + 06 w2, (€ E) -2, € 22]
+ s lOGPIE + NZ[( JIVAG I + (55 + 5= IVE! IR + = loE|

Multiplying the inequality with 27, choosing 6; = 1 and taking the sum over i =
1,...,Nyields

2(6 0
(1+7[C2 2 = 83) = 53] [IVe™|P + tC1l[A|P + 1 (Ze . %) VAP
W C, 2C 4C
1 20 2 Vel=1)2
(” 55 5y @ oue | et J” I

- _ 4C
+7C1 1A VIR + i@ VIR, + =[O,
(54 666

This is (almost) the same estimation as the second inequality in [139, p. 432]. There-
fore, the rest of the proof follows the proof of [139, Proposition 3.4]. This results in
the desired estimation (5.30). O

As in the previous two chapters, the approach of the truncated polynomial is only
used for the theoretical part. In praxis, the polynomial potential ¢,,; behaves quite
well and does not result in blow ups of the solution. Violations of u € [0, 1] in form of
u € [-6,1+ 6] occur. However, 0 is relatively small. We investigate this issue further
in Section 5.7.3.

For the next steps, i.e., the discretization in space in Section 5.5, we consider the weak
formulation of the smooth system in (5.26)—(5.27), which is split as in (5.12)—(5.14):
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Find U™, W0 e HY(QN with U™ = [u®, ..., ul’]” and WO = W, ..., W
such that

(3 +Co) W, 0) + (W, Vo) = (@t - U, 0)
- (% ; cz)(ug"‘”,v) —0 VoeH\(Q), (547)
1, , e
(W, 0) = VU, Vo) - (U, 0) = - (W), 0)

N
1 1 7n=1) -1y .
TN X; (1# ;™) v) +CU"V,0)=0 YoeH'(Q), (548)
]:

fori =1,...,N. The system (5.47)—(5.48) is supplemented by the initial condition
uy € H(Q)N,ug e GN a.e. in Q.

Remark 5.4. Another possible weak formulation is:

1
(; + cz) U™, 0) + (YW, Vo) + Cy(VU™, Vo)

— (@(fi = U™, 0) - (VU Y, vo) - (% + cz) U0 =0 voeH (Q),
1 1 N
(n) (1) 707 7(n-1) 707 7(n=1) _ 1
(W, 0) = e(VU;", Vo) - - (v’ @W"™),0) + N ;—1 (¢ ), v) =0 VYoveHY(Q).

Such a formulation is considered in [31] for black-and-white Cahn—Hilliard inpainting.
However, working with (5.47)—(5.48) results in systems of linear equations which comply
with the ones from the previous chapters.

After having stated and analyzed our system of time-discrete Cahn-Hilliard equa-
tions in the smooth setting, we proceed to the nonsmooth case.

5.3.2 Nonsmooth systems

In the following, we concentrate on the nonsmooth setting and the fourth-order
formulation of (5.19)—(5.21):

o = —A(eAui + %(Tu)i - %min(O, u;)
N
1 1 . 1
N 4 [_E min(0, u;) + E(Tu)]]
j=1
Vu;-n=V(Au;) - n=0 ondQ, (5.50)

+ w(fi — uj), (5.49)

fori =1,...,N. In the following, we apply the convexity splitting scheme to the
nonsmooth vector-valued Cahn-Hilliard inpainting model (5.49)-(5.50). As in the
smooth case, the nonsmooth vector-valued modified Cahn-Hilliard equation as a
whole is not given by a gradient flow. Especially, our proposed model arises as a
superposition of the H‘l—gradient flow for & in (5.15) under the constraint (5.1) and
the L2-gradient flow for F in (5.7). In this case, convexity splitting is applied to each
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of these energies. To be more precise, we split & as & = &, — &,, where

e v 1
Ec(u) = f 52 |Vui|2+7l§ u?+§§ min(0, u;)* dx,
Q<53 i=1 i=1
N N
1 C1 2 1 Cl 2
e(0) . SlPo(u)+ > ;zl u; dx ngu ut > ;Zl u; dx

w Cr
Few) = | =5 ) (i-u)+5 ) u} dx
i=1 i=1

The constants C; and C; are positive and need to be chosen large enough such that
the energies &, &, ., and ¥, are strictly convex. In the last section, we have already
proven the convexity condition for #, which is given as C; > wy. Itis easy to see that
& is already strictly convex? for C; > 0. The crucial point is the energy functional
that contains the potential function ¢o(u).

Lemma 5.5. &, is strictly convex if C; > max (0,—/\min(T)8‘1), where Amin(T) is the
smallest eigenvalue of T'.

Proof. Letu = [uy, ... ,un]T e H(Q)N and v = [v4, ..., on]T € HY(Q)N. Based on [145,
p- 54], we have to show

Ex(u+v) - Ex(w) > lim Eelu + 5‘(;) —&ew).

We have

1 1
8€(u+v)—8€(u)—fQZ(u+v)-T(u+v)—Zu-Tu dx

N

+L%;((ui+vi)2—u?) dx

N

1 C

= L > (V- Tv+2u-Tv) + ?1 Z (vl2 + Zuivi) dx. (5.51)
i=1

Similarly, one can show

N
. Eeu+06v) = E(u) 1 G N
(1313(1) 5 =, Eu -Tv + > ; 2u;v; dx,

2As stated in the proof of Theorem 4.5, the functionals #; — || min (0, u)l?>,i=1,...,N, are convex
and Fréchet-differentiable on H*((2).




5.4. SEMISMOOTH NEWTON METHOD 195

which leads to
N
. E(u+0ov) — Ep(u) 1 Cy
8e(u+v)—83(u)—%1i% £ 5 — = QEV'TV+7;U%dX
Anin(T)  Cp | &

> min _1 2

_fQ( e +2);Uldx
Therefore, &, is strictly convex if C; > max (0, —/\mm(T)e‘l). |

Remark 5.5. In the corresponding nonsmooth black-and-white Cahn—Hilliard inpainting
model, the convexity requirements are C; > 0 and Cy > wo. Note that we even do not
need the Cq-term in &. and &,. Both functionals are already convex without the additional
Ci-term, see [31, p. 7].

The resulting time-discrete scheme is given by

um — g1

- = —grad|)(£.(U") - &,(UMD)) — grad »(F(UM) - Fo(UTD)).

This translates to a numerical scheme of the form

u™ -y 1 1 (&
T 4 eA2U™ - AU + U™ = ZAmin(0, U™) + —A| Y min(0, U™)
T L ! l c ! cN |4 - ]
]:
1 1 (&
= —A@UC D)+ Al Y (@UC), (5:52)
j=1
+aw(fi = U ) = AU + Ui,
VU;-n=V(AU;) - n=0 ondQ, (5.53)
fori=1,...,N.

Remark 5.6. A rigorous analysis, as done in the previous chapter, is a topic of future research.

Now, we have arrived at a system of linear equations in the smooth case and a
system of nonlinear equations in the regularized nonsmooth case. In order to solve
the latter system, we have to pay attention to the minimum operator present in (5.52).
However, as in Chapter 4.5, we can solve the corresponding nonlinear system via
the SSN method. This will be the topic of the following chapter.

5.4 Semismooth Newton method

For the sake of clarity and consistency with the previous two chapters, in the fol-
lowing, we denote by u"1 € H'(Q)N the time-discrete solution at time step t,_1.
Further, u®™, w® € HY(Q)N form the time-discrete solution at time step t, = t,—1+ 7.
Moreover, from now on we write u®d, u, and w instead of u, u™, and w®,
respectively. In what follows, we consider the weak formulation of (5.52)—(5.53)
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and split it as in (5.19)—(5.21): Find u,, w, € Hl(Q)N with u. = [ucy,.. .,uC,N]T and
we = [we, ..., wc,N]T such that

(% ; Cz) (e, 0) + (Vioe., Vo)
— (@(f; - u?), 0) (1 + cz)(u;ﬂd, =0 YoeHY(Q), (554)
(we,i, 0) — £(Vitei, Vo) = C1 (i, 0) + —((Tu(ﬂd)z-, v)

old

i(mm(O uci),0) + C1(u;c, 0)

+ %Z [%(min(o, Uc,j), ) = %((Tu"ld) i v)] =0 YoeHY (Q), (5.55)
j=1

fori=1,...,N.

Remark 5.7. As pointed out in Remark 5.4, another possible weak formulation is:

1
(% + C2) (4eis ) + (Va0i, Vo) + C1 (Ve Vo)
1
— (@(f; — 1), v) - C; (Vu, Vo) - (; ; cz) @ 0) =0 VoeHY(Q),

1 1
(wc,i/ U) - E(Vuc,ir V'U) + _((Tu()ld)i/ U) - —(mln(O, uc,i)/ U)

N
Z[ (min(0, 1 ), ) - —((TuOId)], o|=0 voeH'(@),
j=1

fori=1,...,N. Such a formulation is considered in [31] for black-and-white Cahn—Hilliard
inpainting.

For a specified sequence ¢ — 0, we solve the system (5.54)—(5.55), compactly written
as

Fo(u, we) = (B (ue, we), B2 (u, we))) =0, (5.56)
for every c by an SSN algorithm. In (5.56), the components are defined by

(EV(a,w), v) = (Vw, Vo) + (% +Ca)(u,v) = (@(f - u),v) - (1 +Ca) (', v),

<F£2)(u, w), v> = ¢(Vu, Vv) + Ci(u,v) + %(min(O, u),v) = (W, V) — —(Tu\0101 V)
1 N

— Gy ) — N2 [1(m1n(0 w)1,v) - —((TuOId)]l v)]

for all u,w,v € H'(Q)N. F, is not Fréchet-differentiable due to the presence of the
minimum operator. However, the minimum operator satisfies the weaker notion
of Newton differentiability, see Definition 2.11. As in Chapter 4.5, we can state a
Newton derivative for F.:
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Lemma 5.6. The mapping F.: H(QN x H(Q)N — (H1 QN )* X (Hl QN )* is Newton-
differentiable. Furthermore, the operator G.(u, w) given by

(Ge(u, w)(ou, 6w), (¢, 9))
(Vow, V) + (L + C2) (du, )
e(Vou, Vap) + Cr(6u, ¥) + L (xm 0w, ) — (0w, %) — g LiLy (OmayduiL ) )’

serves as a Newton derivative for F.. Here, X pm,) is the characteristic function of the set
M(u;) = {x € Q: u;j(x) < 0}.

The term X pq)Ou is given as

T
X M(u)Ou = [XM(ul)(Sul/ . -,XM(uN)éuN] .

For the proof, we refer to [91, p. 788] and [92, pp. 885-886].

In the next section, we derive the fully discrete problems for both, the smooth system
in (5.47)-(5.48) and the regularized nonsmooth system in (5.54)—(5.55).

5.5 Finite element approximation

In this section, we apply FEM [144] to the regularized nonsmooth Cahn-Hilliard
system in (5.54)—(5.55). We also want to apply it to the smooth version (5.47)-(5.48).
Since both procedures are similar, we only present the methodology based on the
nonsmooth setting. Regarding the smooth case, we will state the fully discrete linear
system at the end of this section. Moreover, the following presentation complies
with the FEM Section 4.6 for the vector-valued Cahn-Hilliard equation.

