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Abstract

In this thesis we develop and analyse gradient-flow type algorithms for minimising the
Phase Field Crystal (PFC) functional. The PFC model was introduced by Elder et al
[EKHGO2] as a simple method for crystal simulation over long time-scales. The PFC model
has been used to simulate many physical phenomena including liquid-solid transitions, grain
boundaries, dislocations and stacking faults and is an area of active physics and numerical
analysis research.

We consider three continuous gradient flows for the PFC functional, the L?-, H -
and H2-gradient flows. The H !-gradient flow, known as the PFC equation, is the typical
flow used for the PFC model. The L2-gradient flow is known as the Swift-Hohenberg
equation. The H2-gradient flow appears to be a novel feature of this thesis and will motivate
our development of a line search algorithm.

We analyse two methods of time discretisation for our gradient flows. Firstly, we
develop a steepest descent algorithm based on the H?-gradient flow. We further develop
a convex-concave splitting of the PFC functional, recently proposed by Elsey and Wirth
[EW13], to discretise the L?- and H ~!-gradient flows.

We are able to prove energy stability of both our steepest descent algorithm and the
convex-concave splitting scheme of [EW13]. We then use the Lojasiewicz gradient inequality
(first developed in [L0j62]) to prove that all three schemes converge to equilibrium.

For numerical simulations we undertake spatial discretisation of our schemes using
Fourier spectral methods. We consider a number of implementation issues for our fully
discrete algorithms including a striking issue that occurs when the number of spatial grid
points is low. We then perform several numerical tests which indicate that our new steepest
descent algorithm performs well compared with the schemes of [EW13] and even compared

with a Newton type scheme (the trust region method).



Chapter 1

Introduction

The Phase Field Crystal (PFC) model was introduced in [EKHGO02] as a basic model for
crystal simulation. The idea of the PFC model is that we describe the free energy of a
particle system by the PFC functional, that is
1 2 T L4

Flu) = 5180+ ul3a(q) — 5 Nl + el (1)
where § > 0. We then obtain the equilibrium configuration of the system by minimising the
PFC functional under the condition that the mean of the variable u is conserved, that is
f udz = @. This constraint is equivalent to mass conservation. [EKHGO02] also introduces a
basic gradient flow equation to obtain this minimum. This equation, the PFC equation, is

written as
ug = A[(A 4 1)%u — du + u?).

The form of the PFC functional can be justified as a combination of a double-well potential,
which is minimised by one of two phases, and a functional that is minimised by a periodic
density (see [EGO04]).

The advantage of the PFC model is that it favours cases where the minimiser is a
periodic function and it can be shown that by an appropriate choice of the constants @ and
0 we can transition between a state of constant u (a fluid) and a state where u forms a
lattice structure (see [EKHGO02, Figure 1a)] or Figure 1.1). In the lattice state the areas of
high density (u) can be taken to represent atoms and therefore the PFC model can be used
to simulate the behaviour of crystalline structures. In particular, liquid-solid interfaces can
be simulated by varying the values of @ and §. Compared to typical phase field models, the
PFC model has the advantage that we are able to simulate the interactions of individual
atoms. However, compared to true microscopic models the PFC model is coarse-grained
in time and therefore acts on a diffusive time scale. In particular, Molecular Dynamics
simulations (MD) must incorporate fast phonon interactions which means that an infeasible
computational effort is required to reach the time scales needed for the relaxation of large

scale domains ([Mel01] identifies a similar issue in the simulation of biological phenomena).
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By contrast the PFC model has the advantage that it averages out these fast interactions
and thus is more suited to addressing large time scales. We discuss this interpretation of
the PFC model as a mesoscopic model in Subsection 1.1.1.

In this thesis we analyse and develop various gradient-flow type algorithms to min-
imise the PFC functional whilst conserving the average of u. In contrast to some of the
literature, e.g. [WWL09] and [EW13], we do not necessarily seek to approximate the trajec-
tory of the PFC equation, but instead concentrate on obtaining an algorithm that converges

to an equilibrium point.

0.5
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u

Figure 1.1: Phase diagram for the PFC model (see [EKHGO02, Figure 1a)]). This figure is
generated by using the trust region algorithm, Algorithm E.1.1, on the unit cell (see (8.1))
for different values of § and @. We start from 4 = § = 0, we then succesively increment
2 by —0.01 and then increment § by 0.01. For each new value of § and @ we obtain the
equilibrium solution. The figure is then generated by placing the unit cells next to each
other. We note the three phases: liquid, solid and striped.

1.1 Invitation to the Field

We have already suggested that following [EG04] the PFC functional can be justified as
a combination of a double well potential and a potential that is minimised by a periodic
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density. However, a broader and possibly more instructive justification for the PFC model
is as an intermediate method between the microscopic method of molecular dynamics (MD,

see e.g. [Mel01]) and the macroscopic phase field methods.

1.1.1 PFC as a Mesoscopic Model

The basic hierarchy of models is shown in [WGTT12, Figure 2|. Consider a system of
interacting particles, a MD simulation is obtained by assuming that all particles interact
via Newtonian mechanics. The number of coupled equations to be solved increases with the
number of particles. This means that MD simulations quickly become impractical.

Density Functional Theory (DFT) is a model of an interacting particle system that
is simpler than MD but is still formulated on a microscopic scale. DFT is an equilibrium
theory so we can use it to obtain efficient paths from given initial conditions to equilibrium,
this is effectively equivalent to coarse-graining the time scale. An introduction to DFT is
given in [AMOO]. The principle of DFT is that one can describe a particle system by its
free energy and that the free energy can be shown to be a functional of the one-particle
density (this is the Hohenberg-Kohn Theorem, see Section 2.3). Although in principle the
free energy is described by a functional of the one-particle density, in practice this functional
is rarely known and is almost always approximated.

The PFC model is obtained by a simple and general method of approximating the
free energy functional. We effectively use a curtailed density expansion in both real and
Fourier space. More detail on this method is given in Chapter 2. The PFC model is
particularly attractive as it has only two parameters, 4 and ¢§; c.f. (1.1).

The PFC model creates areas of high density that can be considered as atoms. From
PFC simulations (e.g. the vacancy simulation of [EG04, Figure 7]) we can see that the PFC
model is coarse-grained in time, that is the fast phonon vibrations are ignored and we act
only on a diffusive time scale. Therefore “The PFC method operates on atomic length and
diffusive time scales” [WGT'12, page 1].

Two fundamental properties of this model should be highlighted. First, the deriva-
tion of the PFC model requires translational and rotational invariance and therefore the
minimising density is also translationally invariant along both axes. Translational invari-
ance along both axes is a necessary property required for a density that describes a crystalline
system. Secondly, by altering the two parameters of the model, the solution obtained tran-
sitions between a constant density state (a fluid), and a 2D lattice state (one can see a phase
diagram in [EKHGO02, Figure 1a)] or Figure 1.1). This means that this model is well suited
to solid liquid transition; however, we will not consider this situation in the present work.

Finally, one can coarse-grain the PFC model to obtain a phase-field model. We will
briefly address this issue in Subsection 10.2.1. The PFC model is presented in the context
of general phase field models in [EP10].
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1.1.2 PFC Simulations

In the previous subsection we remarked that an advantage of the PFC model is that we
can view it as a mesoscopic method of particle simulation. A more pragmatic motivation
for studying the PFC model is that one can produce simulations that agree with observed
phenomena.

We will give references to some PFC simulations that demonstrate physical phe-
nomena in Subsection 1.2.2. Of particular interest is the study of [WKO07] which shows
quantitative agreement between PFC simulations and MD simulations in iron. We note
that papers demonstrating such quantitative agreement seem to be rare. However, there
is extensive literature on qualitative PFC simulations. These include, but are not lim-
ited to, stacking faults (see [BPRS12]), grain boundaries (see [PDAT07]), dislocations (see
[EKHGO2]), liquid-solid boundaries and colloidal crystal growth (see [GTTP11] for both).
We also note that PFC models can be undertaken in both two and three space dimensions
without major theoretical changes.

We illustrate a phenomenon that is accessible using the PFC methodology in Fig-
ure 1.2. Specifically, we use the PFC equation coming from Algorithm 7.1.1 on a domain
size L = 32. Using this simulation we see that locally a hexagonal lattice is formed and that

grain boundaries are formed at the intersection of these lattice like regions.

PFC after 708355 FFTs

Figure 1.2: Solution for the PFC algorithm (Algorithm 7.1.1) after 708355 FFTs starting
from random initial conditions given by (9.1) where L = 32. We note the formation of
grains.

We also note that several extensions to the PFC model have been developed, see
[WGT*12]. Many phenomena have been simulated using these extensions (see [WGTT12,
Table 1]). Since the PFC model we study is generally simpler than these extensions, it

is hoped that one may be able to better investigate these extensions through a thorough
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understanding of the basic PFC model.

1.2 Literature Review

1.2.1 Modelling

We give a brief overview of some of the (many) papers that describe variants of the PFC
model and their derivation. We place emphasis on the papers that develop features of the
PFC model that we will need in this work. We also outline several review papers that survey
the literature surrounding the PFC model. Finally, we mention two theses from the last five
years that consider PFC simulations and which provide a good introduction to the topic.

The PFC approach was introduced in the paper [EKHGO02]. This paper introduces
the PFC functional which describes the energy of the model system. The authors then
introduce a basic method for minimising this functional, that is the PFC equation. This
paper provides a justification for using the PFC model by showing qualitative agreement
between the model and the predictions of Read and Shockley for a grain boundary energy
(see [RS50]). Finally, [EKHGO2] introduces a binary PFC model which we will not consider
in this thesis.

Another important contribution in the development of the PFC model is [EPBT07],
which introduces the idea of deriving the PFC model from DFT. This idea is developed in
more detail in Chapter 2.

For the sake of clarity we briefly summarise the modified PFC (MPFC) model.
The reason for highlighting this extension to the PFC model is that it seems to be very
popular, in particular it is addressed in several of the numerical analysis papers we reference,
e.g. [GW14], [GP15] and [WW10]. The MPFC equation was introduced in [SHP06]. The
idea of this method is to minimise the PFC functional using a partial differential equation
that attempts to incorporate elastic interactions. To obtain the MPFC equation the PFC
equation is modified by adding a second-order time derivative, i.e. the MPFC equation is
(see [SHP06, Equation (3)])

O2u + Boyu = a2 ASFlu)

where a, 5 > 0.

We now summarise several reviews of the PFC model that outline the key features
of the model and collate references to some of the major areas of interest.

An extensive review of work on the PFC model is found in [WGT*12]. This paper
reviews the justification for and derivation of the PFC model see [WGT'12, Chapter 1
and Sections 2.1, 2.3 and 3.1]. This paper also highlights several extensions to the basic
PFC model including the MPFC model, the VPFC model and the binary PFC model.
Although these models are not explicitly considered within this thesis, they suggest potential
extensions to the work of this thesis. This paper also surveys physical phenomena that have
been simulated using PFC-based techniques, see [WGT112, Table 1].
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[EP10] presents the PFC model as a phase field model. This emphasises the link
between the PFC methodology and this well developed field. [EP10] also considers the
equilibrium properties of the one-mode approximation to the solution of the PFC equation
in [EP10, Section 8.4] and the elastic constants of the PFC model in [EP10, Section 8.5].

A recent review of the PFC model is found in [AZ15]. Again, in this paper there
is significant focus on the extensions to the original PFC model. However, this paper also
outlines work on quantitative applications of PFC-based techniques.

We now outline two theses that focus on the PFC model. Both theses share simi-
larities with this work although the specific focus is different in each.

The PhD thesis [Banll] develops a numerical scheme to solve the PFC equation.
The approach used in this thesis is based on a semi-implicit operator splitting (see [Banll,
Subsection 3.1.2]) and also addresses the binary PFC model. This thesis has an extensive
literature review in [Banll, Chapter 2].

The MSc thesis [Lar14] considers the PFC model in both one and two space dimen-

sions.

1.2.2 Simulations and Applications

There is extensive literature on qualitative simulations undertaken using the PFC model.
References to these can be seen in the reviews detailed above, particularly [WGT'12].
However, we first give a review of work that compares the PFC model and experimental
results quantitatively. It should be noted that there appear to be very few papers specifically
on quantitative simulations using the original PFC model.

The first paper where a PFC model is compared quantitatively to experimental data
is [WKO7]. This is also the most well-known quantitative PFC model. The PFC model is
compared quantitatively to MD simulations in iron (Fe). The results are shown in [WKO07,
Table II], we see that there is good agreement in the interfacial free-energy. However,
[WKO07, Page 8] claims that higher order anisotropies are needed to represent the whole
free energy plot and [WKO07, Table II] demonstrates that the quantitative agreement with
these anisotropies is poor. This issue is also highlighted in [JAEANO09] which suggests that
a modification of the PFC model, the eighth-order fitting version of the PFC model (the
EOF-PFC), might lead to better quantitative simulations.

A more recent look at quantitative PFC simulations is [AZB14]. Again this paper
compares PFC simulations with results from iron (Fe). In this paper the authors compare
the PFC results to both MD simulations and experimental results. This paper obtains good
quantitative agreement for the surface free energy and the latent heat, see [AZB14, Table
V]. This paper notes that there is poor simulation of certain quantities such as the melting
expansions (again [AZB14, Table V]) and that since the model is developed for Fe near a
melting point it cannot be used for temperatures far from the melting point.

We now survey some of the work on qualitative PFC simulations. As noted above

qualitative simulations have been undertaken using the PFC model since its inception in
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[EKHGO02].

A Dbrief overview of several simulations from a variety of PFC models is given in
[PDAT07]. [PDAT07, Figure 2] plots grain boundary energy against grain boundary mis-
match and shows agreement between the PFC model, the Read-Shockley prediction and
experiments in several materials (tin, lead and copper). [PDAT07, Figure 9] shows a 3D
simulation with prominent grain boundaries. Grain boundaries are also simulated using
a coarse-grained version of the PFC model in [PDAT07, Figure 8]. Finally, this overview
discusses the MPFC equation and the binary PFC model. The MPFC equation is used to
simulate dislocation glide in [PDAT07, Figure 6] and the binary PFC model is used for a
variety of simulations, see e.g. [PDA'07, Figure 10].

We now outline several papers that consider PFC simulations of specific phenomena.
The first paper we mention considers a situation which is similar to the large simulation we
undertake in Section 9.1.

The paper [WV12] simulates grain growth in 2 dimensions using the PFC model
in several different situations. [WV12, Section 3] considers a grain embedded within a
larger grain where the first grain is misorientated with respect to the larger grain. The
evolution of the grain is shown in [WV12, Figure 6]. These simulations are broadly similar
to the situation we consider in Section 9.1; however, in our simulations the misorientated
grain is much smaller relative to the background grain. This paper also considers a 3-grain
simulation in [WV12, Section 4]. 3-grain simulations similar to those of [WV12, Section 4]
could be undertaken using the methods described in this thesis; however, for the sake of
brevity we do not pursue this option.

We briefly mention some papers that simulate interesting physical phenomena using
the PFC model. Although we do not specifically address these phenomena within this thesis,
these papers give a brief indication of the scope of the PFC model.

[BPRS12] uses the PFC model to simulate stacking faults. Illustrations of the quali-
tative results obtained by this paper are seen in [BPRS12, Figures 1 and 6]. This paper also
compares the results obtained for several modifications of the PFC model (see [BPRS12,
pages 5-7]).

The letter [HEO8] shows that one can simulate the formation of epitaxial islands
using the PFC model with an additional cubic term. 2D and 3D simulations of these islands
are shown in [HE08, Figure 1]. This paper also uses a coarse-grained model to consider this
island formation.

Finally, we briefly mention an extension of the PFC model as an example of how
many phenomena can be simulated using simple modifications of the original PFC model.
In [GTTP11] the PFC model is extended by adding an appropriate potential energy term
(see [GTTP11, Section 2.3]) to the system. The paper shows that using this model one can
obtain qualitatively correct simulations of several interesting phenomena. [GTTP11, Figure
8] shows a simulation of the liquid ordering around fixed particles. In this case the authors
seem to obtain good qualitative agreement between experimental results and a PFC model

supplemented by an appropriate external potential and a noise term. [GTTP11, Figure 12]
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shows heterogeneous nucleation from a square lattice using the same model. This adaptation
of the PFC model is also used to simulate colloid patterning and the creation of particle
chains, the results of these simulations are compared to experimental results in [GTTP11,
Figures 14] and [GTTP11, Figure 16] respectively.

1.2.3 Numerical Analysis and Scientific Computing

In this section we survey some of the papers that undertake numerical analysis of algorithms
based on the PFC model. In general these papers focus on discretisations of the PFC
equation.

We first highlight two papers that use the Lojasiewicz inequality to prove conver-
gence of the MPFC equation. If ¢ is an equilibrium point, the Lojasiewicz inequality is
satisfied if there exist constants ¢ > 0, ¢ > 0 and § € (0, 1] such that for all n € u + Hi(ﬂ)
(see Definition C.1.2 for the definition of Hi (€2)) with [[n — @|lg2@) <o

I6F M| er—2(0) > el Fln] — Fle]| 0.

We will use the Lojasiewicz inequality extensively in Chapters 5-7. The paper [GW14] uses
the Lojasiewicz inequality to prove that the solution of the MPFC equation converges to
an equilibrium point of the PFC functional. We use similar methods to those used in this
paper in Chapter 5 and use discrete analogues of these methods in Chapters 6 and 7.

The paper [GP15] uses the Lojasiewicz inequality to prove that the solution of a
discretisation of the MPFC converges to an equilibrium solution. Although we do not specif-
ically consider the MPFC equation we use the Lojasiewicz inequality to prove convergence
of our schemes (which include a discretisation of the PFC equation) in Chapters 6 and 7.

We now survey several papers on the discretisation of the PFC equation. We con-
clude with the two papers ([WWL09] and [EW13]) that will be of most use for our thesis.

The recent paper [LSL15] introduces an operator splitting method for simulating
the PFC equation. The authors introduce first and second order splittings to treat the
non-linear term in [LSL15, Equations (10)] and [LSL15, Equation (18)] respectively. Basic
numerical tests are undertaken using this method in [LSL15, Section 3]. The approach used
by this paper is to split the scheme into linear and nonlinear subequations (see [LSL15,
Section 2]). The authors claim that the linear subequation has a closed form in Fourier
space. The operator splitting approach of this paper is compared favourably to the first
and second order energy stable methods of [HWWL09] in [LSL15, Section 3] (the first order
energy stable scheme is based on the method introduced in [WWL09]).

A semi-implicit method for both the SH and PFC equation is considered in [ZMQ13].
First order schemes for the SH and PFC equations are given in [ZMQ13, Equations (2.4)]
and [ZMQ13, Equations (2.5)] respectively. Additionally [ZMQ13, Equations (2.8)] and
[ZMQ13, Equations (2.9)] give second order finite difference schemes. Energy stability of
the 1st order schemes for both equations is given in [ZMQ13, Theorem 2.1] and is given

for the second order scheme in [ZMQ13, Theorem 2.2]. This paper also uses an adaptive
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time-step method where the time-step is updated using [ZMQ13, Equation (3.1)]. Finally
basic numerical tests are undertaken in [ZMQ13, Section 4].

Another semi-implicit approach to the PFC equation and the associated Swift-
Hohenberg (SH) equation is given in [CWO08]. The scheme is outlined in [CW08, Equa-
tions (4) and (5)]. [CWO08, Section 2.2] shows the unconditional stability of the scheme and
demonstrates that the Crank-Nicholson approach for the PFC equation is unstable. This
paper (see [CWO08, Section 2.3]) also considers updates taken in Fourier space, which we
also use for our spatial discretisation in Chapter 8.

In [WWL09] the authors develop a time discretisation of the PFC equation using a
convex-concave splitting. In [WWL09, Theorem 1.1] it is proved that such a scheme is energy
stable. [WWLO09] also introduces a space discretisation in Section 2. Finally, in [WWL09,
Theorem 3.11] the authors prove an error estimate that shows that the approximation
converges to a solution of the PFC equation when the time-step and grid spacing go to zero.
We analyse a different convex-concave splitting in Chapter 7.

A finite element method for the scheme of [WWL09] is developed in [HWWL09].
In this paper they also develop a second order scheme for the PFC equation, [HWWL09,
Equations (8)-(10)]. A multigrid numerical method for this second order scheme is developed
in [HWWL09, Section 5.2]. This scheme is used to simulate heterogeneous nucleation in
[HWWLO09, Figures 7(a)-(c)].

The most significant reference for our thesis is [EW13]. This paper introduces a new
convex-concave splitting to discretise the PFC equation and the SH equation. The existence
of a similar scheme is proposed at the end of [HWWL09, Section 2]. The energy splitting
used in this paper is

Flul = Fo,cumnlt] = FB,Copm [ul;

where, for Cgiap > 0,

1 ] Cstab

FC,Cuan (U] = §||Au + UH%%Q) - §HU||2L2(Q) + %”“H%%Q)v
C’stab 1

FE,Cuan (U] = B ||UH%2(Q) - ZH””%‘*(Q)'

We note that this splitting is only locally convex-concave. In particular Fg ¢ is only

stab
locally convex. The authors of [EW13] prove that a scheme for the SH and PFC equation
based on this splitting is stable ([EW13, Theorem 2.1]) and that the solution of the scheme
converges to the solution of the continuous flow (the SH or PFC equation depending on
which equation is being discretised) as the time step goes to zero ([EW13, Theorem 2.3]).
We carry out extensive analysis of this scheme in Chapter 7. The authors of [EW13] also use
pseudo-spectral methods for their spatial discretisation (see [EW13, Sections 3.2 and 4.1]).
This is the method we use for spatial discretisation in Chapter 8. The implementation is

described at the end of [EW13, Section 4.1].
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1.3 QOutline and Summary of Results

The aim of this thesis is to develop and analyse various gradient-flow type algorithms to
minimise the PFC functional whilst conserving the mass. In particular we focus on obtaining
an efficient time discrete algorithm that converges to an equilibrium point of the PFC

functional.

1.3.1 Outline

We begin with a basic introduction to the PFC model. In Chapter 2 we outline the method
for deriving the PFC model from DFT. The link between DFT and the PFC model was first
shown in [EPB*07] and can be used to justify the wide range of potential applications for
the PFC model.

In Chapter 3 we introduce the basic machinery needed to formulate our PFC prob-
lem. We introduce the domain 2 and the space H2(f2) from which we will choose our solu-
tion. We also formulate the PFC functional (3.1) and its first and second variations (Lemma
3.1.4). Finally, we show that critical points of the PFC functional satisfy the Euler-Lagrange
equations (Lemma 3.3.1) and that the solution to the Euler-Lagrange equations is smooth
(Lemma 3.3.3).

In Chapter 4 we introduce a method of reaching critical points of the PFC functional.
Specifically, we use the technique of gradient flow (4.1). We introduce three gradient flows
namely the H -, L?- and H2-gradient flows (Definitions 4.2.1, 4.2.2 and 4.2.4), that is

(ug, v)2(0) = —6F[u,v] Yv € Hi(Q)
(ug, v) g-1(0) = —0F[u,v] Vo € H3 ()
and
(A +1)* + y1ug, v) r2(0) = —0F [u, v] Yo € Hi(Q)

where v > 0. We then prove the existence of a solution to all three of these gradient flows
(Lemmas 4.3.2 and 4.4.1) as well as uniqueness (Lemma 4.3.4) and regularity results (Lemma
4.3.3). The H?-gradient flow is compared with and motivated by Newton’s method.

After introducing the gradient flow methodology in Chapter 4 we then prove that
the solutions of these gradient flows converge to equilibria. In a similar way to [GW14]
we use a Lojasiewicz inequality to prove the convergence results and an estimate on their
associated convergence rates. We first prove that the Lojasiewicz inequality holds for the
PFC functional in the correct space, i.e. HZ(Q2) (Theorem 5.0.1). We then use this result
and a theorem of [HJ15] to prove convergence of the solution (Theorem 5.0.2).

The next two chapters are dedicated to the spatial discretisation of the gradient flow.
This is the main focus of this thesis and also contains the majority of the novel results. We

first consider a discretisation of our H?-gradient flow in Chapter 6. In this chapter we

10
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introduce a variable metric approach ((6.3)), that is

<[(A + 1) + 7] (“"“_“") ,v> = —0F[un,v] Vo € HL(Q)
where

Yn = MmMax (’Ymin7 3@ - 5) .

In our simulations of Chapter 9 we show that the variable metric scheme reaches equilibrium
faster than the fixed metric scheme. Based on the variable metric approach we formulate an
algorithm to reach equilibrium (Algorithm 6.1.1) and show that such an algorithm is energy
stable (Proposition 6.2.3). Finally, we use the Lojasiewicz inequality to prove a general
theorem that guarantees convergence of our scheme and the associated convergence rates
(Lemma 6.3.2).

Chapter 7 extends the results of [EW13]. We first justify and formulate the convex-
concave splitting schemes and then show that they are qualitatively similar to our H?2-
gradient flow. Using similar techniques to Chapter 6 we can now prove energy stability of
the schemes of [EW13] (Lemma 7.2.1) and convergence to equilibrium (Theorem 7.1.3).

In order to demonstrate the validity of our method we numerically test our algo-
rithms. To do this we first introduce space discretisation via spectral methods in Chapter 8.
We review several methods of choosing a time-step and pick the most efficient ones (Section
8.2). We then perform some basic numerical tests. We first test the effect of the number
of spatial grid points on our methods and discuss an issue that arises when the number of
spatial grid points is low (Subsection 8.2.5). Finally, we show the effect of the domain size
on the convergence time of our algorithms (Subsection 8.2.6).

In Chapter 9 we undertake some larger simulations. We wish to show the potential
applications of our method especially on problems that might be interesting to practitioners.
In particular, we review simulations based on a lattice with a rotated crystal (Section 9.1)
and also based on a random environment (Section 9.2). The rotated crystal environment
has already been a focus of some PFC research in [Larl4].

Chapter 10 reviews the results of our thesis and outlines areas of future research.

1.3.2 Summary of Results

Having given a brief overview, we now highlight the novel features of this thesis. First
we note that the vast majority of the PFC literature has been developed by the physics
community. Therefore, although not unique in its numerical analysis focus, this thesis may
provide a useful introduction to researchers more interested in a mathematical approach to
the model.

The main novel aspect of this thesis is the introduction of a new H2-gradient flow
(Definition 4.2.4). We also introduce a variable metric version of the discrete form of this
gradient flow in Subsection 6.1.2.

In Chapter 4 the existence theory for the H2-gradient flow is based on well known

11
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techniques. The existence theory for the other two gradient flows is also new although it is
also based on well known techniques and similar existence results have been derived before
for the PFC equation in different ways, e.g. in [WWL09]. We also prove that the solutions
to the SH and PFC equations are continuously differentiable in H?({)) given appropriate
initial conditions (i.e. Lemma 4.3.3).

The Lojasiewicz inequality technique of Chapter 5 has been used for the MPFC
equation, which is very similar to the PFC equation, in [GW14]. However the application
of this method to the H?- and L2-gradient flows seems to be novel.

Since the H?-gradient flow is a new feature of this thesis, Chapter 6, which fo-
cuses on developing an algorithm based on this method, is largely new. We note that the
Lojasiewicz inequality has previously been applied to a discrete algorithm for minimising
the PFC functional in [GP15]. A particularly interesting aspect of this chapter is the general
convergence lemma, Lemma 6.3.2.

Although Chapter 7 focuses on a method developed in [EW13], we derive a new
energy stability theorem for this scheme. We also use the Lojasiewicz inequality to prove
convergence to equilibrium of this scheme, this convergence result appears to be new. Finally
we develop a qualitative link between the scheme of [EW13] and our H?-gradient flow.

The main aim of Chapter 8 is to develop and test a spatial discretisation of our
schemes. However, we also highlight an issue when the number of spatial grid points is low
which seems to be hitherto unknown and potentially could be very important to address in

developing efficient simulations.

12



Chapter 2

Derivation Of the PFC Model

To provide a justification for the study of the phase-field crystal (PFC) model, we derive
it via a series of approximations from density functional theory (DFT), which is a well-
established method in statistical mechanics. The derivation that we give in this chapter will
be purely formal.

We start from the statistical mechanics set-up of the canonical ensemble. That
is, we have a fixed number of particles with the N-particle density given by pn(Xn) =
exp|—BHN(Xn, U1)|(N'Zn(Up,9)) L. We choose to focus on a static system with a pair-
wise interaction potential and an external potential that acts equally on all particles.

It is then possible to derive the equilibrium one-particle density py(z) in three
different ways. We also introduce the free energy, Fx[U1,Q] = =371 In[Zn(U1,Q)], as an
important quantity that describes the system. The density is the quantity we will focus on
deriving as it will allow us to find the free energy.

We introduce the Hohenberg-Kohn functional and show the free energy can be
obtained from the minimisation of the Hohenberg-Kohn functional over all possible one-
particle densities, Fx[Uy, Q] = min | Fux|] —|—/ Up(x)p(x)dz|. It is also shown that the
minimising density corresponds go the equilibri?lm density. The Hohenberg-Kohn func-
tional is split into an ideal gas part and the excess energy contribution Fuk[pn(z)] =
Fuk.id[pn (2)] + Fux exclpn ()]

We can then formulate the PFC model by using a sequence of formal approximation
steps. The excess energy and ideal gas contribution are both approximated individually and
then re-combined to give the PFC functional as an approximation of the Hohenberg-Kohn

functional.

2.1 Set-Up

We consider the formulation of DFT in the canonical ensemble. This assumes a constant

number of particles which for the PFC model is physically reasonable. Indeed, most current
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works on the PFC model conserve particle density through their choice of evolution equation
(principally using the H ~!-gradient flow), see for example [WGT+12] and [EW13].

In general we consider a system of N € N particles where d is the dimension of
the system and positions are confined to a finite domain © C R?. The Hamiltonian of the

system is given by

N
Hy(Xn,Up) =Y Uil@)+ Y. Us(lwi — )
i=1 1<i<j<N
where Xy = (21,...,2N) € QN U; : R* - R is the external potential and Uy : R4 — R

is the interaction potential between particles. For simplicity, we consider Us as a pair-wise
potential which depends only on the distance between two particles, hence it is rotationally
and translationally invariant. We consider a static system; this means the Hamiltonian does
not depend on momentum. If we also take particle momentum into account we have no
additional difficulties. In fact we would only change the free energy computed below by an

additive constant multiplied by N.

2.1.1 The Canonical Ensemble

To describe the statistical mechanics approach to DFT we introduce the canonical Gibbs
measure. We define the Canonical Gibbs Ensemble following [Ada06, p.20], where we also
introduce a N! factor to account for indistinguishability of particles (this is to resolve the
Gibbs paradox, see [Ada06, Section 4.1]).

Definition 2.1.1 (Canonical Gibbs Ensemble). Equip QN with the Borel o-algebra Bq.
Then the probability measure 'yg € POV, Bq) with density

PN (XN) = pn(Xn; Ur, Q)

_exp[-BHN(Xn,U)]
T NUZy(ULQ) (2.1)

is called the canonical ensemble.

The normalisation constant Zy (Uy, Q) is called the partition function, and can there-

fore be written as
1
ZN(Ul,Q) = ﬁ/ exp [_BHN(XNaUl)] dXN (22)
. QN

where the constant )

B= W

is the inverse temperature, scaled by Boltzmann’s constant kp.!

1(2.1) can be thought of as a probability measure weighting the various possible micro-states of the
system.

14
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2.1.2 The Helmholtz Free Energy

A quantity of great interest to us is the Helmholtz free energy hereafter referred to as the
free energy. The free energy is an important quantity as it can be used to find fundamental
quantities of the system including pressure and entropy see [Ada06, page 24]. Following
[Ada06, page 23] we know the free energy is given by

FalUn,9] = -7 n 2y (U1, Q)]

Therefore, using the partition function (2.2), we can write the free energy as

N
Fulon ) = =57 | [ e | <6 [t + Y Ul o) | | axs
v i=1

N!
1<i<j<N

=pA"1InN!

N
5l /QNeXp B @)+ S Usllai—a)) | | dxy
=1

1<i<j<N
(2.3)

2.2 The One-particle Density

A fundamental object in DFT is the one-particle density. We present three equivalent ways
of defining it. In this section we only consider the equilibrium density. In a later section,

Section 2.3, we will introduce notation that allows this to be generalised.

2.2.1 Using J/-functions

The canonical definition of the one-particle density (see e.g. [WGT112, Equation (2)]) is
as the average of N §-functions centered at the particle positions, taken with respect to the

canonical Gibbs measure (2.1):
pn(z) = pn (23U, Q)

N
= AN Z5($ - l’z)ﬁN(XN)dXN
i=1

N
_ L exp [=BHN (XN, U1)]
1 N
B N'ZN(UIQ);LN §(x — z1) exp [-BHN(Xn, Ur)] day..day.
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Relabelling some of the terms leads to

pn ()
N
§(x — 1) exp |- ZUl(xiH— Z Uz(lzi — x5]) | | day...doy

i=1 1<i<j<N

B N
T NIZn (U1, Q) Jon

N N
oot MR R DSUTSED DI

2<i<j<N
== (2.4)

X exp | —03 Ul(x)‘f' Z U2(|I—l‘j|) dzs...dxy.
2<j<N

We note that, since U is an external potential and U, is rotationally and transla-

tionally invariant, the density is rotationally and translationally invariant as well.

2.2.2 Integrating the N-particle Density

We can define the one-particle density as a special case of the n-particle density n < N (this
is the approach used by [WGT'12, Equation (26)]). In essence the n-particle density can
be obtained by integrating the spatial density (2.1) over the other N — n particle positions
and then multiplying by the number of ways of choosing n particles from the total set of N,
this factor being necessary since the particles are indistinguishable. Thus the one-particle

density can be written as

pN(ajl) =N ﬁN(XN)de...de. (25)

QN-1

One can see that the integral of the one-particle density over 2 gives the particle number,
i.e.