In the following, we assume for simplicity that Q is a polyhedral domain. Let {Rj};5¢
be a triangulation of () into disjoint open rectangular elements with maximal element
size h, ], be the set of nodes of R}, and p; € Jj, be the coordinates of these nodes. We
approximate the infinite-dimensional space H!(Q) by the finite-dimensional space

Si=1p e C°'Q: P lr € QuR) YR e Ry} c H(Q),

of continuous, piecewise multilinear functions. We denote the standard nodal ba-
sis functions of S, by ¢; for all j € J,. They have the property ¢;(p;) = 6ij, i,j =
1,...,m. The discretized version of the penalized problem (5.54)—(5.55) is the fol-
lowing. Given uzld = [ug}f, . ..,uZ}IC\lI]T € ShN , find (u.p, wep) € ShN X SQI , Where
uey = [tep, - uep NI, Wep = [Wepa, .., WeN]" such that

(F (e, W), on) =0 Vo, €8y,i=1,...,N, (5.57)

<Ff,’f)(uc,h, Weh), vh> =0 Vo, e5i=1,...,N, (5.58)
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where the components are

1
(FUDep, Wen), o) = (Vo i, Vou) + (— - CZ) (ttens OB

— ((fpi —uy, ) Uy — (1 + Cz)(uo101 U,

(FED (e Wen), vn) = (Vi Vo) + Ca(ttep i, 0n) + C(mm(O n), On)i

Old)
1%

1
= (We i Upn — —((Tll Onh — Cl(”hl Op)

1 N

N

. 1
[E(mln(of Ue,i), Ondn = g((Tuﬁld) s vh)h]-
j=1

Within our finite element framework, for a given (uy, wy,) € ShN X ShN , every step of
the SSN method for solving (5.57)—(5.58) requires to compute (6uy,, dSwy,) € SII;’ X ShN
satisfying

1
(Vowy, ;, Vo) + (; + CZ)(éuh,i/ Up)n = F( )(uh/ wy),
1
e(Vouy,i, Voy) + C1(0uy,i, op) + E(X}/lw(uhri)éuh,z‘r onn — (OWp,i, Op)n

N
1 2,
“ N Z (X;,Z\/((uh,j)éuh,p o = —FCy) (up, W),
—

forallv, € S,andi =1,...,N. Here, u, = [uhll,...,uh,N]T, wy = [whll,...,wh,N]T,

and éuy, = [Oupq,...,0uy, N1T, owy, = [6wh,1,...,6whrN]T. Further, we define )(}/lw(uh )=

11 My P 95 With X (pj) = 0 if upi(pj) 2 0 and Xy (p)) = 1 otherwise.
If we now write a function v, € Sy by v, = ), iels Ui Pj and denote the vector of
coefficients by v, the fully discrete linear systems (smooth and nonsmooth) read in
matrix form as

e b

I8M FZI®K || wh

~C1(I ® M) u + LI ® M)y’ (uod) - $(I®M)g Sy (v ( Old)) } (5.59)
)

(I'® M)u + £2-(I @ H)(f — u®!

Here, u = (), ()| e = [(wl) L (wl )] e mm

T 1T
and u°d = [(u‘l’ld) ,...,(uz‘i}d) ] e RN is the solution vector from the previous

time step. Remember that k denotes the iteration step of the SSN method. Moreover,

T 1T
u® = [(ugk)) ,...,(uﬂ?) ] ,1=11,...,1]" € RN" Note that we do not have to

apply a Newton iteration for solving the smooth system since there is no nonlinearity.
Hence, in this case, the superindex k + 1 in (5.59) vanishes. The potential 1) in first
right-hand side is { = {501 in the smooth case and ¢ = ¢ in the nonsmooth case. As
in the previous two chapters, M € R"™ is the lumped mass matrix, and K € R™*"
is the stiffness matrix. Remember that M is a diagonal, symmetric positive definite




5.5. FINITE ELEMENT APPROXIMATION 199

matrix, and K is symmetric positive semidefinite. Moreover, I € RV is the identity
matrix. The matrix representation coming from the fidelity term is the diagonal
matrix

[M];; if pie Q\D,

: c ]Rmxm
0 otherwise ’

H = Hp = diag

i=1,...m
where D is the inpainting domain. The block A is given in the smooth system as

A=cI®K)+Ci(I®M).

In the nonsmooth system, it is

Ay Ag - An-y Aw
Agy Ay - An-ay Awy
Agy  Ap 0 An-in-y Ay
Agy  Ap - An-y Anny
where fori=1,...,N
® 1 1
A(i,i) = A(Z',i)(ul. ) =eK+C M + E 1- N G(i),
1
Ag = Ap?) = ~ NG (5.60)

()
if Uy i < 0, e
otherwise .

j=1,..m

.....

(1M
G = Gy(u) = dlag( | ]](])

(k)

Here, u;k?]. denotes the jth element of the vector u, .

Finally, we also state the fully discrete linear systems for the black-and-white Cahn-
Hilliard inpainting models. The linear system in the smooth case reads

_ old , 1 ’ old
CiMu + Inyr | (ued)

- { Mud + 116:%2 H(f _ uold)

-eK-CiM M u
M K w

T
1+TC2

l (5.61)

per time step, where the scalar potential is given as

Ebpol,s(u) = uZ(u - 1)2°

The linear system in the nonsmooth case reads

M T w(k+1)

1+TC2

—eK-CM-c'G M uk+D)
K

| —ciMued + Ly (wld) - Gl

= : (5.62)
{ M,uold + 1:—(;)?:2 H(f _ uold)

per SSN step, where the scalar potential is given as

Yos(u) = su(1 —u),
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and
o) (k)
G = Gu®) = diag [M]; it w,; <0oru:>1, ¢ R"™™
0 otherwise m
e, ()
G, = G+(u(k)) = dlag [M]” if uh,i >1, e R"™Xm
0, otherwise .

Now, we have arrived at the core of our numerical algorithms — the numerical
solution of systems of linear equations. Due to the use of FEM all the matrix blocks
M,K,H,G,G;,i =1,...,N, are large and sparse. In particular, the higher the
number N of phases is the larger is every block of the system matrix in (5.59). In
the next section, we design effective practical preconditioners for the two scalar
linear systems (5.61) and (5.62) as well as for the two vector-valued linear systems
represented in (5.59).

5.6 Preconditioning

This section is devoted to the development of practical preconditioners for the ef-
ficient solution of the four linear systems in (5.59), (5.61), and (5.62). We begin
with the simplest problem and go step by step to the next harder one. We will
see in the following two sections that the construction of efficient preconditioners
in the smooth case, for both, the scalar and vector-valued system, complies with
the study in Chapter 3.7.1. There, we investigated preconditioning techniques for
scalar smooth semi-implicit Cahn-Hilliard systems. Those coefficient matrices have
a similar structure to the ones we deal with in this chapter in the smooth case. As in
Chapter 3.7.1, we develop two preconditioners: The first one uses the symmetry in
the coefficient matrices. This allows us to make use of symmetric Krylov subspace
solvers, which are cheaper than the nonsymmetric ones. The second preconditioner
originates from [35, 37, 36, 3, 38]. However, our theoretical proofs differ halfway
through. Note that this technique ignores the symmetry inherent in our coefficient
matrices. However, our theoretical results below show there efficiency. The con-
struction of efficient preconditioners in the scalar nonsmooth case complies with the
study in Chapter 3.7.3. There, we have investigated preconditioning techniques for
scalar nonsmooth semi-implicit Cahn-Hilliard systems. The construction of efficient
preconditioners in the vector-valued nonsmooth case complies with the study in
Chapter 4.7.2.

In the following, we start with the smooth systems.

5.6.1 Smooth systems

The smooth modified Cahn-Hilliard system (5.61) can be written as

Oy N R

- l+:[L'C2 (5 63)
_ [ ClMuold _ %M‘V (uold) l :

1
old , w0 prie  old
MO + 90 FF(f — q0ld)

1+TC2
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and is hence of saddle point form. In the following, we denote the coefficient matrix
by A. It can be easily seen that A is symmetric. Moreover, the (1,1) block A is
symmetric positive definite. According to Theorem 2.35, A is nonsingular. Due to
Remark 2.3, the Schur complement

T
= K+ MA-lM)
S (1 +TC2

is symmetric negative definite, and ‘A is indefinite with m positive and m negative
eigenvalues.

Next, we design a preconditioner. Since A is symmetric indefinite, our Krylov
method of choice is MINRES. Hence, we need to construct a symmetric positive
definite preconditioner, and we propose the block diagonal preconditioner

A 0
p:[ 0 -8 ] (5.64)

As Schur complement approximation, we design S as

S=-5,A"19
TE TE
=—(M K|A' M K .
( TN+ ) ( VRN ) (5:65)
TE TE TE
= KA'K-MA'M - MA'K - KA 'M.
1+1Cy 1+17C 1+1C
(5.66)

The second term in (5.66) matches the second term in the exact Schur complement.
The first term in (5.66) approximates the first term in the exact Schur complement.

TE
1+1Cy

influence of both remainder terms in (5.66) is reduced.

in form of /1 ffcz in the factor Si, the

Due to the balanced distribution of

Lemma 5.7. § is symmetric negative definite.

The proof is the same as the one for Lemma 3.11. To illustrate the performance of
S-1S, we show eigenvalue plots in Section 5.7.1. Let us conclude the preconditioner
P with a statement about its practical realization. The action of the inverse of S is
performed with an AMG since S7 forms the discretization of an elliptic operator. The
same holds for the (1, 1) block A. Hence, the practical block diagonal preconditioner
is given by
| A O
Po= [ 0 -5 ] /

where Ay = AMG(A) and Sy = AMG(S1)A"'AMG(S;). In Section 5.7.2, we illus-
trate the robust performance of the preconditioner Py applied with MINRES.

In the following, we discuss a second way to develop a preconditioner for the
smooth modified Cahn-Hilliard system (5.61). We proceed in the same way as
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in Chapter 3.7.1. For the development of a preconditioner, we rewrite (5.63) again
and consider

e L e S

1+TC2 (5 67)
_ [ _ClM,uold + %Ml,b’ (uold) ‘| .

pols

Mu + T2 H(f - u'd)

In the following, we denote this coefficient matrix by A. Since we obtained A from
(5.63) by interchanging m columns and multiplying m rows by -1, its determinant
does not change. Hence, A remains nonsingular. Note that A is not symmetric
anymore is at was in the previous case. Hence, nonsymmetric Krylov subspace
solvers have to be used. Due to Proposition 3.10, the diagonal entries of C; M lie in
the interval C1#4[¢, C]. Due to the convexity condition C; > Selin Lemma 5.1, C; is
comparable to ¢~1. Hence, the estimated order for the diagonal entries in C; M lie in
the interval ¢?~1[¢, C], since h is of order ¢. Hence, as in Chapter 3.7.1, we suggest to
neglect the block C; M in A. Therefore, we approximate A as

M —-eK
Ay - [ ]
1+F’((C2K M

In what follows, we discuss the quality of the approximation HA,. We denote the
Schur complement of Ap by S = M + I +ch2 KM™'K. Note that both, the (1,1) and
(2,2) block of Ay, are nonsingular. In particular, they are symmetric positive definite.

Consider the generalized eigenvalue problem

&’l[ g: ]: Aﬂo[ Z; ] (5.68)

Theorem 5.8. It holds
o(AF'A) C B(1).

The circle radius is bounded by ¢ < C1 \T/(2e(1 + ©C2)). In particular, m eigenvalues are
equal to one. We get ¢ < 0.5 when Cp > C%/e -1

Proof. The proof is almost the same as the one for Theorem 3.12. The matrix R
becomes

Ot (+ TE
_1+TC2 1+TC2

and hence R becomes

(M‘lK)Z)_l MK

. -1
R= " (1+ 5K K.

1+17C 1+17C
We finally end up with
. Cit A H Cit ( TE - 2)—1 _
< =
“R“_1+TC2’(I+T€K) K=\t rg®) &

< Civt
T2l +1C)

R
where the equality holds due to the symmetry of (I +1e K 2) K. Therefore, for
Cy > C%/s — 171, it holds 6(R) = 6(R) € By5(0) and hence a(ﬂalﬂ) C Bos(1). O
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Remark 5.8. Note that large values of Cy are needed anyway due to accuracy reasons. The
convexity condition in Lemma 5.1 requires Co > wo, where wy is the fidelity parameter. Large
values of wy yield reconstructed images that are close to the given image in the undamaged
parts.