N:/QpN(x)dx. (2.6)
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The new definition of one-particle density (2.5) can be seen be equal to (2.4). Inserting the
canonical Gibbs measure (2.1) into (2.5) yields

eXp[—BHN(XL Ul)]

1) =N dzs...dz
pn (1) v NZn(U1,9Q) 2 N
B N
= NZn(U1,9)

N
x/ exp |—f E Ui(z;) + E Us(Jz; — xj]) | | doe ... dan
aN-t i=1

1<i<j<N

N N
sty MR 0 DIUTOR SIS

2<i<j<N

xexp | =0 | Ur(z1) + Z Us(Jz1 — xj]) | | doo...dzy.
2<j<N

Relabelling z; as x gives (2.4).

2.2.3 Functional Derivative

Finally, we can also write the one-particle density at equilibrium as the functional derivative

of the free energy with respect to the external energy

_ 0FN[U, 9

In general this is defined in a distributional sense.
Using [Fre06, Equation (C.6)], some re-arrangement gives a variation on the defini-
tion of the Gateaux derivative (see [Fre06, Equation (C.7)] or [BN08, Definition 3.1])

8Fn[U1, Q) . d
/S;(S(]l(x)g@(x>dx = defN[Ul + ESD,Q] o

where () is an arbitrary test function.
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Thus we have, using the formula for the free energy (2.3),

/ 5]:N[U1’m<p(a:)da:
Q

(SUl(LC)
d 4
— 251
daﬁ (n
N
—In / exp | —f Z (Ur(z;) + ep(x;)) Z Us(Jz; — zj]) | | dXn >
QN i=1 1<i<j<N e=0
d N
,5715 exp [—pf Z (U1 (z;) + ep(x;)) Z Ua(Jo; — zj]) | | dXw
_ € i=1 1<i<j<N e=0
/ exp ZUl x;) Z Us(|; *$j|) dXn
Qv i=1 1<i<j<N
N [ N
| Seteen |5 S W) e+ Y Ve —a,) | [ Xy
. i=1 L =1 1<i<j<N e=0
- N1Zy (UL, Q)
N [ N
| ewen |- (Y v+ 3 Uallei—ay)) | | Xy
QN i i=1 1<i<j<N

N1Zy (UL, Q)

where we have used the definition of the partition function Zy(Uy,€) (2.2) in the third
equality.
We now split into N integrals, one for each of the ¢(z;). By re-labelling the z; we

see that these integrals are equivalent. Hence we have, labelling x as 1,

0Fn[U1, Q)
/QiéUl(xl) o(z1)day

1<i<j<N

N
/Ngo(xl)/N _exXP -3 ZUl(xi)—l— Z Us(Jz; —x4]) | | doo ... doyda
Q QN- e

comparing the left and right-hand sides gives that the functional derivative is equivalent to

the definition of the one-particle density given in (2.4).

2.3 The Hohenberg-Kohn Functional

The idea of density functional theory is to construct a functional which is minimised by the

equilibrium one-particle density given in Section 2.2 and at this density is equal to the free

energy.
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A function g has permutation invariance if for all 7 in the symmetry group S,

g($1,~~~>$n) :g(xw(l)w“vxﬂ'(n))' (28)

Given an arbitrary N-body distribution gy with permutation invariance (since the particles

are taken to be indistinguishable) such that

AN gN(XN)dXN = 1 (29)

we define the associated one-particle density (following [DS11, Equation (56)]) by

N
Q i=1

Remark 2.3.1. Comparing with the method of [DS11, Section VI] we have rescaled the

N-body distribution by N!.

A process analogous to the one first carried out in [Eva79, Section 2] for the grand
canonical ensemble and detailed for the canonical ensemble in [DS11, Section IV], shows
that there is a functional that depends on the density and the potential which is minimised
by the equilibrium density. This functional can be split into a functional Fyk (known as
the Hohenberg-Kohn functional), which is purely a functional of density, and the product
of the density and the internal potential, that is,

Pyl = i |Fiucli + [ 01 @pa)as] (2.11)

where the minimum is over all the one-particle densities given by (2.10). The Hohenberg-

Kohn functional is given by

]:HK[ﬁ] = min~ / gN(XN) Z UQ(|£L’z *LﬂjD +5711H[N!9N(XN)] dXN
gN=P SN 1<i<j<N
(2.12)

where gy — p indicates that p is obtained from gy via (2.10). The existence of such a

functional is a standard result, which is detailed in Appendix A.

Remark 2.3.2. If we define a functional

gmzﬂmm+4muwww

then as above we have three ways of finding the density p. The first is as the average of N
d-functions with respect to gn, i.e. (2.10). The second is by multiplying the integral of gn
over all but one variable by N by analogue with (2.5). The final method is the functional
derivative of G with respect to Uy by analogue with (2.7).
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From (A.2) and (2.11) we know the minimisation problem (2.11) is solved when p

is the equilibrium density pn. Therefore we can write the free energy as

Flt, 9] = Falon ()] + / Us(2)pn (2)de.

This formula gives a simple way of obtaining the free energy from the Hohenberg-
Kohn functional if the external potential and equilibrium density are known. Henceforth
we will mostly ignore the external potential U; (essentially we are considering an isolated
system), and concentrate on calculating the Hohenberg-Kohn functional.

There is often no way to obtain an exact formula for the Hohenberg-Kohn functional,
hence we will introduce several approximations.

We split the Hohenberg-Kohn functional into two components,

Fuk|pn (2)] = Fuxialon ()] + Fuk exclon ()],

where Fyk iq is the Hohenberg-Kohn functional associated with the ideal gas.

2.4 Ideal Gas Contribution

We now consider the free energy for the ideal gas Fn ia[U1,€]. The ideal gas functional
is both an initial example of a DFT functional and a contribution to the Hohenberg-Kohn
PFC functional. The ideal gas in the canonical ensemble is considered in [WG02, Section 4].
In the ideal gas case there is no internal interaction between particles, i.e., Us(z1,z2) = 0.

Thus, using the formula for the free energy (2.3), we have
FnialUn, Q) = =B~ ' In[Zy (Uy, A)]

N
Joon xp [—5 > Ui(x)

i=1

N!

dXn

=—f"tIn

N
== <1n [/QN il;[lexp [—BU1(x;)] dmi] — 1n[N!]>
=p1 (m[N!] — Nln Uﬂ exp [—BU; ()] de ) (2.13)

The product of exponentials in the third equality follows by separating out each term of the
sum within the exponential in the previous line.

Using the characterisation (2.7) of the one-particle density as the functional deriva-
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tive of the free energy we have

/ o (@) p()da
Q

- - s s

& ([ewts@i@ + o)

Jo exp [-BUL(x)] dz

e=0

e=0

=—f7IN
Defining z(£2) by
z(Q2) :== /Qexp [—BU:(x)] dz
we have

_ Jo Neo(z) exp [-BU; ()] dz
[ ox@rptaian - ol

Therefore, the density is given by

oot - VA

(2.14)

We now want to re-arrange the free energy (2.13) to isolate the U; dependent part.
From (2.14) we have

In[2(Q)] = — In {’”VN(C”)} — BUL(x).

Since [, pn(z)dz = N (2.6), we can substitute the formula for z(Q2) above into the free
energy (2.13) to give

FraalUr, 9] = 57 <1n{N!} + [ pwta) <1n [”N]f)} ¥ BUl(x)) dx>

="' (In[N!] - NIn N) + B_l/ pn(z) In[pn(x)] dz
@ (2.15)
+ /Q/)N(x)Ul(x)dx.

2.4.1 Stirling’s Approximation

A generalisation of Stirling’s approximation from [Rob55] is

VZWNNNexp[—N]exp[ } <N!<v27rNNNexp[—N]exp[

1
12N + 1 12N} '
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Taking logarithms we obtain

1 1 1
51nN+§ln[27r]+NlnN—N+7 <In[Nl] <

1 1
21 — i
BN T InN + 5 Inf2a] + NIn N — N+

12N

N =

Using these bounds we can simplify the approximation of In[N!] (using N > 0) to give
In[N!] = N(In N — 1) + O(In N).

Applying this approximation to the ideal gas free energy (2.15) we obtain

Frialls, 8] = 57 (=N +0n M) + 57" [ pwa)nlon (@) do + | pn(o)Vi(o)da

_ 5 /Q o (@) (In[pn ()] — 1) da + /Q o (2)U: (2)dz + O(In N),

where we have used the relation between the density and the particle number (2.6) in the
last line. This is the same form as found in [WG02, Equation (71)].

When the number of particles N is large the right-hand term grows faster than
linearly and therefore it dominates and we discard the O(In N) term. Hence we approximate

the ideal gas contribution to the Hohenberg-Kohn functional by

—

Fuxialon (7)] = Fuxialpn (2)] + O(In N)

where

Facaaloy(@] = 57" [ ow(@) (n () 1) da (216)
which agrees with the ideal gas Hohenberg-Kohn functional in the grand canonical ensemble
derived in [AMOO, Section II.C] (up to a constant in the logarithmic term that arises from
consideration of particles with momentum and quantum considerations). This is what we
expect since in the thermodynamic limit all ensembles are postulated to agree, see [Ada06,
Section 5.3].

2.4.2 The Ideal Gas Contribution

We want to directly address the In(py(x)) term in the approximation of the ideal gas
functional (2.16) by using a Taylor expansion on this term. We therefore assume that there

is a constant reference density pyer such that the density for N particles can be written as

PN () = pree(1 + () (2.17)

where |¢(z)] < 1.
Substituting the approximation for the density (2.17) into the approximation of the
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ideal gas functional (2.16) gives

o —

]:HK,id[p] = 5_1 /Q pref(l + ¢(‘T>) (ln (pref(1 + Q/J(x))) - 1) dz
= ﬁ_l /Q Pref (h’l (pref) - 1) dx + ﬁ_l /Q prefw(x) (111 (pref) - 1) dz

B et / (1 + (x)) + () In(1 + 9(x))dz.

We take the Taylor expansion of the logarithm and curtail at fourth order,

—

—FHK,id[p] = 5_1 /Qpref (ln (pref) - ]-) dx + B_lpref‘/g/(b(‘r) (11’1 (pref) - ]-) dx

X 2 X 8 X 4 x 3 x 4
N R T L TR
= 571|Q|pref (ln (Pref) - 1)
X 2 X 3 X 4
+1671pref/ﬂln(pref)7/j(x) + 1)[}(2) - 77[}(6) + 1/)&2) + o (w(x)E)) dx
J— . b@)? )P )
= ]:HK,id [pref] + ﬁ pref/anw(x) + 2 - 6 + 192 + O (’(/J(l‘)5) d.’l?,

where we use the notation

ag = hl(pref) .

We have not stated the higher order terms explicitly as we will discard them in order

to obtain the PFC functional. In later sections we are only interested in
AFuKk ia[p) = Fuk,id[p] — FuK id[Prei]

the relative energy change from the reference density.
The fourth order expansion is the lowest order which enables the formation of stable
crystalline phases, see [EG04, Section I.B]. We can discard terms linear in t(x) as this

contribution is constant, i.e. we know
/ P(z)dz = C, (2.18)
Q

where C' is a constant. This follows from the definition of ¢ (2.17) and the fact that the
integral of density is constant.

Hence our approximation of the ideal gas contribution is

x 2 xZ 3 T 4
AFnx ia[Y(z)] %6‘1pref/g ¢(2) - w(ﬁ) + ¢(12) dx. (2.19)
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2.5 The Excess Energy Contribution

We now approximate Fuk exc[pon(x)]. First, recall the reference density prer from (2.17),
and take a functional Taylor expansion (see [Fre06, Equation (C.6)]) about a uniform fluid

density pres using (2.17)

fHK,exc[pN(-’I;)} = ‘7:HK exc pref )+ B8~ Z ]:EE;LC) )]

where the higher order terms in the expansion are given by

FMpn = —pref/ / (X1,...,x n)Hz/J(mi)dxl...dmn

with
5n«7:HK,exc [pN (l‘)}
dpn(z1)...0pN(zn)

Pref

A (xy, . ) = —

This expansion of the energy was also used in [Eva79, Subsection 6.2]. The linearity of
FHK exc 10 temperature T' means that ¢ is independent of temperature. Since c¢!) is
constant (see Appendix B.1) in space, by (2.18), the contribution FiR is constant and can
be absorbed in the reference term.

We note that ¢(®) is radial

Dz, 29) = D (|z) — 2]). (2.20)

This follows from the fact that the density is translationally and rotationally invariant; see
Appendix B.2.

Therefore, the simplest approximation of the excess part of the Hohenberg-Kohn
functional which has any contribution from the density is (see [YR79])

Fitccln (@) % Pk caclp) = 387 [ [ €l = wal) bl (oa)dordan. (220
QJQ

We again only care about the difference between the energy functional and the

energy functional at the reference density, hence we only consider
0
A}—HK,GXC[pN(mﬂ = }—HK,eXC[pN(mﬂ - f&}(,exc(pref)

2.5.1 Gradient Expansion

The approximation for Fuk exc[®] (2.21) is currently non-local we now wish to transform

it to make it local. As remarked above, (2.20), ¢ depends only on the distance between

24



2.5. EXCESS ENERGY CHAPTER 2. DERIVING THE PFC MODEL

particles. We consider the non-constant part of the excess energy approximation (2.21) i.e.

AFHK exc[pn (7)] = —%5_lpfef/ﬂ/9¢($1)c(2)(\$1 — x3|)p(w2)dz1dTs.

Using the definition of a convolution integral, we have (see [Gra08, Proposition 2.2.11 (12)])

/QC(Q)(|9€1 — Za|)(x2)dzy = <c(2) * w) (x1)
S

where F is the Fourier transform and é(k) = §[c](k) and ¢ (k) = F[¢](k). We now expand

¢(k) as a Taylor series in |k| which is possible since ¢ is radial (see Appendix B.3),

A-FHK,ech}] = *%Bilpfef/ﬂw(xl)sil [(Z Cka|2m> Q/G(k)‘| dl’la

m=0

where terms of the form |k|?"*!,n € N vanish since ¢(?) is spherically symmetric. That
is, FlcP ()] = X0 _semlkl™ = FleP(=r)] = Soo_(=1)™cp|k|™ and hence ¢, = 0 if

m = 2n + 1. Since

F kD (k)] = "0y, (2.22)

(see [Gra08, Proposition 2.2.11 (9)]) after applying the inverse Fourier transform to each

term in the product, we obtain

AFHK exc[1)] = — %B_lpfef/ﬂw(xl) (Z (—1)m02mv2m> Y(x1)day.
m=0

Thus, the excess energy difference can be formally approximated by

AFHK exc[t] ~ 7%ﬂ71p$ef[2¢(xl) <Z(1)m62mv2m> Y(21)da (2.23)
i=0

The exact form of the constants ca,, in (2.23) is non-obvious and depends on the dimension
and on Us. The terms of the Fourier series for ¢ can be found using successive derivatives

evaluated at zero, i.e.

_1ome, [ ()" (z)

where the second equation follows from the relation between derivatives and the variable
in Fourier space (2.22). Hence as ¢(?(r) depends on a variable r which is always positive
the signs of the coefficients ¢,, will alternate. This is exactly the form required for the PFC
functional. The reasons for this are considered in (2.26) where we give the form of the

constants in the PFC functional.
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We also curtail the gradient expansion at fourth order as this is the lowest one that
makes stable periodic density fields possible, see the text above [EG04, Equation (6)] for
some justification. Curtailing at fourth order in the gradient expansion we can re-write the

approximate excess energy (2.23) as
At axcli(@)] > =257 [ 4102(0) + Ax0(0) VP0l) + v () V()
where (in 3 dimensions)
A = 47Tpref/ooo r2¢*(r)dr,

2 o0 4 2 Prefﬂ' o 6 2
Ay = =T prof re (r)dr, Ag = roc(r)dr.
3 0 30 Jo

The form of these constants is taken from [WGT*12] and can be derived using (2.24).

2.6 Non-Dimensionalisation and the PFC Model

We now derive the PFC model by combining the ideal gas and excess energy contributions,
see Sections 2.4 and 2.5, these are approximations of the two parts of the Hohenberg-Kohn
functional of DFT. The link between DFT and PFC was suggested by [EPB107], this paper
also include binary alloys whilst we will only focus on pure materials. A cogent account of
the derivation can also be found in [WGT*12]. We first follow [WGT*12, Section 2.3].
Combining the approximations of AFyk id, (2.19), and AFHK exc, (2.23), gives (this
is slightly different from [WGT*12] where the authors consider the true functional rather

then the difference from the reference functional)

pat™ | (A&W T A (@) V() + Ah(x) V()

Y@, v

. 5 )d:c (2.25)

where the constants are given by

1 1

N | =

[WGT12] suggests A should be positive in order to favour non-uniform phases, and A% > 0
for stability reasons. In particular the method used below (Theorem 3.2.1) for finding a
minimum will not work if A4 < 0. The existence of a maximum is excluded by the L*-term
and the negative coefficient on the highest derivative excludes the possibility of a minimum.
Some heuristic justification of the form of the functional is given in [EG04, Section I.B] and
the signs of the coefficients of the functional are motivated from a physical point of view in
[EPBT07, Section ITI].

We wish to transform the functional (2.25) i.e. to reformulate the functional differ-

26
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ence to be of the form
~ . 4
]-":/Q <1§ (- 8+ (k8 + v )wﬁp) (2.27)

The reason for this transformation is to exhibit the multi-well structure of the functional
and to allow easier comparison with existing literature on the PFC model, e.g. [WWL09],
[EG04], [Banll] and [EW13].

This is the form initially given for PFC theory in [EKHGO02]. This form can be
obtained by taking p = 0 in the normalised functional below (2.29) as in [WGT*12, Sub-
section 3.1.1.1]. However given the definition of p this seems to be unphysical so we use a
transformation to remove this term.

In contrast to discarding the cubic term of (2.25) we show that we can obtain (2.27)
from (2.25) by a change of variables. For simplicity we start with the desired functional
(2.27). We then substitute the formula ¢ = a(1 — 2(x)) ? into this functional. We can
discard constant terms and terms linear in v using the same arguments as in Section 2.4. Our
expansion of (2.27) then simplifies to the initial form of the functional (2.25). Substituting
1 in the desired form of the functional (2.27) we have

£ [ (M2 (o 14 99 alr - 20 + CLE2AD g

expanding the quadratic in v and the square in V? we have

Fe [ SUE2OR k) - 20’1 - 20() V() 071 - 20() V(o)

4

+ % —2a*(z) + 6 Y(z)? — 8ay(z)? + 4a’y(z) da.

Expanding out the first term we can write F in terms of powers of ¢ and its derivatives, i.e.

2 4
a® V4 (z) + (a"’( B+ ko) + 6a*) (x)? — 8aty(x)® + da'y(z)*
+ 4023 () V2(x) + 2024(2) Vi) (x)de

7 :/ OBAED) | 02t k() — 20%(a) — 20°V()
Q

We discard the first two terms as they will remain constant regardless of the density used.
We use that linear multiplies of v are constant (2.18) to discard the next two terms. Finally

since 9 and its derivatives are periodic we can discard the next two terms as well. The

2Physically this is 1 minus the density fluctuation scaled by the coefficient of the higher order derivative
term.
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functional F then simplifies to

F= (2&2(—13 + k) + 6a4) P(z)? — 8aty(z)® + 4aty(z)?
Q

+ 402k (2) V2 (2) 4 2024 (2) Vi (z)d.

This is clearly of the desired form, that is we have completed the derivation of the PFC
functional (2.27).

2.7 Discussion

We now follow [WGT'12, Section 3.1.1], this allows us to simplify the functional form and
to give a physical intuition for the form of the constants involved. Consider the Taylor

expansion of é(k)
ék) =P + e k2 + ..

which has its first peak at k = 27 R 13 (R,, the inter-particle distance). We re-scale ¢ to

include the reference density pror and the inter-atomic spacing Ry, i.e.
M ‘
c(k) = prerc(k) ~ Z baj (|k|R;D)2J :
j=0

We can now rewrite the functional (2.25) using this reformulation and using the new variables
given in [WGT*12] (the authors state a relation to physical constants for By and B which

we will state and provide a justification for later)

By =1+ |bo]
_ Ibof?
T 4fbyl

_ 2[ba 2
R‘&(w>'

The functional difference we obtain is then

~ [ Y 22 dv4 A
AFuK & pretf 5(B1+BS(2RV +RV))¢—E+ﬁdx.
Q
By comparison to [WGT'12, Equation (52)] we have set v = 1 where v according to
this source accounts for the zeroth order contribution for the particle correlations. By

dimensional analysis (in three dimensions) we obtain, a relation for By, i.e.

B

)
RPref

By =

3This gives peaks separated by atomic distance R
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at least up to some dimensionless constant of proportionality, where x is the compressibility.

We now use a second change of variables, i.e.
v = RE; Y =(3B,)2 9 AFi = (3presB ™ R BY) AFk

substituting the above expressions for Z, 1; and AFyk into the expression for AFyK we

have
= 1 P 2)2 7 39 2t
A]—"HK~SB§/(233$ (2 (BH—BS (1+V?) Bs> ¢> 3V3B; G + 9B 12d:c
¥ ( By — By 02\ - V319 gt
~ - —= 1 — —— + — 2.2
/522( 7, +(+v))w 53323+4dx (2.28)

where (2 is the appropriately rescaled domain. From this we can see that By and B, have
the same dimensionality and thus (in three dimensions)

_ KB

Pref

B,

at least up to a dimensionless constant of proportionality, where K is the bulk modulus.

Therefore we can re-write the above energy difference (2.28) as

= 7; 2\2\ 7 7/;3 1;4 =
where the two constants are given by
Bs — B K V31
627:1777 p=——"—F==.
By K B, 2

€ is thus clearly dimensionless, [WGT*12] claims p is dimensionless.

2.8 Conclusion

In this chapter we have presented a formal derivation of the PFC model. We start with the
canonical ensemble of statistical mechanics and from this restate the formulation of DFT.
The DFT formulation means that we can formulate the free energy as a functional of the
one-particle density. We then justify the formula for the free energy for the ideal gas and
implement the splitting of the free energy into the ideal gas free energy and the excess free
energy. Finally we approximate the density as a fluctuation around a reference density and
expand the ideal gas energy using a Taylor series and the excess free energy using a gradient

expansion, curtailing at fourth order gives the required PFC functional.
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Chapter 3

Analysis of the PFC Model

In this chapter we consider the problem of minimising the PFC functional subject to a
prescribed average of the variable. We first prove several properties of the PFC functional
that will allow us to formulate the minimisation problem. We then prove the existence of
a minimum of the PFC functional, formulate the associated PDE and prove smoothness of
its solution.

Let Q C R?, (d = 2,3) be a domain (with periodic boundary conditions), given by

(0,Ly) x (0, Ly), when d = 2,
(0, Ly) x (0,Ly) x (0,L.), whend =3,

Q:

where L, L, and L, are integer multiples of the length of the unit domain in the x, y and z

directions respectively. For example, [EG04, Section II.C] suggests that, in two dimensions,
L, = (21/V3)n, L,=2mm for n,m € N.

We impose periodic boundary conditions, since in Chapter 8 we will use Fourier spectral
methods for discretisation in space. Fourier methods are useful as we can obtain super-
algebraic convergence of the spatial discretisation to the solution (and possibly even expo-
nential convergence, see Subsection 8.2.2). The focus of our thesis is the time discretisation
and therefore we only consider Fourier spectral methods for the spatial discretisation; how-
ever, this discretisation could be undertaken using other methods, see [WWL09] for an
example of alternative spatial discretisation of the PFC equation.

We will consider trial functions for the PFC functional drawn from subspaces of the
space of periodic H2-functions. The use of a subspace of H?(Q) rather than a subspace of
another H*-space will be justified in the next section.

For convenience we use the equivalence of [|An||r2¢q) and [[V?1|p2(q) to give an

alternative definition of the H2-norm.
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Definition 3.0.1. The H?-norm for n in H?(Q) is defined by
”77“?{2((2) = ||77||%2(sz) + ||V77H%2(sz) + HAﬂH%z(Qy

Recall the PFC functional (2.27)

1 ) 1
Fnl = §HATI + 0l 7200) — 5”0“%?(9) + EHnHi‘l(Q)v (3.1)

where ¢ is a positive constant. In line with [EKHGO02] we wish to minimise F over all trial

_ 1/
4 =— [ ndx.
1€ Jo

As mentioned in the previous chapter this constraint is equivalent to the requirement that

functions with prescribed mean,

mass is conserved within the system.

3.1 Preliminaries

For the sake of convenience we collect a series of inequalities that we will use for the proofs
and lemmas throughout this chapter. We also state the function space that we will use to

formulate our problem.

Definition 3.1.1. The function space of periodic H?-functions with fized average @ is de-
fined by

H2(Q) := {n € H*(Q)

n=1u+mn,MN € H;(Q)}

where HZ(Q) is defined in Definition C.1.2.
We now define a norm that will prove useful throughout this thesis.

Definition 3.1.2 (The A;-norm).

1%, = InllZ2 () + 187 + nl72(0)-

We show this norm is equivalent to the H?-norm on HZ. ().

Lemma 3.1.1. The Ai-norm is an equivalent norm to the H*-norm, i.e.

1
anH%{'A’(Q) < ||77||§11 < 2”””?{2(&2)
for all n in H2..(Q).

per

Proof. Using the triangle inequality and Young’s inequality we can bound

[AD)IZ2 0y < 20147 + 11720y + 20l 720)-
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Using integration by parts we can bound

[Vnll7, = / —nAn+n* —n*da,
Q

+ 720

nAn + n’da
Q

< [1An + il 2@l @) + M7z ),

1
<1+ ) 320 + 5 180+ 1320 (3.2)

where we have used the triangle inequality in the second line and then used the Cauchy-
Schwarz inequality and Young’s inequality with € on the left-hand term of the upper bound.
Using the definition of the H?-norm, Definition 3.0.1, we have a bound for the

H?-norm,

lrmcen = Inl2acy + 19y + ||Anuiz<m,
1
< 2oy + (1 n ) I35y + 140 + 130 + 2180 + 1l e
+ 2||7I||L2 ()

1
(4+ ) Il + (2 n ) INET.

Equating the two coefficients gives € = 2 + /5 and thus

6+5
%20y < < 3 > (HﬁH%z(Q) + ||A77+77||i2(9))7

<5 (Inllfga + 187+ nli3a) ) -

We now show that the A;-norm is bounded above by the H?-norm. Recall the
definition of the Aj-norm, Definition 3.1.2, i.e.

i3, = (1m0 + 140 + 3z -

We can expand the second term

17+ ]2 = 187200 +2 [ Az + 9],

< ||A77H%2(Q) - 2HV77||2L2(Q) + ||77||2L2(Q)7
< An)122(0) + 1911720 (3.3)

the second line follows from the periodicity of 7.
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Substituting this into the A;-bound we have

1%, < 200l1220) + 14711720 < 20lZ20)-
O

We note that the spaces introduced, Definitions C.1.1, C.1.2 and 3.1.1, are all sub-
spaces of H?. We now show that F[n] is well-defined and real if and only if n € H?(Q).

Lemma 3.1.2. For alln in H*(Q) the PFC functional (3.1) is bounded above and below by

1 1 1
TOHUH%{%Q) — (0 +1)?Q < Fly] < 5“””%12(9) + 1||Tl||}l{2(n)-
In particular, Fn] is finite if and only if n € H?(Q).

Proof. We first prove the upper bound. This follows with some obvious adaptations from
[WW10, Lemma 3.1], however, we include the proof to emphasise the H?-dependence which
is not explicit in [WW10, Lemma 3.1].

By discarding the negative term in the PFC functional (3.1) we obtain

1 1
Flnl < §HA77+77”%2(Q) + ZHHH%A(Q)' (3.4)

Recall from (3.3) that the first term of this bound can easily be bounded by the H?-norm

1A%+ 011720y < 0l

Using Ladyzhenskaya’s inequality, Lemma C.2.1, we can estimate

d
1-7

a
Inlla @) < 1Ml g2y Ml 71 o) < Inllz2@)- (3.5)

Combining this inequality with (3.3) and (3.4), we obtain

1 1
Fnl < 5“’7”%{2(9) + 1”77”%12(9)-

This completes the proof of the upper bound.

We now show that the PFC functional is bounded below for all 7 in H?(£2), which
parallels the result of [WW10, Lemma 3.1]. A finite dimensional analogue is also consid-
ered in [WWLO09, Lemma 3.7]. However, the bounds given here are more explicit and the
exposition of the proof is extended to improve clarity.

The PFC functional (3.1) can be re-written by splitting it into a positive term and

a double-well potential-like term,

_]' A T 2 1 2 172 5)1d
Firl = I+ Dl + 5 [ * (7 — ) da.
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The first term on the right-hand side is always positive while the second term is positive
outside the region were 7 is small, i.e. n? < 26. Let € > 0, then we define the set Qf :=
{n? <26 + €}. We can now split the double-well term into

1 1 n? 1 2 n?
Flnl = =|[(A + Dn||%, _’_7/ 772<— )dx—/n(é— dux,
where (05)° = Q\Q5. Using > — 25 > € on (25)°, we have

1 € n
> o 22 - 2 e\ — < 2 _
Fln) = 2H(A+I)77HL @ 4||77||L2((Qg) )" 9 /sgn (5 5 ) dz,

LA+ DnlZac + Sl S T
2 Mz T g Wlz((05)) ~ 2 Jo, " 2

€ €
+ Z||7I||2L2(Qg) - Z|‘77||2L2(Q§)7

1 A+ Dnll2 €012 1 2 (5 N d €012
*§H( + )UHH(Q)JFZHUHL?(Q)*i an 9 x*z”ﬁ”p(n;y

Using 0 < 772 <20 + € in 9§ to bound the third and fourth terms of the right-hand
side, we have that the energy can be bounded below by

1 € 0 € .
Fn = 5”(A + D)1l 72) + 1”77“%2(9) - ((254— 6)5 + 1(25 + 6)) €251,
1 € 26 +€)? .
> I+ Dl + Sl — 2Py (35

for any € > 0 .
The lower bound (3.6), together with Lemma 3.1.1, gives

min (1, £ (26 +€)? .
Fin 2 2l 2y - @O gq

Since €25 C 2 for all € > 0 we have the uniform bound. For simplicity we set € = 2.

From the previous lemma we obtain L°°-bounds on sublevels of F.

Lemma 3.1.3. There exist constants C1, Cy > 0 such that

1]l Lo (@) < VC1F ] 4 C2|9, Ve H.. ().

Proof. We recall the upper bound for the H?-norm in terms of the energy, Lemma 3.1.2 and

re-arrange to give

Il 20 < V/10F[n] +10(5 + 1)2[€2. (3.7)

Since a rectangular or parallelepiped domain satisfies the cone condition, we can use the
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result of [Ada75, Corollary 5.16] to bound the L>°-norm by the H2-norm, i.e.

11l Los () < C( D[l 22 (- (3-8)

Let @ be the unit domain, i.e. the smallest domain on which the solution is periodic. Clearly
by (3.8) there exists a Cg > 0 such that

70l @) < Collnlla2@) < Collnllaz)-

The domain €2 is constructed from N,, N, and N, unit domains in the z,y and z directions
respectively (N, = 1 in 3 dimensions). Let Q;;x denote the unit domain with origin
(¢Ly, jLy, kL) then clearly

0= U Qi j k-

0<i<N,—1,0<j<N,—1,0<k<N.—1

Then we have

L@ = sup 7l Lo (@i s0) = Ml (@) < Calnlla2(e)-
0<i<N,—1,0<j<N,—1,0<k<N,—1

Hence the constant C' is independent of domain. (3.7) then implies a bound for the

L*°-norm,

Il 2=y < Cv/10F[n] +10(6 + 1)2[Q].
O

In general we will consider minimisation of the PFC functional (3.1) by methods
associated with gradient flows. As a prerequisite to this we define the first and second

variations.
Lemma 3.1.4. The PFC functional is infinitely Fréchet differentiable and its first and
second variations are given, respectively, by
0F[n,v] = / (An+n)(Av+v)de — 6/ nudr + / nvde, Vn,ve H*(Q), (3.9)
Q Q Q

82 F[n,v,0] = [ (A + 1) vll72(0) = dllvlIZ2 () + 3lnvll7z o), Vi,v € H*(Q). (3.10)
We will also use the notation §F[n] € H=2(Q) and 6*F[n] € L(H*(Q), H 2(2)) to denote
the operators associated with these multi-linear forms.

Proof. To prove this lemma we compute the Fréchet derivatives of all orders by comparing
the difference in the PFC functional at two points along a given vector with the Taylor
expansion of the functional. We then show that all these derivatives are bounded in the
space H2(Q).
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We consider the difference between the PFC functional evaluated at n and at n + v
where n,v in H2(9), i.e.

1
Fln+v] — Fn :/(A+I)77(A+I)vdx+§||Av+v||%2(m—J/nvdx
Q

@ (3.11)

1) 3 1
— Slolay + [ aode+ Sl + [ mde+ Jlolle

Therefore the functional can be written as
‘o
Fln+v)=Flnl+ Y 58'Flnv, .. 0]
i=1

where §°F[n, v, .., v] are multi-linear forms corresponding to the ith-order Fréchet derivatives.
We can now see that the first and second variations are given by (3.9) and (3.10).

The third and fourth variations are given by:

53]—"[77,111,1)2,1)3} = 6/ nuiveusdr and 54]-'[77,111,112,113,1}4] = 6/ V1 V203044,
Q Q

It remains to show that these four non-zero variations are bounded in H?(Q2) and
hence are continuous. All four of these variations contain terms of the form [, f1 fa fs fadx.
Using the generalised Holder inequality, Lemma C.2.2, with p, = 4 for « = 1,2, 3,4 we have

/Qf1f2f3f4dx < fallzaylfall ey 13l L) | fall L2 )

Using the bound for L*-norms in terms of H2-norms (3.5) we have

/Qf1f2f3f4d$ < il ll 2l m2) | f3ll 2o | fall 52(0) - (3.12)
We note from (3.3) that
(A + 1)vll720) < [0ll20)-
Using this and (3.12), we can show that

0F il < [(14+ 0+ Inlidracey ) Inll=(en] lollirzcon,
102F i, 0,0]] < (1+ 6+ 3lle) ) 0oy,
6% F T, v,0, 0] < 6lnll (e 012 s,

|54]:[777’U7U7U7U]| < 6”1}”%[2(9)

Hence the Fréchet derivatives are well defined for all orders and thus the PFC

functional is infinitely Fréchet differentiable. O
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Remark 3.1.1. Using the Banach space analogue of analyticity (Definition 5.2.3) we can

even see that F is in fact analytic; see Lemma 5.2.2.

3.2 Minimisation Problem

As stated in the introduction to this chapter we wish to find a minimum of the PFC func-

tional (3.1) over the function space HZ2():

Find w such that Flu] = min F|n|, P).
o = min Fl) (P)

We can prove the existence of a solution to (P), using the direct method of calculus

of variations (see for example [EvalO, Theorem 2, Section 8.2]).

Theorem 3.2.1. There exists a solution to (P).

Proof. From the upper bound of the H?-norm in Lemma 3.1.2,
Tolls @) — (6 + 12190 < Flu), (313)
the energy is bounded below,
—(6 +1)%|9] < Fn), Vi € Hy ().

Therefore, the infimum d = inf, ¢ 2 () F[n] exists.

We choose a minimising sequence u; € H2(Q) such that lim;_, F[u;] = d. Then
(3.13) implies that the H?-norm is bounded i.e. |lu; ||§{2(Q) < C, where C is independent of j.
Since H?() is a Hilbert space, u; has a weakly convergent subsequence u;, — u* € H?(f2).
The Rellich-Kondrachov Compactness Theorem ([EvalO, Theorem 1, Section 5.7]) implies
that uj, — v* in L?(2) and in L*(£2). By [KZ05, Theorem 7.2.3] we see that ||A77+77||%2(Q)
is weakly lower semi-continuous. Using this weak lower semi-continuity and the continuity
of the L2-, L*-terms in the energy functional we obtain that F[u*] < liminf; F[u;] and thus

have shown that u* satisfies (P). O

3.3 The Euler-Lagrange Equation

We now derive the Euler-Lagrange equation satisfied by the minimiser of the PFC func-
tional (3.1) (the Euler-Lagrange equation for a more general functional is given in [Eval0,

Subsection 8.1.2]). Initially we state the weak form of this equation.

Definition 3.3.1 (Euler-Lagrange Equation (Weak Form)). A function u in H2(S) solves
the Euler-Lagrange equation if

dF[u,v] =0, Yo € H ().
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Existence of a solution to this equation is given by Theorem 3.2.1 and the following

lemma.

Lemma 3.3.1. The minima of the PFC functional (3.1) satisfy the Euler-Lagrange equa-
tion, Definition 3.3.1.

Proof. Let u solve (P) (page 37) and choose v in HZ(Q), then let i(e) = F[u + ev] where
clearly u + ev € HZ() and thus 7 has a critical point at € = 0. Since by Lemma 3.1.4 i is
Fréchet differentiable so i’ (e) is well-defined and ¢'(0) = 0 which translates to

O F [u,v] = %]—'[u + ev] =4(0) =0,
e=0

and hence the first variation vanishes. O

We now wish to prove that solutions of the Euler-Lagrange equation (Definition

3.3.1) are smooth. We first prove an auxiliary regularity result for a linear PDE.

Lemma 3.3.2. Ifn € Hi(Q), feH(Q),m >0 and
(A Av) = (f0), e HA(Q) (3.14)

then n € H;?H(Q).

Proof. Recall Parseval’s Theorem (on periodic domains)

(f,9)=(f,9)

where f and g are the Fourier transforms of f and g respectively (this follows from [BO12,
Equation (1.1)] with s = 0 applied to f + g). Using this on (3.14) we have

FAn],FAv]) = (f,0) Vo such that §'[0] € HL(Q).
Using that derivatives become multiples by k in Fourier space (2.22) we have
(— k9, — k%) = (f,0) V0 such that §'[0] € HL(Q).
Therefore we have
(|k[*7,0) = (f,0) Vo such that §'[i] € HZ(Q).

The inner product in Fourier space can be written as a sum (this follows from [Gra08,

Equation (3.1.5)] with rescaling to generalise from T? to ). Hence we have

Y Ik[k)o(k) =Y f(k)o(k).

kezd kezd
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Consider

0(0) = /Qv(:c)ei%dm = /Qv(x)dm =0.

Hence the first Fourier mode corresponds to the average and is thus already specified.

Therefore we no longer consider the k = 0 case and we have
|k[*7(k) = f(k) vk € 2/{0}. (3.15)
It is easy to see that

g€ H: (Q) iff |k]*gci*(zY). (3.16)

per

Therefore since f € HS,.(2) we have from (3.15)

|K[** (k) € 12(Z"\{0}).

Hence from (3.16) we have that
ne H;“(Q).

We can now prove that u is smooth.

Lemma 3.3.3. Any solution to the Fuler-Lagrange equation, Definition 3.3.1, belongs to
C.().

per

Proof. We show this result by using induction to show that u € HE(Q) for all k. From (P)
(page 37) we already know that u € H2({2), our inductive step is to show that, if we know
that u € HE(Q), then we can deduce u € H¥2(Q) for all k > 2.
Consider the weak Euler-Lagrange equation, Definition 3.3.1, which we re-arrange
to give
(An, Av) = (f,v), Y € Hi(Q)

where n =u —u € Hj7(Q) for all k > 0 and
f=-20u+ (5 —1u—u. (3.17)

Since H*$2(12) is a Banach algebra for k > 0 (see [Pelll, Appendix B.1]) it follows that u® €

per

HEE2(Q). Therefore, from (3.17), f € HE.(€). Lemma 3.3.2 implies that n € H}E4(9),

per per
and hence u € HET(Q). Starting from k = 0 induction gives that u € H**(Q) for all

per

k > 0 taking the limit £ — oo gives that u is smooth.
O

To formulate the strong form of the Euler-Lagrange equation, we first note that for
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any w in H2,(Q), w can be written as

w = w + w, where /ﬁ)dx:O.
Q

Using this formulation in the weak form of the Euler-Lagrange equation, Definition 3.3.1,

we have

0 = 6F|u,w],
= dF[u, w] — § F[u, @],

= 0F[u, w] — / (A + Du(A + Iw — duw + v wdy.
Q
Using that v € C*°(£2), which follows from Lemma 3.3.3, we have

d d d
O:éf[u,w]—/(A+I)2quw r _5quw $+u3fnw xdy,
Q 1] 2] 2]

= 6F[u, ] - ﬁ / / (B, + DPuly)w(z) — bu(y)w(z) + u(y)*w(z)dady,
— 6 F[u,w] - / w(@ﬁ / (A + 1)2uly) — Suly) + u(y)*dydz,
:/Q(A—i—l)u(A—i—I)wdm—5/Quwdx—|—/gu3wda:—)\/9wdx,

where since 1/|Q| € H%(Q), A is given by

A=0F = <(5}'[77],|Ql|> =(1-9d)u —&—]{Zu‘?dx.

We can now give the strong form of this equation.
Definition 3.3.2 (Euler-Lagrange Equation (Strong Form)). A function u € H*(Q), solves

the strong form of the Euler-Lagrange equation if

(A+1)u—bu+ud— =0,
[ udx = .
It is clear that, if this equation is satisfied, then its weak form, Definition 3.3.1 is

satisfied as well. Since from Lemma 3.3.3 the solutions of the weak form are sufficiently

regular (u € H*(Q)) the reverse relation is true as well.

Remark 3.3.1. The Euler-Lagrange equation can also be obtained by finding the critical

points of the functional

05,5 = #la) = A ( [ nae - o)
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over the space n € H2,.(Q) and X € R.

per

3.4 Conclusion

In this chapter we have formulated the minimisation problem for the PFC functional which
we will focus on solving throughout the rest of this thesis. To achieve this we defined the
space from which the minimiser is sought and proved properties of the PFC functional
which will prove important in this and subsequent chapters. We also showed that the
minimisation problem has a solution, i.e., there is a minimum of the PFC functional under
the constraint that mass is conserved. The PDE problem associated with this minimisation

is also formulated and we prove that the solution to this problem is smooth.
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Chapter 4

Gradient Flow Analysis

In this chapter we introduce the method of gradient flows as a technique for finding a
minimum of the problem (P) (page 37) and then prove results on the global existence,
uniqueness and regularity of the solutions of three specific gradient flows, the L?-, H~!- and

H?-gradient flows.

4.1 Bochner Spaces

We now introduce spaces involving time, called the Bochner spaces. More detailed accounts
on Bochner spaces can be found in [Eval0, Section 5.9.2] and [CF10, Section 5]. For the sake
of generality we let X denote a real Banach space. We can define integrability and measura-
bility of functions on Banach spaces in an analogous way to integrability and measurability
of functions on subsets of R? (see [Eval0, Appendix E]). Specifically, u : [0,T] — X is
Bochner integrable if and only if ||u|| x is Lebesgue integrable [HP57, Definition 3.7.2]. Sim-
ilarly, u is strongly measurable if and only if for all v € X* the mapping ¢ — (v, u(t)) is
Lebesgue measurable and wu is almost separably valued [EvalO, Appendix E.5]. The first

Bochner spaces we define are analogous to the LP-spaces, see [Eval0, Section 5.9.2].

Definition 4.1.1 (The Bochner-Lebesgue Spaces). The space
LP(0,T; X)

consists of all strongly measurable functions u : [0,T] — X with

1
T P
llull e 0,7;x) = </0 IIU(t)Ilﬂ}dt> <00

for 1 <p< oo, or, if p= 00,

l|lull oo (0,;x) = esssup [Ju(t)| x < oo.
0<t<T
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We can also define the space of time continuous functions, see [Eval0, Section 5.9.2].

Definition 4.1.2. The space
C([0,T]; X)

comprises all continuous functions u : [0,T] — X with
llull Lo (0,7;x) = esssup |lu(t)||x < oo.
0<t

Since we will consider derivatives with respect to time we need to define the weak

time derivative, see [Eval0, Subsection 5.9.2].

Definition 4.1.3. Let u € LY(0,T;X), T > 0. We say v € LY(0,T;X) is the weak
deriwative of u, written

Ou = v,

provided
T T
/ Orb(t)ult)dt = — / o(tyo(t)dt
0 0

for all scalar test functions ¢ € C(0,T).
We can use this method inductively to define the j-th weak derivative for j € N,
i.e. &u.

For the sake of simplicity we will use the notation u; = dyu for the rest of this thesis.

Analogously to C([0,T]; X), we can define the spaces C*([0,T]; X) for k € N, k > 0
(see [Penl3, Definition 2.55] or [MNRR96, Subsection 1.2.6]).

Definition 4.1.4. The space
C*([0,7]; X)

comprises all continuous functions v : [0,T] — X where, for all j € N, 0 < j < k,

dlu:[0,T] = X is continuous and
k

llullcx 0,7 x) = Zosup [07u(t)||x < oo.
j=005ts

Finally we define the analogue of the Sobolev spaces, i.e. the Bochner-Sobolev

spaces, again following [Eval0, Section 5.9.2].

Definition 4.1.5. The Sobolev space
Whr(0,T; X)

consists of all functions uw € LP(0,T;X) such that u; exists in the weak sense and belongs
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to LP(0,T; X). Furthermore

1
(Jo Il + e (115 ) Jor1<p <o,

[ullweo,r.x) =
esssup ([lu(t)llx + [lue(t)] x) Jor p=oc.
0<t<T

Following [CF10, Subsection 5.3] we define the k-th Bochner-Sobolev space induc-
tively.

Definition 4.1.6 (The k-th Bochner-Sobolev Spaces).
WEP0,T; X) = {u e WP(0,T; X) : uy € WELP(0,T; X)}.

These are Banach spaces for the norms

=

8 Y orl<p< oo
||UHW’€,P(07T;X) = Z H HLT’ 0,7;X) f <p ,

maX{Hu”L‘”(O,T;X)a e “atku”L‘”(O,T;X)} for p = oo.
For the sake of simplicity we define H*(0,T; X) := W*2(0,T; X).

Remark 4.1.1. Throughout this thesis we will use the notation LP(X), H*(X) and WP (X)
to denote the spaces LP(0,00; X ), H*(0,00; X) and W*P (0, 00; X) respectively.

4.2 Gradient Flows

As stated in the previous chapter we wish to solve the minimisation problem (P) (page 37),
i.e. to find n € H2(Q) that minimises the PFC functional (3.1). In Chapters 6, 7 and 8
we will introduce numerical schemes to obtain an approximation of the minimiser. These
schemes are discrete versions of gradient flows as in [Barls, Section 2.3]. Therefore we first

study the corresponding continuous gradient flows,
(ug,v)g = —0F[u, v], Yv € Hi(Q) (4.1)

where the inner-product is over the Hilbert space defined by a positive definite operator

H,ie.
(n,v) g = (Hn,v) r2(0).

The idea of using a gradient flow method is that, as we follow the trajectory u, we
reduce the value of the PFC functional. Formally, if u is a solution to (4.1) and sufficiently

regular, which we show in Lemmas 4.3.2 and 4.4.1, then we have

FLult)] = 6Ty w] =l
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Therefore we have that Fu(t)] is decreasing and, by integration,

/ ||ut(s)||§{ds < 0.
0

Hence we expect that u; — 0 in H as t — oo, thus we also expect that u(t) — u* in H%(Q)
where u* is a minimiser. We will prove this convergence and give an estimate of the rate in
Chapter 5.

Remark 4.2.1. In general, gradient flows are of interest in themselves (see for exam-
ple the extensive literature on the similar Cahn-Hilliard and Allen-Cahn equations, e.g.
[ES86],[CE94]), however for the purpose of this thesis we consider gradient flows primarily
as methods for minimising the PFC functional (3.1).

We will consider three distinct gradient flows. The first gradient flow we consider
is the L2-gradient flow where the associated partial differential equation is known as the

Swift-Hohenberg equation.

Definition 4.2.1 (Swift-Hohenberg Equation, Weak Form). u € @ + W11(0,T; L?(2)) N
L>(0,T; Hi(Q)) is a solution to the weak Swift-Hohenberg equation if

(ug, v)p2(0) = —6F[u, v, Yo € Hi(Q),

for a.e. t in (0,T).

The second gradient flow we consider is the gradient flow typically used in PFC
calculations, see e.g. [EKHGO02], [EG04, Section II], [EW13, Section 1], [WGT*12, Subsec-
tion 3.1.1.2], [Lar14] or [WWL09, Section 1.1]. This is the H ~!-gradient flow, known in the

strong form as the PFC equation.

Definition 4.2.2 (PFC Equation, Weak Form). u € a-+W™"'(0,T; H~'(Q))NL>(0,T; HZ ()

is a solution to the weak PFC equation if
(ug, v) g-1(q) = —0F[u,v], Yo € H (1),

for a.e. tin (0,T).

Remark 4.2.2. We recall the H-inner-product from Definition C.1.4 to obtain the strong
form of Definition 4.2.2
ug = A[(A 4 1)%u — du + u?). (4.2)

This partial differential equation is known as the PFC equation and is the form considered

in the physics literature, e.g. [EG04], [EKHG02] and [WGT" 12].

Remark 4.2.3. Several papers, for example [EKHGO02], argue that the H ™ '-norm is the

natural norm for the gradient flow since it automatically enforces mass conservation. This
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is true if the gradient flow is well formulated, i.e. we fix the zeroth mode of the transform of
the variable to ensure the norm is well defined. This is equivalent to conserving the average.
In the L?-case and the H?-case (see Definition 4.2.4) we enforce conservation in the

weak form by taking a test function in the zero average space Hi(Q)

As an alternative to the two established gradient flows introduced in Definitions 4.2.1
and 4.2.2 we introduce a gradient flow which can be thought of as a gradient flow in the

H?-norm. First consider a weak form of a Newton type descent flow
6F[u,v] = —62F[u,uz,v]. (4.3)

A similar flow for a different functional is considered in [Rin07, Equation (26a)].
Clearly the second variation is not positive definite for all u and v, we also desire

the operator H to be easily invertible. This leads us to define the operator
A= (A+1)?4+~I

where v > 0 is a constant.

We also have an associated norm.

Definition 4.2.3 (A-norm).

Inl% = (An,m) = |An +1ll72 ) + VIInll72(0)-

We consider the A-norm as it resembles the second variation (3.10), i.e. it is the
closest approximation to the second variation that is independent of the solution u. This
operator has two advantages over the second variation; (1) it is positive definite and thus
unlike the second variation induces a norm; and (2) the operator is homogeneous and thus

diagonalises Fourier space.

Lemma 4.2.1. The A-norm is equivalent to the Ai-norm, Definition 3.1.2, (and hence to
the H?-norm),i.e., 3Ch, Cy > 0 that depend only on v such that

Collvll, < llvllh < Cullvll,

Remark 4.2.4. In the numerical algorithms we introduce in Chapters 6, 8 and Appendix E
we will use an adaptive version of . For the sake of simplicity in the following analysis we
take v to be constant. The numerical tests shown in Figure 8.3 suggest that a good choice
of constant =y is

Yom = 3uc2>m -0

where uom is the one-mode solution (see (8.11)). In the range where the one-mode approxi-
mation is valid, i.e. 0 < § < 1 and 36u® < 153, we can show that Yom > 0, the condition of
Definition 4.2.3.
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We now have an equivalent norm to the H2-norm and thus can define a new gradient

flow equation.

Definition 4.2.4 (H?-gradient flow equation). u € a+W"h(0,T; H?*(Q))NL>(0,T; HZ(2))

is a solution to the H?-gradient flow equation if
(ug, vy g = —0F[u,v], Yo € Hi(Q),

for a.e. t in (0,T), where (-,-) 4 is the inner product associated with the A-norm, Definition
4.2.3.

Remark 4.2.5. Following [CF10, Equation (3.1)] we use the notation Vg F for the unique
element in H which represents the derivative 6.F[u] with respect to the inner product in H,
i.e., VuFlu] € H such that

5‘7:[u7 90] = <VH]:[U]7§O>Ha v‘ﬂ € H;E(Q)

We set
Li(Q) for the SH equation,

H= H;kl(Q) for the PFC equation, (4.4)
HZ(Q) for the H2—gradient flow equation,

where Li(ﬂ) and Hq;l(Q) are defined in Definitions C.1.3 and C.1.5. Therefore Definitions
4.2.1, 4.2.2 and 4.2.4 can, formally, be written as

4.3 SH and PFC Equations

First we recall an embedding result from [Sim87] that that we will use to prove existence

and a regularity result for the SH and PFC equations.

Lemma 4.3.1 ([Sim87, Corollary 4]). Let X, B andY be Banach spaces where X C B CY
with the embedding X to B being compact.

Let (u™)nen be a sequence bounded in LP(0,T; X) where 1 < p < 0o and (u})nen be
bounded in L*(0,T;Y), then (u")nen is relatively compact in LP(0,T; B).

Let (u™)nen be a sequence bounded in L®(0,T;X) and (u})nen be bounded in
L™(0,T;Y) where r > 1, then (u")pen is relatively compact in C(0,T; B).

We also recall Picard’s theorem (see for example [Is197, Theorem 2.2] and [Brell,
Theorem 7.3]). This is required for the existence proof of the SH and PFC equations
(Lemma 4.3.2). Additionally, this theorem is also used to prove existence and uniqueness
of the H?-gradient flow (Definition 4.2.4) as well as giving the required regularity for this

flow.
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Theorem 4.3.1. Let Y be a real Banach space and let ty € R,yp € Y and

Qy:={(t,y) eRxY : |t —to| < a,lly —wolly <b}

for fized a,b > 0. Suppose f: Qp — Y is continuous and

1f(t2) = f(Ey)lly < Lz —ylly, v(t,2), (t,y) € Qo

and
1ty < K, Y(t,y) € Qu,

where L 0 and K > 0 are fixed real numbers. Choose ¢ such that 0 < ¢ < a and

>
c< min{%, %} Then the
IVP: x4(t) = f(t,x(t)), x(to) = Yo
has exactly one continuously differentiable solution on the interval I. = [ty — ¢, to + c|.

Remark 4.3.1. We can not use Picard’s theorem directly to prove the existence of a solution
to the SH or PFC gradient flows since re-arranging these equations to the IVP form given
in Theorem 4.3.1 gives an f that maps between two different Banach spaces. That is f :
H2,.(Q) — H;2(Q) in the SH case and f : H2,.(Q) — H_3(Q) in the PFC case whereas

per per per

f:H? (Q) = H2..(Q) for the H?-gradient flow.
per

per

4.3.1 Existence

We now show the existence of a solution to the SH and PFC gradient flows. The reason for
showing existence of these trajectories, beyond general interest, is that we also obtain corre-
sponding regularity results, which will be of particular use in Chapter 5 to show convergence

of the gradient flows to equilibrium.

Remark 4.3.2. Proofs of the existence of a solution to the PFC equation can be found in
[WWL09, Remark 3.12] and an adaptation (8 =0) of [WW10, Theorem 5.3]. These proofs
rely on proving that solutions exist to a specific time-discretisation and taking the limit.
It is worth noting that such a method could probably be adapted to prove the existence of
alternative gradient flows.

Conversely we use a Galerkin discretisation of the solution and prove the existence
of a solution to the discretisation. We then show by taking the limit that we obtain a
solution to the original gradient flow. The advantage of our method is that it is easier to
obtain regularity results. Specifically, we can adapt this method in Lemma 4.3.3 to obtain

the solution we need for Chapter 5.

We use one lemma to prove the existence of a solution to the L?- and H ~!-gradient

flows, Definitions 4.2.1 and 4.2.2, and another (in Section 4.4) to prove the existence of

48



4.3. SH AND PFC EQUATIONS CHAPTER 4. GRADIENT FLOW ANALYSIS

a solution to the H?2-gradient flow, Definition 4.2.4. In principle the method of the first
lemma, Lemma 4.3.2, could be applied to the H2-gradient flow. However, we choose to
prove the existence of a solution to the H2-gradient flow separately as such a result can
be obtained more easily from Picard’s theorem, Theorem 4.3.1, and adapting the proof of

Lemma 4.3.2 would be much more tedious.

Lemma 4.3.2. Consider the initial value problem, written in the notation of Remark 4.2.5,

u + Vg Fu] =0,
u(z,0) = up(x),

where H = L3 () for the SH case and H = H;l(Q) for the PFC case.
If ug € H?(Q), then there exists a global weak solution,

u € C(H Q)N HL.(H)N L®(H?()).

Proof. We adapt the proof of [KN14, Theorem 2.1].

This proof uses standard methods. However, we lay out the arguments in detail
as we will use the regularity obtained here along with methods similar to Step 3 to prove
the regularity result Lemma 4.3.3. This regularity result is required for the proof of the
convergence of the SH and PFC equations given in Chapter 5.

To prove this result we use a Galerkin approximation. The proof is then split into
three steps, first we prove the existence of a global solution to the Galerkin approximation.
We then prove bounds on the Galerkin approximation. Finally we show convergence of the
Galerkin approximation to the solution of the initial value problem.

We consider the gradient flow (4.1), for all v € HZ(9), i.e.

(ug, vy + /Q(A + DNu, (A +1)v — f(u)vdz =0, (4.5)

where

f'(u) = du —u®

Step 1. We use a Galerkin method. Let {¢;}ien be an L?-orthonormal basis of —A with
ordered eigenvalues {\;}ien. We note that the ¢; are in Cpg,(€2) and define the associated
space as (see [CHQZS88, Equation (9.7.2)])

Sy =span{¢;(z)|i=1,..,N}.
We also define the space of zero average functions (i.e. ¢1(x) is constant)

S# = span{¢;(x)]i > 1}.
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The Galerkin approximation

satisfies the IVP

<U£V,’UN>H = —0F [uN,vN] , vl e Sﬁ,, (4.7)
N
uN (2,0) = (uo, ¢i) 12() i ().
i=1
Since vV can be written as N
oV =N (1) i(x)
i=2

for some set of b;(t), (4.7) leads to a system of ODEs for the coefficients a}’. That is, since

A; >0, for j > 2 we have

G0 (@) + (XXX + D2af () = (X)X f (™), ¢5) L2 () = 0,

(4.8)
a (0) = (uo, ¢5) L2()

where

1 for the PFC equation
X =

0 for the SH equation.
Using Picard’s theorem, Theorem 4.3.1,(with z = aév, Y = R" and where the local Lipschitz
property and boundedness follow from the local Lipschitz property of f’ and the boundedness
of A;) these equations have a local in time solution. We take (aj-v
solution, then to prove the ODE has a global solution we must show these coefficients are
bounded. To do this we will prove u¥ € L*°(0, T, H2()).

Since ul¥ € Sﬁ we can test the first variation with u}, using the notation of (4.4)

(t))j\[:1 to be a maximal

(specifically we can also consider the norm H = H?(f2)), to obtain

2 d
(OF [u™] ) = = [l [[}; = 37 [w"]
integrating this, we have
Hui\]HQL?(O,T;H) +F [uM(D)] < F[u¥(0)]. (4.9)
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Recall the lower bound for F, Lemma 3.1.2, then we have from (4.9)

2 1 2 2
H“iVHL?(o,T;H) + 10 H“N(T)Hm(g) < ||uiv||L2(0,T;H) +F [uM(D)] + (6 +1)%9

< F[uN(0)] + (6 +1)%9. (4.10)

Since uN (0) — up in H?(Q) as N — oo and F is continuous, which follows from (3.11), we
have u’¥ € L>°(H?(Q)) and thus by an embedding v’ € L>(L?(12)). Since the L?-norm of
u can be written as N

||“NH;(Q) = Z (agv(t))2’

i=1
the bound on u" in L>°(L?*(Q)) gives us an a-priori global bound on the @} and hence the
ODE (4.8) has a global solution.

Step 2. We now wish to prove bounds on the Galerkin solution and its derivative, namely
uY € L0, T; H*(Q)) and u)¥ € L%(0,T;H). The time derivative bound follows simply
from (4.9). From this the u) are bounded in L?(0,T; H). We can also see that

|u < | T. (4.11)

N2 N2
||L2(O,T;H2(Q)) ||L°°(O,T;H2(Q))

Step 3. Now there exists (u,u;) and subsequences denoted {u®™}, {ul'} such that

u — u weakly* in L>°(0,T; H*(Q)),
ul — u; weakly in L*(0,T; H).

Using that H?(Q) is compactly embedded in H and H'(f2) is embedded in H and
embeds H2()) we can use Lemma 4.3.1 ([Sim87, Corollary 4]) with r = 2, X = H?(Q),B =
H(Q) and Y = H to obtain relative compactness in C'(0,7; H'(€2)). Hence we can take a

sub-sequence which we again rename u” so that
u™ — u strongly in C(0,T; H'(2)).

uN € L2(0,T; H) follows from (4.11) by the embedding H%(Q) C H. The weak convergence
of u in L*(0,T; H) and uv in L?(0,T; H) gives that

u € Hlloc(ovT;H)'

We have u — u weakly in L2(0,T; H?()) therefore to obtain a solution of the weak
gradient flow (4.5) we only have to deal with the non-linearity f’(u). Since L°°(£2) embeds
H and from [Ada75, Corollary 5.16] L>°(€) is compactly embedded in H?(f2), we can use
Lemma 4.3.1 ([Sim87, Corollary 4]) with r = 2, X = H%(Q),B = L*(Q) and Y = H to

obtain relative compactness in C(0,7T; L>°(2)). Hence we can take a sub-sequence which
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we again rename u® so that
u™ — u strongly in C(0,T; L>(9)).

Since f’(u) is continuous we have that f’(u™ (¢)) converges strongly to f'(u(t)) in C(0, T; L°°(f)).
We now have the appropriate regularity for the approximation, i.e. v € C(H'(Q))N
(H)NL*>(H?()). Consider the Galerkin approximation (4.7) since we have weak con-

vergence of u¥ in L?(H) the left-hand side converges. For convergence of the right-hand

Hl})c
side we separate the linear and non-linear (f’(u)) parts of the first variation. The weak
convergence of ™ in L>°(H?(Q)) gives that the linear part of the first variation converges.
Finally the non-linear part converges by the convergence of f/(u(t)) in C(0,T; L>°(Q)).
Consequently we can pass to the limit in (4.7) and obtain a (u,u;) that satisfies

the initial value problem in the weak sense. The initial condition converges by the strong
convergence of u” in C(H(Q)). O

4.3.2 Regularity

We can now show that trajectories for the SH and PFC equations are continuously differ-
entiable in H?(Q2). In Chapter 5 this is one of the conditions we require for the convergence

of these trajectories to equilibrium.

Lemma 4.3.3. Suppose the initial condition ug for the Swift-Hohenberg equation (Definition
4.2.1) or the PFC equation (Definition 4.2.2) satisfies

ug € HE(Q), for the SH case,

(4.12)
ug € H2(Q), for the PFC case.

Then the weak solutions of the Swift-Hohenberg equation and of the PFC equation are con-
tinuously differentiable in H?(SY), that is, u € u + CI(HE‘#(Q))

Proof. This proof is split into three steps. First we use the Galerkin approximation to show
that u (0) is bounded in H4=X(2). Then we use the Galerkin approximation again to show
u€ HE (H™X(Q)N Wli’COO(H‘l*X(Q)) where x = 0 for the SH case and x = 1 for the PFC

case. Finally we use the result of Lemma 4.3.1 to prove that u € C1(H?(Q)).

Step 1. Recall the Galerkin approximation of Lemma 4.3.2, i.e. (4.7). This can be

rewritten as

(=) %u o) + (A + Du, (A + DY) = 5™, o) — (@)% 0N) v e st
(4.13)

which holds for all time ¢ and in particular ¢ = 0.
We now test (4.13) at t = 0 with o™ = (=A)XTu)Y(0) € HL(Q) , where 0 < j <
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4 — x, to obtain

(SN

I(=2)3 (020
= (6= D{(=2)5 UM (0), (=A)3uff (0) = {(=2)* 2N (0), (—A)u¥ (0)
+2((=2) N (0), (=2) 2 (0)) — (=A)F XN (0))%, (—2) Fu (0))

< 2 [Il=2)F XU O)]1F2 ) + I(=A)2 3 (0)][32 gy
2 (42U O) B2 gy + IV @Y 0) (0] + 5 (-A)Eul Ol

1
<2 {6||UN(O)||%I4+H2><(Q) + ||U’N(0)3||?'—14+J'+2X(Q)} + 5”(‘ )2“t © )||L2(Q

where we use Young’s inequality in the first inequality and that the H**/+2X.norm bounds
the HI+t2x. H2+i+2X_ and H*t/+2X_semi-norms in the final line.

Re-arranging and using that H*T7+2X(Q) is a Banach algebra (see [Ada75, Theorem
5.23]) we have

||(—A)%va(0)”%2(9) < 416]|u™ (0) [ Frarsrax () + [1u™ (0| Frasssax oy | - (4.14)

If u(0) € H*9+2X(Q) then u” (0) — ug € HAH+2X(Q) as N — oo, hence vV (0) is bounded
in H4H2x(Q) and u)¥ (0) is bounded in H7 ().

Step 2. In the Galerkin approximation (4.6) the coefficients in {al¥ } &

*, are smooth func-
tions of t. We can therefore differentiate (4.13) with respect to time and re-arrange to

obtain, for all vV € Sﬁ,

/(fA)*Xung + (A + D2l 4 ulNoNde = / (6 + DuMoY — 3™ )2 ulN vV da.
Q Q
(4.15)
We test (4.15) with vV = (—=A)Pul}, where p > 0, which is clearly in Sﬁ since

Ugs = Ngt, Where n = u — U € S’f,&. Therefore we obtain
1d

2dt
= (04 D {uf’, (=A)7ugy) = 3((=A) upy, uy’ (u™)?).

IVPu -y + 5 37 108 + DVPU [0 + 170 2

(4.16)

Consider the non-linear term

[3((=A) gy u (u™)?)] = 3(VPug, V7 (uf (u™)?))]

veuN 2_
< M +9HVP (va (“N)2>H

- 4

2
Hx(Q)
[ VP ||i{—x(9) 2

I oy oy

HP+X(Q)
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where we use Young’s inequality in the second line and that the HP*X-norm bounds the
HP- and HP™X-semi-norms in the last line.

Choosing p + x < 2 then we have

V7l 2
4
[Py HZ*X(Q)

- 4

(Al ud ()] < +9ul ()’

H2(Q)
2 4
+9||“3&N||H2(Q) H“NHH2(9) (4.17)

where we use that H?(12) is a Banach algebra in the last line.
Substituting (4.17) into (4.16) we have

IVPul vy + 5 37 (1A + DVPu ey + 970l 2|

1d

24t
2

I s

< @+ D, (A ) + —— B g flul

2 4
HHz(Q) HuNHH2(Q)

19y

4 2
= B + (9 H“NHH2(Q) +(0+ 1)2> H“i\,Hm(Q) :

We know that u’¥ € L (H?()) (see Lemma 4.3.2) thus for p + y < 2 there exists
a C' > 0 such that

d 2
1976} 1<y + 35 (108 + DVl Iy + 1P o) < O gy - (418)
Given this inequality we define
en(t) = (A + DVPu ()] 22 () + VP4 (1) Z2(q)-
Since p > 0 we have, from Lemma C.2.3, that
||uiv||%{2(n) < ClH“mﬁrx(Q) + CZHAVPU:{VH%?(Q)
< Cillug [ F-x() + czen(?) (4.19)

where the last line follows from the triangle inequality. We define
pn(t) = ||Uiv||?{—x(n)~
Substituting (4.19) into (4.18) we have
én(t) < Crpn(t) + caen(t).
Therefore by Gronwall’s inequality, and using ¢ (t) € L'(0,00) by Lemma 4.3.2, we have

en(T) < exp(c2T)en(0) + Cs exp(c2T). (4.20)
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Using Lemma 3.1.1 and then (4.20) we have

1
=V (1) 2 < 1A + DV (1) 30y + 97 () 320
< exp(eaT) [[(A + DVPul )|z + 97 (0) 320y | + Cs expleaT)

< exp(esT) 21Vl (0) ey + C]

where we use Lemma 3.1.1 in the final inequality.
Summing p =0 to p = 2 — x we have

¥ (1) sy < 56 — x) expleaT) [ (0) e+ + Cs

where we use that the H* X-norm bounds the H?- H3- and H* X-semi-norms.