After we have proven that Ay is a reasonable approximation of A, we can go over to
the construction of a suitable preconditioner $ for Ay and hence for A. We propose
the block triangular preconditioner

M 0
P = - .
[ 1+”1LZC2K _S ]

As Schur complement approximation, we design S as

S=8M71s;
et 1 €T
—(nr K|\M M K .
( EREEETe ) ( IR ) (5.69)
et 1 et
- M KM K +2 K. 7
171G, MRV EPeeN (5.70)

The first two terms in (5.70) match the exact Schur complement S = M+ I ffcz KM'K

of Ap. The influence of the last term in (5.70) is reduced due to the factor /3 f;cz .In

fact, this approximation turns out to be an optimal Schur complement preconditioner
for Ay (see also [130]):

Lemma 5.9. It holds
a(s—ls) c [0.5,1].

The proof is the same as the one for Lemma 3.13. Let us conclude the preconditioner
P with a statement about its practical realization. The action of the inverse of S;
is performed with an AMG since S; forms the discretization of an elliptic operator.
The (1,1) block M is a diagonal matrix with positive entries. Hence, its inverse can
be performed by elementwise multiplications. Hence, the practical block triangular
preconditioner is given by

where Sy = AMG(S;) M AMG(Sy).

Since the above theoretical analysis proves the optimality of the preconditioner P
for large values of C;, we will not study the numerical robustness.

Next, we consider the smooth vector-valued modified Cahn-Hilliard system repre-
sented in (5.59). Every block in the coefficient matrix is of diagonal form. In fact,
the structure is exactly the same as in the smooth scalar version discussed above.
Therefore, all results presented in this section hold true for the smooth vector-valued
modified Cahn-Hilliard system as well.
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Here, we finish the discussion about preconditioning of smooth modified Cahn-
Hilliard systems. Next, we come to the harder case of nonsmooth systems. We will
see that a simplification of the coefficient matrix in form of Ay is only satisfying for
moderate sizes of the penalty parameter c. We start with the scalar version (5.62).

5.6.2 Scalar nonsmooth systems

Consider the matrix system in (5.62) with the coefficient matrix
-eK -CiM -c'G M
A= . ]

A M
Y =:[M . K]. (5.71)

1+1Cy

T
1+1Cy

It can be easily seen that ‘A is symmetric. The (1,1) block A is symmetric positive
definite. Let us have a closer look at the matrix ¢"'G and assume that G # 0.
Then, penalized entries, i.e., the nonzero entries, are in general scattered throughout
its diagonal. The intensity of the penalization can be controlled by the penalty
parameter c. The smaller c is the stronger is the penalization and the more accurate
is the numerical approximation of the nonsmoothness. In particular, the penalized
entries of c"1G lie in the interval c"1h4[¢, C]. The nonpenalized entries of ¢c"!G are
equal to zero. The Schur complement of Ais S = 7 K+ M A~'M. For moderate
sizes of ¢, i.e., ¢ > €471, we suggest a symmetric Schur complement preconditioner of
the form

(M+ e K)A—1 (M+ e K)

1+1C 1+1C
TE TE TE
= KA''K+MA'M + MA'K + KA 'M
1+17C 1+17C 1+1C

as used in (5.65). The approximation of the first term in the exact Schur complement
is satisfying if c > ¢%~! since

TE 1 T

KAl= KK +Cie "M + e la)™
1+TC2 1+TC2 ( This rooe )

and the estimated order for the diagonal entries in C;e™!M + ¢l¢71G lie in the
interval ¢ 1[ze™!, C(c™! + £71)], where we have used that & is of order ¢ and C; is
of order ¢~!. Similarly, neglecting the block C;M + ¢"!G in A would give a good
approximation only for large penalization parameters ¢, which is summarized as
follows:

Theorem 5.10. Let

M —¢eK-CiM -G ] [ M —-e¢K ]
A = and Ap = .
1+§C2K M 0 1+_T[C2K M
It holds

o(A; A) c B.(1).

Vi +Cy) ; ;
Nk In particular, m eigenvalues are equal to one.

We get ¢ < 0.5 when one of the following conditions holds:

The circle radius is bounded by ¢ <

C —1\2
(a) Cy > Gre ) 12 ) — 1L or
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C% 1 VT
(0) Co> = —zandc2 e

Proof. The proof is almost the same as the one for Theorem 3.12. The matrix R
becomes

__ T (I
_1+’CC2 1+TC2

1
(M~ 11{)2) M'KM™ (G + M)

and hence R becomes

T

- 'R
R 1+TC2( 1+TC2

1 ~ ~
R K(G+ar),
where G = M~2GM . We finally end up with

1
IR < K||llc'G + Ci 1|

R?)

T (I+ TE
1+1C, 1+1Cy

T L s
- 1+TC2‘O((I 1+TC KZ) )p(c Grab

o Nt
~ 24e(1 +7Cy)

where the equality holds due to the symmetry of (I + e K 2) Kandc'G+CiI.
Moreover, due to the diagonal structure of G, we have

p(c1G + C1I),

&) @
G:AT%GAF%:&q%é if u,; <Ooru, >1)
i=1,...m

otherw1se

Therefore,

-1 (k)
i=1,..m

C1 otherw1se,

-----

which results in
p(c'G+CiD) =ct+Cy.

We obtain
Vit +Cr)

2e(1 +7Cy)

Therefore, for % < %, it holds o(R) = o(R) C Bys(0) and hence a(ff’(_lﬂ) -

IR <

Bo5(1). If we solve this inequality for C,, we obtain the condition C; > (GRS % For
small penalty parameters, this bound becomes too large. Another condltlon arises if

we solve the inequality for c. Then, we obtain the inequality c (—“?(1‘7_:(:2) - Cl) > 1.
CZ
In order to ensure that the left-hand side is positive, we need C; > - — % Finally,

> v
we obtain ¢ > AR As in the condition before, c is needed to be large. O
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In the following, we propose preconditioners for the case of small penalty parameters
c. We build on the last two chapters and keep the whole block A within our Schur
complement approximation

We concentrate on the coefficient matrix in (5.71). The first block triangular precon-
ditioner we propose is

-A 0
SD—[M —S’]' (5.72)
As Schur complement approximation, we design S as
S=547"S,

—(n+ ' _K|a M+ LA (5.73)

B 1+71 Cz 1+71 Cz '

T T

= K+MA'M M KA'M. 5.74
1+TC2 * * 1+TC2 * 1+TC2 ( )
The first two terms in (5.74) match the exact Schur complement § = 7= K +
MA™'M. Due to the balanced distribution of Trrg, in form of | /= in both

factors S7 and S, the influence of both remainder terms in (5.74) is reduced. Let
us conclude the preconditioner P with a statement about its practical realization.
The action of the inverse of S1 and S is performed with an AMG each since both
form the discretization of an elliptic operator. The same holds for the (1,1) block A.
Hence, the practical block triangular preconditioner is given by

[-4 o
P"‘[ M —So]’

where A9 = AMG(A) and Sy = AMG(S;) A~ AMG(S,).

In the following, we discuss a second way to develop a preconditioner for the scalar
nonsmooth modified Cahn-Hilliard system (5.62). By interchanging the column
blocks in (5.62) we obtain

[ M -A H w* D ] ._[ M -¢K-CM-c'G H w®*D ]
#’[CZK M ’u,(k+l) ) ﬁK M u(k+1)
:[ —CiMu + 1My (u) - 161 l

Mu + 2 H(f - uf)

(5.75)

In the following, we denote the coefficient matrix by A. The Schur complement is
now S = M + 5 KM ~1 A. Tt can be easily seen that A is not symmetric anymore.
However, the preconditioner above has already been built based on a nonsymmetric
Schur complement approximation, which results in the use of nonsymmetric Krylov
subspace solvers. The advantage of the form (5.75) is that the (1,1) block is now
diagonal and symmetric positive definite and hence cheap to invert. The block

triangular preconditioner we propose is

M 0
p=| .. 5.76
[ 1+TC2K _S :| ( )
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As Schur complement approximation, we design S as

S=8M'S,

a1 T
(\/_M+ ‘/1+TC2K)M (—M+ 1+TC2A) 5.77)
1 / [ ©
o TCZKM A+ 8(1+TC) (5.78)

The first two terms in (5.78) match the exact Schur complement. Due to the balanced
distribution of 7= in form of [~ o, as well as the scaling with ve and its inverse

1+T

=M +

in both factors, S; and Sy, the influence of both remainder terms in (5.78) is reduced.
To illustrate the performance of S!S, we show eigenvalue plots in Section 5.7.1.
The practical block triangular preconditioner is given by
M 0
ne| e s

1+TC

where Sy = AMG(S1)M'AMG(S,;). In Section 5.7.2, we illustrate the robust per-
formance of the preconditioner $y applied with BiCG.

In the numerical experiments, we always use the second preconditioner based on
the system matrix (5.75), preconditioner (5.76), and Schur complement approxima-
tion (5.77). Moreover, we suggest this preconditioner to solve the vector-valued
nonsmooth system in (5.59), which is discussed next.

5.6.3 Vector-valued nonsmooth systems

In the following, we develop a preconditioner for the nonsmooth vector-valued
modified Cahn-Hilliard system represented in (5.59). In contrast to the vector-
valued smooth case in (5.59), where each block in the coefficient matrix is block
diagonal, we deal with a nondiagonal block matrix in the (1, 1) block. Moreover, the
(1,1) block is nonsymmetric here. Hence, as in Chapter 4.7, we rewrite (5.59) and

consider
[ IeM -A [ wk+D ]
mol®K IeM || ukD

~C1(I ® M)u®d + %(I®M)¢6( old) 1(Ie M) (Z] : %( old))l

(I ® M)ud + 13;’3 (I ® H)(f —u°9)

} . (5.79)

In the following, we denote the coefficient matrix in (5.79) by A. We propose the
block triangular preconditioner

IeM 0
P = (5.80)
[ Z=I®K -8 ]

where § is an approximation of the Schur complement S = IT® M + e, K)I®

M) A. Inverting the block I ® M is cheap as M is a diagonal matrix with positive
entries. The remaining task is to design a Schur complement approximation $ that
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is easy to invert and resembles S. The practical block triangular preconditioner is
given by

P I®eM 0
0= ’
e I®K -5

where we have to discuss an implementable Schur complement approximation Sy
of §. Asin Chapter 4.7.2, the difficult point is the nondiagonal block matrix A.
It contains the gradient energy parts, which only arise in the diagonal blocks, as
well as the coupling of all penalization terms. As in the last section and previous
chapters, neglecting the penalty blocks G;, i = 1,...,N, together with the blocks
Ci1M in A, would give a worse approximation for small penalization parameters,
which is summarized below in Theorem 5.11. The penalization is even more crucial
than in the last section. As can be seen from (5.60), penalized entries are in general
scattered throughout the diagonals of every block of A. In particular, the penalized
entries of the nondiagonal blocks A(;, i = 1,...,N, of A lie in the interval —%[C, c].
The nonpenalized entries are equal to zero. This also applies to the diagonal blocks
Aii,i=1,...,N, of A, whereby the matrix ¢ K + C{M comes in addition. Again,
this indicates a severe dependency between ¢ and c and hence h. All in all, large
penalized entries should not be neglected.