From (4.14) we have that u¥ (0) € H*=X(Q) if u™N(0) € H3X(Q), i.e. (4.12). We
have shown that uY € LS (H*~X(Q)) and hence by integration u’¥ € L (H*~X(Q)). Using
this, integration on (4.18) gives uf} € L (H X(Q)). Therefore we have u” is bounded in
HE (H™X(Q)) 0 Wig (HX(Q)).

Since u® is bounded in H2 (H~X(Q))NW > (H*=X(Q)) by taking the limit N — oo,
(HX(9)) N Wig (HAX(Q)).

loc

u € H?

loc

Step 3. Using that H*=X(Q) is compactly embedded in H=X(Q) and H?(Q) is embedded
in H7X(Q2) and embeds H*X(Q2) we can use Lemma 4.3.1 ([Sim87, Corollary 4]) with
r=2X = H*X(Q),B = H>(Q) and Y = H X(f) to obtain relative compactness in

C(0,T; H?(2)). Hence we can take a sub-sequence which we again rename u” so that
u™ — u strongly in C(0,T; H*(Q)).

Also we can take a subsequence ul so that
u — u; strongly in C(0,T; H*(Q))

so that we have u € C*(0,T; H?()). O

Remark 4.3.3. It may be possible to remove the assumption (4.12) using the smoothing
property of the PFC and SH equations. For the sake of simplicity we did not pursue this

option.

4.3.3 Uniqueness

Finally, we show that the solutions of the L?- and the H '-gradient flows starting from

given initial data are unique.

Lemma 4.3.4. The solution u of the gradient flows defined in Definitions 4.2.1 and 4.2.2

are unique for given initial conditions ug(x) € H2(S2).
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Proof. Assume there exist two solutions u1,us that satisfy the weak form (4.1) with
ui(x,0) = ug(z) = uz(z,0).

We define the difference as

U= Uy — Us.

Then clearly @(z,0) = 0. Inserting u; and us into the weak form (4.1) and subtracting one

from the other we have
(U, v) i = =((A + 1)@, (A + 1)v) + 6(a, v) — (uf — u3,v)
for all v € HZ(Q). Testing with v = a(t) € HZ(Q) we obtain

1d, . . - _
5 gl < ollalZe) — A + Dillfzq) — (ui - u3, @). (4.21)
We can see that the cross-term is positive i.e.,

(uf —u3, @) = ((u] +uiuz + u3) (w1 — up), @)

1 _
St +ud + (u +w2)?] @)
> 0.
We can thus discard the cross-term from (4.21) to obtain
1d, . <112 <112
3 g 1UllE < dllalza o) = I(A + Dallzsq)- (4.22)
Consider the L2-norm
<112 ~9 Lo | p——
all 720 = QU dr < §||u||H*1(Q) + §||VU||L2(Q)-
Using (3.2) with € = 1 we have
-y Lo 32 1 2
lallz2(q) < §||UHH*1(Q) + ZHUHLQ(Q) + ZHAU + ullz2(q)-
Re-arranging we have
@172y — 1AT + @l|72(q) < 2”{“@1—1(9)- (4.23)

Hence we can bound the right-hand side of (4.22) by the H~!- or L?-norm depending on
H. Therefore we can write d
Ly <2cqaf,
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where the constant C' is defined

d, for the Swift-Hohenberg equation,
2, for the PFC equation.

Applying Gronwall’s lemma, recalling from Lemmas 4.3.3 that u € C1(0,T; H?(Q2)), yields
the result. 0

4.4 H’-gradient Flow

Using Picard’s theorem, Theorem 4.3.1, we can show that the solution of the H2-gradient
flow equation, Definition 4.2.4, is continuous. We use Picard’s theorem for the H2-gradient
flow as it is much simpler than the Galerkin method of Lemma 4.3.2 and gives the additional

regularity required for Chapter 5.

Lemma 4.4.1. For each ug € H*(Q). There exists a unique u € C*(H?*(Q)) that satisfies
Definition 4.2.4.

Proof. Recall that we have chosen u € H2()) therefore n = u — @ € H;(Q) and we can

rewrite Definition 4.2.4 as
(e, v)a = —0F[u + n,v], VUEH;(Q).

Since, from Lemma 4.2.1, the A-norm is equivalent to the H%-norm we can use the A-inner
product to define an operator G : Hi(Q) — Hi (),

(AGn),v) = =0 F[u + n,v] Yo € Hi(Q) (4.24)

From Lemma 3.1.4 6F[a+n] € H~2(Q2), hence the variational problem (4.24) is well-posed.
That is, for each 7 € HZ () the variational problem (4.24) defines a G[n] € HZ(9Q).

Since, from Lemma 3.1.4, F € C*(H?(f2)) in the sense of Fréchet we immediately
have that G is locally bounded and locally Lipschitz. Therefore we can use Picard’s theorem,
Theorem 4.3.1, to obtain a T > 0 and a 1 € C*(0,T; HZ(R)) such that 5, = G[n] and 7 is
the unique solution on this interval.

Since we have chosen ug in H%(€)) then we can define the set
S:={ve HL()|Fv+u] < Flug]}.
Since F is decreasing along our trajectory we have that

{n(t)} € 5.

Since F € C*(H?(2)) we have that G : S — Hi(ﬂ) is Lipschitz and bounded where the
bounds depend on ug.
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Recall Theorem 4.3.1 since we know that for vy € S, L and K depend only on wug
therefore for all vy € S we can choose the same ¢ > 0. Let T be maximal. For T" maximal
we consider the solution at time T' — ¢/2, i.e. vg = (T — ¢/2). By Theorem 4.3.1 we have
that the solution wu exists in the interval [T'— 3¢/2, T + ¢/2] in particular the solution exists
at T + ¢/2 > T which contradicts the assumption that T is maximal. Therefore there is no

maximal ¢, i.e. we have global existence of u. O

4.5 Conclusion

In this chapter we discuss several methods to find the minimiser of the PFC functional by
finding the solution to the associated Euler-Lagrange equation. The technique chosen in this
thesis to compute the solution to the Euler-Lagrange equation is the gradient flow technique.
Other minimisation techniques can be seen in [NWO06], we also show a trust region method
in Appendix E. We introduce three gradient flows in the norms H~', L? and H?. We then
prove existence, uniqueness and regularity results for the solutions to each of these gradient

flows.
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Chapter 5

Convergence to Equilibrium

In this chapter we obtain rates of convergence to equilibrium for the solution of the gra-
dient flows introduced in the previous chapter. The technique we employ is based on the
Lojasiewicz gradient inequality. This method is used for the modified phase-field crystal
equation in [GW14]. Similarly to [GW14] we split our proof into two steps: first we prove
the Lojasiewicz inequality, second we prove that the trajectory of our gradient flow is com-
pact (here, we use a different method to [GW14]).

We will show in Section 5.2 that the PFC functional (3.1) satisfies the Lojasiewicz
gradient inequality:
Theorem 5.0.1. The PFC functional (3.1) satisfies the Lojasiewicz inequality. That is,
for every p € H2(Q) such that F[p,v] = 0 for all v € Hi(Q), there exist constants
NS (O, %] ,¢ >0 and o > 0 such that, for alln € HZ(QY), with |n — ¢||m2) < o,

ISF M| -2y > €| Fln] — Fle]|* 0.

The constant 0 is called a Lojasiewicz exponent.
We now state the convergence theorem which is the main result of this chapter.

Theorem 5.0.2. Let u be a trajectory that satisfies Definition 4.2.1, Definition 4.2.2 or
Definition 4.2.4 with ug € HZ(QY) where s = 8,9 or 4 respectively. Then there exists ¢ €
HZ(2) such that 6F[p,v] =0 for allv € HZ(Q) and

Jm {lu(t) = ¢l a2(9) = 0.
Moreover, let 8 be any Lojasiewicz exponent of the PFC functional F at ¢. Then we have

Ce B for some 8> 0 if § =
Ct Tm if 0< <L

1
[u(t) = ¢llm < ?

where C > 0 and the H-norm is defined by the spaces H given in (4.4).
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5.1 Abstract Convergence Theory

In this section we review an abstract convergence theorem which we employ in the proof of
Theorem 5.0.2. First we take two Hilbert spaces V and H such that

VCcCH=H*"CV*®

where the embeddings are continuous and dense. In our case, we take V = H i (see Definition
C.1.2) and H is determined by (4.4).

The principle results we use are [HJ15, Theorem 11.3.1] and [CF10, Theorem 12.2]
for the case V. = H. We recall a version of these theorems here for convenience. Let
& € CHV,R), we define 6€[n] by d&[u,v] = (6€[u],v). Using the notation of Remark 4.2.5

we have the following result.

Theorem 5.1.1 ([HJ15, Theorem 11.3.1] and [CF10, Theorem 12.2] for the case V = H).
Let n € CY(V) be a solution of the gradient system

ne + VHS[U] =0.

Assume that

i) Uis1{n(t)} is compact in V;
ii) € satisfies the Lojasiewicz inequality near every point ¢ € V.,V y&[p] = 0, that is
there exist 6 € (0,1],0 >0 and C > 0 such that for every v € V with |[v— ||y < o one has

[E[v] = El@]l'™° < Ol v~
Then lim;_, ||7(t) — ¢|lv = 0. Moreover,

Cace™" for some ¢ >0, if 0 = 3,

In(t) — gl < 4 €, o eomee
Cot™ 120 Zf96(07§),

where Cye, Coy > 0.

We consider the functional £ : Hi (©2) = R defined by
En = Fln + al. (5.1)
Then the problem (P) (see page 37) can be written as

min &[n].
ﬁEH;‘;(Q) [77}

If we let u =u+n where ) € H;&(Q), then 7 = u;. Therefore the weak gradient flow (4.1)

can be written in abstract form as
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n+ Vu&n =0.

If £ and 7 satisfy the assumptions of Theorem 5.1.1 we can use this theorem to prove
Theorem 5.0.2. Therefore we now have to prove four assumptions: two on the energy; £ €
Cl(Hi(Q),R) and the Lojasiewicz inequality, and two on the trajectory; n € Cl(Hi(Q))
and [J,5,{n(t)} is compact in HZ ().

The requirement that £[n] € C*'(HZ(Q),R) is established in Lemma 3.1.4.

Regularity of 7 follows from that of u. We have already proved that v € u +
Cl(Hi(Q)) for the H2-gradient flow in Lemma 4.4.1 and for the PFC- and SH-gradient
flows in Lemma 4.3.3.

Therefore we have two assumptions to check before we can use Theorem 5.1.1. These
are that the translated PFC functional (5.1) satisfies the Lojasiewicz inequality and that
Uis1{n(t)} is relatively compact in H;& (). We first prove the Lojasiewicz inequality for £
in Section 5.2. We then prove the compactness of the trajectories n in Section 5.3.

5.2 The Lojasiewicsz Gradient Inequality

We wish to prove that the translated PFC functional (5.1) satisfies the Lojasiewicz inequal-
ity, Theorem 5.0.1. This is also shown in [GW14, Lemma 6.1]; however we lay out the
argument in more detail. We first give a version of [HJ15, Theorem 11.2.7] which gives
general conditions under which the Lojasiewicz gradient inequality holds. We then show
that in the specific case of the translated PFC functional (5.1) these conditions are satisfied.

To facilitate the rest of this section we recall the definition of the Lojasiewicz gradient
inequality (see [Sim83, Theorem 3] and also [HJ15, Definition 11.0.3]).

Definition 5.2.1 (The Lojasiewicz gradient inequality). We say that the functional & €
CY(V,R) satisfies the Lojasiewicz gradient inequality near some o € V, if there exist con-
stants 6 € (0,%] ,¢ > 0 and 0 > 0 such that, for alln € V with |n — ¢l|v < o,

16&0]llv+ > cloln] — Eole]| . (5.2)

In order to prove the Lojasiewicz gradient inequality we will need the second varia-
tion to be a semi-Fredholm operator. Therefore we recall the relevant definition. Let E, F'
be two Banach spaces and B : E — F be a linear operator. We denote by N(B) and R(B)

the null space and the range of B, respectively.

Definition 5.2.2 ([HJ15, Definition 2.2.1]). A bounded linear operator B € L(E, F) is said
to be semi-Fredholm if

e N(B) is finite dimensional, and

e R(B) is closed.
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We then say B € SF(E, F).
We also define a Banach-space analogue of analyticity.

Definition 5.2.3 ([HJ15, Definition 2.3.1)). Let X,Y be two real Banach spaces and a € X .
Let U be an open neighbourhood of a in X. A map f:U —'Y is called analytic at a if there
exists 1 > 0 and a sequence of n-linear continuous symmetric maps (Mp)nen fulfilling the

following conditions:

® > en IMalle, (xv)r™ < oo
where [|[My| 2, x,v) = sup{||Mn(z1, .., zn) ||y, sup; [z x <1},

e B(a,r)C U,

o Vh e B(0,r), fa+h) = f(a)+ 3,5, Myn(h™) where k™ = (h, .., h).
= N—_——

n times

If & is analytic and & € C'(V,R) then we can see from [HJ15, Proposition 2.3.4]
that 6& : V — V* is analytic as well.

We can then obtain the Lojasiewicz inequality needed for convergence (see Theorem
5.1.1) from the following abstract theorem. For any & € C?(V,R) and fixed 1y € H?(f2)
such that 6&y[ne] = 0 this theorem follows directly from [HJ15, Theorem 11.2.7] by applying
the result of that theorem to Glv] = Ey[v + 1] — Eo[no)-

Theorem 5.2.1. Let & € C2(V,R) and let g € V. Assume that A = §2Ey[no] is a semi-
Fredholm operator and that N := kerA C Z and Z C H where this embedding is continuous
and dense. Let the operator L be defined by L = II + A where T1 : V. — kerA is the
H-orthogonal-projection. We define the space W = L™1(Z).

Assume that:

e (H2) & : U — R is analytic in the sense of Definition 5.2.83 where U C W is an
open neighbourhood of ng, such that 6Ey(U) C Z.

Then there exist 0 € (O7 %] , 0 >0 and ¢ > 0 such that, for alln €V,

v > cl&ln) — Eono] "7

In = mollv <o =6&[n]|

In order to prove that §2&,[no] is a semi-Fredholm operator for a specific £, we recall
two abstract theorems of [HJ15] which state properties that a bounded operator satisfies if

it is a semi-Fredholm operator.

Theorem 5.2.2 ( [HJ15, Theorem 2.2.3]). Let E, F be two Banach spaces. Let B € L(E, F)
and assume that N(B) is finite dimensional. Then we have B € SF(E, F) if and only if

3p > 0, Yu€ X ||Bullr > plluls,

where X is a closed subset of E such that E = N(B) ® X.

62



5.2, LOJASIEWICSZ INEQUALICTHAPTER 5. CONVERGENCE TO EQUILIBRIUM

Theorem 5.2.3 ([HJ15, Theorem 2.2.5]). Let E, F' be two Banach spaces. Let B € SF(E, F)
and let G € L(E, F) be a compact operator, then B + G € SF(E, F).

We now consider the specific case of the shifted PFC functional (5.1). To obtain the
Lojasiewicz gradient inequality in this case, using Theorem 5.2.1, we have two hypotheses
to check: that 62€[n] is a semi-Fredholm operator for all n € H;E (©) and that £ and 0 are
analytic. Clearly these hypotheses follow from the equivalent hypotheses on F, i.e., that
82 Fl[u + n] is a semi-Fredholm operator and that F and §.F are analytic.

Recalling the abstract Theorems 5.2.2 and 5.2.3 we are able to prove that 62F[u] is

a semi-Fredholm operator for any u € H2,.(9).

Lemma 5.2.1. For allu € H2,. (), 62F[u] € SF(H2,.(Q), H;2(Q)).

per per s +4per

Proof. Recall the second variation (3.10), the associated operator can be written as
82 F[u) = Ay — (0 + DT + 3u?1, (5.3)

where
Ay = (A+ D) +1 (5.4)

is an isomosphism from HZ. (Q) to H,2(Q). Hence the conditions of Theorem 5.2.2 are
satisfied and the operator A7 is semi-Fredholm.

Following the splitting (5.3) we define
p(z) = 3u(z)® — (6 +1).

If u € H2,.(Q) then u € L*(Q) and therefore p € L>®(Q). We define Gv := pv for all

per
v € H2,(Q). Since p € L(Q), G : H2,(2) — L2.,(2) is bounded ( G : HZ2,(Q) — L2, (%)

p per per per
as [Gvllr2) < [Pl @)llvllzzi@) < IPllL<@llvllaz (o)) and since L3..(Q) cC H 2 (9), it
follows that G is compact.

We have by the splitting (5.3) that 62F[u] = A; + G. Since G is compact and A; €
SF(H2.,.(Q), H;2(Q)) by Theorem 5.2.3 we have 62F[u] € SF(H2,,(Q), H;2(Q)). O

per y 4 per per s Hper

We now prove that the PFC functional is analytic.
Lemma 5.2.2. The PFC functional (3.1) is analytic at every point n € H?(2).

Proof. Recall the PFC functional difference (3.11),

1 0
Fla+h] = Fla] = (Aa+a, Ah+ ) = 6a, h) + (0%, h) + S [|AD + b7z () = 5171720

3 1
+ §||ahH%2(Q) + (a,h®) + Z|\h||%4(sz)~
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Then by comparison with Definition 5.2.3, we have

M, (z1, .y Zp , Vn > 4.

These are exactly the same, up to multiplicative constants, as the variations of F given
in Lemma 3.1.4. Since in this lemma we show that these variations are all bounded if

x1,T2,73, 74 € H?(Q), we now have that F is analytic. O

Since we are considering the translated PFC functional (5.1) we consider the case
where V' = Hi(ﬂ) and thus we have 1y € Hi(Q) We can show that for —2 < k£ < 2
82EMmo] « Hi(Q) — HE(Q)

Lemma 5.2.3. For —2 < k <2, §2&[no] : H§£+4(Q) — HQ(Q) is bounded.
Proof. The k = —2 case follows from the definition of §2&[no].
From Lemma 3.1.4 we have
3*E[no] = (A+1)% = 6+ 3(no +1)*.

For all v € H**4(Q) we have

[62E Mmool zx 0y = 1A%0 4+ 240 + (1 = 8)v + 3(10 + @)*v]| e ()
< 1A% (o) + 20| Avll e ) + [0l e 0) + 3l (10 + @)l e (o)
< Aol gasr oy + 311 (no + @) 0] g2
< Aol gatr o) + 3||no + 73”?112(9)||U||H2(Q)
< (4+3llmo + =y ) 0l co)
where we use that the H*"*-norm bounds the H*-, H?T*- and H*"*-semi-norms in the

third and final lines and that H?((2) is a Banach algebra (see [Pelll, Appendix B.1]) in the
fourth line. m

By comparison with Theorem 5.2.1, for —2 < k < 2 we define L : H;le(ﬂ) —
H;(Q) We can find a stricter embedding for ker(62€[no)).

Lemma 5.2.4. Let no € HZ () then ker(6*E[no]) € HYL(Q).

Proof. By definition, z €ker(§2&[no]) if
82&[nolz = 0. (5.5)
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From the definition of (3.10) we know that z € HZ(£2). The weak form of (5.5) is
(62E[nolz, ) = 0 Vo € HZ(Q)
using (3.10) we can re-arrange to obtain
(Az, Ap) = —2(Az,¢) + (6 — 1){z,9) — 3((m0 + 1)z, ).
This is clearly an equation of the form (3.14) with n = 2z and
f=-20z+ (6 — 1)z —3(no + a)’z.

Clearly since z € HZ(Q) then Az € L% (). We also know that 79 € HZ() and hence
no + 4 € H2,(Q) therefore 3(ny + u)%2 € H2,(Q) since H2.. () is a Banach algebra.

per per per
Therefore we have f € L2,.(2).

Using Lemma 3.3.2 we therefore obtain that z € Hy(Q). Since z € Hy(Q), Az €
Hi (Q) and therefore f € HZ2,.(€2). Hence we can use Lemma 3.3.2 again to obtain that

z € H%(Q). O

Since HY(Q) C HZ(Q) then kerd*E[no] C HZ(Q). Also since in (4.4) we choose
Hi(ﬂ) C H, for an analogy of Theorem 5.2.1 we need Z = Hi(ﬂ) From the definition
of £ (see Theorem 5.2.1) we have, for —2 < k <2, £~ H;;(Q) — H§+4(Q) hence W =
L7Y(Z) = H5(Q). From the method of Lemma 3.3.3, if u € H*(2) then 6€[u] € H"*(Q).
Therefore, 6&[no] C HZ () for all 5o € HY ().

We are now in a position to use Theorem 5.2.1 with € =& , V = Z = Hi(ﬂ)
and W = H%(Q) Since Theorem 5.2.1 holds for all 7y € H;&(Q) such that 6&[no] = 0 we
choose 19 = wug such that §&ug] = 0. Then we use Theorem 5.2.1 to prove the Lojasiewicz

inequality in Hi(Q)

Theorem 5.2.4. The translated PFC functional (5.1) satisfies the Lojasiewicz inequality
(5.2). That is, near any ug € HZ(Q) such that 6Eug] = 0, there ewist constants 6 €
(0,3],¢=>0 and o > 0 such that, for alln € HZ(Q) with ||n — u0||H;i(Q) <o,

OET N -2y = cl€ln] — Eluo] =",

Proof. From Lemma 5.2.1, picking u = ug + @ we have that 62 F[ug + @] is a semi-Fredholm
operator. From Lemma 5.2.2 and [HJ15, Proposition 2.3.4] we see that £ and §€ are analytic.
Hence the conditions of Theorem 5.2.1 are fulfilled and we have that the translated PFC
functional (5.1) obeys a Lojasiewicz gradient inequality on Hi (Q) at ug, i.e. Theorem 5.2.4.

O
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5.3 Compactness

Having established the Lojasiewicz inequality, the remaining condition in Theorem 5.1.1 is
compactness of trajectories in H?(€2). We use a different argument here from the one in
[GW14] as we want to avoid the more involved method of attractors that is necessary to
deal with the uy-term in the MPFC equation, see [GW14, Section 5]. Furthermore, we also
require a different method to prove compactness for the H2-gradient flow.

To prove that the trajectory n is compact, we first prove that wu; is bounded for
t > 1, in an appropriate space. We then rearrange the gradient-flow equation (5.6) to show
that boundedness of u; implies u € L>([1,00); H*(Q)). The compact embedding of H*(Q)
in H2(Q) gives that the trajectory is compact in H2(£2). We use a separate lemma to prove
u € L®(H*(Q)) for the H?-gradient flow.

We take €[] = Flu +n] € C'(HL(Q),R) then we have the abstract evolution
equation

n(t) + Vu&n(t)] =0, vt > 0. (5.6)

We use a positive operator H which is defined as

for the SH case,
H= (—=A)~1,  for the PFC case,

for the H2-gradient flow case.
Hence we can rewrite (5.6) in weak form, using v = n + @, as
(Huy(t),v) + (6F[u(t)],v) =0, Yo € Hi(Q) (5.7)

As the first stage of proving compactness we show that u; is bounded for all ¢ > 1.

Lemma 5.3.1. For the solutions of the weak partial differential equations Definition 4.2.1,
4.2.2 and 4.2.4 uy is bounded for all t > 1. That is,

up € L*([1, 00); i Q) for the Swift-Hohenberg case,
up € L([1,00); Hq;l(Q)) for the PFC case, (5.8)
up € L([1,00); Hi(Q)) for the H*-gradient flow case.

Proof. We use a Galerkin method and split this proof into two steps. We first prove that for
each interval [j, j 4+ 1] there exists a t;v € [4,7 + 1] such that ||H%’U,I{V(t;v)”];2(gz is uniformly
bounded for all N and j. We then prove that for ¢ — ¢} < 2 we can bound ||Hzuy(t)||z2(q)
by ||ﬁ%Ut(t§y)||L2(Q). This allows us to show that ‘I.H%Ut(t)||L2(S2) is bounded for all ¢ > 1.

Step 1. We prove that for the interval [j, 7 + 1] there exists a t;v € [4,7 + 1] such that
Hﬁ%uiv(tév)”LQ(Q) is bounded uniformly in N and j.
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From (4.9) we obtain

/0°°||qut<>||m ds < Flu¥(0)] = inf Flu () < C

where C' > 0 and is independent of N, since F is bounded below (see Lemma 3.1.2). By

splitting the integral into partitions of size 1 we obtain the following bound
T N 2 5
[ I 6 s < . (5.9)

It follows from (5.9) that for every interval [j, j 4+ 1] there exists a tév such that

sup || 3 () 20 < € (5.10)
5]

Step 2. Recall the Galerkin approximation (4.6) and (4.15) from Lemma 4.3.3. From this

we test with v = u)¥ to obtain

2 2
2dtHHWt ||L2(Q) + H (A+Tu ||L2(Q +3||u1]5qu||L2(Q) < 5||uiv||L2(Q)'

Therefore we have

S 30y < 2 [ (5.11)

which follows immediately for the L?- and H?-flows since § < 2. For the H'- gradient flow

we recall (4.23), replacing @ with 4"V and recalling that § < 1 we have

2
1™ gy = 1A+ D[y < 2l gy -

Hence (5.11) follows for the H~'-norm as well.
From the inequality (5.11), for any to < ¢, we integrate from ¢y to ¢ to obtain a

bound on ul¥, using Grénwall’s inequality,
1B ul (8)]72() < C1exp|Calt — to) | H 2up) (t0) 132 0 (5.12)

for constant Cy,Csy > 0.
For any t > 1 there exists j € N such that ¢t € [j + 1,7 + 2], from (5.10) we know
that there exists ¢t € [4,j + 1] so that

. 5
sup IHZu (87|72 < C.

Hence recalling the relation between the u¥-norm at ¢ and the uN-norm at ¢y (5.12)
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and (5.10) if we choose to = tévthen we have

13 ()| 22y < \/CrexplCa(t — 2)VE,

§ \/ Clé exp[202]7

where the second line follows from the fact that ¢ — té—v < 2.

Therefore we have that u? is bounded, i.e., there exists a C > 0 such that
L R
IH=zu (1) 20 < C.

Since this result holds independent of N we take the limit N — oo and we obtain
the stated result. O

We can now prove the compactness of the trajectories. In all cases we will show that
u € L>®([1,00); H2(€)) and then use the compact embedding of H*(2) in H2(12). Since both
the PFC and SH equations have a smoothing property we can prove compactness for both
using a similar method. The smoothing property gives us the required increase in regularity
needed for compactness. However, the H2-gradient flow does not have a smoothing property

and hence we need a different proof. We first prove compactness for the SH and PFC cases.

Lemma 5.3.2. For the SH and PFC equations 1 = u —u € L>([1,00); Hy(Q)) and in
particular \J,5,{n(t)} is compact in H%E(Q)

Proof. We recall (5.7), which can be written as
(Hug, v) + (Au, Av) + 2(Au, v) + (u,v) — §{u,v) + (u3,v) = 0, Yo € Hi(Q),

or, equivalently,
(Au, Av)y = (f,v), Vo € H () (5.13)

where
f=—20Au—(1-08u—u—(—A) Xy,

(this is an equality in L?(Q) since u € C*(H?(£2))) and x = 0,1 for the SH and PFC cases
respectively.
We have u € L®(H?2,(Q)) and hence Au € L®(L2_.(2)) and u3 € L>®(H2,.(Q))

per per per
since H,,(Q) is a Banach algebra. From (5.8) we have u; € L>([1,00); L% (€2)) for the SH
case (x = 0). For the PFC case (x = 1) we have u; € Lw([l,oo);Hgl(Q)) and by the
embedding H?;l(Q) C H#Q(Q), (—A) Xy, € L*®([1,00); L3()). Therefore we have shown
that f € L>([1,00); L*(Q)).
We now use Lemma 3.3.2 to obtain u — a € L>([1,00); Hy(£2)).
By the compact embedding of H*(Q) in H?(Q2), u is pre-compact in H?(f2) and thus
since the space is closed u(t) is compact in H?(2) for ¢t > 1 and hence 7(t) is compact in
H2(Q) for t > 1. O
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Remark 5.3.1. Since for the PFC case we already have u € L*®([1,00); H2(Q)) we can
differentiate (5.13) to obtain an equation of the form (3.14) with f = —2(—A)3u — (1 —

1

§)(—A)zu — (—A)2(ud) — (—A)"2u,. Since H2,,(Q) is a Banach algebra and thus u® €

per

H2..(). Therefore since u € H3(Q) and from the strong form of (5.7) w is periodic, finally
from (5.8) we have uy € Loo([l,oo);H?;I(Q)) then f € L>®([1,00); L2..(2)). Choosing n =
(~A) u € L([1, 00 HA(9)) and f € L ([1,00); L2y () we have 5 € L ([1,00); H(5)
and thus we even obtain u — @ € L>([1, 00); H;(Q))

We can also prove for the H2-gradient flow equation, Definition 4.2.4, that the
trajectory is bounded in H*(2). The technique used in this case is different from the
method used in the SH and PFC cases, Lemma 5.3.2, since in this case the differential

equation no longer has a smoothing property.

Lemma 5.3.3. Assume that ug € H2(Y) then for n = u — @ where u is the trajectory for
the H?-gradient flow equation, n € L>(H(Q)) and in particular Uss1{n(®)} is compact

Proof. For simplicity, without loss of generality, we take v = 1. We can then rewrite
Definition 4.2.4 as

((A+1)? + Tug + (A + 1)* + Tu,v) = (0 + Du — u?,v) Vo€ Hy(Q). (5.14)

We use the Galerkin approximation (4.6).
Testing the Galerkin approximation of (5.14) with A;n™ = A;(u’¥ — ) € Hi(Q)
we obtain

(Ajul + Ay, ANy = <((5 +1)u — (uN)3 ,AlnN> .

Since A;nN € Hi(Q) we have
(Al + A, Ag™) = (Y, Ain™) (5.15)

where
N =E+1u - (uN)g.
Using Young’s inequality on (5.15) we have

1d

2 2 1 2 1 2
9 dt ||A1”N||L2(Q) + HA177N||L2(Q) < ) ||fN||L2(Q) T3 ||A177NHL2(Q) ’
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which rearranges as

d 2 2 2
at HAlnNHLz(Q) + HAlnNHLZ(Q) = HfNHL2(Q)
2
< [1F¥ 2 e
3 2
< (@40l sgay + 1™ i)
< COv
where we have used that H?(Q) is a Banach algebra in the third line and we have used that
[u™] tr2(q) is bounded uniformly in ¢ and N, which follows by taking the N — oo limit of

(4.10), in the final line.
Applying Gronwall’s inequality we obtain

HAWNH;(Q) < ||A1’7N(O)H2Lz(n) + Co. (5.16)
We can bound the right-hand norm by

HAWN(O)HB(Q) = HA277N<O)HL2(Q) +2 HAnN(O)HM(Q) +2 HWN(O)HLZ(Q)

<2|nN (5.17)

O 710 -
From the assumption ny = vy —u € H;i (©) we can use (5.17) and take the limit N — oo in
(5.16) to obtain that for all ¢ > 0 there exists a C' > 0 such that

A ()]l 20y < C. (5.18)

We can also find a bound for the H*-norm of n

190373y < Ca (1A + 10l + 32
2
< Cu (I8 + D20l gy + 218 + Doy + oy
= C4||A177||%2(Q) (5.19)
where the first inequality follows from Lemma C.2.4.
Therefore from (5.18) and (5.19) we have n € H (). Since 7 is bounded in H(9),

by the compact embedding of HZ(Q) in HZ (), the union of 7 is pre-compact in HZ ()
and thus since the space is closed (J;~,{n(?)} is compact in Hiﬁ (Q). O

Remark 5.3.2. If we use the test function v = A APpN for 0 < p < 2 in (5.15) we can
prove n € HYP(Q) if we choose ug € H*P(Q).
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5.4 Conclusion

In this chapter we have demonstrated that the trajectories produced by the L?-, H~!- and

H?2_gradient flows introduced in the previous chapter converge to critical points.
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Chapter 6

Semi-Discretisation of H?-Flow

We wish to discretise the gradient flow given by Definition 4.2.4 in both space and time so
that we can implement a computational scheme for the minimisation problem (P) (page
37). We first discretise in time. Space discretisation is undertaken in Chapter 8. After
introducing a time-discrete formulation of the H?2-gradient flow equation we give the con-
ditions under which this algorithm is stable and converges a critical point. The method we

formulate is a variable-metric steepest descent algorithm, see [NW06, Equation (3.2)].

6.1 Steepest Descent-Type Algorithm

6.1.1 Forward Euler Method

A simple method for discretising partial differential equations is the forward Euler method.
In this case we approximate u; as vp, = (Upt1 — Up) /7, where 7, > 0. The discretisation of

the gradient flow equation (4.1) using the forward Euler method is

<un+1Tu",w> = <—(A+I)2un—|—6un—(un)g,w> Yw EH;&(Q) (6.1)
n H

where, on the left hand side, we use the L?-, H~1- and A-inner-products for the SH, PFC
and H?2-gradient flow cases respectively. In this case, in the notation of Remark 4.2.5, this
scheme can be seen to be a steepest descent algorithm of the form discussed in [NWO06,
Section 2.2].

The forward Euler method means that the wu,i-term is only included in the H-
inner product on the left-hand side. This means that u,y; is no longer confined to the
space H2(Q) but is in the space H~272X(Q), x = 0 for the SH case, x = 1 for the PFC case
and y = —2 for the H2-gradient flow case. In the H?-gradient flow case the H-inner-product
is equivalent to the H2-inner-product so we have no problem; however, in the SH and PFC
cases the H-inner product is not equivalent to the H2-inner product so the forward Euler
method is ill-defined. That is, in the case of the forward Euler discretisation of the Swift-
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Hohenberg and PFC equations, even for an initial condition ug € HZ(Q), u, is no longer
in a subset of H2(Q) and hence we no longer have iterates for which the PFC functional is
bounded.