Theorem 5.11. Let
I®M eI K ]

o =|
ncIeK IeM

It holds
o(A; A) c B(1).
VT

2 \e(1+7Cy)
equal to one. We get ¢ < 0.5 when one of the following conditions holds:

The circle radius is bounded by ¢ < (% + Cl). In particular, Nm eigenvalues are

(C1+2)? 1

(a) Co =2 —= - or

B) Cp> G - Llopdes> —2¥T
£ T \e(1+1Co)—Cy1 VT

Proof. The proof is almost the same as the one for Theorem 4.10. The matrix R
becomes

T TE 1 2)‘1
141G, (I+ 1+ G, [dem)yd e K))

TOM) ' ITQK)I®M)'[A-eI®K)]

and hence R becomes

-1

~ T TE ~ ~ o~

R= I KZ) KA
1+17C ( * 1+1Cy

where A = (I ® M‘%)[A— eI K)(I® M‘%). If we replace in the proof of
Theorem 4.10 the matrix Q1. by the identity matrix I € RNV, we obtain in (4.94)

TE
1+ TC2

T
1+

(I N KZ)_l K =(I®Qx [I + s e ]_1 (I ® AT ®QY),
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1
where [I + i (I ® A )] (I® Ak) is a diagonal matrix. Hence, (I + TG KZ) K

is symmetric. It follows

(I + KZ) K(ei ® QK,]‘) = ﬁ(el ® QK]) (581)

1+ TCZ 1+7C 'K, j

fori=1,...,N, j=1,...,m. Using the inequality
0<(1-ab)®=1+a’h? - 2ab
with a,b € R, we can bound the eigenvalues of (5.81) as

/\K,j < V1 +1Co
1+ gk, 2vEe

for j=1,...,m. Here, we have used a2 =7 HC and b? = /\2 This yields

p((1+ e K’z)_lIZ)<—V1+TC2.
1+1C, - 2\/&

(5.82)

We finally end up with

2
i ) A

T ~ -
- (1 1+TQK2) &)l
< |a

2+/e(1 + 1Cy)

where the equality holds due to the symmetry of (I + e K 2) K. Due to the

diagonal structure of each block in A — ¢(I ® K), we have

7

A=(I®M )[A-c(I®K)|(I® M)

1(N 1)G(1) + NCy —C_lé(z) cee —C_lG(N)
1 - G(1) C_l(N - 1)@(2) +NC; - —C_lG(N)
= N . 3 N ’
—C_1C§<1> —c'Gp = —c'G)
—C_lG(l) —C_lG(z) coe 1 (N - 1)G(N) + NCq

where .
g = 1 ifu’. <0,
Gy = Gp(u®) = diag[ i, )
1,..m

0 otherwise.

=1,...,

Since each block in A is diagonal, the number of nonzero entries per row or column
is N. Moreover,

i N-1 . N-1
< <
1Alh <2——=+C and [l Alls <2—+Ci.




210 CHAPTER 5. MODIFIED CAHN-HILLIARD EQUATIONS

Thus, (2.12) yields

- - ~ N-1
1Al < /Il Al Alleo <2
cN

VT (ZN_ 1
e(1+1Cy) \ ¢N

+ C;.

Hence, we obtain

IR < ~+C

24/e(1 +1Cy) \€

Therefore, for %( C1) < , it holds o(R) = o(R) C Bys(0) and hence

G(ﬂ_lﬂ) C Bos(1). If we solve this inequality for C;, we obtain the condition

252
C > (C1+ A —1. For small penalty parameters, this bound becomes too large. Another
cond1t10n arises if we solve the inequality for c. Then, we obtain the inequality

c (—“ﬂ\;r_:CZ) - Cl) > 2. In order to ensure that the left-hand side is positive, we need

2+t
Ve(I+1C)—-C VT

needed to be large. m|

re)e—F_(24c),

c? . . . .. .
Cy> 2L - % Finally, we obtain ¢ > As in the condition before, ¢ is

&

In the following, we propose a preconditioner for the case of small penalty parameters
c. Similar to the last section, we keep the whole block A within our Schur complement
approximation and suggest

S=8(IeM)s,

B N\/_ [t 1

N-1 T
(N\/E M)+ |77 C2A) (5.83)
=I®M + (I®K)(I®M) 1A

1+

TE N
.y 18K N A 84
é(1+TC) N (s K)+ 1+ G N1 (5.84)

The first two terms in (5.84) match the exact Schur complement. Due to the balanced
distribution of 7= in form of | /17T as well as the scaling with \/_ and its inverse

in both factors, 81 and S,, the influence of both remainder terms in (5.84) is reduced.
Let us discuss the action of the inverses of S; and S,. This is done in the same way
as in Chapter 4. The block

N+/fe T
511‘1‘8’(1\1—1]”4r V1+TC2K)

in (5.83) is block diagonal and contains the same discrete elliptic operator,

N e
= 1)M+

Trig; K on each diagonal block. Therefore, we approximate the inverse of each

diagonal block with one and the same AMG preconditioner. The resulting practical
approximation of Sy is

I@AMG(N\/EM+ T K).

N-1 1+1C
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The proposed strategy concerning the solution of a system of the form S,y = g is the
use of a block Jacobi method with a fixed number of steps:

y(l+1) — y(l) + a)P;llr(’),
where
rO = g- Szy(l)

is the /th residual, and w is the relaxation parameter. We use the preconditioner

N Ve
PA: ". 7

N-1
AMG (N_\/EM + _1+:[rC2 A(N,N))

which is an AMG approximation of the block diagonal matrix of S;. Note that the
diagonal blocks of S, are symmetric positive definite. In contrast to the smooth
vector-valued case, we have to initialize N AMG preconditioners instead of one.
Moreover, they have to be recomputed in every Newton step since the position of
penalized entries is changing with every Newton step. In detail, the penalized entries

N-1
AMG (—M + _1+§C2 A(l,l))

in the blocks A(; or A;; depend on the phase ugk). Since all phases are separated in
the domain (at least after a few time steps), one cannot expect the penalty parameter
to act in the same regions for all phases. That is why an approximation of the matrix
A, where all diagonal blocks are equal, seems not to be of good quality, and our
experiences confirm this observation. Nevertheless, Section 5.7.2 shows a promising
performance of our developed preconditioner applied with BiCGstab.

Here, we finish the theoretical discussion about the preconditioners. In the next
section, we illustrate their efficiency via various numerical experiments. Moreover,
we outline an algorithm for the numerical solution of the modified Cahn-Hilliard
problems.

5.7 Numerical results

In this section, we show numerical results for the presented modified Cahn-Hilliard
problems. First, we explain our implementation framework. This is already de-
scribed at the beginning of Chapter 3.8 for the most part. Hence, we only add the
differences here.

For all inpainting simulations, we use Bertozzi et al’s [19] e-two-step approach. This
procedure successfully connects edges across large inpainting domains. In the first
step, we run the Cahn-Hilliard inpainting approach close to steady state with a
rather large value of the interfacial parameter ¢. In the second step, the approximate
solution from the first step serves as initial state for a second run of Cahn-Hilliard
inpainting. But this time, we set ¢ to a small value. In the following, we denote by &
and Cy ; the interfacial and convexity parameter for the second step. In summary, the
first step smoothes the image information. Hence, level lines can merge over large
damaged regions. The second step sharpens the image contours. If not mentioned
otherwise, the stopping criterion in both rounds is

1S(u™, W)l < YrelllS@?, W) la + Yaps, (5.85)
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T
where S(u, w) = [$1(u,w)", S2(u,w)"| with

N
Si(u, w) = —Agu + (I ® M)w — 1(I®M)4) (u) — — I®M)(Z ¢ (u ]
j=1

So(u, w) = (I ® K)w — wo(I ® H)(f - u),

with As = A — C1(I ® M). The potential ¢ in 81 is ¢ = ¢ in the smooth case and
Y = g in the nonsmooth case. Regarding the latter, we consider in the following
T = I - 117, which is a typical example as mentioned in Chapter 5.1. Basically,
Si(u, w) = 0, So(u, w) = 0 is the discrete steady state formulation of Cahn-Hilliard
inpainting. In the scalar case, the terms in (5.85) become

Si(u,w) = —Asu + Mw — %Ml,b’ (u),
SZ(UI 'U]) =Kw- C()()H(f - u)/

with As = ¢K, ¢ = Ypos in the smooth case and As = ¢K + c'G, Y = Yo, in the
nonsmooth case. Based on our experiences, we set Yy = 1072,7,ps = 107! in the

smooth (scalar and vector-valued) case and e = 51072, yps = V5-1072 in the
nonsmooth (scalar and vector-valued) case.

Similar to Algorithm 3.1, Algorithm 5.1 summarizes the steps for the numerical
solution of the modified Cahn-Hilliard problem with a nonsmooth potential. The
formulation with a smooth potential is a simplification of this algorithm. In all
experiments, we set the convexity parameters to C; = 371, Cis = 365_1, Cy, = 3wy
and the time step size to 7 = 1 if not mentioned otherwise. Remember, wy defined
in (5.8) is the fidelity parameter that keeps the inpainted image close enough to the
given picture. The initialization of the N phase variables is done in the following
preprocessing stage: Given an image f, we segment N clusters using the standard
k-means clustering method. The obtained cluster centroid locations serve as the
gray values g;, i = 1,...,N. Each phase variable represents one cluster and hence
describes the evolution of the corresponding gray value. That means every phase
variable is set to be one in its corresponding cluster region and zero everywhere
else. Moreover, we set every phase variable in the damaged regions to the value
N~L. This assignment fulfills the conditions of the Gibbs simplex (5.2). In the scalar
case, we initialize the phase variable in the damaged regions with the value zero. At
the moment, we perform the preprocessing stage in MATLAB® with the command
kmeans. We load images in C++ using the CImg® Library version 1.5.3. The final
reconstructed image f; is obtained by

f= zgz o, (5.86)

where uD) = [

@D, ,ug)]T represents the final phase variable. In the scalar case,

the final reconstructed image is given by the final phase variable u(D).

Now, we are ready for numerical results.

Shttp://cimg.eu/
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Algorithm 5.1: The numerical solution of the nonsmooth (vector-valued) mod-
ified Cahn-Hilliard problem via an SSN method combined with a Moreau-
Yosida regularization technique on a uniform mesh.

Choose h, ¢, &5, T, N, wo, C1,C15,Ca, 01,2, .. ., Cprmaxs M/ Erels €abs
Build the spatial mesh
Initialize M, K, and the AMG solver for S
Locate the inpainting domain D
Set u® = fonQ\Dandul(.O) =1/Nfori=1,...,NonD
Set w(®
n =1, run=1
while run=1 || (run=2 && not close to steady state) do
if run=1 && close to steady state then
& =&
C1 = Cys
Update the AMG solver for Sp
run=2
end
Update the right-hand side of the linear system
forp=1,2,...,pmax do
if n > n. then

P = Pmax
end
c= Cp

ifp =1o0rn > n, then
Set u("/P/O) — u(n_l), w(”/plo) — w(n_l)

else
Set u(n,p,O) — u(n,p—l)/ ,w(n,p,O) — ,w(n,p—l)
end
fork=0,1,2,... until convergence do
Update the block A

Update the AMG solver for S,
Solve the linear system and obtain w("P*+1) qy(®pA+1)
if [P, (PR, PR < el |Fe gy (uP D), wPO)lp + €ps then
Set u(P) = (WPK+D) 445(00) = qpp(npk+1)
break
end
end
end
Set u™ = y1Pma) (1) = 4p(Pmax)
n=n+1
end
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5.7.1 Eigenvalue plots

In Section 5.6, we have developed different Schur complement approximations and
referred to this section for some corresponding eigenvalue plots. In particular, we
show eigenvalue plots for the scalar smooth and nonsmooth Cahn-Hilliard inpaint-
ing model discussed in Section 5.6.1 and 5.6.2. The following eigenvalue plots are
simply generated with MATLAB®. The mass and stiffness matrix M and K are
generated in C++ using the FEM library deal.II [8] as described in Chapter 3.8. For
the following simple demonstrations, we consider uniform refinements of the unit
square [0, 1]? with three different mesh sizes h; = 2773 for i = 1,2,3. Let us denote
the diagonal matrix G in (5.62) for each mesh by G® for i = 1,2, 3. Itis implemented
in MATLAB as a random vector with MATLAB’s command randperm. First, we ini-
tialize three vectors g; = [p1, . .. ,pmi]T € R™ as one vectors, where m; = (hl.‘1 +1)? for
i =1,2,3. Then, we set randomly 25 percent of each vector g; to zero via randperm.
The diagonal values of G are then set to be [G(i)]jj = [M]jjpj for j = 1,...m;. The
action of all inverses are performed with MATLAB’s backslash command. This is
a direct solver based on the LU-factorization, which works well for our small sized
two-dimensional problems. In total, three inverses occur in the implementation:
One in the Schur complement S, one in the Schur complement approximation S, as
well as one in $71S. Finally, we have used MATLAB's eigs command to obtain the
eigenvalues of the generated matrix $§715.

We start with the smooth system (5.63) with the Schur complement approximation
(5.65). Each subplot in Figure 5.1(a)-5.1(e) demonstrates the robustness with respect
to a different model parameter. In Figure 5.1(a), we vary the mesh size 1 while fixing
e=2"%1=1,C =3¢}, wy =10°, C; = 3wy. In Figure 5.1(b), we vary the interfa-
cial parameter ¢ while fixing h = 276 7=1,C; =50, wg = 10°, C = 3wp. In Figure
5.1(c), we vary the time step size t while fixing h = 276 e =206 Cy =37, wy =
10°, C; = 3wp. In Figure 5.1(d), we vary the convexity parameter C; while fixing
h=29%=2%1=1, wy =10° Cs = 3wy. In Figure 5.1(e), we vary the convexity
parameter C; while fixing h = 276 e =2%1=1,C; =3¢ w = 10°. Finally, in
Figure 5.1(f) we vary simultaneously all five parameters , ¢, C1, wo, C2 while fixing
7 = 1. Each of the six subplots illustrates nicely the eigenvalue clustering. Moreover,
all eigenvalues are real and positive as expected from Lemma 2.30.

Next, we go over to the nonsmooth system (5.75) with the Schur complement approx-
imation (5.77). Each row in Figure 5.2-5.3 demonstrates the robustness with respect
to a different model parameter. In all tests, we observe the appearance of complex
eigenvalues. In Figure 5.2(a)-5.2(b), we vary the mesh size h while fixing ¢ =274, 7 =
1, C1 =3¢, wy =10°, C = 3wy, c =1077. In Figure 5.2(c)-5.2(d), we vary the inter-
facial parameter ¢ while fixing h = 276 1=1,Cy =300, wy = 10°, Co = 3wy, ¢ = 107".
In Figure 5.2(e)-5.2(f), we vary the time step size T while fixing h = 276, =20 C; =
3¢7!, wp = 10°, C2 = 3wy, ¢ = 1077, In Figure 5.3(a)-5.3(b), we vary the convexity
parameter C; while fixing h = 276 =20 7=1 0wy =10, Cr = 3wy, c = 107. In
Figure 5.3(c)-5.3(d), we vary the convexity parameter C, while fixing h = 276, ¢ =
276 1=1,C =31, wy=10°, c =1077. In Figure 5.3(e)-5.3(f), we vary the penalty
parameter c while fixing h = 276 =2 7=1C; =3¢, wy =10°, Co = 3wy. Fi-
nally, in Figure 5.4, we vary simultaneously all five parameters £, ¢, C1, wo, C; while
fixingt=1,c= 107~7. Each subplot illustrates nicely the eigenvalue clustering.
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Figure 5.1: Spectrum of $718 for the scalar smooth system (5.63) with the Schur
complement approximation (5.65).
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Figure 5.2: Spectrum of $71§ for the scalar nonsmooth system (5.75) with the Schur
complement approximation (5.77).
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Figure 5.3: Spectrum of S~ S for the scalar nonsmooth system (5.75) with the Schur
complement approximation (5.77).
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Figure 5.4: Spectrum of $~1S for the scalar nonsmooth system (5.75) with the Schur
complement approximation (5.77). Setj: h; = 27573 ¢ j=hjt=1, ng) = 36]71,
o’ =104 0 =5-10% 0 = 105, €’ = 30, c = 107 for j = 1,2,3

5.7.2 Robustness

In this section, we demonstrate the robustness of our proposed preconditioners re-
garding all model parameters. The initial state in the scalar models is an image
consisting of a vertical white stripe, where the inpainting domain is given by a hor-
izontal stripe, see Figure 5.5(a). The initial state in the vector-valued models is an
image consisting of several vertical gray value stripes, where the inpainting domain
is given by a horizontal stripe. In the case N = 5, we use six vertical stripes as given
in Figure 5.5(b). When we test the robustness with respect to N, we increase the
number of vertical stripes for larger values of N.

(a) Scalar model. (b) Vector-valued model with N = 5.

Figure 5.5: Initial images for the robustness tests of our preconditioners developed
for Cahn-Hilliard inpainting.

We start with the scalar smooth system in (5.63) with the preconditioner (5.64) and the
Schur complement approximation (5.65). Each subplotin Figure 5.6(a)-5.7(a) demon-
strates the robustness with respect to a different model parameter. In Figure 5.6(a), we
vary the mesh size h while fixing ¢ = 9-277 /(4 V2. atanh(0.9)), =1, C; =3¢71, wp =
10°, Cy = 3wy, and T = 50. In Figure 5.6(b), we vary the interfacial parameter ¢ while
fixingh = 27,1 =1,Cy = 375, wp = 10%, Ca = 3wy, and T = 50. In Figure 5.6(c),
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we vary the time step size 7 while fixing h =27, ¢ =9 -277/(4 V2 - atanh(0.9)), C; =
3¢71, wo = 10°, C; = 3wy, and T = 2000. In Figure 5.6(d), we vary the convex-
ity parameter C; while fixing h = 27, =9 2‘7/(4\/§ -atanh(0.9)), Tt = 1, wg =
10°%, C; = 3wy, and T = 50. We observe a benign increase if iteration numbers when
C; is increased. However, the larger C; is the slower is the evolution. Hence, in
praxis, one chooses C; as small as possible such that the convexity condition in
Lemma 5.1 is satisfied. In Figure 5.7(a), we vary the convexity parameter C, while
fixing h = 27, =9 2‘7/(4\/5 -atanh(0.9)), t =1, C; =3¢, wp = 10%, and T = 50.
In fact, we observe a decrease of iteration numbers when C; is increased. Finally, in
Figure 5.7(b), we vary simultaneously all five parameters /, ¢, Cy, C2, @ while fixing
7=1and T = 50. Table 5.1 illustrates the maximum and average number of MINRES
iterations, the average CPU time (in seconds) for MINRES, and the CPU time (in sec-
onds) for the whole simulation for each of the six subplots, respectively.

Simulation | MINRES \
Figure  Plot \ Max Avg CPU (s) \ CPU (s)
5.6(a)  (-==-- ) 22 21 8 399
(=== 22 21 30 1595
(---)| 22 21 147 7587
(=) 22 21 583 29881
56(0) (---) | 22 21 8 402
(==) | 22 21 8 402
(---)| 22 21 7 392
(—) | 23 22 8 401
56(c) () | 22 21 7 | 14899
(=) | 22 21 7 1544
( ) 22 21 8 319
(—) | 22 21 7 159
5.6(d) (e ) 22 21 8 408
(===+) | 27 26 9 489
(---)| 35 34 12 626
(=) 47 46 15 802
57(a) (-----) | 22 21 8 398
(===") 21 20 7 378
(---)| 19 17 6 327
(—) | 18 15 6 295
57(0) (---) | 22 21 7 389
(====) 23 22 32 1658
( ) 29 28 196 10060

Table 5.1: Results for the solution of the scalar smooth system (5.63) with the pre-
conditioner (5.64) and the Schur complement approximation (5.65): The maximum
and average number of MINRES iterations, the average CPU time (in seconds) for
MINRES, and the CPU time (in seconds) for the whole simulation.

We proceed with the scalar nonsmooth system in (5.75) with the preconditioner (5.76)
and the Schur complement approximation (5.77). Each subplot in Figure 5.8(a)-5.9(b)
demonstrates the robustness with respect to a different model parameter. In Figure
5.8(a), we vary the mesh size h while fixing ¢ = 9 - 277 In,t=1,Cy =3¢, wy =
10°, C; = 3wy, Cpmax = 107, and T = 20. In Figure 5.8(b), we vary the interfacial
parameter ¢ while fixing h = 277 1 =1,Cy =150, wy = 10°, C = 3wy, Cpmax = 1077,
and T = 20. In Figure 5.8(c), we vary the time step size t while fixing h = 277, ¢ =
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Figure 5.6: Results for the solution of the scalar smooth system (5.63) with the
preconditioner (5.64) and the Schur complement approximation (5.65). The x-axis
shows the time t and the y-axis the number of MINRES iterations.
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Figure 5.7: Results for the solution of the scalar smooth system (5.63) with the
preconditioner (5.64) and the Schur complement approximation (5.65). The x-axis
shows the time t and the y-axis the number of MINRES iterations.

9.277/m, C; =3¢e71, wo = 10°, C = 3wy, Cpamax = 1077, and T = 1000. In Figure 5.8(d),
we vary the convexity parameter C; while fixingh =27, e =927/, 1 =1, wg =
10°, C, = 3wy, Chmax = 1077, and T = 20. In fact, we observe a decrease of iteration
numbers when Cj is increased. In Figure 5.9(a), we vary the convexity parameter
C> while fixing h = 27, =9-27/nt,t =1,C; = 3¢, wy = 10°, Cpmax = 1077,
and T = 20. In Figure 5.9(b), we vary the penalty parameter c, . while fixing
h=276=9.27/n,71=1,Cy =3¢}, wy = 10°, C; = 3wy, and T = 20. Finally, in
Figure 5.9(c), we vary simultaneously all five parameters £, ¢, C1, C2, w while fixing
=1, ¢y, =107, and T = 20. Table 5.2 illustrates the maximum and average num-
ber of BiCG iterations, the average CPU time (in seconds) for BiCG, and the CPU
time (in seconds) for the whole simulation for each of the seven subplots, respectively.

Next, we consider the vector-valued smooth system represented in (5.59) for which
we apply the same preconditioning technique as in the scalar smooth case. Each
subplot in Figure 5.10(a)-5.11(b) demonstrates the robustness with respect to a dif-
ferent model parameter. In Figure 5.10(a), we vary the mesh size i while fixing
£=9-277/(4 \/i-atanh(O.9)), t=1,C =3¢, wy=10° Cy = 3wy, N =5,and T = 50.
In Figure 5.10(b), we vary the interfacial parameter ¢ while fixingh =277, t =1, C; =
375, wp = 10°, C; = 3wy, N =5, and T = 50. In Figure 5.10(c), we vary the time step
size T while fixing h = 27, e=9-277/(4 V2 atanh(0.9)), C; = 3¢71, wg = 10°, C, =
3wo, N =5, and T = 2000. In Figure 5.10(d), we vary the convexity parameter C;
while fixing h = 27,e=9-277/(4 V2 - atanh(0.9)), 7 = 1, wy = 10°, C = 3wy, N = 5,
and T = 50. As in the scalar smooth case, we observe a benign increase if iteration
numbers when C; is increased. However, the larger C; is the slower is the evolution.
Hence, in praxis, one chooses C; as small as possible such that the convexity condi-
tion in Lemma 5.1 is satisfied. In Figure 5.11(a), we vary the convexity parameter C,
while fixing h = 27,e=9-277/(4 V2. atanh(0.9)), =1, C; =3¢, wp = 10°, N = 5,




222 CHAPTER 5. MODIFIED CAHN-HILLIARD EQUATIONS

| 50 |

-

T
1

e
"aa

T E—
smmnn®

. "
45 A - -
e o4t N an o
- - - . -

D = .
.. .
. .
a . o 5. . .o
Y D . =
= w -t
— = . N P - . —
. = D . =
. . "o .
== . e ) -
o= - g .
. . ne