It can also be seen that, for the PFC and SH equations, the associated strong
equation is very stiff. We can use the same argument as [EW13]. An analogue of the
Courant-Friedrichs-Lewy condition, using a finite difference approximation of the Laplacian,
gives restrictive conditions on the time step in relation to the grid size (e.g. for the PFC
equation the time step is restricted by the sixth power of the grid size). For the remainder

of the chapter we investigate a variant of the forward Euler discretisation of the H2-flow.

6.1.2 Adaptive Forward Euler/ Line Search Method

In this chapter, rather than using a constant v as in the previous chapters, we use an adaptive
~ that changes at each time-step. Recall that the aim of this thesis is to formulate algorithms
to minimise the PFC functional (3.1), i.e. to solve problem (P) (page 37). Changing ~ at
each time-step means that our method is no longer a discretisation of Definition 4.2.4, but we
are able to show, in Figure 8.3, that an adaptive v method is significantly faster than a fixed
~ method. The results of this chapter only require that « is bounded, hence these results
also apply to the case where v is fixed. Therefore we could just use a direct discretisation
of Definition 4.2.4 (e.g. (6.1)) but such a method would take longer to reach a solution to
(P)(page 37).
Given u,, we now define the discrete A -norm and the adaptive constant .

Definition 6.1.1 (The A"™-norm). For u, € L>®(Q) we define the A" -norm by

1% = ||A77+77H%2(Q) +7n||77||i2(9)a

where
Y = max (’ymin, 3@ — 5) . (6.2)

The choice of v, is motivated by the form of the second variation (3.10). In Chapter
9 we show that in the pre-asymptotic regime, using a variable 7, leads to a significant
numerical improvement, when compared to using an appropriately chosen constant v (see
Figure 9.6). If, however, we are in the asymptotic regime then the effect of a variable ~ is
less pronounced (see Figure 9.4).

By analogy with (6.1), we can now define a variable metric steepest descent iteration

<“"+1_“"w> = —0F [un,w], Vw € HA(Q) (6.3)
A(n)

Tn

where (-,-) 4m is the inner product associated with the A -norm, Definition 6.1.1. For
future reference we define v, := (up+1 — Un)/7Tn. We note that this method is essentially a
method of the form of [NW06, Equation (3.2)].
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We now prove that the A™)-norm is an equivalent norm to the H2-norm and there-
fore that (6.3) is well-defined.

Lemma 6.1.1. For u, € H*(Q) the A™ -norm is equivalent to the Ai-norm, Definition
3.1.2, (and hence to the H2-n0rm). More precisely, Héb76~'u > 0 that depend on Ymin and
on ||ty e (q), such that for all v e H*(Q),

Collvll, < vl < Cullvl,-

In particular, (6.3) is well-posed.

Proof. Recalling that the A-norm, Definition 4.2.3, is equivalent to the H2-norm (Lemma
4.2.1), therefore all we require is that -, is bounded.
We can show that for all C; > 0 there exists a C' = C(C}) such that v, < C in

{llullpe@) < C1 } -
Recall the definition of ~, (6.2) for this to be bounded we need to bound 3u2.
Clearly

— 1
@ / 024z < [funlZ ),

therefore

V| < max(Ymin, 3C7 — ) =: C. O

6.1.3 Algorithm

We briefly describe the algorithm used for finding the sequence {uy, }nen generated by (6.3).
This algorithm is similar to [NWO06, Algorithm 11.4]. Recall that § and @ are fixed model

parameters.

Algorithm 6.1.1.

(0) INPUT  wo, Tmax < 2,Ymin > 0,0 <0 < 1/2

(1) FOR n=0,1,2,...

() = max (umin 302~ 6) T = Tinax

(3) SOLVE (v, w) gy = —6F [tin, w] for all w € HL(R)
(4) WHILE  Flu, + 7pv5] > Flun] — O [|6F [un] I gcnry-
(5) Tn  Tn/2

(6) Un41 = Up + TnUp
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The condition for energy reduction such that the while condition of step (4) is satis-
fied is known as the Armijo condition. Steps (4) and (5) are equivalent to the backtracking
line search of [NWO06, Algorithm 3.1].

In the numerical implementation of Chapter 8 we will use a more refined method
in step (5). In particular we will use a cubic interpolation to find 7,, and we will use 7,, to
formulate our initial guess for 7,41 in step (2).

We now state a theorem that gives us the rate of convergence of a sequence defined
through Algorithm 6.1.1. This theorem is the main result of this chapter and the rest of the
chapter will be dedicated to proving it.

Theorem 6.1.1. Let ug € H2(Q) then we have
(a) Algorithm 6.1.1 is well-defined. That is, it produces a sequence {uy, yneny C H2(Q).

(b) There exists 6 € (0,5] and @ € HZ(Q) such that §F[u] =0 and

||un — ﬂ||H2(Q) < C : 0
n_ 1-26 0 <

N[— N

where C >0 and v € (0,1).

6.2 Energy Stability and Convergence of Residual

We want to show that Algorithm 6.1.1 produces a sequence u,, that converges to a critical
point of the PFC functional. First we need to show that for, a given n and w,,, the while
loop starting at line (4) terminates. This means that for small enough 7,, we want to show
that the Armijo condition of line (4) is fulfilled.

We therefore seek bounds for the energy difference.

Proposition 6.2.1. Let u, € H2(), 7, >0 and 0 € HZ (), then

rQL 37'121 2 ~ 12
§HAU +U||L2(Q ||Un||Loo(Q)||U||L2(Q)
p (6.4)
+

Talltn 2@ 111750 +l||vllL4 )+ 0 F [un, 0].

Flup + 1,0] — Fluy] <

Proof. Using the first variation (3.9) we can write the energy difference (3.11), for all v €
HZ(Q), as

2 2
_ T, L o0, _ 37’
Flun + n0] — Flug] = L |AG + 0|72 — L 181720y + =2 llunllZ2 (0

+ 3/Qun Sdg 4+ ||’UHL4(Q + 0 F [tun, ).
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We can re-write this energy decrease as an inequality. For all v € Hi (©), we have

_ T 3702 _
Flun + 70] = Flun] < THAU + UH%2(Q) + T”“n”%w(g)”””%z(g)

4
~ Tn ~ ~
+ o lunll e @) 191 2 () + = 101 L) + 700 F [, 3,

where we have discarded the purely negative term associated with 4. O

To obtain our desired energy reduction we have the following proposition (which

follows from the Riesz representation theorem), which links v,, to the first variation.
Proposition 6.2.2. Let h O Hi(Q) be a Hilbert space where the embedding is dense. Let
vp, be given by (vn, @) = —0F [un, @] for all ¢ € Hi(ﬂ) then

[onlln = I0F [un]ln--

We can now obtain stability of the sequence {u,} given by Algorithm 6.1.1.

Proposition 6.2.3. Let u,, € H2(2), then there exist constants ¢; = c1(||un| L~ (q)), c2 =

ca2([|unllLee(q)) such that, if

Tn<Cl

Tllvnllacm < 2
then the Armijo condition is satisfied with © = 1/2 (and hence for any 6 € (0,1/2)), i.e.,
1 2 1 2
Flun + Tava] = Flun] < =5 7allvallaen = =5 mll0F uallliam)-1- (6.5)
Proof. From Lemmas 3.1.1 and 6.1.1 we obtain the following bounds

[Av + 0|22y < [vllz2@) < Crllv|l A, (6.:6)
[vllz2 ) < vllav@) < Cullvllam,

where Cy > 0 is a constant and the second set of inequalities follows by the fact that
H?(Q) c HY(Q) C L*(Q).

Consider Proposition 6.2.1 and recall the interpolation of Hélder’s inequality which
allows us to approximate the L3-term, Lemma C.2.5, we can therefore write the change in

the energy functional as, for all o € HZ (),

™)

- Tn o 37,2 _
Flun + 78] — Flun] < THAU + 01720 + TH“nH%x(Q)HUH%%Q)

~ ~ Tn ~
+ Tn3||un||Loo(Q)HU||L2(Q)||U||2L4(Q) + THUH%A(Q)

+ Th0F [tn, D).
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Recall Ladyzhenskaya’s inequality in d-dimensions, Lemma C.2.1, using this and defining
¥ = vy, by (6.3) we have

3Tn

2
-
Flun + mpvp] = Flun] < LHA% + Un||2L2(Q) +— ||Un||Loo(Q)||Un||L2(Q)

(6.7)

+ T ||UnHL°°(Q ””nHHl(Q) + HUnHHl(Q) Tn||vn||,24(n)-

where we have used H(Q)) C L?(f2) in the cubic term.

We desire the energy decrease to be proportional to the [vy ||, -term, i.e. (6.5).
Using (6.7) with (6.6) to bound the v,-norms we can obtain an upper bound for the func-
tionals. Setting this upper bound to less than the right-hand side of (6.5) and re-arranging

we have

T (1 + 3||UTLH%°°(Q))
2

4
2 Th 4 3
(Crl[v]am) o (Crllvllam)® + T3 unll L @) (Crllv] acm)

—_

2 ||UnHA(”>Tn

Cancellation of [|vy [|% . Tn gives

T (14 8lunln o)) €3 30
5 + = ol + Comillunllie @ llonllac <

l\DM—t

We can reduce this to two conditions

IA

1
C4 1
TH(TnlIUnHAw)2 + [[tn]| oo (@) Cor (Tallvn [ am) <

™ (1 +3||un||im(m) c2

N

(6.9)

4,

Clearly the first condition gives us the existence of the upper bound for 7,,. (6.8) also gives

us a lower bound for 7,, 1. Hence (6.9) simplifies to

s . i (14 3llunl o)) C
T(THHUTLHA(")) + ”un||L°°(Q)CH(TnHUn||A<")) < 9
which is satisfied if 7,,||vn|| 4 is small enough. O

Remark 6.2.1. Using Definition 6.1.1 and Lemma 3.1.2 we can find an explicit value for
Cy. Then following through the proof of Proposition 6.2.3 with explicit upper bounds gives
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us the conditions

min(1, Ymin)
Tn > ’
10 (1 +3||Un||2Loo(sz)>
i) (1431 - )
Tollvnll am) < '
[vnll ac 45

Statement (a) of Theorem 6.1.1 now follows from Proposition 6.2.3.

Remark 6.2.2. The constants ¢y and cz of Proposition 6.2.3 depend on ||u, || po (o). Specif-
ically, we have c; — 0 as ||un| ) — 00. In practice, e.g. in the simulations of Chapters
8 and 9, we see that ||uy|| 1) = O(||uo| L=()). Therefore we expect that the constants c;
and ca of Proposition 6.2.3 depend only on ||uo|| (o). Since the energy is decreasing (6.5)
and the |[uy | 1o (o) is bounded by the energy (Proposition 3.1.3) we know that ||uy|| L~ (q) is

bounded for all n, however this bound may depend on |Q.

We want the sequence {uy}nen generated by Algorithm 6.1.1 to converge to an

equilibrium point. As a first step we prove that § F[u,] — 0.

Lemma 6.2.1. For any sequence {uy }nen generated by Algorithm 6.1.1, we have
||6}"[un]||H;z(Q) =0 as n — oo.

Moreover, there exists Tymin > 0 such that 7, > Tmin for alln € N.

Proof. The method used is similar to that used for a general line search algorithm, see
[NWO06, Pages 38-39]. An interesting aspect is that we obtain 7,, > T, as a consequence of
|[6F [ur] HH;(Q) — 0, whereas normally one obtains ||0.F [u,] HH;2(Q) — 0 from the fact that
Tn > Tmin-

Re-arranging the bound on the difference between the functionals, from Proposition

6.2.3, and using that Flu,] is decreasing in n we have

1 o .
5 2 Tallvalfien < Fluo) — inf Fluy]. (6.10)

n=0

We want the right-hand side to be bounded. This is clearly true in a bounded domain using
the fact that the PFC energy functional (3.1) is bounded below in this case, i.e.

Flu] > —(6 +1)%Q].

This bound follows from the lower bound for the energy in Lemma 3.1.2 by discarding the

purely positive term.
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Therefore from (6.10) we have

oo
> rllonlfen < oo (6.11)
n=0
From Proposition 6.2.3 we know that if 7, < ¢; and 7, ||vp || g4y < €2 or equivalently if

Tn an ||A(") S min(c27 C1 ||Un ||A(”) » Tmax ||vn ||A("))

then the Armijo condition (6.5) is satisfied. By inspecting steps (4) and (5) of Algorithm
6.1.1, we deduce that

1.
Tallvall a2 5 min(ez, erl[vall s s Tmax|vnllaem)- (6.12)

Using this lower bound and (6.11) we obtain
n=0

Therefore we have that ||vy, || 4y min(er ||vn |l ae) /2, s Tmax||Un ]l 4t /2, c2/2) converges

oo

min (1, ¢2[[vnll a0 Tmaxl|vn L ac) [vallacn <D TallvallZon < oo
n=0

DN | =

to 0 and hence |[v,[| 4 — 0 and also, by Proposition 6.2.2, [|6F [us]||(aey-1 converges to
0. Since, from Proposition 6.2.2 and v,, € Hi (Q), the (A™)~norm is an equivalent norm
to the H#;Q—norm we have ||5}'[un]||H;z(Q) — 0.

Using (6.12) and ||vp|| 4y — 0 we have for sufficiently large n

1 . C1
Tn Z SN | €2, Tmax, 7777
2 [vnllacm
min(ce, Tmax)
- 2
Hence 7, is bounded below. O

6.3 Convergence to Equilibrium

As in Theorem 5.0.2 we want to use a Lojasiewicz inequality to obtain rates of convergence.
By analogy with Theorem 5.1.1 in addition to the Lojasiewicz inequality, Theorem 5.0.1,

we need compactness of the sequence {uy, }nen-

Lemma 6.3.1. Consider the sequence generated by Algorithm 6.1.1. If ug € H2(Q) then
the iterates n, = u, —u are bounded in H;; (Q) for alln € N and hence the sequence {n, }nen

is compact in H%(Q)
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Proof. The H?-gradient flow (6.3) can be rewritten as, Vo € HZ(Q),

(Auny1, Ap) = =2(Auny1, ) — (1 + ) {unt1, ) + (1 = 7)(Auy, Ap)
+ 2<1 - Tn)<A“n7 LP) + ((1 + 'Vn) - Tn(l - 6))<un7 ‘P> - <Tnu§u ‘P>-
This is clearly an equation of the form (3.14) where 1,11 = up+1 — @ and

fn = —20upi1— (L4+75)Upt1+ (1—Tn)A2un+2(1 —Tn) Aty +((14+7,) —Tn (1—=0))uy, —Tnui.

Consider the case n = 0 we know that u; € H2(2) (by the construction in step (6) of
Algorithm 6.1.1 and the fact that v, € HZ(2) through Proposition 6.2.2 and Lemma 3.1.4)
and by assumption ug € Hg (). From Algorithm 6.1.1 we know that |7, | is bounded. Hence,

fn € L2,.(9) and therefore through Lemma 3.3.2 uy — @ € H;fﬁ(ﬂ) and thus u; € H2(Q).

Induction gives us that u,, € H2() for all n € N.

We also know that (6.3) can be rewritten as
<A1un+17 90> = (1 - Tn)<A1un7 LP) + <gn7 90> VQP € H;%E(Q) (613)

where
gn = _('Yn - 1)un+1 + (('Vn - 1) + Tn(l + 6))“’71 - Tnu?z'

Since we have a uniform bound on the u,, in H*(Q) for all n € N and H?(Q2) is a Banach
algebra then we have a uniform bound on g, in L?(Q), i.e. ||gn|l12(0) < C for all n € N.
Taking the L2-norms of both sides of the strong form of (6.13) we have

||A1un+1||L2(Q) S (1 — Tn)”Alun”LQ(Q) + O (614)

From Lemma 6.2.1, we have 7,, > Tyin for n € N. From step (0) of Algorithm 6.1.1 we have

Tn < Tmax < 2 for all n € N. Therefore, for all i, we have
|1 — 7] <max(|1 — Tminl, |1 — Tmax|) =1 0 < 1.

Using 6 to bound (1 — 7,) for all n induction on (6.14) gives us
[ Avtngall2) < 0" Aruoll 120y + C (1 + Z&’) .
i=1
Using this, (5.17) and (5.19), we have

1 1
|un+1||H4(Q) < 29n+1|‘UOHH4(Q) + C (1 + ) .

E' 1—-6
O

We now follow the method of [Lev12, Theorems 4.1 and 4.2] to prove a general
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result on the rate of convergence. We establish this more general result as we can also use
it directly in Chapter 7.

Lemma 6.3.2. Consider a sequence {u,}nen which is compact in H2(Y) and obeys the

conditions

Cen|ltnt1 — Un”%ﬂ(sz) < Flunta] — Flug] (6.15)
16F [un]ll 20y < Carllunts = unllmz0) (6.16)

where Cop, Car > 0.
There exists 6 € (0,1] and @ € H2(Q) such that §F[a] =0 and

[t — @l g2y < C

Sl
N[—= N

where C > 0 and v € (0,1).

Proof. We first prove the compactness of the w-limit set. We then prove a uniform Lo-
jasiewicz inequality for points in this set. We can use the Lojasiewicz inequality, (6.15) and
(6.16) to show the sequence converges to the minima. Finally we can obtain the stated rates

of convergence.

Step 1. Compactness of the w-limit set.
We define the set of limit points

I:= { lim u,, ‘{unj} converges in H?(Q) } .

J—00
T is closed (since this is an w-limit set; this follows from [Chi06, Proposition 1.167]). Since
the sequence u,, is compact, I' is non-empty.
Using (6.15) and (6.16) and summing, since Flu,] is decreasing in n, we have

Cen = .
> H(s;r[un]nf{;g () < Fluo] —inf Fluy] < oo.

n=0

Since the PFC functional has a minimum, Theorem 3.2.1, we have

oo

C’en 2
o 7;) I6F [l 2y < o

and hence Hé]—'[un}HH;g(Q) — 0.
By definition for all @ € T, there exists a sequence u,, — @ in HZ(£2). Therefore
OF[a] = limy o0 0.F [tp,] = 0.
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For all @ € T, since Fluy,] is decreasing in n, we have

Fla] = lim Flup,] = lim Flu,] =: F.
j—ro0 n—00
If 4 € T' we have §F[i] = 0 this can be re-arranged to the weak form of A%p = f
(i.e. (3.14)) where n = 4 — @ and

f=-20a—(1-0)a—a (6.17)

Therefore from Lemma 3.3.2 we have @ € H*(Q2). From (3.7) we have that, for @ € T,
lallgz0) < Clluoll m2(q), for some C > 0. Using that H?(Q) is a Banach algebra and (6.17)

we have a uniform bound on f, that is
£z < 2+ 11 = 8Dl|all g2 + 1@l o)

Hence we have a uniform bound on the H*-semi-norm and on [|@|| zr2() and thus we have a

uniform bound on ||@| (). Therefore I is compact in H2(2) and non-empty.

Step 2. Uniform Lojasiewicz inequality.

Since the Lojasiewicz inequality holds for critical points, Theorem 5.0.1, we can
apply it to every point in I'. Therefore for all @ € T" there exist constants 6, cgz, pz > 0 such
that

Vo € HZ(Q) |li —vlln2) < pa = cal Flo] — F|'% < 16F Ml 2 0)-

Since I' is compact we can obtain a finite subcover of I'. That is there exist u; € T,

i=1,...,1I and constants 6;, ¢;, p; > 0 such that

I
rc U B, (1;)
=1

N‘s

and Vv € H2(Q), i =1,...,I we have

s — vl g2y < pi = el Flo] = FI'~% < ||5]:[U]||H;2(Q)' (6.18)
Let # = min6;, for 0 < s < 1 we have

81—97;

e ] > 1. (6.19)

Let so = 2max((6 + 1)2]Q, |Flug]|) from (6.19) we have there exists ¢; such that for all
s € (0, sg) we have
s170 > ¢,5179, (6.20)

From (3.13) we have F[v],F > —(J + 1)?|Q|. Since from (6.15) the energy is
decreasing we have Flu,] < Flug] for all n € N. Using this we have |F[v] — F| <
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2max((d + 1)2|, | Fluo]|). Therefore from (6.20) for any i € I we have
GilFlo] = FI'0 < [Pl = FI

From this and (6.18), for all i € I and v € H?(Q) such that [|@; — v||g2(q) < pi, we have

. ~ 1 1
Gl Flo) = FI0 < ——— [0 F [l 0

min; ¢;

Therefore if we define ¢ = 1/(min ¢; min é;) we have
lt; — vl a2y < pi = | Flv] _j:|1_9 < C”(S]:[U]HH;z(Q)‘
Finally, let dist(v,T") < min (%) := pr, then we have
Aist(v,T) < pr = | Flo] ~ F[' < |oF o]l o

Step 2'. We wish to show that d(u,,T') — 0 as n — co.
Assume this is not true then there exists a subsequence u,; and a constant € > 0
such that, Vn; and Va € I’
1% — un; || H2(0) > € (6.21)

Using that the sequence {u,} is compact in HZ(Q) the subsequence Uy, is compact and
hence has a convergent subsequence {un“} with limy_, o Up,, € I". Therefore there exists
a @ such that lim |luy,,, — il g2(q) — 0 which contradicts (6.21).

In conclusion, there is an ng € N such that for n > ng,
[Flun) = FI'=0 < cll0F [un]l 720 (6.22)

Step 3. Convergence to equilibrium.
We now wish to show that there exists a @ € I' such that u,, — @ strongly in H2().
First we define
o0
ex =Y llugr — w2 e)- (6.23)
1=k
From Step (1) we know there exists u,,, — @ such that @ € I" using this, the triangle
inequality and (6.23) we have

[|ug — 'EL”HZ(Q) <eg Vk. (6.24)

It remains to prove that ey is finite for all k.
Consider the decreasing energy R[u] = F[u] — F > 0. From Young’s inequality we
have
Rlug]' ™ Rlup]” < (1= O)R[ur] + OR[up1]-
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Re-arranging this and using that R is always positive, we have

0

Rlur]’ — Rlugsa]’ > Rlun] 10 (

R[Uk] - R[Ukﬂ]) :

If we choose k > ko = ng then the Lojasiewicz inequality (6.22) holds and we have

= 0 (Rlux] — Rlug+1])

Rlu)? — Rlu
el = Rl 2 S F T2

k1 — Uk”%p(g)
en c||(5.7:[uk] ||H;2(Q)

0Cen
cCar

>

k1 — ukl 20 (6.25)

where we use (6.15) in the second line and (6.16) in the last line.
We can see from (6.23) and (6.25), since R is decreasing, that

0Cn .
mek S R[Uk]e — I%fR['U/k]e
< Rlug)’
]
1—6
< _2 .
< [eloF o] (6.26)

where we have used that limy_, oo Flug] = F in the second inequality and the Lojasiewicz
inequality (6.22) in the third inequality.
Since H‘S}—[“n]HH;?(Q) — 0 it follows that e, — 0.

Step 4 Convergence rates.
We now use the relationship (6.26) to obtain the stated rates of convergence.
Substituting (6.16) into (6.26) we have

0cCoep

6
er < |eCar|lupsr —u -
O kS [ ar || Ukt1 kHH2(Q)]

0 o
< [cCar]) ™7 [ex — epq1] 77 .

Taking the (1 — 6)/6 power of both sides and rearranging we have that there is a constant
v > 0 such that

1-0
ept1 < ey —ve,’ . (6.27)

In the case § = 1/2 by induction we obtain

ept1 < (1— V)keo.
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Using (6.15), (6.23) and (6.24) we have

k f[UO]—ﬁ

|ur — @l 2@y < (1 —v) Con

and thus since |F| < max(|F[ug]|, (§ + 1)2|Q|) we have the § = 1/2 rate.
In the case 6 # 1/2 we define

Yr = kP,
Hence we have

Yes1 = c(k+1)77
- P
> p — =
= ck (1 k)
> yi (1 - pEzlﬂy]§> . (6.28)

Let p =0/(1 — 20) then from (6.27) we have

1
erpt1 < ek (1 —Ve,’;) .

If we choose ko and let yi, > ey, then from (6.28) we have
1 2
Yko+1 = Yo <1 —pc Py,i;) .

We choose é > (v/p) P and then choose ¢ large enough so that
1 L1
1—vep <1—pc ryg.

Therefore we have that

1 1
Yko+1 = Yo (1 —pc "y;fo>

1—6
> ek, — ueko"

> kot

where the final line follows from (6.27). Using induction we have that y, > ey for k > k.
Fixing ey, we can then increase ¢ so that y, > ey for k < ko.

Defining yo = y1 = ¢ and (6.24) then we have

g — l| g2y < Tk~ T2
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and hence we obtain the result. O

We can now draw together the results of Sections 6.2 and 6.3 to prove part (b) of
Theorem 6.1.1.

Proof of Theorem 6.1.1 (b)

Proof. Consider the sequence given by the Algorithm 6.1.1. Clearly this is compact from
Lemma 6.3.1. From Lemma 6.2.1 and step (0) of Algorithm 6.1.1, 7,, is bounded above and
below for all n € N. Using this, the equivalence of the A(™-norm and the H?-norm, Lemma
6.1.1, gives us (6.15) from Proposition 6.2.3 and (6.16) from Proposition 6.2.2. Hence by
Lemma 6.3.2 we have part (b) of Theorem 6.1.1. O

Remark 6.3.1. Consider an h-norm which is an equivalent norm to the H?-norm. Then
for the sequence u, given by

Tn

<“"+1“",w> = 0 F[tn, w] Vw € H(Q)
h

with ug € H(Q) we can obtain exact analogues to the results of this chapter. As noted
above, our choice of h-norm, Definition 6.1.1, is motivated by its relation to the second

variation (3.10).

6.4 Conclusion

In this chapter we introduced a time discretisation for the H?-gradient flow given by Def-
inition 4.2.4. We introduced an adaptive method for choosing « and defined an inductive
algorithm for finding the discrete solution w,,. We then proved that this iterative scheme is
stable and that the residual converges to zero. Finally we used the Lojasiewicz inequality

to show the iterate converges to a critical point and gave rates of convergence.
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Chapter 7

Convex-Concave Splitting

In the previous chapter we introduced a time discretisation for the H2-gradient flow given
by Definition 4.2.4. We now wish to discretise the gradient flows given by Definitions 4.2.1
and 4.2.2 in time so that we can implement analogous computational schemes for the min-
imisation problem (P) (page 37). (As noted in Chapter 6 we undertake space discretisation
for (4.1) in Chapter 8). In this chapter we introduce a time-discrete formulation of both the
SH and PFC equations (Definitions 4.2.1 and 4.2.2) and give the conditions under which
this algorithm is stable and convergent. We will also show that, qualitatively, the methods

developed in this chapter are similar to that of Chapter 6.

7.1 Time Discretisation

In Subsection 6.1.1 we introduced the forward Euler method as a way of discretising (4.1).
In that section we argued that this method can not be used to discretise the PFC or Swift-
Hohenberg equations since the discretisation is ill-defined. We also noted that after space
discretisation these equations are stiff and that a restriction on the time-step can be derived
from the CFL condition.

Therefore, in this section, we consider different methods of discretising Definitions
4.2.1 and 4.2.2. We first consider the implicit method of time discretisation and then proceed

to consider two semi-implicit methods based on a convex-concave splitting.

7.1.1 Backward Euler Method

A method for unconditional stability is the backward Euler method. Using the backward
Euler method with H = L?(Q) for the Swift-Hohenberg case and H = H~1(Q) for the PFC

case we have

<un+l_un,w> =(—(A+ 1)2 Upa1 + OUpay — (un+1)3,w> Yw € Hi(Q)
H

Tn
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Since the non-linear term is one of the implicit terms, at each iteration we have to use
Newton’s method to find the variable at the new time step and thus each iteration will be
computationally expensive. Also, since we are now solving a weak equation of the form
f(up+1) = u, where f is not convex we only have a locally unique solution if the time-step

is small.

7.1.2 Convex-Concave Splitting

We want a scheme that is stable for any 7,,, therefore we consider a different method for time
discretisation of the two gradient flows, the Swift-Hohenberg equation, Definition 4.2.1, and
the PFC equation, Definition 4.2.2. Specifically, since we have excluded the fully implicit
(backward Euler) and fully explicit (forward Euler) schemes, we consider a semi-implicit
scheme.

A common approach, used for the Cahn-Hilliard equation in [Eyr98] and used for
the PFC equation in [EW13] and [WWLO09], is the convex-concave splitting. We focus on
the approach of [EW13]. The idea is to write the functional as the sum of a concave and
convex part. Taking the convex part implicitly and the concave part explicitly gives us
energy stability of the solution. The fact that the implicit part is now a convex function
means the non-linear equation to be solved at each time-step has a unique solution and
hence we no longer have the time-step restriction of the backward Euler method.

A simple convex-concave splitting, used in [WWL09, Equation (1.5)], is Flu] =
Felu] — Felu], where

1 1-6 1
Folu] = §||AUH%2(Q) + THUH%Q(Q) + 1“““%4(9)7
Felu] = [|Vull72(q)

are clearly convex functionals (the notation F. and F. is borrowed from [WWL09] and
[Eyr98] where c refers to the contractive part of the energy and e refers to the expansive
part of the energy). In this case the semi-implicit time-stepping, with H = L?(f2) for the
Swift-Hohenberg case and H = H () for the PFC case, can be written as

<un+1—un7w> = (—A%upiq — (1 = ) tns1 — (Ung1)® — 20Uy, w) Vw € H ().
H

Tn

Unconditional stability of such schemes is given in [WWL09, Theorem 3.6] and an error
estimate is given in [WWLO09, Theorem 3.11]. However, this scheme requires us to solve a
non-linear equation, which is expensive, particularly for spectral methods.

To deal with this issue [EW13] suggest a different convex-concave splitting by adding

and subtracting an L2-norm.

Definition 7.1.1 (Convex-Concave Splitting).

F[U] = fC,Cstab [U] - ‘FE-,Cstab [’U,],
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where, for Cgap > 0, we have

Cstab

1
Fe,Cuan (U] = *||AU+UH%2(Q) HU’HL2 @t —5— ||uHL2(Q

C’stab

FE,Coran (U] = ||UHL2(Q) Hu”%‘l(ﬁ)a

which is equivalent to [EW18, Equations (1.7) and (1.8)].

Remark 7.1.1. This convex-concave splitting can be generalised by using a stabilisation
term || Lu||2(q) instead of ||u| r2(q). L is a general differential operator such that || Lu|| 2oy >
cllul|z2(qy for some ¢ > 0. A wersion of this generalisation, where the stabilisation term is
replaced by the H'-semi-norm, is seen in [EW13, Equation (1.7) and (1.8)] .

We now give two lemmas on the properties of these functionals.
Lemma 7.1.1. For large enough Cstap, the functional Fc c.,., [u] is conver.

Lemma 7.1.2. If C; > 0 and Cyap, > 3C3 then Fu.c

stab

is convex in {||u () < C1}.

Proof. We follow the method outlined in the proof of [EW13, Theorem 2.1].
We calculate the second variation by finding the second order terms in v of the

Taylor expansion of Fg c,,, at u+ ev. The functional expansion is then

stab

Cstab
stab 2

Cbtdb 1
FE,Curan [t + €] = [ullZ2(q) + Cstabﬁ/guvdx + ol1Z20) = 7 lullZz o)

3 1
— e/ﬂugvdx — 562||uv|\%2(9) — eg/qugda: — 164“””%2(9)-
Thus the second variation is

(0" F, Cpm [u]v, v) = (Cstablvlliz(m = 3lluv]|Z2 () — 66/qu3dx - 3€2||v|‘iz(m)

e=0

= Cuabl[v]|22(0) — 3lluvl?:(q)-

We have a lower bound for the second variation, using that v has a maximum, Lemma 3.1.3,

which follows from the boundedness of the energy. That is,

<52]:E,Cstab [u]v,v) > Cstab||v||2L2(Q) - 3||UH2L<>0(Q)||UH2L2(Q)

>0,

if H“”%w(g) < b Therefore if ul|p~@) < Ci we have that Fg,c.,,,[u] is convex if
Cstab Z 3012 O

On a bounded domain we have that v has a maximum, Lemma 3.1.3; therefore, from
Lemmas 7.1.1 and 7.1.2, for a sufficiently large constant Cgar, both Fc c.,., and Fg.c.,..,

are convex on {||[ul|pe (o) < C1} (see also [EW13, pages 4-5]). Hence we have stability and

we no longer have to solve the non-linear part implicitly.
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We note that the first variation of the functionals of Definition 7.1.1 are given as

OFC Copan [, 0] = (A + D)?u — du + Csapu, v),

O0FB, Cpan [U5 V] = (Cspabt — u?, v).

At each step we want to choose Cyiap as small as possible whilst preserving the con-
vexity of Fg cyu [Unt1] and Fo, oy, [Unt1]. The sufficient condition on Cyar, for convexity
obtained from Lemma 7.1.2 depends on the iteration number. Therefore we choose a Cggan,
that depends on the iteration number and relabel this C,, = Cy;ap.

Since C), now depends on the iteration number it acts like an inverse time step.
Therefore, and also for the sake of simplicity, we take a constant 7 = 7,,.

The time-stepping scheme for gradient flow in a general H-norm can be written,

using the notation v, = (up41 — uy,)/7, as
(Un, w)yg = —0F¢c.c, [unt1, W] + 0Fk.c, [tn, W] Yw € H (). (7.1)

We can now write the weak form of the discretised Swift-Hohenberg equation.

Definition 7.1.2 (Discrete Convex-Concave SH Equation). Yv € Hi(Q)

Upt1 — Un
<+1,fu> = — <(A + I)2un+1 — Oupt1 + Cp(Unt1 — up) + uf’l, v> .
T L2(Q)

We can also write the weak form of the discretised PFC equation.

Definition 7.1.3 (Discrete Convex-Concave PFC Equation). Vv € HZ ()

<un+1—un’v> =— <(A + DUyt — 0tng1 + Cr(tnyr — up) + uf’wv> .
T H=1(Q)

In [EW13, Equation (2.6)] the constant C,, appears to be domain dependent. By
contrast in Remark 6.2.2 we suggested that the corresponding n-dependent parameter 7,
has an upper bound that depends only on [[ugl|z(q). We show in Lemma 7.2.1 that we
actually have similar constraints on C), in the asymptotic regime.