30

20 :
0 10 20
(@e=9-27/n,1=1,C, =3¢}, wy = 10°, byh=27,t=1,C; =150, wy = 10°,
Ca = 3w, Cpp = 107, and h =27 (++=+- ), Co = 3wy, Cppp = 1077, and € = 0.02 (+++=- ),
B= 28 (meme) i =29 (== ), = 2710 (). = 0.04(=rmr), & =0.06(---),¢ =008
(—)
50

40

30
‘-:,5.55 ;.E : :E i é.;::{
0 ib--mﬂ Tt ioryrehi Wt Gt 20 |
(h=27,6=9-27/n,C; =3¢}, wy = 10°, (dh=27,e=9-27/n,7=1,wy = 10°,
C2 = 3&)(), Cpmﬂx = 10_7' CZ = 3&)0, CPmax = 10_7/ and Cl =1 ( """ )/
Cy =10 (=+=+), C; = 100 (- = = ), C; = 1000

(=)

Figure 5.8: Results for the solution of the scalar nonsmooth system (5.75) with the
preconditioner (5.76) and the Schur complement approximation (5.77). The x-axis
shows the time t and the y-axis the average number of BiCG iterations per SSN step.
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Figure 5.9: Results for the solution of the scalar nonsmooth system (5.75) with the

preconditioner (5.76) and the Schur complement approximation (5.77). The x-axis
shows the time t and the y-axis the average number of BiCG iterations per SSN step.
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Simulation |  SSN | BiCG \
Figure Plot [ Max Avg [ Max Avg CPU(s) [ CPU (s)
58@@)  (-==-- ) 5 2 48 30 14 2184
(===") 5 2 48 29 24 7618
( ) 5 3 51 30 101 42185
(=) 5 3 49 30 331 177432
58(b)  (srrer ) 5 2 50 30 8 1652
(===") 5 2 38 25 9 1704
( ) 5 2 37 24 8 1640
(=) 4 2 36 23 7 1284
5.8(c)  (===-- ) 5 1 48 7 6 11086
(===") 5 2 48 31 21 5355
( ) 5 2 48 31 15 3375
(=) 5 2 48 30 14 2176
58(d)  (xree- ) 6 2 52 32 13 2435
(===") 6 2 50 32 14 2325
( ) 5 2 50 30 13 2273
(=) 3 2 34 21 9 1603
59@)  (-==-- ) 5 2 48 30 14 2186
(===") 6 2 50 30 13 2311
( ) 9 2 50 30 12 2352
(=) 10 2 50 31 14 2255
59()  (vree- ) 5 2 31 24 7 691
(===") 5 2 44 27 8 1154
( ) 5 2 48 30 14 2185
(=) 5 2 47 30 11 2271
59(c) (-=++") 5 2 48 30 14 2201
(===") 8 2 66 35 42 10668
( ) 4 2 80 42 191 45737

Table 5.2: Results for the solution of the scalar nonsmooth system (5.75) with the
preconditioner (5.76) and the Schur complement approximation (5.77): The maxi-
mum and average number of SSN iterations, the maximum and average number of
BiCG iterations, the average CPU time (in seconds) for BiCG, and the CPU time (in
seconds) for the whole simulation.

and T = 50. In fact, we observe a decrease of iteration numbers when C; is in-
creased. In Figure 5.11(b), we vary the number of phases N while fixing h = 277, ¢ =
9-277/(4V2-atanh(0.9)), T = 1, C; = 3¢~!, wp = 10°, C; = 3wy, and T = 50. Finally, in
Figure 5.11(c), we vary simultaneously all five parameters #, ¢, C1, C2, w while fixing
T=1,N=5,and T = 50. Table 5.3 illustrates the maximum and average number
of MINRES iterations, the average CPU time (in seconds) for MINRES, and the CPU
time (in seconds) for the whole simulation for each of the eight subplots, respectively.

Finally, we consider the vector-valued nonsmooth system in (5.79) with the pre-
conditioner (5.80) and the Schur complement approximation (5.83). Each sub-
plot in Figure 5.12(a)-5.13(c) demonstrates the robustness with respect to a dif-
ferent model parameter. In Figure 5.12(a), we vary the mesh size h while fix-
inge =9- 277/n,t = 1,C; = 3¢, wp = 10°, C» = 3wy, N = 5, Cpmax = 1077,
and T = 20. In fact, we observe a decrease of iteration numbers when the mesh
size is refined. In Figure 5.12(b), we vary the interfacial parameter ¢ while fixing
h=27,1=1,C =150, wp = 10%, C = 3wy, N = 5, Chomax = 107, and T = 20. In
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Figure 5.10: Results for the solution of the vector-valued smooth system
represented in (5.59). The x-axis shows the time t and the y-axis the number of
MINRES iterations.
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Figure 5.11: Results for the solution of the vector-valued smooth system

represented in (5.59). The x-axis shows the time t and the y-axis the number of
MINRES iterations.
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Simulation | MINRES \
Figure  Plot | Max Avg CPU(s) | CPU(s)
5.10(@)  (sxee- ) 24 22 38 1981
(=+=+) 24 23 164 8410
( ) 24 23 768 39297
(=) 24 22 2860 | 146158
5.10(b) (ve-+ ) 24 23 41 2135
(=+=+) 24 22 38 1988
( ) 23 22 39 2030
(—) 23 22 39 2043
5.10(c) (-+=-- ) 24 22 39 79732
(=+=+) 24 22 38 7785
( ) 24 22 39 1627
(—) 24 23 41 871
5.10(d) (---- ) 24 22 40 2063
(=+=+) 28 28 50 2566
( ) 37 36 62 3171
(=) 50 49 83 4247
511(a) (v=+- ) 24 22 40 2073
(=+=+) 22 20 35 1836
( ) 20 19 34 1792
(—) 18 16 30 1554
511(b) (v=+-+ ) 24 22 24 1237
(=+=+) 24 22 38 1981
( ) 24 23 82 4235
(—) 24 23 163 8394
511(c) (-+=+- ) 24 22 40 2057
(=+=+) 25 24 169 8705
( ) 31 30 1050 53649

Table 5.3: Results for the solution of the vector-valued smooth system represented
in (5.59): The maximum and average number of MINRES iterations, the average
CPU time (in seconds) for MINRES, and the CPU time (in seconds) for the whole
simulation.

Figure 5.12(c), we vary the time step size 7 while fixing h = 27 ¢=9.27In, Cy =
3¢7! wo = 10°, Cy = 3wy, N = 5, Comax = 1077, and T = 400. In Figure 5.12(d), we
vary the convexity parameter C; while fixing h = 27, e=9-27/n,1 =1, wy =
10°, Co = 3wy, N = 5, ¢y, = 1077, and T = 20. We observe a decrease of iteration
numbers when C; is increased. In Figure 5.13(a), we vary the convexity parameter
C, while fixing h = 27, e=9.27/n, 1 =1,Cy =3¢}, wg = 10°, N = 5, Cpmax =
1077, and T = 20. In Figure 5.13(b), we vary the number of phases N while fix-
ing h = 27, e =9-277/m,t =1,C; = 3¢, wg = 10°, C» = 3wy, Cpmax = 1077,
and T = 20. In Figure 5.13(c), we vary the penalty parameter c,, . while fixing
h=276=9-27/n,1=1,C; =3¢, wp = 10° C; = 3wy, N = 5, and T = 20.
Finally, in Figure 5.13(d), we vary simultaneously all five parameters h, ¢, Cy, Cp, @
while fixing 7 =1, N =5, ¢, = 107, and T = 20. Table 5.4 illustrates the maximum
and average number of BiCGstab iterations, the average CPU time (in seconds) for
BiCGstab, and the CPU time (in seconds) for the whole simulation for each of the six
subplots, respectively.
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Figure 5.12: Results for the solution of the vector-valued nonsmooth system (5.79)
with the preconditioner (5.80) and the Schur complement approximation (5.83). The
x-axis shows the time t and the y-axis the average number of BiCGstab iterations

per SSN step.
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Figure 5.13: Results for the solution of the vector-valued nonsmooth system (5.79)
with the preconditioner (5.80) and the Schur complement approximation (5.83). The
x-axis shows the time t and the y-axis the average number of BiCGstab iterations

per SSN step.
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CY =30, N =5, ¢, = 107 for j = 1,2,3.
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Simulation ‘ SSN ‘ BiCGstab ‘
Figure Plot [ Max Avg [ Max Avg CPU (s) [ CPU (s)
5.12(a)  (vwue- ) 7 3 70 23 301 55094
(=== 6 4 63 18 579 134665
( ) 7 4 61 16 2314 563110
(=) 8 5 62 13 7049 | 1893020
512(b)  (v+-- ) 6 3 71 25 316 53871
(====) 6 4 70 22 234 46653
( ) 6 4 87 23 190 39818
(=) 6 3 96 24 199 41703
512(c)  (vweee ) 7 1 126 9 136 15043
(=== 7 3 125 29 457 144854
( ) 7 3 108 29 428 108555
(=) 7 3 63 22 290 53231
5.12(d) (===~ ) 7 4 74 24 321 64323
(===") 7 4 72 24 318 62686
( ) 7 4 69 23 313 59100
(=) 6 3 51 15 200 30803
5.13(a)  (vree- ) 7 3 70 23 295 54165
(===x) 10 4 92 24 317 57526
( ) 8 4 113 26 362 69448
(=) 9 4 125 26 368 72256
513(b)  (v+r-- ) 5 3 52 18 105 15355
(====) 7 3 70 23 301 55094
( ) 8 4 84 26 770 167565
(=) 9 4 118 27 1717 432896
513(c) (-oorr) 4 2 22 10 78 6074
(=== 7 3 42 12 102 17276
( ) 7 3 73 23 306 55827
(=) 7 3 82 32 382 67360
5.13(d)  (-==-- ) 7 3 70 23 306 55967
(====) 8 4 94 24 1108 232901
( ) 10 4 149 29 4640 | 1207240

Table 5.4: Results for the solution of the vector-valued nonsmooth system (5.79)
with the preconditioner (5.80) and the Schur complement approximation (5.83): The
maximum and average number of SSN iterations, the maximum and average number
of BiCGstab iterations, the average CPU time (in seconds) for BiCGstab, and the CPU
time (in seconds) for the whole simulation.

5.7.3 Image inpainting

In the following, we consider image inpainting results using the smooth and non-
smooth modified Cahn-Hilliard model. We consider two examples for black-and-
white inpainting using the scalar modified Cahn-Hilliard approach and two ex-
amples for gray value inpainting using the vector-valued modified Cahn-Hilliard
approach. Figure 5.14 shows all four initial images. In Figures 5.14(a)-5.14(b), the
inpainting domain is marked in gray. The circle image is of size 128 x 128 and the
zebra image has the size 256 X 256. The zebra image is based on an extract of a plains
zebra photo*. We have set all pixel values to either black or white and then added
the damaged gray areas. In Figures 5.14(c)-5.14(d), the inpainting domain is marked
in red. The stripes image is of size 64 X 64 and consists of N = 5 gray values. We

4©2012 Thomas Rolle from the Zoo Magdeburg, Germany.
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use a 128 x 128 version of the peppers image®. Using MATLAB® with the command
kmeans, we have segmented the peppers image into N = 15 gray values.

(a) Circle.

(c) Stripes. (d) Peppers.

Figure 5.14: Initial images for image inpainting.

The parameters for the circle inpainting are h =277, ¢ = 0.8, & = h, wp = 10°, ¢y, =
10~7. Figures 5.15(a)-5.15(b) show the results using the scalar smooth modified
Cahn-Hilliard equation. Figure 5.15(a) shows the solution after the first step of
the e-two-step approach. The solution of the second step is illustrated in Fig-
ure 5.15(b). Similarly, Figures 5.15(c)-5.15(d) show the results using the scalar
nonsmooth modified Cahn-Hilliard model. The parameters for the zebra inpaint-
ing are h = 278 & =108, & = 9h/m, wy = 107, Comax = 1077, As in the previous
example, Figures 5.15(e)-5.15(h) show the results using the scalar smooth and nons-
mooth modified Cahn-Hilliard model. The parameters for the stripes inpainting are
h=27,¢=08, e, =9h/m, wy = 10°, Cpmax = 1077. As before, Figures 5.16(a)-5.16(d)
show the results using the vector-valued smooth and nonsmooth modified Cahn-
Hilliard model. In the nonsmooth model, we use the c-sequence of penalty param-
eters also during the first six time steps after the e-switch. The parameters for the
peppers inpainting are h = 277, ¢ = 1, & = 9h/m, wo = 107, ¢y, = 107. As be-
fore, Figures 5.16(e)-5.16(h) show the results using the vector-valued smooth and
nonsmooth modified Cahn-Hilliard model. In the nonsmooth model, we use the
c-sequence of penalty parameters also during the first six time steps after the -
switch. Table 5.5 shows the maximum and average number of SSN iterations in the
nonsmooth cases, the maximum and average number of MINRES/BiCG/BiCGstab

Shttp://mingyuanzhou.github.io/Results/BPFAImage/
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iterations, the average CPU time (in seconds) for MINRES/BiCG/BiCGstab, and the
CPU time (in seconds) for the whole simulation for each of the eight inpainting sim-
ulations, respectively. Table 5.6 displays the peak signal-to-noise ratio (PSNR) value
as well as the minimum (min) and maximum (max) phase variable value for each of
the eight inpainting simulations, respectively. The PSNR

max; j(f;(i, j))

PSNR = 201log,, .
\/mxlmy Z“i=y1 2721 (fo(i, ]) - ﬁ’(ll ]))2

measures the quality of reconstruction. Here, f, denotes the original image without
damaged regions. The higher the PSNR is the better is the approximation of f,.
Since we do not have the pure black-and-white zebra extract, we do not measure
the PSNR for this example. Comparing the smooth with the nonsmooth Cahn-
Hilliard inpainting results, the nonsmooth ones have the sharper colors in the sense
that the minimum and maximum phase variable values are closer to zero and one.
Moreover, we observe larger PSNR values using the nonsmooth potential. Regarding
the CPU time, the smooth Cahn-Hilliard inpainting model has an advantage over
the nonsmooth one.

Simulation ‘ SSN ‘ MINRES/BiCG/BiCGstab ‘
Figure Model \ Max Avg \ Max Avg CPU (s) \ CPU (s)
Circle Smooth —— —— 36 31 11 4760
Nonsmooth 4 3 37 22 4 4983
Zebra Smooth - - 36 25 35 10457
Nonsmooth 6 2 74 47 55 119932
Stripes Smooth - - 33 24 42 25303
Nonsmooth 6 3 99 23 312 | 243884
Peppers Smooth - = 35 25 137 27840
Nonsmooth 9 3 106 23 1086 | 668764

Table 5.5: Results for the solution of image inpainting examples: The maximum
and average number of SSN iterations, the maximum and average number of
MINRES/BiCG/BiCGstab iterations, the average CPU time (in seconds) for MIN-
RES/BiCG/BiCGstab, and the CPU time (in seconds) for the whole simulation.

Simulation ‘ Final image
Figure Model | PSNR Min Max
Circle Smooth 2154 -2.17646-107° 1.00562
Nonsmooth | 21.75 —6.39753-10"% 1.00001
Zebra Smooth —— —556674-1072  1.05002
Nonsmooth —-—  —9.7906-10° 1.00001

Stripes Smooth 2025 -292176-107* 1.04332
Nonsmooth | 22.72 —4.72893-10"° 1.00002
Peppers Smooth 2273  —1.3401-10"' 1.08097
Nonsmooth | 22.89 —2.17629-107° 1.00027

Table 5.6: Results for the solution of image inpainting examples: The PSNR value as
well as the minimum (min) and maximum (max) phase variable value.




5.7. NUMERICAL RESULTS 233

1.00- 1.01-
0.48| n 0.50| n
-0.05 -0.00

(a) Smooth, ¢ = 0.8, t = 324. (b) Smooth, ¢ =277, t = 437.
1.00 1.00-
0.5 0.50| n
-0.00 -0.00
(c) Nonsmooth, ¢ = 0.8, t = 92. (d) Nonsmooth, ¢ =277, t = 123.
1.00 I 58 1.05
0'54| k )
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(e) Smooth, ¢ = 10.8, t = 36. (f) Smooth, e =9-277/m, t = 287.

1.00

(g) Nonsmooth, ¢ = 10.8, t = 24. (h) Nonsmooth, ¢ =927 /m, t = 484.

Figure 5.15: Inpainted black-and-white images using the smooth and nonsmooth
scalar modified Cahn-Hilliard model.
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(a) Smooth, ¢ = 0.8, t = 147. (b) Smooth, e =9-277/m, t = 589.
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(g) Nonsmooth, ¢ =1, t = 25. (h) Nonsmooth, e =9 -27/m, t = 152.

Figure 5.16: Inpainted gray value images using the smooth and nonsmooth
vector-valued modified Cahn-Hilliard model.
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(c) Zebra, smooth. (d) Zebra, nonsmooth.

Figure 5.17: Results for the solution of four image inpainting examples: The x-axis
shows the time t. For the smooth Cahn-Hilliard inpainting models, the y-axis
displays the number of MINRES iterations. For the nonsmooth Cahn-Hilliard

inpainting models, the y-axis displays the average number of BiCG iterations per

SSN step.




236 CHAPTER 5. MODIFIED CAHN-HILLIARD EQUATIONS

34 T T

32

30 -

28

26

24

1

0 294 589 0 98 196

(a) Stripes, smooth. (b) Stripes, nonsmooth.
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(c) Peppers, smooth. (d) Peppers, nonsmooth.

Figure 5.18: Results for the solution of four image inpainting examples: The x-axis
shows the time t. For the smooth Cahn-Hilliard inpainting models, the y-axis
displays the number of MINRES iterations. For the nonsmooth Cahn-Hilliard

inpainting models, the y-axis displays the average number of BiCGstab iterations

per SSN step.
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5.7.4 Three-dimensional example

Next, we consider the three-dimensional domain Q = [-1,1]°, which contains a
damaged spiral helix, see Figure 5.19(a). Additionally, we set every fourth pixel
as damaged. Figure 5.19(b) shows the reconstruction using the scalar nonsmooth
modified Cahn-Hilliard model with & = 272, ¢ = 10, & = 9h/7, @ = 100, Comax =
107°. In Figure 5.20, we illustrate the performance of our preconditioner. The x-axis
shows the time t and the y-axis the average number of BiCG iterations per SSN step.
The maximum and average number of SSN iterations are 6 and 2. The maximum
and average number of BiCG iterations for the simulation are 72 and 24. The average
CPU time for BiCG is 151s and the CPU time for the whole simulation is 16738s. The
reconstruction has a PSNR value of 23.19.

@)t=0. (b) t = 152.

Figure 5.19: Three-dimensional inpainting.

50 T

40

30

20

1

0 76 152

Figure 5.20: Results for the three-dimensional inpainting: The x-axis shows the time
t and the y-axis the average number of BiCG iterations per SSN step.
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5.7.5 Comparison with existing inpainting methods

In this section, we show the performance of various inpainting methods. The test ex-
ample consists of six stripes spanning different widths and is of size 64 x 64, see Figure
5.14(c). It is composed of N = 5 gray values. The inpainting domain is given by the
horizontal red stripe. Besides the proposed smooth and nonsmooth vector-valued
Cahn-Hilliard inpainting model (vector CH smooth/nonsmooth), we examine the per-
formance of our smooth vector-valued Cahn-Hilliard inpainting model solved via
Fourier spectral methods (vector CH Fourier). Moreover, we have implemented the
bitwise binary Cahn-Hilliard inpainting approach (bitwise CH) [139, pp. 435-436],
which splits a gray value image bitwise into channels and applies the binary Cahn-
Hilliard inpainting method to each channel. Furthermore, we test the three inpaint-
ing codes® provided by Schénlieb: These are inpainting using the heat equation
(heat), total variation (TV) inpainting (TV), and TV-H™! inpainting (TV-H™!). Addi-
tionally, we consider the MATLAB® function inpaintn’ (inpaintn) [71, 148], which
replaces the missing data by extra/interpolating the undamaged elements. Finally,
we test Zhou et al’s [153] nonparametric Bayesian method®, which they term the beta
process factor analysis (BPFA).

All computations are executed on a 64-bit server with CPU type Intel® Xeon® X5650
@2.67 GHz, with 2 CPUs, 12 Cores (6 Cores per CPU), and 48 GB main memory avail-
able. As in the previous chapters, our finite element implementation for vector CH is
done in C++ using the open source finite element library deal.Il version 7.1.0 [8]. All
remaining inpainting methods are executed in MATLAB® R2012b. Note that we use
the MATLAB® Image Processing Toolbox™ for combining the phases to the final
image and for visualizations. We provide the MATLAB® code for vector CH Fourier
to reproduce the numerical example as supplementary material.’

In all Cahn-Hilliard inpainting approaches, we set h = 276, wy = 10, ¢, = 1077
and apply the e-two-step procedure with a switch from ¢ = 1 to &5 = h. In both steps,
the stopping criterion is

) — )

< 5.87
ey =7 (5:87)

with y = 5-107. In the nonsmooth model, we use the c-sequence of penalty pa-
rameters also during the first six time steps after the e-switch. We run the heat
equation based approach with i = 1, 7 = 0.1, wp = 10 and both TV models with
h=11=1¢=29°w = 10. We apply to these three methods the stopping
criterion (5.87) with y = 5-107*. We stop the MATLAB® function inpaintn after
10° iterations. We run BPFA with the default values. In contrast to our proposed
vector-valued models, the methods we compare with represent scalar systems. By
experience from those models, we set the pixel values in the damaged regions to zero
instead of N!. Note that the gray values range from 0 to 255 for bitwise CH. For the

Shttp://www.mathworks.com/matlabcentral/fileexchange/34356-higher-order-total-
variation-inpainting
7http://www.mathworks.com/matlabcentral/fi1eexchange/27994—inpaint—over—missing—
data-in-1-d--2-d--3-d--n-d-arrays
8http://mingyuanzhou.github.io/Results/BPFAImage/
*http://www.mpi-magdeburg.mpg.de/2968228/Supplementary_BoschStoll.zip
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remaining methods, the range is from 0 to 1.

(a) Inpaintn. (b) BPFA. (c) Heat.
(d) TV. (e) TV-H! inpainting. (f) Vector CH Fourier.

_}

(g) Vector CH smooth. (h) Vector CH nonsmooth. (i) Bitwise CH.

Figure 5.21: Inpainted gray value image using different inpainting models.

Inpainting method |  Iter CPU(s) CPU(s) PSNR Min  Max
Inpaintn 100000 23417  0.0023 2239 -1.05-10" 1.0000

BPFA 1072 14348 01338 1216 -1.14-10"' 1.0010

Heat 4042 086 00002 1889 4.92-107° 1.0000

vV 17354 2077 0.0012 1650  554-10°  0.9999

TV-H! 43099 52.84  0.0012 2694 -178-10 1.0168

Vector CH Fourier 258 545 00211 21.06 -2.34-102 1.0242
Vector CH smooth 258 327175  12.7305 2135 -2.16-10"2 1.0223
Vector CH nonsmooth 204 5803040 2844627 2492 -127-1075 1.0000
Bitwise CH 265 838 00316 2064 -598-107 261.18

Table 5.7: Performance of different inpainting models: The total number of iterations
(iter), CPU time (in seconds) for the whole simulation, average CPU time (in seconds)

per time step (CPU), PSNR value, as well as the minimum (min) and maximum (max)

pixel value of the final image.