We first recall theorems for stability and convergence (see also [EW13]). We first
state the theorem for stability from [EW13, Theorem 2.1].

Theorem 7.1.1. [([EW18, Theorem 2.1]) Stability/.
Let 6 < 1. For any ug : Q — R with finite energy F there exists a C,, such that the
schemes given by Definition 7.1.2 and Definition 7.1.3 are stable for any T > 0. That is,

Flunt1] < Flun), Vn e N
3 U > 0 such that |[uy| L= <U Vn € N.
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We also state the theorem that gives an error estimate for the discretisation, from
[EW13, Theorem 2.3].

Theorem 7.1.2. [[EW13, Theorem 2.3]) Error Estimate].

Suppose the Swift-Hohenberg or Phase Field Crystal equation is solved by a smooth
spatially periodic function u : [0,T] x Q — R for some T € (0,00). We denote the solution
to the scheme Definition 7.1.2 or 7.1.3 by u,, n =0, 1, ... where ug = u(0) and C,, is chosen
according to Theorem 7.1.1. Then there exists a constant C > 0 independent of T such that

Hu(nT) — Un||L2(Q) < éT

for all n with nT < T.

Despite this theorem, most practitioners are only interested in the case of large 7
(even in [EW13, Section 5] 7 =1 is used).

We note that the proofs of Theorems 7.1.1 and 7.1.2 are analogous to those in
[EW13], however care must be taken to ensure the average of v is conserved in the SH case.

In the following discussion we show that we can rewrite the discrete convex-concave
flow as a discrete gradient flow in a norm equivalent to the H?-norm. In Chapter 6 we
considered a discrete H?-gradient flow given by (6.3). This means that there is a close
qualitative link between the two schemes (6.3) and (7.1).

Fix 7 > 0. Let H = L*(Q) for the Swift-Hohenberg case and H = H~1() for the

PFC case. For C,, > ¢ we can define a new norm

[0

Heonn = 01 + 7 [HAU +llZ2i) + (Co = )vlli2| - (7.2)

We first show that the convex-concave splitting scheme (7.1) can be rewritten as a discrete
gradient flow in the Hcon p-norm. We then show in Lemma 7.1.3 that, for C,, > §, the Heon -
norm is an equivalent norm to the H2-norm. This means that (7.3) can be considered as a
discrete gradient flow for v,, = (un41 — u,)/7 in a norm equivalent to the H?-norm.

The convex-concave splitting (7.1) can be rearranged as, Vi € Hi (Q),

Un+1 — Un
<+7-’ <"7> + (A + Dung1, (A + 1)) + (Crn — 0)(unt1, ) = Crltn, ) — <uf’1, ©)
H
this can be rewritten using the first variation as, Vi € H% (Q),

(v, @) + (A + Dvn, (A + 1)@) +7(Cr = 6)(vn, ) = —0F [un, ¢] (7.3)

where v, = (up41 — up)/7. Using the definition of the Hcop n-norm (7.2) we can re-write
(7.3) as
(Vn, @) Hegnn = —0F [tin, ¢] Vi € Hy ().

To highlight the similarity to the H?-gradient flow we now show that the Heon -
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norm is equivalent to the H2-norm which is the result of the following lemma.

Lemma 7.1.3. There exists € > 0 such that for all C,, < co with Cy, > €+ 9, [|v||m.o,., 08

equivalent to the H%-norm. That is, for fized n, there exist Ceon,1y Coon,un > 0 such that for
allv € H*(Q)

Ceon V32 () < 10l Frn . < CeonumllvllFrz (-
We note that Ceon,1 s independent of n for C,, > €+ 4.

Also from this we can show that

1
C’con,l

16F funlll gy, < 16F [un]ll 20y (7.4)
Proof. Since for the PFC (H = H=1(Q)) and SH (H = L?(Q2)) case, H*(Q2) C H we have,
Vv € H3(Q),

[VllZr2 ) < 0l + vlFe@ < COlvllEe @ (7.5)

where C'(2) > 0 is a domain dependent constant.
Let 0 < € < 1, therefore using Lemma 3.1.1, (7.5) and (7.2) we have an equivalent-
norm to H%(Q)

€T
F ol < llolf +7e (162 + Dol + I0l32(q)
< ol (7.6)

con,n

< (max(27,1)C(Q) + 7(Cr — 6)) [[0]32 (-

where from the second line onwards we use that C), is sufficiently large, i.e. C,, > + €. In
the final line we use Lemma 3.1.1 and (7.5).

Consider the dual norm

0F [un], @
0Py, = sup Gl
’ QOEHi(Q) SOHHcon,n

< ap JELOFILE)

peHZ () V T€ ||<P||H2(Q)

where we have used the lower bound (7.6) in the second line. Using Cauchy-Schwartz on

our upper bound for the dual yields the result, that is

0 F [un]ll s, < \F l0F Tunlll2 (@) 9120
un —1 ~ Sup .
e T perya V e [l 20

)
< S 26 F ]|l -2 o m
= 7'6” [UI]HH#(Q)

Remark 7.1.2. Since both (6.3) and (7.1) can be reformulated as discrete gradient flows

in a norm that is equivalent to the H?-norm we might expect both methods to perform
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similarly. However, the simulations of Chapters 8 and 9 suggest that the discretisation of
Algorithm 6.1.1 reaches a minimum faster than the discretisation of Algorithm 7.1.1. Also
we see that for the large simulations undertaken in Sections 9.1 and 9.2 the method of
(7.1) converges faster in the pre-asymptotic regime whereas Algorithm 6.1.1 converges faster
in the asymptotic regime. In Section 9.2 we also obtain qualitatively different minima for
Algorithm 6.1.1 and the method of (7.1).

7.1.3 Algorithm

We briefly describe the algorithm used for finding the sequence {uy, },ecn generated by (7.1).
We assume a fixed 6, @ and 7 > 0. We let H = L?(Q) for the Swift-Hohenberg case and
H = H~1(Q) for the PFC case.

Algorithm 7.1.1.

(0) INPUT wug, 7 >0,0< 0O < 1/2

(1) FOR n=0,1,2,..

(2) Cp = 3||un| Ty + 90

(3) SOLVE (v, w)n.,, , = —6F[uy,w] Yw € HZ(Q)

(4) WHILE  Fluy, +700] > Flun] — 70| 6F [un][|-1

(5) C, + 2C,

(6) SOLVE (v, w)H.., ., = —0F [thn, W] Yw € Hi(Q)
(7) Upil = Up + TU,

This algorithm is very similar to Algorithm 6.1.1. Again the while condition is an
Armijo condition. Step (5) is equivalent to the backtracking of Algorithm 6.1.1 since from
(7.3) C, acts like an inverse time-step. The main difference between Algorithm 6.1.1 and
7.1.1 is that in the while loop of Algorithm 7.1.1 we have to recalculate v,, every time we
change C), whereas in Algorithm 6.1.1 for each while loop v, is independent of ,.

We now state a theorem that gives us the rate of convergence of a sequence defined
through Algorithm 7.1.1. The method of obtaining this result is very similar to the method
for obtaining Theorem 6.1.1. This theorem is the main result of this chapter and the rest

of the chapter is dedicated to its proof.
Theorem 7.1.3. Let ug € H2(Q), then we have

(a) Algorithm 7.1.1 is well-defined. That is, it produces a sequence {up }neny C H2(S2).
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(b) There exists 6 € (0, 3] and @ € HZ(QY) such that §F[a] = 0 and

un — @l g2 < C

N~ N

where C' > 0 and v € (0,1).

7.2 Emnergy Stability and Convergence of Residual

To obtain analogous results to those obtained for the H?-gradient flow in Chapter 6 we need
to prove energy decrease. This also ensures that step (4) of Algorithm 7.1.1 will be fulfilled.

Lemma 7.2.1. Let the sequence {un tnen be defined through (7.1). Also take 0 < © < 1/2
and fix the constant T > 0.
There exists o C = C(0, |unll o)) > 0 such that for C, > C we have energy

decrease, i.e.,

Flun +702] — Flus] < —O7llval.. = ~O7[0Ffu]|%-, | (7.7)
In particular we have
Fltin + 705] — Flun] < —éTHé}"[un]Hi@g(Q) (7.8)
and
Fln + T05] — Flug] < —éTHUnH?{g(Q) (7.9)

where (1) > 0.

Proof. We split the proof into two steps. First we show that the energy decrease (7.7) is
satisfied if we satisfy certain bounds on C,, and the L3- and L*-norms. We then show that

for large enough C,, the bounds on L3- and L*-norms are satisfied.

Step 1. Let H = L?*(Q) for the SH case and H = H~ () for the PFC case. We recall
the definition of the Heon n-norm (7.2), that is

[0l = I01% + TIAV +0][Z2() + T(Cr = O)[v][72(0)-

We want the energy decrease of (7.7). Clearly the equality in this line follows from Propo-
con.n form of the right hand side. We
recall (6.4) with & = v, defined by (vn, W), ,, = —0F[tn, w] for allw € HZ(Q) and 7, = 7
for all n. Setting this upper bound for the energy difference as less than the upper bound

sition 6.2.2, hence we now prove (7.7) with the ||v] g
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we desire for (7.7) and re-arranging we obtain

2 2
T 37 T
3||Avn + UnH%?(Q) + 7”“71”%00(9)””””%2(9) + 7—3Hun||L°°(Q)”Un”i3(Q) + Z”UHH%‘*(Q)

< (1= O)7fvallE

If we substitute in the definition of the Heon n-norm (7.2) we have

2 2 377 2 2 3 3 T 4
EHA% +onllT2(0) + 7||Un||Loe(Q)HUn||L2(Q) + 7 |un L @) lonll 730y + ZH’UHHL“(Q)

<(1-0)r {anll?q +7[[Av + Va2 () + T(Cn = ) [0nll72(0)
which simplifies to

(3MunlZ e oy = (Co = 8)) 72

5 lonllZay + 7l o loaliFaa + - loallfs) 10
< (5-©) [P2180n + ullay + 7(Co = Sllenlicay + Tlvall] + Flenls
We use the Heon n-norm to simplify this condition. The three conditions
3lunll7 @) < (Cn = 9), (7.11)
el € g bl (7.12)
louliaey < LoD ol (7.13)

are now sufficient to obtain (7.10). We note that condition (7.11) is automatically satisfied

for a sequence generated by Algorithm 7.1.1 due to line (2).

Step 2. To prove that, for C,, sufficiently large, (7.12) and (7.13) are satisfied we first show
that ||vn||z2(0)l|vn |l g2(0) decreases as C,, increases. We then show that both ||v, |13y and
lvnllza(q) can be bounded by powers of [|v,[|z2(q)[|vnllm2(0). Finally we can combine these
to show that, for C,, sufficiently large, (7.12) and (7.13) are satisfied.

Step 2 a) We wish to show that |[v,||L2(q)|lvn|la2Q) — 0 as C,, — co. We first prove an

upper bound ||v, || 2 (o) l|vn | #2() in terms of C, and [lv, [ &,

con,n

and then prove that there
is a uniform upper bound for ||v,| g

con,n

Let 0 < ¢ < 1. From Young’s inequality we have

(Cp —e—0)e

2
T 5

TeE
ol 2@ lonllL2(@) < 7(Cn = € = )lvnllZ2() + £ lonlirzo)

< HUn”%{

con,n
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where the final inequality follows from Lemma 3.1.1 and (7.2). This re-arranges to

V5
Un Un, S Un
el @lfvallzze) < 5——mmeegslivn

iIn (7.14)

In order to justify the claim that ||v,| g2(q)llvnlr2@) — 0 as C, — oo we must

show that ||v, || g has a uniform upper bound for u,, uniformly bounded in H?(Q2). From

con,n

Proposition 6.2.2 we have
||vn||HCon,n = ”5-7'-[“71]”}1;}1,”-
Using this with (7.4) we have

1

[l < 16 funlll 120 (7.15)

con,l
using this bound in (7.14) we have

V5

n n < SFun]||?, -2, cn- 7.16
onllmz@lieallizer = 5 o a7 el (7-16)

From Lemma 3.1.4 we can see
10F lunlll =2y < (2+ 181+ Bz ) lunllazz o). (7.17)

Therefore in the set ||unlg2) < C, C > 0 we have that H(Sf[un]HH;z(Q) is bounded.
Therefore from (7.15) and (7.17) there exists a C' > 0 such that

[on | Heon,n < C-

Substituting this bound into (7.14) we have

V502
. o < 7.18
Jenllsenllenllacoy < 5 (19

and therefore clearly ||vy, || g2(o)l|vnllL2@) — 0 as C, — oo.
Step 2 b) We now wish to show that both [|v,|/z3(q) and |lv,||zs() are bounded by
powers of |[vn||L2()l|vnllLa)-

Recall the L3-norm, from Lemma C.2.5 we have

lvnllZs) < lvnllzz@)lonllZsq) (7.19)

We therefore consider the L*-norm, from Ladyzhenskaya’s inequality (Lemma C.2.1) and
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H2(Q) c HY(Q) C L?(Q2) we have (see Lemma C.2.6)
1 1
[vnllLa) < %Hun”iﬂ(g)””n“zz(g)' (7.20)
Using this upper bound and H?(Q2) C L*(Q) in (7.19) we have (see Lemma C.2.7)
3 2w |12 5
||Un||L3(Q)§ 2HU"”H?(Q)||vnHL2(Q)' (721)
Clearly substituting (7.14) and (7.18) into (7.21) and (7.20) we obtain

\4/5(5)%0”/071”2 con,n
(2r)} (e(Cy — = 6))*
||v ||4 - 5\/502”1].”“%[60“7”

nllLaQ) = (27’)26(Cn —e— 6) .

[onl|Fs 0y <

7

From these equations it is clear that if C,, is large enough (7.12) and (7.13) are
satisfied.

We now show that we can obtain (7.8) and (7.9) from (7.7).

Since we can choose a finite C), such that (7.12) and (7.13) are satisfied, the second
form of the energy decrease (7.8) follows from (7.7) by using (7.1) and the equivalence of
the Hcon,n-norm and the H2-norm for C,, sufficiently large, Lemma 7.1.3. In particular this
means © > 0.

The third inequality (7.9) follows simply from the lower bound of Lemma 7.1.3 and
O0<e<l.

O

Statement (a) of Theorem 7.1.3 now follows.
We want the sequence {uy}nen generated by Algorithm 7.1.1 to converge to an

equilibrium point. We can obtain this result using Lemma 7.2.1 from the following lemma.

Lemma 7.2.2. For any sequence {uy, }nen generated by Algorithm 7.1.1, we have
||5~F[un]||H;2(Q) -0 as m — oo.

Proof. As in Lemma 6.2.1, the method used is similar to that used for a general line search
algorithm, see [NW06, Pages 38-39].
Re-arranging the bound on the difference between the functionals from Lemma 7.2.1

(7.8), since F is decreasing, we have

ory 16 [un]lI%2 gy < Fluo] — inf Flun].

n=0

The result follows since we have chosen a fixed 7 > 0 and from Lemma 7.2.1 © > 0.
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Remark 7.2.1. Let0 < e < 1. From (7.14), (7.16), (7.20) and (7.21) since ||6.7-'[un]||H;2(Q) —
0, for large enough n the conditions (7.12) and (7.13) will be satisfied for any C, > 6 + €.
Therefore, in the asymptotic regime, only (7.11) is required for stability (as we can choose

e < 3||un||2Lw(Q) since || < |[unl g (q)) which justifies the initial choice of Cy, in line (2)
of Algorithm 7.1.1.

7.3 Convergence to Equilibrium

We are able to prove that the sequence {u,} generated by Algorithm 7.1.1 is compact using

a similar method to Lemma 5.3.2.

Lemma 7.3.1. For all n € N, n > 1 the terms of the sequence u, defined by Algo-
rithm 7.1.1 are bounded in H4(Q). That is for n, = u, — u in the case n > 1 we have

SUp,,en ||nn||Hi(Q) < oo and thus the sequence {1, }nenn>1 is compact in HZ(S2).

Proof. Let x = 0 for the SH case and x = 1 for the PFC case and define
_A)X
H, = CnIJri( 7_) .

From (7.14), (7.16), (7.20) and (7.21) we have that, for 0 < € < 1, there exists c3(||0F [ty] HH;2(Q)) >
0 such that (7.12) and (7.13) are satisfied if C;, > § + € + ¢3. Using (7.11) we have that the
Armijo condition (7.8) is satisfied if

Cyp, > max(0 + € + ¢, 3”“71“%00(9) +9).
Inspecting steps (4) and (5) of Algorithm 7.1.1 we have
Cpn < 2max (6 + €+ ¢3, 3| un |7« () + 0)- (7.22)

Therefore, C, is bounded above and below.
Now (7.1) can be re-written as, Vv € HZ(Q),

(Atyi1, AV) = —2(Aupi1,0) — (1 = &) + Hy)tpi1,v) + (Hiun, v) — (ud,v).  (7.23)

Using np+1 = Unt+1 — U € H;& (), we can rewrite this equation as the weak form of
A%n,4q = fn (ie. (3.14)), where

Jn=—20up 1 — (1 =) + Hy)upyr + Hiu, — ul. (7.24)

We have u, € HZ,,(Q) for all n € N, hence Au,, € L2.(Q) and Hyu, € H2. ()

per per

for all n € N. Additionally, since HZ2,, () is a Banach algebra, u> € H2, () for all n € N.

per per
Therefore, we have f, € L2.,() for all n € N.
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We now use Lemma 3.3.2 to obtain u,4+1 — @ € H;fé(ﬂ) for all n € N. Therefore for
n > 1 we have u,, € H2(1Q).

Given (3.8), (7.17), (7.22), that H?(Q) is a Banach algebra, and (7.24), there exists
a constant c4(||un || g2(q)) such that || f, | z20) < ca.

From (3.7), for a fixed domain size |Q|, Flunq1] < Flu,] implies [[upi1]|m2) <
lun |2 (). The fact the energy is reducing follows from (7.8), therefore we know that
lunll 5200y < lluollg2(q) for all n € N. Hence we have a uniform bound for f,, that is there

exists a constant cs(||uo|| g2(q)) such that

[ fall2 ) < s n € N.

Using this bound from (7.23) and Lemma 3.3.2 we have a uniform bound on the H*-semi-
norm of u,, for all n € N and since we already have a uniform bound on ||u,|| g2(q) for all
n € N we now have a uniform bound on |[uy | g4(q) for all n € N.

By the compact embedding of Hz(Q) in H2(f2), the sequence {uy }nenn>1 is com-
pact in H2(Q). O

The results that we have obtained in this chapter mean that we are now in a position
to use Lemma 6.3.2 to obtain convergence rates for the sequence {u, }nen given by Algorithm
7.1.1, that is part (b) of Theorem 7.1.3.

Proof of Theorem 7.1.3 (b)

Proof. We use Lemma 6.3.2. We have three conditions to prove. The first is compactness
of the sequence {uy, }nen in H2(Q) which, since we are only interested in the n — oo limit,
follows from Lemma 7.3.1. The second condition is a lower bound for the difference in the
PFC functional evaluated at successive elements of the sequence {uy}nen in terms of the
H?-norm of the difference of these elements, i.e. (6.15), this is just the statement (7.9). The
final condition to check is an upper bound for ||5.7-"[un]||H;2(Q) in terms of the H2-norm of
the difference between successive iterates w41 and u,, i.e. (6.16). From Proposition 6.2.2
conn = II0F[un]|l =1 , the lower bound (7.6) and the upper bound (7.4)
together with the fact that 7 is constant then give us (6.16). O

we have ||v,|x

7.4 Conclusion

In this chapter we developed a variation on a numerical method proposed in [EW13] for
obtaining the solution of (P) (page 37). We obtained energy stability and convergence
results for this method using similar techniques to in Chapter 6. We also showed that
this scheme can be formulated as a semi-discrete gradient flow in a norm equivalent to the
H2-norm. We therefore note that the methods of Chapters 6 and 7 are qualitatively very

similar.
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Chapter 8

Implementation

In this chapter we describe an implementation of Algorithms 6.1.1 and 7.1.1 introduced in
Chapters 6 and 7. We first introduce the pseudo-spectral method, which we will use to
discretise our algorithms in space, and review the associated notation. We then describe
the implementation of the fully discrete schemes on some test problems. For all simulations
undertaken in this thesis we use MATLAB. We look at the convergence of the schemes with
respect to the number of spatial grid points and investigate a striking issue that arises when
the number of grid points is low. Finally we consider the convergence of the residual with

domain size.

8.1 Spatial Discretisations

Having discussed several methods of time discretisation in Chapters 6 and 7 we now proceed
with the discretisation in space. Space discretisation is necessary in order to implement our
algorithms computationally and therefore be able to numerically compare the different time
discretisation. For the purpose of clarity we will confine ourselves to two space dimensions.
Formulations in three space dimensions are completely analogous and we show basic three
dimensional simulations in Section 9.3.

As a first stage recall the periodic domain we introduced in Chapter 3, that is
Q= (0, L) x (0, Ly)

where L, and L, are integer multiples of the length of the unit domain in the x and y
directions.

We let a be the unit length in the z-direction, i.e. the difference between two areas of
high density (which we call atoms) along the z-direction. We expect the minimum solution
will be a periodic triangular lattice. We consider the periodic cubic unit cell (see Figure
8.1a), i.e. the minimal rectangular subset of the lattice (henceforth we call this the unit

cell). Since we know this is the unit cell of a triangular lattice, we can see the difference
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between two successive atoms along the y-axis is v/3a (the source of this V/3 scaling can be
seen in Figure 8.1b, the distance between two rows of atoms can be seen to be twice the
height of an equilateral triangle of side length a, which is (v/3/2)a by Pythagoras’ theorem).

Hence the unit domain can be written as
Que = (0,a) x (0,V3a). (8.1)

We also wish to consider larger domains. It is clear that any domain composed of an integer
number of unit cells in the z- and y-directions has the right periodicity. We wish our domains
to be roughly square therefore, since v/3/2 = 0.87, we take half the number of unit domains
in the y-direction that we take in the z-direction. We therefore define our domain, for an

even integer L, by
L
Qp, = L(0,a) x 5 (0, V3a). (8.2)

For convenience we define Q; as the unit cell that is Q; = Qe
We now wish to discretise the domains. Since L/2 € N, we can see that, if we
discretise the unit cell (8.1) we can translate this discretisation to the general domain (8.2).

For the unit cell we take the number of grid points to be
(N, M)

where N € 2N is the number of spatial grid points along the z-axis and considering (8.1)
we define M = 2 [\/gN/ﬂ We require M and N to be powers of 2 in order to obtain
the O(N log N) computation time of MATLAB’s FFT function (a similar point is made on
[Tre00, page 24]).

Using N and M we now define the grid spacing along the z- and y-axes by

a _\/§a

hy = —, h
N VT TM

A co-ordinate point in our discrete domain is now given by (x;,y;) where i,j € N and
x; = thy and y; = jhy.

Having defined a discrete domain we can now introduce our method of obtaining a
spatially discrete approximation.

Due to the C*°-regularity (possibly even analyicity) of equilibria (see Lemma 3.3.3,
we discuss this issue more in Subsection 8.2.2), and the periodic boundary conditions we
use Fourier spectral methods. We also recall that the Fourier transform diagonalises the
Laplace operator (see (8.4)) which makes this method particularly convenient.

Because we have chosen a different scaling between the z-axis and the y-axis in the

case of the unit cell (8.1) as compared to the scaling used for the general domain (8.2) we
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define a new function M’ where

M, L =1 (unit cell)

LM
= L>1.

LM =

Since we have imposed periodic boundary conditions we know that our Fourier
modes are integers. To correspond to our discretisation of the domain we have the following

conditions on the two modes

LN LN
S << 22
g TESMS

/ !

+1<ky <

where we note that we have chosen N, M € 2N.

We can now define a basis for our approximations,

1 1
Oy ks (T3, Yj) = €xp <27Tl <ak1$i + \/S—szyj)> )

where x; = ih, for i € [0, LN}, y; = jh, for j € [0, LM].

Following the one-dimensional example of [Tre00, Equations (3.2) and (3.3)] and the
equal-axis (i.e. N = M) example of [CHQZS88, Equation (9.7.6)] we can define the discrete
Fourier transform of w and then use this to give the spectral approximation of u ([LSL15,
Equation (6)] uses the same form but rescaled by 1/hzh,). That is,

R LN LM’
U(ky, ko) = hahy > > (@i, )Pk (T3, Y7)

2121 =t (8.3)
U(zi,y;) = BlL? Z Z U(k1, k2)@k; ks (Ti5 y5)

“ — SISk SR LM <y < LAY

where
I V2 for the unit cell
L for the general domain.

We note the difference between the solution evaluated at the discrete points u(z;,y;) in the
first line of (8.3) and the discrete approximation U(z;,y;) in the second line of (8.3).
As noted in [Tre00, Page 24] for the purposes of implementation, in our notation,
MATLAB stores wavenumbers in the order 0,1, ..., LN/2, - LN/2 +1,- LN/2 +2, ... -1.
Henceforth we choose our iterates U, from the set Sy (see [CHQZ88, Equation
(9.7.2)] and Lemma 4.3.2) defined by, k1, k2,4,j € N, i € [0, LN], j € [0, LM’]

—LN/24+1 <k <LN/2,—LM'/2+1<ky < LM’/2,}

SNZSPaH{SOkl,kz(xi»yj) s — ihosy; — ih
i = Wy, Y5 = y

102



8.1. SPATIAL DISCRETISATIONS CHAPTER 8. IMPLEMENTATION

Differentiation in real space then becomes multiplication by polynomials of k in
Fourier space (see [Tre00, page 23]) which is a reason for choosing the method.
Following [EW13, Section 4.2] we wish to define the discrete analogues of the energy

and some of the norms introduced in Chapters 3, 6 and 7.

Definition 8.1.1 (The Discrete Inner Product and LP-norms). For simplicity we index our
inner-products and norms by N where implicitly they depend on N and L.
Consider two LN x LM’ matrices, U and V. The discrete inner product is given by
LN LM’
(U V)y =hahy Y > Ul y)V(wi,y5)

i=1 j=1

where x; = thy, y; = jhy.
The discrete LP-norm for 1 < p < oo are given by (see [EW13, Fquations (4.5)-

(4-6)])
U5, = (U, 1)y where I is the LN x LM’ identity matrix
N

and for p = co we have

[Ullze = rg@X\U(xi,yj)l-

The application of the Laplacian in discrete space can be obtained through the

discrete Fourier transform using (8.3),

AU(.’IJ“ yj)

2 27\ 2 s K2\ -
= _W o Z kT + 3 Uk, k2)@k1,k2 (xhyj)‘
BRIk B LAy <y < A

(8.4)
Next, we define the discrete energy, as in [EW13, Equation (4.11)].

Definition 8.1.2 (Discrete PFC Functional).
1 2 s | —,
FnlUl=SIAU +Ullzs, = 5lIUNLs, + 71024, -

Again, implicitly Fn depends on the domain size L.

By direct analogy with Lemma 3.1.4, we can define the discrete first and second
variations, (6Fn[U],V) and ($2Fn[U]V, V).

By analogy, with Definition 7.1.1 we define the discrete convex-concave splittings.

Definition 8.1.3 (Discrete Convex-Concave Splitting).

FnlU] = Fée, U] - FE e, U],
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where, for C, > 0, we have

1 ) Cp
Fe, U] = SI1AU + Uligs - §||UH%§V + THUH%?V»
C 1
Ao, 01 = L1012, - Liwi,,

Again, tmplicitly these functionals depend on the domain size L.
Finally we define the discrete analogue of the A -norm defined in Definition 6.1.1.

Definition 8.1.4 (Discrete A(™)-norm).
U1 = IAU + U2, + 701
where for Ymin > 0 we have
o = max (Yumin, 3UZ = 9)

Again, implicitly this norm depends on the domain size L. For v € H~2(Q)) we denote the

inverse norm by

vl = HUH(AE\",‘))A' (8.5)

Remark 8.1.1. Using this form of spatial discretisation one should be able to prove con-
vergence results for the fully discrete scheme that are analogous to the results we obtained
for the time discrete schemes in Theorems 6.1.1 and 7.1.3. Since the focus of this thesis is

time discretisation we don’t address this issue.

8.2 Review of Time Discretisations

We now consider the numerical implementation of the discrete versions of Algorithms 6.1.1
and 7.1.1. We will first consider methods of ensuring convergence through the choice of
C,, for the PFC and Swift-Hohenberg algorithms and through the choice of 7,, for the H2-
gradient flow based algorithm. Finally we use some simple numerical tests to compare
the methods outlined above and to choose an appropriate point to terminate the resulting

algorithms.

8.2.1 Adaptive Convex-Concave Splitting

The proof of [EW13, Theorem 2.1] and Theorem 7.2.1 show that if the constant C), is
large enough then Algorithm 7.1.1 is well-defined. However, for the purposes of numerical
simulations we require a way to calculate an initial estimate for C,,. It is important to try
to optimise C), as numerical tests suggest the larger the value of C,, the slower the rate of

convergence (which is also suggested by [EW13, Theorem 3.1]).
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Remark 7.2.1 motivates us to initially choose C,, as
Co = 31Ul +6. (5.6)

In the numerical simulations we undertake the initial choice of C,, (8.6) already
ensures energy decrease except in the case, given in Section 9.2, of random initial conditions
on a large domain. Even in the case of Section 9.2 the choice (8.6) ensures energy decrease
down to a residual of approximately 1076,

We can see that for this numerical implementation the only change we need to make
to Algorithm 7.1.1 is discretisation in space. Hence, in the remainder of the thesis, when we

refer to Algorithm 7.1.1 we implicitly mean the discrete in space version of this algorithm.

8.2.2 Exponential Convergence

From [Tre00, Chapter 4] we know that for analytic functions we would obtain exponential
convergence of the spectral approximation and for C*° functions the order of convergence is
super-algebraic. We know from Lemma 3.3.3 that the solution to the problem (P) (page 37)
is C'°°; however, we do not prove that the solution is analytic. Nevertheless, the numerical
test shown in Figure 8.2 suggest exponential convergence of the energy.

For our first numerical simulations the basic test environment we use is the rectan-

gular unit cell (8.1). This test environment is shown below in Figure 8.1a.

[ = 0.4
4B
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4
n -0.5
-0.6

(a) We show the wunit cell for
0 = —u = 0.3. This is generated
using the Swift-Hohenberg equation on
the initial condition given in (8.11).

Figure 8.1

(b) We show four unit cells (i.e. the do-
main Qa4 given by (8.2)) for § = —u =
0.3. This is also generated using the
Swift-Hohenberg equation on the initial
condition given in (8.11). From this di-
agram we can more easily see the trian-
gular form of the lattice.

We can see the convergence of the difference between minimum of the discrete PFC
functional Fn[U] at N and at N = N + 2 against the number of grid points in Figure 8.2,

which appears to be exponential. The increase near the end is probably due to the energy
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difference stagnating because we have reached computational accuracy.

10 \

—H&— experimental

| inf Fy — inf Fyo|

10_20 1 1 1 1
4 6 8 10 12 14 16

Number of Grid Points (N)

Figure 8.2: We show the reduction of energy with grid points. The error is calculated by
finding the difference between the energy of the minimiser at IV grid points and the energy of
the minimiser at IV 4 2 grid points. The decline in error appears to be roughly exponential.
An exponential reduction is shown as a guide to the eye.

8.2.3 Line Search Method

We consider the case of the H2-gradient flow based approach of Chapter 6. As mentioned in
Subsection 6.1.3, we wish to improve the time-step selection in Algorithm 6.1.1. We make
two changes, first we change the initial choice of 7 in line (2) and secondly we change how
we update 7 in line (5).

We consider the case where in line (2) the initial choice of 7 is motivated by the
value of 7 at the previous time-step. Our initial choice of 7,, is motivated by [NW06, Page

59]. Specifically, we initialise the line search with

. 1 —

o min (1, m) ifn=0 a7
! Ty AT Un il otherwise
=L FN [Un]N,n1 )

where the dual norm is defined through (8.5).
To find a suitable 7 we could use a back-tracking approach (e.g. [NW06, Algorithm
3.1]) or a more sophisticated cubic interpolation (see for example [NWO06, Section 3.5]). In

the numerical simulations below, we choose the cubic interpolation, that is, at each iterate
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of the line search loop we update 7, using

;e (OFN[Upn + 1 V], 6 FN[Un]) Non + ha — P (8.8)
" " " (6FN[Un + 1 Vo]s 6 FN[Un]) Ny — H(S‘FN[U"]H?V,n + 2hs .

where

3[Fn[Un + 1 Ve) — Fn[Un
hi = [0FN U + (OFN[Un + 70V, OFN[Un]) Ny — i (Un + 7uVa] = il “,

Tn

hQ - \/h% - <6-FN[UTL + TnVn]v5‘FN[UH}>N7HH5‘FN[U”L]||?V,n

and again the dual norm is defined through (8.5).

In Chapter 6 we showed that the back-tracking method is sufficient to ensure sta-
bility; however, we obtain faster convergence by using the cubic interpolation method, see
Figure 8.4. For convenience we now state the cubic line search algorithm we will use through-

out the rest of this thesis. Again § and w are fixed constants.

Algorithm 8.2.1.

0) INPUT Up, Yanin > 0,0 < © < 1/2
1) FOR n=0,1,2,...

) Yn = max (%nim 302 — 5)
) INITIALISE 7, using (8.7)

2
3
)
UPDATE V, = — (A; ) 16 Fy U]
5

6
7

WHILE Fx[Uy + 7 Vo] > Fn[Un] — 07,6 F N [Un] |30
UPDATE 7, using (8.8)

(
(
(
(
(4
(
(
( Ups1 = Un + 1V

)
)
)
)

IT in line (4) is defined by
Id :=d —][ ddx (8.9)
Q

and the dual norm in line (5) is defined through (8.5).
Motivated by (6.1) with H = A we want to consider the effect of the constant v on

the rate of convergence. We define the constant v as a function of u, i.e.
v(u) = 3u2 — 4. (8.10)

Definition 6.1.1 and (3.10) suggest that our choice for v should be v = v(u*) where u* is

the solution to (P) (page 37). Obviously, we can not know a priori what u* is. As an
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approximation to u* we use the one mode solution of the PFC equation (see for example
[EG04, Equation (37)]), that is

o (5, 7) = §(|u|+ m)( (2“/) (21})_05(4@%

(8.11)

where again a is the unit length along the z-axis. The one mode solution lets us define the
fixed value of v, Yom = Y(tom) which can be shown to be positive.

The performance of an algorithm is measured using the number of fast Fourier
transforms (FFTs) as we expect this to be the slowest process in our algorithms if they are
fully optimised. We do not use the iteration number as in Algorithm 7.1.1 the while loop
(line (4)-(6)) may be very expensive since we may have to continually solve (7.3). Also we
will introduce a trust region (Algorithm E.1.1) which requires us to solve a sub-problem
(Definition E.0.1) at each iteration which can be very expensive. To clarify this issue for
the complex domain simulations (Subsection 8.2.6) and random initial condition simulations
(Section 9.2) we reproduce the convergence plots Figure 8.9 and 9.6 with time measured in
iteration number. For these simulations we also show that for the trust region algorithms
the number of FFTs per iteration changes dramatically. Since we are looking for critical

points, i.e. ||(5.7-'[u]||H;2(m = 0, we consider the residual, i.e.
16FN[Un] = 0FN[Un]ll g

and look for values of U,, where this residual is small. We use the L°-norm as this norm
is independent of the domain size, is relatively easy to compute, and is also independent of
the numerical discretisation choice.

In Figure 8.3 we show the decrease of the residual plotted against the number of fast
Fourier transforms for v = yom, ¥ = 1 and v adaptive as in Definition 6.1.1. We start on a
unit domain with random initial conditions given by rand(z,y) — 0.5 + @ and set N = 16.
As noted in Remark 4.2.4 the rate of convergence for v = 7., constant is similar to the rate

of convergence for adaptive v but slightly slower.

8.2.4 Choice of Line Search Algorithm

We wish to justify our choice of algorithms by comparing the speed of convergence for a
test problem on a small domain.

Specifically, we wish to show that the line search algorithm (Algorithm 8.2.1) is a
good choice. To do this we will compare Algorithm 8.2.1 to its analogue where line (6) is
replaced by a back-tracking scheme (i.e. 7,  7,/2) or by a quadratic approximation (see
[NW06, Equation (3.58)]). Finally we will compare these three line search algorithms to
their analogues with line (2) replaced by 7, = Yom for all n.

To compare these algorithms we look at the rates of convergence of the different
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O Cubic Line search
#  Cubic Line Searchy=y_

O Cubic Line Searchy=1 ||

residual
o
S

L L L L L L L L
0 50 100 150 200 250 300 350 400 450
#FFTs

Figure 8.3: Residual of the solution against number of FFTs, from random initial conditions
on a unit cell, using adaptive v, v = Yom and v = 1. For N = 16 and residual tolerence
1077,

algorithms detailed above against the number of grid points. We take the initial number
of grid points to be 12, this will be justified in the next subsection. We start with random
initial conditions generated by the MATLAB function rand, i.e. rand—0.5 + 4. The same
initial conditions are used for all methods. We use the same termination criterion for all
algorithms,
|6FNn — 6Fn|| o <1077 (8.12)
N

For more stringent termination criteria, numerical round-off prevents us from checking the
Armijo condition. Hence this is the lowest residual tolerance we can sensibly use. We show
the number of FFTs required to satisfy (8.12) against grid size for the different line search
algorithms in Figure 8.4.

We can see, from Figure 8.4, that for all the methods of interpolating 7,, choosing
an adaptive ~, rather than a fixed v leads to a reduction in the number of FFTs required to
converge. Therefore, henceforth, we always use an adaptive ~,,. We can also see, from Figure
8.4, that the cubic interpolation is generally better than the other interpolation methods.
Also, since calculating the energy and the first variation can be done at the same cost (in
fast Fourier transforms) as just calculating the PFC functional, there is no real disadvantage
in using the cubic interpolation over using the quadratic interpolation.

Therefore, for the numerical simulations undertaken in the rest of this thesis we

chiefly consider three algorithms:

e Algorithm 8.2.1 for the line search method, with the cubic interpolation of [NWO06,
Section 3.5]

e the discrete form of Algorithm 7.1.1 with H = L?(Q2) for the Swift-Hohenberg case,
e the discrete form of Algorithm 7.1.1 with H = H~1(Q) for the PFC case.

In the next section we encounter an issue with the number of grid points which leads us to
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FFT against Grid size for different line search methods (2D)
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—P— Quadratic Line Search Fixed

#FFTs

Grid Size (N)

Figure 8.4: Number of FFTs required for convergence of the solution against grid size,
starting from random initial conditions, using the six line search methods generated from
Algorithms 8.2.1 by fixing v, = Yom and replacing line (6) by a back tracking or quadratic
interpolation. For fixed residual tolerence 1077.

introduce a trust region algorithm (Algorithm E.1.1) which will we also include in all the
remaining simulations.
In the simulations of Chapter 9 we will include simulations using Algorithm 8.2.1

with v, = Yom for all n € N in line (2) to justify the assertions of Subsection 6.1.2.

8.2.5 Convergence with Number of Grid Points

We now wish to compare the speed of convergence for the Algorithms 7.1.1 and 8.2.1 against
the number of grid points. We use exactly the same test problem as detailed in Subsection
8.2.4 with the termination criterion (8.12). However, as well as comparing the different
algorithms, we also start from a lower number of grid points, that is N = 4. The results are
shown in Figure 8.5.

We can see that for all the methods there is a drastic increase in the number of
FFTs when the number of grid points is small. This is the justification for starting at
N =12 for Figure 8.4. To demonstrate that this issue can not be resolved simply by using
the full second variation we also tested a trust region method. More detail on the trust
region method used is given in Appendix E. The trust region algorithm, Algorithm E.1.1, is
also shown in Figure 8.5 and this demonstrates that for this method we still encounter the
same effect. For the purposes of comparison we include this algorithm in all the remaining
simulations.

We believe this “divergence” occurs because the translational invariance of the PFC

functional is broken by the discretisation. The translational invariance of the original PFC
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FFT against Grid size for different methods (2D)
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Figure 8.5: Number of FFTs required for convergence of the solution against grid size, start-
ing from random initial conditions, using the four different methods described in Algorithms
7.1.1, 8.2.1 and E.1.1. For fixed residual tolerence 10~7.

functional follows from Appendix B.The discretised PFC functional therefore has a minimum
associated with each of the grid points, while between each minimum there lies a saddle.
As the number of points grows the energy barrier between minima becomes smaller (and
eventually vanishes at the continuum) therefore the oscillation between different states ceases
to be an issue. The existence of a saddle point and the dependence of its energy on the
number of grid points are shown in the figure below, Figure 8.6a. We take one converged
solution U and translate all the points by one grid point Ur, we then plot the energy of the
linear combination of the two solutions tU + (1 — ¢)Ur against t € (0,1). We plot the figure
for 6, 8 and 10 grid points.

We see that the initial minimum and the perturbed solution have the same energy
and that between them lies a saddle. We also see that the saddle is less pronounced for higher
numbers of grid points as suggested in the previous paragraph. The second figure, Figure
8.6b, shows that the difference between successive maxima of the interpolation declines with
the number of grid points. Since we interpolate between two minima we do not necessarily
find the true saddle and hence the decline in energy difference is not exponential.

The “divergence” in the number of FFTs when the number of grid points is low can
be treated in several ways. The first and most obvious method is to take the number of
grid points to be large enough so that this problem never occurs, e.g. greater than ten (this
is what we did in Subsection 8.2.4). The issue with only using a relatively large number of
grid points is that we wish to consider large domain sizes and if we require ten grid points
on the z-axis per unit cell, which is much larger than the minimum required (at least two

according to [Tre00, page 67]), then calculations especially in three dimensions will be very
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Figure 8.6
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(b) The decline of the difference be-
tween successive maxima of the inter-
polation between two minima. Since we
use an interpolation we do not necessar-
ily find the true saddle so the decline is
not necessarily exponential.

(a) Energy of the linear combinations
of the initial minima U and translated
minima Uy, tU + (1 — t)Ur against the
linear parameter ¢ in 2D. We plot the
results for 6, 8 and 10 grid points.

computationally expensive. A second possible solution and the one we adopt in this chapter
is to choose the residual tolerance large enough so that the algorithm terminates before an
accuracy where the saddle affects the iteration. The obvious disadvantage of increasing the
residual tolerance we terminate the algorithm at when the number of grid points is low is
that it affects the accuracy of the solution.

To negate this issue of accuracy we choose the residual we converge at to get smaller
with increasing number of grid points until the residual becomes so small that the energy

change reaches computational accuracy, i.e. 10~7. Experimentally, we found that

[0FN = 0FN| o < max (102 X exp [—}i} ;2 X 107) (8.13)
is a suitable choice.

The corresponding graph is shown in Figure 8.7. We can see that the preconditioned
line search method introduced in Chapter 6 scales in a similar way to the other methods.
An appropriate choice of parameters could mean the other methods perform substantially
better; however, the results here are at least indicative that this method is promising.

From Figure 8.7 we can see that the number of FFTs required for convergence seems
to increase with grid size N. This is even the case at high grid point numbers when the
upper bound (8.13) is uniformly 2 x 10~7 (this occurs for h, < 0.52 which translates to
N > 14). We believe that this increase occurs because the fluctuations we have chosen are
only bounded uniformly in L>(2) and not necessarily in H%({2). We therefore repeat this
test with random fluctuations that are bounded in H?().

To facilitate quick convergence we start from the equilibrium solution (u*) to which

we then add random fluctuations. To obtain the equilibrium solution we start from an initial
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FFT against Grid size for different methods (2D)
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Figure 8.7: Number of FFTs required for convergence of the solution against grid
size, from random initial conditions, using the four different methods described
in Algorithms 7.1.1, 8.2.1 and E.1.1. For adaptive residual tolerance given by
max (1072 x exp [-6/h,],2 x 1077).

condition of the one mode solution (8.11) and run the trust region algorithm (Algorithm
E.1.1) until (8.13) is satisfied.
To obtain the random fluctuations we first need to ensure that we are bounded in

H?(Q). We start with a scaled random fluctuation in Fourier space, that is
ﬁ(k)l, k’g) = (1 + |k‘\2)_2rand(k‘1, k‘g) (814)

We know that [|v]|gz2(q) is an equivalent norm to |[(1 + [k[?)8]| 12(q) therefore for the scaled
random fluctuation given by (8.14) we have [|v| g2 < C, for C > 0. To ensure the
fluctuation is not too large we divide v by its maximum. That is, we define a scaled random
H?-fluctuation

o) = V&Y
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where v is defined through (8.14). We want to mollify this fluctuation to ensure that our
initial condition has the right continuity. We use the C?-mollifier of [Mur12, Page 58],

—6r° + 1571 — 10r® + 1 r € [0,1]
o(r) = (8.16)
0 r> 1

We want our mollifier to be centred at the middle of our domain. To do this for the domain

Qr, we define the normalised radial distance from the centre of the domain, that is
La\?> E\/ga 2
ra,(2,y)” = (I - 2) + (y - )

2 for the unit cell (L =1)

where

L for the general domain.

To obtain our centred fluctuation we combine the mollifier (8.16) with our fluctuation (8.15).
We now modify our equilibrium solution by multiplying «* by the identity minus our centred

fluctuation, that is

uo(2,y) = u(2,y)(1 = ¢(ra,L)C(2,y)).

This solution is essentially equivalent to subtracting some random fluctuations from the
centre of the lattice. This means our initial condition is a lattice with a vacancy. To ensure

the average is conserved we prescribe the average of ug that is

ﬁlQL| kl = kQ = 03
Sluo(@,y)](k1, k2) = _ (8.17)
Flu*(z,y)(1 = ¢(ra.L)C(x, )] (k1, k2) otherwise,

where § denotes the Fourier transform.

We then rerun the simulation of Figure 8.7 with this initial condition and the adap-
tive termination criterion (8.13). The results are shown in Figure 8.8. The slight increase
for high grid point numbers seems to have disappeared, in fact there seems to be a decrease.
This decrease is probably due to the higher resolution of our model when the number of
grid points is high. We can see that the algorithms remain in the same order, in terms of
FFTs required to reach a minimum, and therefore there is still evidence that the line search

is a promising method.

8.2.6 Domain Convergence

We shall now use the new initial condition (8.17) to test the effect of domain size on our
algorithms. The initial simulations used to show grid size convergence were taken on the
unit cell. We now wish to consider larger domains, i.e. (8.2).

Given the section on grid convergence above (Subsection 8.2.5) we take the number
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FFT against Grid size for different methods (2D)
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Figure 8.8: Number of FFTs required for convergence of the solution against grid
size, from the initial condition (8.17), using the four different methods described
in Algorithms 7.1.1, 8.2.1 and E.1.1. For adaptive residual tolerance given by
max (1072 x exp [~6/h,],2 x 1077) .

of points along the z-axis, N, to be sixteen and the convergence criterion to be (8.13). As

remarked above the initial condition is given by (8.17). The results are shown in Figure 8.9.

We can see that the number of FFTs required for the convergence of the solution
increases with domain size before plateauing for all methods. All the algorithms seem to
plateau between L = 16 and L = 32. We suspect that the increase in the pre-asymptotic
regime is due to resolving the high wavelengths that are not present in a small domain. All
four methods scale similarly and again the convex-concave schemes (Algorithm 7.1.1) seem
to take an order of magnitude more FFTs than the line search algorithm (Algorithm 8.2.1).
We note that the PFC algorithm is significantly slower than the SH algorithm; however it
may be that a different choice of parameters would eliminate this effect.

We can see that for all our domains the line search algorithm is significantly faster

than the two convex-concave splitting schemes. The line search algorithm and the trust
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Figure 8.9: Number of FFTs required for convergence of the solution against domain size.
The initial condition is given by (8.17) and we use the four different methods described by
Algorithms 7.1.1, 8.2.1 and E.1.1. For adaptive residual tolerence (8.13) and N = 16.

region algorithm (Algorithm E.1.1) seem to take roughly the same number of FFTs to
converge. These two facts demonstrate that the line search maybe a promising alternative
scheme for solving problem (P) (see page 37). Even though the trust region method seems
to be roughly the same speed as the line search algorithm, there is some indication that
the line search algorithm may be more reliable. Specifically, we show in Section 9.2 that,
in contrast to Algorithm 8.2.1, the trust region method Algorithm E.1.1 fails to reach the
expected minima, that is, it behaves qualitatively differently.

In Subsection 8.2.3 we argued that the speed of our algorithms should be measured
using the number of FFTs. The domain simulations undertaken above are some of the most
complex undertaken in this thesis as the domain size is larger than the one generally used
in Chapter 9. Therefore we reproduce these simulations with the speed of our algorithms
measured using iteration number (see Figure 8.10a). We can see that the graph is quali-
tatively similar for all the algorithms except the trust region. To highlight the difference
between using the number of FFTs and using the iteration number to measure the speed
of convergence we plot the average number of FFTs per iteration (see Figure 8.10b). We
can see that the number of FFTs per iteration is constant for the line search algorithm.
We would expect this as the only difference between iterations is the amount of time spent
in the while loop (lines (5) and (6) of Algorithm 8.2.1) and no FFTs are undertaken in
this loop. The average number of FFTs per iteration is also constant for the SH and PFC
algorithms. Since, again, the only difference between iterations is the amount of time spent
in the while loop (lines (4)-(6) of Algorithm 7.1.1) this suggests that the initial value of C,
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(8.6) is normally accepted. By contrast, the average number of FFTs per iteration varies
widely for the trust region algorithm, this is because the sub-problem Definition E.0.1 may
require many FFTs to solve. This graph (Figure 8.10b) demonstrates part of the reason for

using FFTs to measure the speed of our algorithms.
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8.3 Conclusion

In this chapter we introduced the spatial discretisation used for our numerical tests. We
use a pseudo-spectral method as in this case we expect exponential convergence. We then
detailed the adaptive methods for choosing the constants 7,, and C,, so that the discrete
forms of Algorithms 6.1.1 and 7.1.1 respectively are well-defined and perform well. We
discussed an issue that arises with the “divergence” of convergence time at a low number
of spatial grid points and possible methods for resolving this issue. Finally, we studied the

convergence of the residual with domain size.
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Chapter 9

Model Problems

Having considered the minimisation problem (P) (page 37) on a unit cell we now consider
simulations on larger domains. These simulations are closer to problems that practition-
ers consider and they demonstrate interesting properties of and differences between the
algorithms used.

In principle we expect the minima reached by each algorithm to be the same but
the process by which we reach the minima may differ. We wish to compare the behaviour
of the different methods after a long time (a large number of FFTs) or near a critical
point (i.e. when the residual is small), in this case it may be possible to show that the
qualitative behaviour of the four methods (Algorithms 8.2.1, E.1.1, and the discrete version
of Algorithm 7.1.1 with H = L?(Q2) and H = H~1(Q)) have similarities.

9.1 Rotated Crystal

We consider the case of a rotated crystal, i.e. where the initial condition is the reference
lattice with a small central portion rotated out of orientation. This was previously studied

using the PFC model, for example in [Larl4, Chapter 5].

9.1.1 Numerics

In this case to generate the initial condition there are several steps. We start with a L = 64
lattice (defined by (8.2)), generated by periodically repeating the solution with residual 10~"
on a unit cell, i.e. 64 unit cells along the z-direction and 32 in the y-direction. We then
rotate a central circle of diameter one (in terms of the period of the unit cell a) through
/6. This initial condition is shown below in Figure 9.1. We consider the four algorithms,
Algorithms E.1.1, 8.2.1 and the discrete version of Algorithm 7.1.1 with H = L?(Q2) and
H = H~1(Q). To justify the choice of adaptive ~, introduced in Subsection 6.1.2, we also
use Algorithm 8.2.1 with fixed ~, i.e. v, = Yom for all n.
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Rotated Crystal Initial Condition

Rotated Portion
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Figure 9.1: The initial condition for the rotated crystal. A L = 64 lattice is generated and
a central circle of diameter one is rotated through 7/6. The inset on the right highlights
the rotated portion, demarked on the larger diagram by a rectangle.

We run the algorithms for 10° FFTs. After this time, the rotated defect is absorbed
and we obtain the standard lattice. This final condition is shown below in Figure 9.2.

We plot the reduction of the residual for the five algorithms. We see that the residual
initially reduces quickly before stagnating; however, for this initial condition the line search
(both fixed and adaptive v) and trust-region methods converge faster than the other two
methods. In contrast the PFC and the Swift-Hohenberg methods initially perform better.
Figure 9.3 shows the reduction of the residual where the y-axis is plotted on a logarithmic
scale and the z-axis is plotted on a linear scale. After the initial reduction, all algorithms get
stuck in a metastable state before reducing further, this effect can be seen more clearly in
Figure 9.4 where both axes are plotted on a logarithmic scale. We note that terminating at
a residual of 10~° should be sufficient; however, we curtail at 10~7 to make the convergence

clearer.

9.1.2 Discussion

Here we can see that in contrast to the case of random initial conditions below, Section
9.2, we spend very little time in the metastable state for the line search or trust region
algorithms. The Swift-Hohenberg and PFC algorithms enter a metastable state for longer
but even they do not persist there for very long. This contrast suggests that the problem
of metastability is reduced when one chooses an initial condition which is not far from

the reference lattice, which under no strain should be the true minimum. In this case all
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Rotated Crystal Final Condition
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Figure 9.2: The final state of the rotated crystal, whose initial condition is given by Figure
9.1. The solution is given after 10° FFTs or when the residual is less than 10~7. We thus
have the standard lattice, the solutions of Section 9.2 are close to this. The inset zooms in
the central portion to highlight the hexagonal lattice structure.
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Figure 9.3: The reduction in residual for the rotated crystal, whose initial condition is
given by Figure 9.1. We note that the residuals initially converge quickly before stagnating
and then finally converging to a low residual with the line search and trust-region methods
performing better. The z-axis is linear and the y-axis logarithmic.
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Figure 9.4: The reduction in residual for the zg?asted crystal, whose initial condition is given
by Figure 9.1. Both axes are given on a logarithmic scale. This image emphaisises the
behaviour around the metastable state. We can also see that the PFC and Swift-Hohenberg
algorithms perform better initially.

algorithms obtain the same final state, as predicted, although the speed of the line search
algorithm demonstrates that it may be potentially useful. We can see that there is little
difference between the adaptive and fixed line search algorithms. We believe this is because

we are in the asymptotic regime as mentioned in Subsection 6.1.2.

9.2 Random Initial Conditions

We start with one of the simplest possible initial conditions, i.e. where the domain is filled

with random fluctuations around the average .

9.2.1 Numerics

We start with a large, L = 64, domain with random initial conditions, i.e.
uo(x,y) = rand(z,y) — 0.5 + @. (9.1)

The initial condition is shown below in Figure 9.5. We then run all the five algorithms
(Algorithm E.1.1, Algorithm 8.2.1 with v = v, and v, = Yom for all n and the discrete
form of Algorithm 7.1.1 with H = L?(Q2) and H = H~1(Q)) for 5 x 105 FFTs or until the
residual is less than 10~7 and compare the results.

Figure 9.6 shows that the residuals for all the algorithms initially converge quickly

before stagnating. The residual then reduces slowly suggesting that, as we would expect, we

121



9.2. RANDOM INITIAL CONDITIONS CHAPTER 9. MODEL PROBLEMS

Initial Condition

Figure 9.5: The initial condition for the algorithms, a L = 64 domain with random initial
condition given by (9.1).

are not at a minimum. Both the trust region method and the line search then enter a regime
where the residual again decreases faster; however, this happens earlier and the decrease is
faster for the trust region method. In the case of the fixed line search this final decrease is
much later than for the line search. The SH and PFC equation methods eventually decrease
so that they reach the termination criterion. All the algorithms terminate before the end of
the five million FFTs; however, they do not reach the reference lattice which is expected to
be the minimum state. Figure 9.7 gives the residual decrease where both axes are plotted

on a logarithmic scale as this makes the initial behaviour clearer.
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Figure 9.6: We show the convergence of the residual upto 5 x 106 FFTs starting from the
random initial conditions given by (9.1). We note the residual converges quickly before
stagnating, it then appears to reduce slowly. The adaptive line search and trust region
methods then relatively quickly enter a phase where they reduce further. We note that
in this case the fixed line search is much worse than the adaptive line search. All the
algorithms eventually reach a point where their residual is low enough that they are taken
to have converged.
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Figure 9.7: We show the convergence of the residual upto 5 x 106 FFTs starting from random
initial conditions given by (9.1). In this case both axes are plotted on a logarithmic scale. We
note the residual converges quickly before stagnating particularly for the Swift-Hohenberg
and PFC methods.

In Subsection 8.2.3 we argued that the speed of our algorithms should be measured
using the number of FFTs. The simulations undertaken above are some of the most complex
undertaken in this thesis as the initial conditions are deliberately chosen to be far away
from the expected solution. Therefore we reproduce these simulations with the speed of
our algorithms measured using iteration number (see Figure 9.8a). We can see that the
graph is qualitatively similar for all the algorithms except the trust region. To highlight the
difference between using the number of FFTs and using the iteration number to measure the
speed of convergence we plot the average number of FFTs per iteration (see Figure 9.8b).
We can see that the number of FFTs per iteration is constant for the line search algorithm.
We would expect this as the only difference between iterations is the amount of time spent
in the while loop (lines (5) and (6) of Algorithm 8.2.1) and no FFTs are undertaken in
this loop. The average number of FFTs per iteration is also constant for the SH and PFC
algorithms. Since, again, the only difference between iterations is the amount of time spent
in the while loop (lines (4)-(6) of Algorithm 7.1.1) this suggests that the initial value of C,
(8.6) is normally accepted. By contrast, the average number of FFTs per iteration varies
widely for the trust region algorithm, this is because the sub-problem Definition E.0.1 may
require many FFTs to solve. This graph (Figure 9.8b) along with Figure 8.10b demonstrates

part of the reason for using FFTs to measure the speed of our algorithms.
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qualitively similar to Figure 9.7.

From the residue plots Figures 9.6 and 9.7 we can see that all our methods enter
a region where the residue decreases slowly. This is a metastable region. As mentioned in
Chapter 1 much of the current PFC literature is interested in metastable states, see e.g.
[Lar14] and [WV12]. Therefore we show the solutions of the various algorithms within their
metastable regimes. As expected none of the algorithms have reached the expected minima,
i.e. the lattice. However we have chosen a number of FFTs so that all the solutions have
a lattice like structure. We show the solution of the cubic line search algorithm (Algorithm
8.2.1) after 1200FFTs (see Figure 9.11), the solution resembles a lattice with multiple dis-
locations. The final solution of the line search algorithm (see Figure 9.17) suggests that the
dislocations pair up to recover the true lattice. We have therefore chosen the number of
FFTs for the line search algorithm so that it looks most qualitatively similar to the solutions
obtained for the other algorithms (see below, i.e. Figures 9.9, 9.10, 9.12 9.13). We show the
solution for the other four algorithms (i.e. Algorithm E.1.1, Algorithm 8.2.1 with v,, = Yom
for all n and the discrete form of Algorithm 7.1.1 with H = L?(Q) and H = H~1(Q2)) after
3500FFTs. The trust region solution is shown in Figure 9.9, the fixed line search solution
is shown in 9.10, the SH solution is shown in Figure 9.12 and the PFC solution is shown in
Figure 9.13. For all these algorithms multiple grains are formed and they look qualitatively
similar. However all these metastable solutions differ significantly from the metastable so-
lution obtained for the cubic line search (see Figure 9.11). We show the residue against the
number of FFTs for the various algorithms in Figure 9.14 to demonstrate that we are in the

metastable state and to show the relative progress of the algorithms.
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Trust region after 3504 FFTs

Figure 9.9: Solution for the trust region algorithm after 3504 FFTs starting from random
initial conditions given by (9.1). We note the formation of grains. The area highlighted by
the white rectangle in the left image is enlarged in the right image can see multiple grain
boundaries. The grains look qualitively similar to the fixed line search solution Figure 9.10,

the SH solution Figure 9.12 and the PFC solution Figure 9.13.
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Fixed line search after 3504 FFTs
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Yom) after 3504 FFTs starting from random

initial conditions given by (9.1). We note the formation of grains. The area highlighted by

the white rectangle in the left image is enlarged in the right and we can see multiple grain
boundaries. The grains look qualitively similar to the trust region solution Figure 9.9, the

SH solution Figure 9.12 and the PFC solution Figure 9.13.

Figure 9.10: Fixed line search algorithm (v
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Cubic line search after 1204 FFTs
Crerve - e

Figure 9.11: Line search algorithm after 1204 FFTs starting from random initial conditions
given by (9.1). We note that in general we have a uniform lattice, however there are multiple
dislocations. There are no grain boundaries unlike the trust region solution Figure 9.9, the
fixed line search solution Figure 9.10, the SH solution Figure 9.12 and the PFC solution
Figure 9.13.

Swift Hohenberg after 3507 FFTs Close up
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Figure 9.12: Swift-Hohenberg algorithm after 3507 FFTs starting from random initial con-
ditions given by (9.1). We note the formation of grains. The area highlighted by the white
rectangle in the left image is enlarged in the right image and we can see multiple grain
boundaries. The grains look qualitively similar to the trust region solution Figure 9.9, the
fixed line search solution Figure 9.10 and the PFC solution Figure 9.13.
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PFC after 3505 FFTs
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Figure 9.13: PFC algorithm after 3505 FFTs starting from random initial conditions given
by (9.1). We note the formation of grains. The area highlighted by the white rectangle in
the left image is enlarged in the right image and we can see multiple grain boundaries. The
grains look qualitively similar to the trust region solution Figure 9.9, the fixed line search
solution Figure 9.10 and the SH solution Figure 9.12
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Figure 9.14: We show the convergence of the residual upto 3500 FFTs for the trust region,
fixed line search, SH and PFC algorithms and 1200 FFTs for the cubic line search algorithm
starting from the random initial conditions given by (9.1). We note the residual converges
quickly before stagnating, it then appears to reduce slowly. The trust region method is
much slower than the others. A log-log plot is shown on the left and a log linear plot is
shown on the right.
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As mentioned above all the algorithms converge, i.e. the residue is less than 10~7 for
a number of FFTs less than 5 x 10%. For completeness we show the final solution obtained
by each algorithm. From Figure 9.15 we can see that two large grains are formed for the
trust region algorithm (Algorithm E.1.1). Figures 9.16, 9.18 and 9.19 show the results of
the fixed line search (Algorithm 8.2.1 with v, = Yom for all n € N), the Swift-Hohenberg
and the PFC algorithms respectively (the discrete form of Algorithm 7.1.1 with H = L?(£2)
and H = H~1(Q) respectively), here we see that multiple grains are formed. For the
Swift-Hohenberg and PFC algorithms we also see the formation of isolated dislocations (see
Figures 9.18 and 9.19) that we do not see with the fixed line search algorithm. For the
adaptive line search method (Algorithm 8.2.1) we recover the reference lattice; however, the
lattice is mis-orientated, see Figure 9.17. As compared to the metastable states shown above
(Figures 9.9-9.13) the line search algorithm has reached the true minimum. By contrast the
solutions for the other algorithms still have multiple grains but the number of grains seem

to be fewer.

Trust region after 45528 FFTs Close up

Figure 9.15: Solution for the trust region algorithm after 45528 FFTs starting from random
initial conditions given by (9.1). We note the formation of grains. The area highlighted by
the white rectangle in the left image is enlarged in the right image and we can see two grain
boundaries, towards the centre at the top and towards the bottom left.
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Fixed line search after 535606 FFTs Close up
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Figure 9.16: Fixed line search algorithm (7 = 7o) after 535606 FFTs starting from random
initial conditions given by (9.1). We note the formation of grains. The area highlighted by
the white rectangle in the left image is enlarged in the right and we can see multiple grain
boundaries, towards the top right and bottom left and running through the centre.

Cubic line search after 155402 FFTs

Figure 9.17: Line search algorithm after 155402 FFTs starting from random initial con-
ditions given by (9.1). We note that in general we have a uniform lattice. However the
oreintation is different from the basic lattice shown in Figure 9.2
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Swift Hohenberg after 1497804 FFTs Close up

Figure 9.18: Swift-Hohenberg algorithm after 1497804 FFTs starting from random initial
conditions given by (9.1). We note the formation of grains. The area highlighted by the
white rectangle in the left image is enlarged in the right image and we can see multiple grain
boundaries. An isolated dislocation is highlighted by white lines.

PFC after 1162855 FFTs
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Figure 9.19: PFC algorithm after 1162855 FFTs starting from random initial conditions
given by (9.1). We note the formation of grains. The area highlighted by the white rectangle
in the left image is enlarged in the right image and we can see multiple grain boundaries.
An isolated dislocation is highlighted by white lines.
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9.2.2 Orientational Ordering

In the previous subsection we showed that the adaptive line search algorithm (Algorithm

8.2.1) is the only algorithm that reaches the true minimum. We wish to investigate whether

this effect persists for different domain sizes.

For our minimisation problem (P) (see page 37) the true solution is the lattice. Con-

sidering the PFC functional (3.1) we see that grain boundaries increase energy compared to

the lattice. Therefore we suspect that a smaller number of grains will be more energetically

favourable than a large number of grains.

We first reconsider the line search algorithm on the L = 64 domain with initial

.We rerun the simulation multiple times with the rand function

)

9.1

(

giving us different initial conditions.

conditions given by

In some cases we initially have a large number of

see Figure 9.20 which shows the result

dislocations and we appear to almost form to grains,

of the algorithm after 1200FFTs .

However all the cases simulated the dislocations pair up

and eventually we obtain the true lattice (with possibly some misorientation), see Figure

9.17.
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Figure 9.20: Line search algorithm after 1200 FFTs starting from random initial conditions

given by (9.1). We note the large number of dislocations

This effect of orientational ordering does appear to be domain dependent. As shown

in Figures 1.2 and 9.21 if we start on an L = 32 domain with random initial conditions given

by (9.1) we obtain a grain boundary. However in this case we still have a degree of ordering

as we seem to only ever generate two grains. The other four algorithms (Algorithm E.1.1,

Algorithm 7.1.1 or Algorithm 8.2.1 with 7, = vom for all n), obtain the same or a greater

number of grain boundaries.
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Figure 9.21: Line search algorithm after 10° FFTs starting from random initial conditions
given by (9.1). We note the large single grain

If we start with random initial conditions (9.1) on a L = 128 domain we obtain
a large number of dislocations. In some cases these dislocations join up to form a grain
boundary however we only ever seem to form one grain. We show the L = 128 domain
domain starting from random initial conditions (9.1) after 10° FFTs in Figure 9.22. In
Figure 9.23 we show the fixed line search algorithm (Algorithm 8.2.1 with v, = Yo, for all
n) for L = 128 after 5 x 10° FFTs. This image is quantitatively similar to those produced by
the trust region algorithm and the SH and PFC algorithms after 5 x 10° FFTs. By contrast
with Figure 9.22 instead of isolated dislocations we see true grain boundaries. This means
that even in this case the adaptive line search imposes more orientational ordering than the

other algorithms.

Figure 9.22: Line search algorithm after 10° FFTs starting from random initial conditions
given by (9.1). We note the large number of dislocations
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Figure 9.23: Fixed line search algorithm after 5 x 10> FFTs starting from random initial
conditions given by (9.1). We note the formation of many grains.

Finally we look at the L = 256 domain. If we start with random initial conditions
(9.1) on a L = 128 domain we obtain a large number of dislocations. These dislocations
join up to form multiple grain boundaries. We show the L = 256 domain domain starting
from random initial conditions (9.1) after 10° FFTs in Figure 9.24.