Figure 5.21 illustrates the inpainted images using the different approaches mentioned
above. The second-order TV inpainting approach is not able to connect the stripes.
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Moreover, BPFA fails using the standard parameter set. TV-H™! inpainting results
in a partly complete connection. The two rightmost stripes have successfully joined.
We observe a similar behavior with the smooth Cahn-Hilliard inpainting approach.
Inboth cases, the stopping criterion (5.87) might not be the optimal choice. In general,
the discussion about the stopping criterion should be a task for future work. In [32],
we compare different stopping criteria for our proposed model. Both, the smooth
and nonsmooth Cahn-Hilliard inpainting model, provide a connection of the stripes
over the inpainting domain. Table 5.7 lists the total number of iterations (iter), CPU
time (in seconds) for the whole simulation, average CPU time (in seconds) per time
step (CPU), PSNR value, as well as the minimum (min) and maximum (max) pixel
value of the final image. Comparing the smooth with the nonsmooth Cahn-Hilliard
inpainting result, the nonsmooth one has the sharper colors and the higher PSNR
value at the cost of a higher CPU time. Comparing the image quality between vector
CH and the remaining approaches, we see that vector CH defeats most of the methods.
However, comparing the computational times between vector CH and the remaining
approaches, we are at a disadvantage.

5.8 Conclusions and future research perspectives

In this chapter, we have investigated the numerical solution of a two-component and
multi-component modified Cahn-Hilliard model. In particular, we have developed
an inpainting model based on the multi-component Cahn-Hilliard equation. This
approach generalizes Bertozzi et al’s [19] binary Cahn-Hilliard inpainting model to
gray value images. We have considered smooth and nonsmooth potentials with a
focus on the latter. An important difference to the previous two chapters is that
the modified Cahn-Hillard equation as a whole is not given by a gradient flow.
Especially, the model arises as a superposition of two gradient flows. We have ap-
plied the convexity splitting technique, which yields under the right conditions an
unconditional gradient stable time-discrete scheme. Regarding the smooth setting,
we have extended the proof of consistency, unconditional stability, and convergence
of the time-discrete scheme from the two-component to the multi-component case.
Concerning the nonsmooth framework, following the previous two chapters, we
have applied an SSN method combined with a Moreau—Yosida regularization tech-
nique. For the discretization in space, we have used classical FEM for both systems,
the smooth and regularized nonsmooth one. At the heart of our method lies the
solution of large and sparse systems of linear equations of saddle point form. We
have introduced and studied block diagonal and block-triangular preconditioners
using an efficient and cheap Schur complement approximation. For this approxi-
mation, we have used multilevel techniques, algebraic multigrid in our case. For
the smooth systems, we have derived the conditions for optimal preconditioners.
For the nonsmooth systems, extensive numerical experiments have shown that our
developed preconditioners are reliable. The use of our preconditioners allows us to
perform three-dimensional experiments in an efficient way. The numerical results
have shown that the use of a nonsmooth Cahn-Hilliard model leads to visually im-
proved restored images, when compared to existing inpainting tools.

As pointed out in this chapter, there are several aspects for further research. First
of all, a rigorous analysis for the nonsmooth case is missing. Second, the study of
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preconditioners for the linear systems arising from other time discretization schemes
might be of interest. A third extension might be the development of an adaptive spa-
tial mesh refinement approach, which reduces the number of degrees of freedoms.
Fourth, in [32], we have further generalized our smooth gray value Cahn-Hilliard
inpainting model to a fractional-in-space version, which is efficiently solved with
Fourier spectral methods on simple domains. The numerical results show the su-
periority of the fractional Cahn-Hilliard inpainting approach over its nonfractional
version in terms of image quality. An interesting topic of future research would be
the numerical solution of fractional Cahn-Hilliard models with FEMs. This research
area becomes even more challenging when we combine it with nonsmooth poten-
tials. Finally, since image inpainting is a special form of art, one could play around
with the potential functions. As an example, one could consider potential functions
with different altitude of the wells or potential functions which include different
weights. For the latter idea, I would like to thank Helge Dietert from the University
of Cambridge for his interest and a fruitful discussion with him. Besides varying the
potential function, one could vary the interfacial parameter as well. For example,
one could consider the interfacial parameter as a function in space.







Chapter 6

Conclusions and Outlook

In this thesis, we have advanced numerical solution techniques for various types
of Cahn-Hilliard problems equipped with smooth and nonsmooth potentials while
the attention is on the latter. The considered problems are first the two-component,
and in particular the multi-component, Cahn-Hilliard model for phase separation
and coarsening processes. Second, we have successfully applied our preconditioner
to a coupled two-component Cahn-Hilliard/Navier-Stokes system equipped with a
nonsmooth potential. Third, we have enhanced the study of the modified Cahn-
Hilliard model as a tool for image inpainting. This thesis makes contributions to
both, the theoretical and numerical analysis of those problems. The core theme is
the development of efficient preconditioners for the iterative solution of the large
and sparse linear systems that arise from classical finite element methods. We have
designed, implemented, and analyzed preconditioners that are tailored to the dif-
ferent Cahn-Hilliard problems. In particular, our preconditioners are proven to be
robust with respect to parameter changes when smooth potentials are used. Even
for the nonsmooth systems, extensive numerical experiments have shown that our
preconditioners are promising: We have observed a nearly parameter independent
behavior of our developed preconditioners and in some cases only a benign increase
of iteration numbers. Note that the construction of efficient preconditioners in the
smooth case is already well established by Boyanova et al. [35, 37, 36, 3, 38]. However,
we have extended this theory in several ways: First of all, our theoretical proofs differ
halfway through. Second, we have generalized the theory to the vector-valued case
with symmetric positive semidefinite mobility matrices as well as to the linear sys-
tems that arise from the Cahn-Hilliard inpainting model. Third, we have used this
technique to analyze the systems of linear equations in the nonsmooth setting. The
numerical solution of Cahn-Hilliard problems that include a nonsmooth potential
form the challenging part of this thesis. Whereas the use of smooth potentials leads
to a system of parabolic partial differential equations, the nonsmooth ones result in
a system of variational inequalities. To deal with such systems, we have proposed
an SSN method combined with a Moreau-Yosida regularization technique, which is
investigated in [91] for the two-component Cahn-Hilliard model discretized in time
with a semi-implicit scheme. We have extended the analysis to the two-component
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Cahn-Hilliard model discretized in time with an implicit scheme in [30]. For the sake
of completeness, parts of the work in [30] appear in Chapter 3. Our new contribu-
tions in this direction are the following: We have extended parts of the analysis to the
vector-valued Cahn-Hilliard model. In particular, we have interpreted the implicit
time-discrete problem as the first-order optimality system of an optimization problem
for which we have derived existence and uniqueness conditions. We have analyzed
the corresponding optimization problem of the Moreau—Yosida regularized version
and have derived existence and uniqueness conditions of its solution. Moreover, we
have proven a convergence result that connects the solutions of the regularized op-
timization problems to the original optimization problems. Finally, we have shown
the applicability of the SSN method combined with a Moreau—Yosida regularization
technique to solve the scalar and vector-valued modified Cahn-Hilliard equation.
The core of this approach is again the solution of large and sparse systems of linear
equations of saddle point form. In contrast to the linear systems that arise from the
use of smooth potentials, an additional and essential parameter, the regularization
parameter, enters the formulation. This complicates the properties of the coefficient
matrix and makes the solution of the linear systems a challenge. To the best of our
knowledge, practical and robust preconditioners for the iterative solution of these
problems are previously unknown. In this thesis, we have developed efficient pre-
conditioners for the solution of all of the above mentioned Cahn-Hilliard problems.
Although there are several points that have to be discussed further, we can conclude
that our techniques are promising and reliable.

We have already pointed out problem specific discussions for future research in the
corresponding chapters. Here, we bring up some general extensions for further re-
search. In the previous chapters, we have mentioned existing approaches for the
solution of nonsmooth Cahn-Hilliard problems. In particular, Graser, Kornhuber,
and Sack [85] proposed globally convergent nonsmooth Schur-Newton methods
for the solution of discrete multi-component Cahn-Hilliard systems equipped with
logarithmic as well as obstacle potentials. An important point for the future is a
comparison with our approach. Recently, Kumar [111, 112] explored precondition-
ers for solving the second substep of the nonsmooth Newton method proposed by
Gréser and Kornhuber [84]. In particular, Kumar considered our Schur complement
preconditioner from Chapter 3.7 and adapted it to the linear systems he deals with.
Experiments showed that the number of preconditioned GMRES iterations remains
independent of the mesh size, however it depends on the interfacial parameter ¢. But
for a fixed ¢, the number of preconditioned GMRES iterations decreases significantly
when the mesh is refined. This makes the preconditioner effective and useful on
finer meshes.

An interesting future direction would be the application of our solvers to real-world
problems. This includes the incorporation of realistic model parameters. Examples
are the simulation of mineral growth [110] or tumor growth [103]. Usually, the
resulting discretized problems are of enormous dimensions and hence too large
to be tackled by standard approaches. As a result, high performance computing
becomes inevitable. This research area forms another important extension.




Theses

1. This thesis deals with the numerical solution of various types of Cahn-Hilliard
problems equipped with smooth and nonsmooth potentials with an emphasis
on the latter. The core theme is the development of efficient and practical
preconditioners for the iterative solution of the large and sparse linear systems
that arise from classical finite element methods.

2. We have designed, implemented, and analyzed preconditioners that are tai-
lored to the different Cahn-Hilliard problems.

3. We have extended Boyanova et al’s theory for smooth preconditioners in four
ways: First, we have formulated an altered proof that is based on the symmetric
Schur decomposition. Second, we have derived the theory for the vector-
valued case with symmetric positive semidefinite mobility matrices. Next, we
have extended the proof to the linear systems that arise from the Cahn-Hilliard
inpainting model. Finally, using this technique, we have analyzed the systems
of linear equations in the nonsmooth systems.

4. Inthesmooth settings, we have derived theoretical conditions for the optimality
of our preconditioners.

5. In the nonsmooth settings, we have proven that the use of the preconditioners
from the smooth settings give worse approximations for small regularization
parameters.

6. The numerical experiments confirm the robustness of our preconditioners ap-
plied to the smooth systems with respect to all crucial parameters.

7. Extensive numerical tests show that our preconditioners applied to the non-
smooth systems are either nearly parameter independent or show a benign
increase of iteration numbers.

8. We have applied a mesh adaptation strategy to the numerical solution of the
nonsmooth multi-component Cahn-Hilliard equation. This reduces the num-
ber of degrees of freedom and allows us to perform three-dimensional experi-
ments in an efficient way.
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9.

10.

11.

12.

13.

14.

First numerical experiments show the effectiveness of our developed precondi-
tioner applied to a two-component nonsmooth coupled Cahn-Hilliard/Navier—
Stokes system. In particular, we observe a promising behavior when the
Reynolds number is increased as well as when the mesh, interfacial, time
step, and mobility parameter are refined all four together.

Eigenvalue plots for our Schur complement approximations demonstrate the
desired eigenvalue clustering.

Our extension of Hintermiiller et al’s theory about the Moreau—Yosida regular-
ization technique combined with the semismooth Newton method is twofold:
We have extended parts of the analysis to the vector-valued Cahn-Hilliard
model. In particular, we have interpreted the implicit time-discrete problem
as the first-order optimality system of an optimization problem for which we
have derived existence and uniqueness conditions. We have analyzed the cor-
responding optimization problem of the Moreau-Yosida regularized version
and derived existence and uniqueness conditions of its solution. Moreover,
we have proven a convergence result that connects the solution of the regular-
ized optimization problem to the original optimization problem. Second, we
have shown the applicability of the SSN method combined with a Moreau—
Yosida regularization technique to solve the scalar and vector-valued modified
Cahn-Hilliard equation.

We have developed a gray value inpainting model based on the vector-valued
Cahn-Hilliard equation.

We have extended the smooth Cahn-Hilliard inpainting approach to the non-
smooth case.

The numerical results show that the use of the nonsmooth Cahn-Hilliard in-
painting model visually improves the reconstructed images when compared
to existing inpainting tools.
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