Line search L =256 Close up

Figure 9.24: Line search algorithm after 10° FFTs starting from random initial conditions
given by (9.1). The area highlighted by the white rectangle in the left image is enlarged in
the right image and we can see multiple dislocations.

In conclusion the orientational ordering seen in Figure 9.17 does not occur for the
L =32 or L = 256 case and may not occur for the L = 128 case. However, in the L = 32,
L = 64 and L = 128 the line search algorithm forms an equal number of fewer grains than
the other algorithms (Algorithm E.1.1, Algorithm 7.1.1 or Algorithm 8.2.1 with 7, = vom for

all n) which is more energetically favourable. We suspect that this trend continues although
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is less pronounced for L = 256 and larger domains; however simulations demonstrating this

are unfeasibly expensive.

9.2.3 Discussion

This model problem demonstrates the issue of metastability, i.e. the algorithm reaches a
point where the reduction in residual at each step is small and so it stagnates. The numerical
tests demonstrated above suggest this is less of an issue for the adaptive line search method
we have implemented. The vast difference in final outcome and the speed of convergence
between the adaptive and fixed line search is a justification for our introduction of this
variable metric technique in Subsection 6.1.2.

This model problem shows that, as noted above, although all the algorithms are
discretisations of the problem (P) (page 37), the process by which they reach the minima
is not necessarily the same. This raises an issue over the comparison of numerical tests as
although we suspect all algorithms will eventually obtain the reference lattice, it appears
that it would take an infeasibly long time to demonstrate this numerically. We might be
able to refine our algorithms to reach lower residuals which are currently available due to
the limitations imposed by computational precision.

In terms of the metastable state we can see, from Figure 9.14, that the fixed line
search algorithm (Algorithm 8.2.1 with 7, = Yom for all n € N) seems to reach the same
metastable state as the PFC, SH and trust region algorithms. However, it appears that the
cubic line search algorithm (Algorithm 8.2.1) never passes through this metastable state.
The PFC and SH algorithms seem to reach the metastable state faster than the other
algorithms. However, the relative speed of the adaptive line search method suggests that
this may allow us to find equilibrium configurations that are infeasible by other methods.
In addition the fixed line search algorithm appears to reach a similar final condition to the
SH and PFC algorithms in approximately half the number of FFTs.

For the L = 64 domain the line search algorithm imposes an orientational order on
the solution and therefore avoids grain boundaries. For different domain sizes the solutions
of the line search algorithm still have a high degree of order but can now produce grain

boundaries with the frequency of such boundaries roughly increasing with domain size.

9.3 3D Simulations

An obvious advantage of undertaking calculations in three dimensions is that we should
be able to simulate a much greater variety of physical phenomena. Three dimensional
simulations are considered in [EW13] and [WGT*12].

In Chapters 4 and 5 we derived analytical results that hold in both two and three
dimensions. The time discretisations of Chapters 6 and 7 are also valid for both two and
three dimensions. It is therefore justifiable to consider analogues to our numerical algorithms

in three dimensions.
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The spatially discrete norms and gradients introduced in Section 8.1 are only valid
for calculations in two dimensions; however, these discretisations can easily be adapted to
the three dimensional case (using similar notation to that of [EW13, Section 4.2]). In fact
some three dimensional simulations are undertaken in [EW13, Sections 5.5 and 5.6].

Following the work of [EW13] we can reformulate the algorithms for the PFC and
SH equations in three dimensions (i.e. we reformulate Algorithm 7.1.1). We are also able
to formulate a three dimensional version of the line search algorithm (i.e. we reformulate
Algorithm 8.2.1).

9.3.1 Vacancy Diffusion

To demonstrate the feasibility of three dimensional simulations we undertake a basic simu-
lation.

Initially, since we expect our minimal solution to be a body centered cubic (BCC)
lattice (see the phase diagram [WGT'12, Figure 9 b)] as we use —u = ¢ = 0.3), we start
with a cubic domain whose side-length is the expected period of the lattice (in the x,y and
z-directions). To avoid the issue of divergence at low grid points (see Subsection 8.2.5),
which we assume will be analogous in 3 dimensions, we take N = 16 along each axis. We
then take an initial condition of random fluctuations around our prescribed average and run
the Swift-Hohenberg equation until a residual of 1077 is obtained (i.e. the residual is given
by the 3 dimensional analogue of (8.12)). From this simulation we obtain the unit cube.

We then create a three dimensional lattice by taking two unit cubes in each of the

three dimensions. We then remove the central atom to obtain a vacancy which we fill with

the constant value u(z,y, z) = 0, this initial condition is shown in Figure 9.25.

Figure 9.25: The initial condition for our three dimensional simulations. A lattice is gen-
erated by taking two unit cells in each of the three dimensions. The central atom is then
removed. The left figure shows the level set plot and the right figure shows a composition
of contour plot slices.
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We run the three algorithms (the PFC, SH and line search algorithms) until a
residual of 10~7 is obtained. In all three cases we obtain the same final condition which is
a homogeneous lattice, shown in Figure 9.26. We note that the vacancy has been absorbed,
this is the analogous result to the result seen in two dimensions, see e.g. [EG04, Figure 7].
The physical justification for the vacancy being absorbed is that the PFC model acts on a

diffusive time-scale and therefore, since the vacancy moves through the lattice, each site is

equally likely to be a vacancy site so that, on average, no site is empty.

Figure 9.26: The final condition for our three dimensional simulations. This lattice is
obtained by running the algorithms until a residual of 10~7 is obtained. The initial condition
is given in Figure 9.25. The left figure shows the level set plot and the right figure shows a
composition of contour plot slices.

We can compare the three algorithms by looking at the number of fast Fourier
transforms needed to obtain a given residual. From Figure 9.27 we can see that the SH
and PFC algorithms have faster initial convergence; however, the line search algorithm
then becomes much faster and overall takes about an order of magnitude fewer FFTs to
reach the desired residual (10~7). The superior speed of the line search algorithm yet again
provides a justification for considering this method. Since three dimensional simulations
will in general require many more grid points than a two dimensional simulation, choosing

the fastest method is particularly advantageous in three dimensions.

9.4 Conclusion

In this chapter we demonstrated the performance of the various numerical algorithms on
large test problems. We considered two 2D problems defined by their initial conditions. The
first test problem’s initial condition is a large lattice with a rotated crystal at the centre and
the second problem has an initial condition of random fluctuations around the average of

u. We demonstrated that for the first problem all our algorithms converge to the same final
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Figure 9.27: We show the residual plotted against the number of FFTs for the SH and
PFC algorithms as well as for the line search algorithm. The residual and number of FFTs
are plotted on a log-log scale. The initial condition is given in Figure 9.25 and the final
condition is given in Figure 9.26.

state. However, for the second problem the algorithms converge to different final states.
We also included a three dimensional test where the initial condition is a lattice with a
vacancy. In this case we only compare three algorithms the SH, PFC and adaptive line
search algorithm. All three algorithms converge to the same final state of a BCC lattice.

In all three cases we showed that Algorithms E.1.1 and 8.2.1 obtain a small residual
in a much smaller number of FFTs than the methods from Algorithm 7.1.1. However, in the
case of the second problem where we have a persistent metastable state the adaptive line
search does not appear to pass through the same metastable state as all the other algorithms.
The adaptive line search seems to recover the true lattice in this case, for different domain
sizes this adaptive line search produces more highly ordered states but may not recover the
true solution. In the case of Section 9.2, by contrast the fixed line search appears to obtain
the same metastable state as the PFC, SH and trust region algorithms. The fixed line search
algorithm also lies between the three algorithms in the sense that it obtains the metastable
state faster than the trust region algorithm but slower than the SH and PFC algorithms,
but persists in the metastable state for longer than the trust region algorithm but for less
FFTs than the SH and PFC algorithms.
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Chapter 10

Conclusions and Further Work

In this chapter we summarise the results of the thesis and outline related areas for possible

further work.

10.1 Conclusions

We recall that the aim of this thesis is to develop and analyse various gradient-flow type
algorithms to minimise the PFC functional whilst conserving the average of the variable.
That is we formulate gradient-flow type methods to solve problem (P) (see page 37). We
analysed and developed two kinds of time-discrete gradient-type algorithms (see Chapters
6 and 7). We concluded this thesis with a series of numerical tests to demonstrate the
performance of the various schemes surveyed (Chapters 8 and 9).

The rest of this section is split into four subsections each of which highlights a

significant aspect of this thesis which appears to be novel.

10.1.1 Novel Algorithms

In this thesis all our minimisation algorithms for problem (P) are based around solving
gradient flow equations, i.e. equations of the form (4.1).

In this thesis we introduced a novel H?2-like gradient flow, i.e. Definition 4.2.4. We
proved existence and uniqueness of this flow in Lemma 4.4.1.

This gradient flow is discretised in Chapter 6. In this chapter we also introduced a
variable metric version of this flow, i.e. Definition 6.1.1. This variable metric flow is shown
to converge in a smaller number of FFTs than its fixed metric analogue in the simulations
of Chapter 9. Finally, we formulated a line search algorithm based on this gradient flow,
Algorithm 6.1.1, we then showed that such an algorithm is energy stable and converges to
equilibrium.

In Chapter 7 we use the convex-concave splitting method of [EW13] (see Definition
7.1.1) to discretise the SH and PFC equations. In contrast to [EW13] we give a formula
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for initialising the stabilisation constant C,, at each iteration step (see line (2) of Algorithm
7.1.1). This allows us to formulate an algorithm for this convex-concave splitting method,
that is Algorithm 7.1.1.

Chapters 8 and 9 are dedicated to testing the validity and performance of the various
algorithms. We tested the HZ2-gradient flow against the discretisation of the SH and PFC
equations from [EW13] and the trust region algorithm, Algorithm E.1.1. In all our simula-
tions the new H2-flow algorithm seem to reach equilibrium in roughly the same number of
FFTs as the trust region algorithm and in significantly fewer FFTs than the SH and PFC
algorithms. The relatively fast convergence of the line search algorithm, in terms of FFTs,
compared to these other methods suggests that this algorithm might be useful in further

studies.

10.1.2 Lojasiewicz Method

In Chapter 5 we used the Lojasiewicz inequality to prove the convergence of the H~!- and
L?-gradient flows and of our H2-gradient flow to an equilibrium point of the PFC functional.
We also used this inequality to prove the convergence of our line search algorithm (Algorithm
6.1.1), in Theorem 6.1.1, and the SH and PFC algorithms from [EW13], in Theorem 7.1.3.

The Lojasiewicz inequality for the PFC functional has been proved in [GW14,
Lemma 6.1] and this technique has been used to prove the convergence of the MPFC equa-
tion in [GW14] and a discretisation of the MPFC in [GP15]. However, the use of this
inequality to prove the convergence of the H2- and L?-gradient flows seems to be new.

Since, as described in the subsection above, our formulation of the H?2-gradient flow
is new, the proof that the discrete H2-gradient flow converges to an equilibrium point of the
PFC functional is new. We note that Lemma 6.3.2 allows us to formulate a more general
convergence result than is strictly necessary and may therefore be generally useful.

Finally, we used the Lojasiewicz inequality to extend the results of [EW13]. In
particular we were able to prove convergence to equilibrium for these schemes and give rates

of convergence.

10.1.3 Equivalence of Discrete Algorithms

In Chapter 7 we were able to prove that the discretisations of the PFC and SH equations
from [EW13] can both be formulated in the gradient flow form (7.3). As noted in this
chapter this form of the gradient flow is qualitatively similar to an H2-gradient flow.

The fact that these formulas are closely linked to the H2-gradient flow may provide
more justification for using the H2-flow. That is, since there is already interest in minimi-
sation algorithms for the PFC functional that are similar to the H2-flow, it is reasonable to
study the true H2-flow.

Additionally, although this link suggests that Algorithms 7.1.1 and 8.2.1 should
behave similarly, in practice we do not always observe this. In particular, in the simulations

of Section 9.2 a different metastable state is obtained using Algorithm 8.2.1. This seems to
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be a consequence of using an adaptive metric (see Definition 6.1.1) since if we fix v, = Yom
for all n € N in Algorithm 8.2.1 we seem to obtain the same metastable states as the
SH, PFC and trust region algorithms. This unexpected difference is an interesting avenue
for further research. Furthermore, we have demonstrated that the orientational ordering
imposed by the adaptive line search algorithm becomes less pronounced when the domain
is larger. However, it seems likely that even on larger domains the adaptive line search will
reach a more energetically favourable state than the other algorithms tested. This could

also be investigated further.

10.1.4 Divergence at Low Grid Point Numbers

In Subsection 8.2.5 we highlighted an issue that arises when the number of spatial grid points
is low. That is, the number of FFTs required to reach a low residual increases drastically
when the number of grid points is low. This issue does not seem to have been highlighted
by previous work; however, Figure 8.5 shows that this issue occurs for all our methods and
thus we believe it arises from the translational invariance of the functional. The fact this
divergence problem arises from the spatial discretisation of the PFC functional rather than
from the schemes themselves suggests that this problem may be an issue for most spatially
discrete schemes that attempt to minimise the PFC functional, or indeed any translation
invariant energy functional.

We suggested two ad hoc ways of avoiding this issue. The first was essentially to
ignore the issue by taking the number of grid points high enough (i.e. N > 10). The second
method was to have a residual tolerance that adapts to the number of grid points, i.e. (8.13).

Although the methods we have introduced deal with the issue, see Figure 8.7, we
are still unable to reach low residuals at low grid point numbers which might affect the
simulation of meta-stable phenomena. Resolving the low grid point issue might also be

another area for further research.

10.2 Further Work

In Subsection 10.1.3 we suggested that further research could be conducted into why Algo-
rithms 7.1.1 and 8.2.1 are qualitatively similar but produce quantitatively different results.
Also in Subsection 10.1.4 we mentioned the issue that the number of FFTs required to reach
a low residual increases drastically when the number of grid points is low. Since for large
simulations to be efficient we need a small number of grid points per atom we suspect that
it may be worthwhile to reformulate our algorithms so that this issue does not occur even
when the residual is low.

In Remark 6.2.2 we noted that for energy stability of Algorithm 6.1.1 we need
lun|lL~(@) < oo. This is also the case for Algorithm 7.1.1. Our numerical simulations
demonstrated that ||u, ||z~ ) = O(||uol| L~ (q)); however, we were unable to prove a rigorous

result confirming this observation.
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Finally, in Subsection 8.2.2 we noted that to obtain exponential convergence of our
spatially discrete scheme we need the solution of the weak Euler-Lagrange equation to be
analytic. We proved in Lemma 3.3.3 that the solution to the weak Euler-Lagrange equation
is C*°. Figure 8.2 gives numerical evidence that our solution is analytic; however, again, we
were unable to prove a rigorous result confirming this observation.

We now briefly outline two extensions of the PFC model and suggest how they could
be linked to the work of this thesis. To maintain clarity and to keep this section short we
focus on methods that are derived from the PFC functional (3.1). We note that many
successful extensions of the PFC model exist which are based around a subtly different
functional, e.g. the 2M-PFC model, the EOF-PFC model, the VPFC model, and the binary
PFC model (see WGTT12, Equation (54), (56), (58) and (67)] respectively).

10.2.1 Coarse-Graining the Solution

In Chapter 1 we noted that although the PFC model acts on a diffusive time-scale it is atomic
on the spatial scale. The fact that the model has to resolve the spatial scale atomically
means that stimulating large crystalline structures is still very computationally expensive.
To resolve this issue we wish to spatially coarse-grain the PFC model.

We briefly survey a popular method for coarse-graining the PFC equation using
renormalistion group techniques. This technique was introduced in [GADO5] to simulate
grain boundaries and more rigourously justified using multi-scale techniques in [GADOGb,
Section V] or for 1D in [GADO6b, Section VII].

As an example we give a heuristic justification of coarse-graining of the PFC equation
(4.2) in two dimensions using renormalisation group techniques (see [CGO96, Section V]
where they use similar techniques on the Swift-Hohenberg equation). We borrow the re-
scaling technique [GADO6b] to re-write (4.2), using ¢ = v/du to obtain

U= A [(A+ D)) — 6 + 602 (10.1)

Assume that 1) is a fluctuation around the average i.e. ¢ = ¢ + 1) where || <) and
¢ = /6. Using this approximation and the fact that @ is constant the linearised version
of (10.1) is

b= A (A + )2 — 6+ 8397 . (10.2)

Appealing to the hexagonal symmetry of the solution we consider a splitting moti-

vated by the one mode approximation
3

=Y Aj(w,y, )™ + Af(w,y, t)e 7, (10.3)

j=1
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where the k; are the directions associated with the hexagonal lattice

-3 j -
57

klz 9 k2:ja k3:

=i
B
w

NCE RN

The idea we shall use in approximating (10.3) is that the coefficients A; vary on a larger scale
than the lattice structure described by the exponentials (see [GADO05, Page 1]). This idea
is where the power of this technique comes from since we can coarse-grain the A;. We now
want to find an equation for the coefficients A4;. Substitution of the approximation (10.3)
ihiw (

in the linear equation (10.2) and considering only the coefficients of e other terms can

be ignored as they are non-resonant see [GADOGb, Page 5] or [CGO96]) gives

8£i — A3 A;—6ik; VO A+ 13A2A; +12ik;- V3 A;—AAA; +6(1— 307 ) [AA; +2ik; -V A;— A;] = 0
(10.4)
(see [GADOGD, Section III] for an alternative derivation).
Following [GADO6b, Equation (9)] we define the linear operator
»Cki = A+ 2ik; - V.

Then we can re-write (10.4) as

04, 9 —2 —2

ot + (1 — ‘Cki)LkiA’i + (5(1 -3 )£k1A¢ - 5(1 -3 )Al =0. (105)

If we rewrite the linear spatial operator as
. —2
My, = (1 - £k1)<6(1 — 31 ) - ‘Cii)

then (10.5) simplifies to
0A;

ot

= qu;Ai

where the operator My, is a rotationally covariant operator (see [AGD107, Equation (8)]).
To obtain (10.2) we discarded the non-linear terms associated with 1/33. Therefore

we consider the non-linear term in (10.1), i.e.
A?). (10.6)
We consider a version of the one mode approximation (10.3)
3 . . J—
Yo=Y Aj(t)e*T + As(t)e M 4 4.
j=1
The term associated with €1 in (10.6) (see [GAD06a, Equation (13)]) is

30 Ay — GPALAL — 3A1(|A1|? + 2| Ao|? + 2| A5[?)
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using this to replace the term not associated with the differential operator (i.e. —3%24;) in
(10.5) we have (for the coefficient A;)

o4,
ot
= 660 A3 A5 — 36 A1 (|A1]? + 2| A2|* + 2| A3]?)

(1= L), Ar+ 60— 35°) £y, A1 — 51— 35°) Ay

see [GADO6b, Equation (15)], similar equations can be derived for Ay and Az. We can also
obtain this by starting with the rescaled equation (10.1) and substituting in (10.3) and then
discarding terms associated with the non-linear action of differential operators, e.g. terms
such as A;AA;.

The results obtained using this approximation seem quite promising, a 10 times
speed up in the CPU time required to undertake the Read-Shockley tests is obtained in
[GADO05]. In [AGD™07] they split the A; into phase amplitude equations (see [AGD107,
Equations (9)-(11)]) and use the frozen gradient approximation ([AGD™07, Section DJ]) to
obtain a mesh refinement algorithm ([AGD*07, Table 1]). Using this approximation the
authors obtain a 1000 times speed up (quantified by [AGD*07, Equation (15)]) in some
situations (see [AGDT07, Equations (17) and (19)]).

The derivation above seems rather ad hoc; however, more justification is given in
[GADO6Db] and it may be possible to obtain a more rigorous derivation by first appealing to
[CGOY6]. A more serious problem appears to be that this regime relies on § being a small
parameter (see the more extensive renormalisation examples in [CGO96]) which is likely
to take us out of the hexagonal regime, see the phase diagram [EKHGO02, Figure 1 a)] or
Figure 1.1.

These techniques have already been applied to the Swift-Hohenberg equation in
[CGOY6, Section V.A]. Tt is not quite clear how this technique could be applied to Definition
4.2.4 as in this case we would have space and time derivatives of the A;-coefficients, e.g.

Ad; Ay, which do not appear in any of the current examples.

10.2.2 Evolving Surfaces

Recently, work has been undertaken on formulating a PFC model on an evolving surface.
In [SV14] they use the PFC model on a surface to simulate the patterns of distributed
particles on a catenoid surface. They claim that defects on surfaces “provide the key to self-
assembly into complex hierarchical structures with emergent novel macroscopic properties”.
In particular [IVC10] suggests that defects on catenoids may allow us to engineer structures
with curvature which the PFC model of [SV14] can simulate. It is shown within [SV14] that

these PFC simulations can approximate experimental results seen in [IVC10].
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In [SV14, Equations (3)-(5)] the PFC equation is formulated as

Oyu = Arp
p="2v+Arv+ (1 —0)u+u®

Z/ZAFU

where Ar is the surface Laplacian. In analogue to Definition 4.2.2 this equation is obtained
as the H~1l-gradient flow of the Swift-Hohenberg free energy (see also [SV14, Equation (1)])

on the surface I
r o 1 o 1 9, 14
Frlul=[| —|Vru|*+ §|Apu\ + 5(1 —o)u” + 7Y dr (10.7)
r

where Vr is the surface gradient.
Considering the free energy on the surface (10.7) the analogous minimisation prob-

lem to (P) (see page 37) is

find u such that F'[u] = min F'[n+ al.
n€HZ(T)

The corresponding gradient flow for (10.7) (following (4.1)) is
(ug,v)g = —6F " [u,v] Vo € Hy (D)
where the first variation §FT is defined analogously to the first variation (3.9). If we define
Ar = (Ar + 1)? +~1

for constant 4 > 0 then we can choose H = L2(T') or (u;,v)g = (Arus,v) to obtain
analogous gradient flows to Definitions 4.2.1 and 4.2.4 where the gradient (V) and Laplacian
are replaced by their corresponding surface operators (Vr and Ar).

In terms of formulating a numerical algorithm for the gradient flow, the time dis-
cretisation should be exactly analogous to the time discretisations of Chapters 6 and 7.
However, due to the evolving nature of the surface the spatial discretisation of Chapter 8
will be much more complex. The spatial discretisation used to obtain numerical results
in [SV14] is a finite element method. There is extensive literature on methods for finite

elements on evolving surfaces, see for example [DE07].

144



Appendix A

Minimisation of the
Hohenberg-Kohn Functional

We follow the method of [DS11, Section IT and VI]. Recall that gy is an arbitrary N-body
distribution with permutation invariance, i.e. (2.8), which satisfies (2.9).
We define the functional F' by

Flan) = [ ow(Xn) iy (Xor, U1) + 67 g (Xn) Mgy (Xi)ldXx. (A1)

Remark A.0.1. Recalling the definition of entropy from [Ada06, Theorem 4.7] (A.1) can be
seen to be analogous to the average of the energy (with respect to gy ) minus the temperature

multiplying the entropy.

Recalling the formula for the equilibrium N-particle density (2.1), we define

exp[—BHy (X, U)]

In(Xn) = px(Xn) = =700

Inserting this into (A.1) we have
Flgn] = /QN an(XN)HN (XN, Up) + B an (X ) In[N!gn (X n)]dX N
— /QN I (XN)Hy (X, Th) — B gn (Xn) In[Zn (U1, )]d X

- /QN In(XN)HN (XN, Ur)dX

_ /QN — B gn (X)) In[Zy (Ur, Q)]dX x

= B In[Zxn (U1, Q)]

where the last line follows from the normalisation of gn. Thus we have shown that the free
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energy is given by
Fn[U1, Q] = Flgn].

The functional (A.1) is minimised at the equilibrium density
FnlU1,Q] = Igl}ivn Flgn]. (A.2)

Next, we demonstrate this.

Proof. of (A.2).
We consider the functional (A.1) at the equilibrium density and show that it can be manip-
ulated into a form where it only differs from the functional evaluated at a general gn in the

entropy term. To begin we compute

Flan) = 57 [ ow(Xa) I[Nt (X )Xy

QN
= /QN QN(XN)HN(XN,Ul)dXN+/ﬁ71(§7N(XN)—gN(XN))ln[N!ﬁN(XN)]dXN
:/QN In(Xn)Hy (XN, Ur)dX N

+ - B N (XN)[-BHN (XN, Ur) — In[Zy (Ur, Q)]|dX x

~ B gn(XN)[-BHN (XN, Ur) — In[Zy (Uy, Q)]|dX x

= /QN gN(XN)HNn (XN, U1)dXy + B~ In[Zn (Uy, Q)] /QN(QN(XN) — N (Xn))dX N

= /N gN(XN)Hy (XN, Ur)dX N
Q

where the final line follows by the normalisation of g and gn.

Using this we can write F[gy] as

gn(Xn)

Flgn] = Flgn] +B*1/QN gn(Xn)In L,N(XN)

} dX . (A.3)

The second term on the right-hand side is known as the relative entropy or Kullback-Leibler
information [Ada06, Definition 7.1]. We now show that it is non-negative. We know that

In[z] <z —1 for > 0 with equality only if x = 1. If we define

gn In Bﬂ —0 at gy =0

then, since gy > 0, we have
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Since gy > 0 we have equality if and only if gy = G-

Hence we have a bound for the logarithmic term

/ agn ln |:€N:| dXN Z / (gN — gN)dXN = O
Qn gN QnN

The last line follows from the normalisation of gy and gy. This inequality is known as
Gibbs’ inequality, see [HMO06, Appendix B].

Therefore, from (A.3) we have the lower bound for the functional
Flgn] > Flgn]

with equality if and only if gny = gn. O

Let the one-particle density p be defined from gy via (2.10). Recalling our definition

of the Hamiltonian we can now write

Fn[U1,9] = min min_ l/ gN(XN)< Z Us(|z; — xj])
poaN=e | JaN 1<i<j<N

N (A.4)
+ Z Ui(z;) + gt ln[N!gN(XN)]>dXN]
i=1

where the relation gy — p is defined through (2.10), i.e. we choose the minimum gy
that corresponds to p through this relation. Recalling Subsection 2.2.2 we can re-write the

density

plr) =N gn(z, 29, .., xn)day ... doy

QN-1

which follows from the fact that particles are indistinguishable and hence gy is invariant
under permutation of the ;. We can now see that the term in (A.4) associated with the

external potential U; can be re-written as

N
/ gN(IN)ZUl(.’Ei)dXN =N gN(l‘N)Ul(l‘l)dXN
QN =1 QN

= /QUl(x)ﬁ(x)dx.

Then the minimisation (A.4) can now be written as

Pyl =nin | [ O3 @)telde + Firxlpto)].
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where the Hohenberg-Kohn functional is given by

Fuk|[p] = min [‘/QN gn(XN) ( Z Us(|x; — :L'JD + 5*1 ln[N'gN(XN)}> dXn

n
INTp 1<i<j<N

This completes the proof of (2.11) given (2.12) in Section 2.3.
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Correlation Function

B.1 Y is constant

Consider the first-order contribution
Fhelon(@)] = =put [ D lan)otaden.
Q

Since the density is invariant under translation ¢ we have

‘Fclxc[pN(x)] = —Prcf/ C(l)(xl)w(% +t)day
Q

= —Pref/ﬂc(l)(xl — )¢ (x1)dzy

where the second line follows by a change of variables.

Hence we have

C(l) T, — I )dxry = C(l) I X1 )dxy
[ e = tutanan = [ Ot

Q

which holds for all ¢ and t.
Therefore for all ¢
W(xy) =Dy —1).

Therefore choosing t = x; we have that ¢(!)(x;) = ¢! (0) and thus ¢! is constant.

B.2 ¢® is radial

Consider the second-order contribution

P2 [ow (@) = P /Q /Q ¢ (e, w2 (1)) (2 Ay dary.
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Since the density is invariant under translation ¢ we have

‘Fexc[pN = _pref/ / Z‘1 33‘2 731 + t)¢($2 + t)dxldxg

= —pfef/g /Q (2 — t, 9 — )p(x1)Y(x2)da1day

where the second line follows by a change of variables.

Hence we have

[ [ @ =t - vupendnde = [ [ ¢ a)im)i)in,
QJQ QJQ

which holds for all ¢ and ¢.
Therefore for all ¢

Dz, 20) = P (21 —t, 20 — 1).
Therefore choosing t = x5 we have that ¢(?) depends only on the distance between particles,

ie.
D (xy,29) = P (21 — 29,0). (B.1)

Since the density is rotationally invariant, for a rotation R we have
Feelpn (@ pref/ / (21, 22)Y (1) (22)dw1das
::,pm{/t/ (1, 22 (Rary b (Ravy)dery s
= —pref/ﬂ/ﬂc (RTzy, RT2)tp(x1)¢(22)dz day

where the third line follows from a change of variables and the fact that detR=1 for any
rotation R.

Since the above equality follows for all v we have

@ (x1,29) = 6(2)(RT331, RTx2)

= (R (21 — 22))

where the second line follows from the fact that ¢ (z1, 25) = ¢® (2, — x5) derived in (B.1).

Hence ¢ is radial.
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B.3 ¢(k) is radial
¢(k) is the Fourier transform of ¢ | i.e.

é(k) = §[c?]
z/e_ik'mc@)(x)dx.

Since ¢ is rotationally invariant, for any rotation R
ék) = /e_ik'xc(Q)(Ra?)dx
_ /e—ik-Rchc(Z) (Cb‘)dl‘

:/efiRkAacC@)(x)dx
— &(RF)

where the third and fourth lines follow from a change of variable and the fact that detR=1
for any rotation R.
Since ¢é(k) = ¢(Rk), for any rotation R, ¢(k) is radial.
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Function Space Results

In this appendix we collect together several important results. The aim is to compile defi-
nitions and lemmas which are not specific to the case of the PFC functional. Most of these
results are already known, therefore we recall them here for the sake of convenience.

The function spaces H*({2) are defined in generality in [Eval0, Subsection 5.2.2]:

Definition C.0.1. Let k € N. Ifn € H*(Q), the H*-norm for n is defined by
k .
||77||?qk(sz) = Z Hvln“%mz)'
i=0

C.1 Subspaces of H?

In this section we give the definitions of some common subspaces of H2(2) which will be
useful in formulating the minimisation problem (P) (see page 37).

The first space we introduce is the function space of periodic H?2-functions (see
[GP15, Section 2.1] or [CHQZ88, Section A.11 (d)] for an equivalent definition).

Definition C.1.1. The function space of periodic H?-functions is defined by

HZ.(Q) == {17 € H2 . (RY) | n periodic with respect to Q} .

To obtain the correct function space for minimisation we need the space of periodic
H?-functions with average zero. In total, we will introduce three spaces of mean zero
functions corresponding to the spaces H?(f2), L?(2) and H~1(2). All of these spaces are
examples of a more general type of Sobolev space denoted by H™ in [GP15, Section 2.1].

per

Definition C.1.2. The function space of periodic H?-functions with zero average is defined
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Awm:%.

We will also need an analogous version of the space L?(Q).

by

HL(Q) == {w € H2,.(Q)

Definition C.1.3. The function space of periodic L?-functions with zero average is defined

by
/wda:zO .
Q

In addition, we will need the dual spaces of certain Hilbert spaces therefore we define
the general dual space of a Hilbert space H*((2) (following [Eval0, Section 5.9] and [WW10,
Equation (2.4)]).

L3(Q) = {w € L. (Q)

Definition C.1.4. The general dual space to H} (2) is denoted by H T'(Q).

per

If f € H JM(S2), we define the norm on HIT'(Q2) by

per

||fHHp_;r"(Q) = sup |<¢a f>|a
[l zm (@)=1
PEH . (Q)

per

where (,) denotes the pairing between H™ () and its dual H=™ ().

As with the spaces L?(Q) and H?(Q)), we are interested in the space corresponding
to H=! with £ ndz = 0 for all n € H_ (). The definition for this space is now stated.

per

Definition C.1.5. The function space of periodic H ' -functions with zero average is defined

by
/wdx:() .
Q

C.2 Relations between Function Spaces

H' () = {w € Hy ()

In this section we state seven lemmas which relate the different function spaces associated
with the PFC functional (3.1) and the problem (P) (see page 37).

First we recall Ladyzhenskaya’s inequality in d-dimensions (see [CDRS09, Equation
(5.7)] for v : T? — R, and [Nir66, Theorem 1] for v : Q — R where Q C R has the cone

property).

Lemma C.2.1. Ladyzhenskaya’s inequality states that
-4
HU||L4(Q) < ||U||L2(Q)HU||H1(Q)

for allv € HY(Q).

We also recall the generalised Holder inequality [Che01, Theorem 2.1].
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Lemma C.2.2 (The generalised Holder inequality). Let m > 0 and let p1,...,pm > 0 be

25

Let fo € LP=(Q) with a =1,..,m. Then [[.—, fo € L'(2) and

real numbers such that

1
Po

H Hfa |LPa(Q

L(Q) o=1

We now give a lemma that allows us to simplify the upper bound of the H*-norm.

Lemma C.2.3. For p > 0 the H?*2-norm can be bounded by the HPT2-semi-norm and

the H X-norm where x = 0 or 1. That is, there exists constant Cy,co > 0 such that,
Vv € HPT2(Q)
[0 Frp+2(0) < CillollF-x) + 2l AVPO[172(q)-

In particular

[0l F2(0) < CillvllF-x ) + 2 AV V]2 (q)-

Proof. We can see that

bz | 255 kP2 k| > 1
(1—|—|]€‘2)T S ., 2‘ | | ‘
272 |k|7X k| <1
< 2" (k[P + |k 7X) . (C.1)

Then using a rescaled version of [BO12, Equation (1.1)] we have from (C.1) that

[0llm2(@) < [vllg24e (@)

2

y2

<[+ )
iz
p+2 N SN
<275 ([[1P720] 20y + 5[ ¥0) £2(e))
= 2" (HAVPUHL?(Q) + ||U||fo(Q)) ) (C.2)

where we use the triangle inequality in the second inequality and the last line follows from
[Gra08, Proposition 3.1.2 (10)] and [BO12, Equation (1.1)]. Using Young’s inequality on
(C.2) we have

ol < 2% (IAVZ0lZa00) + 013 =

We now state two lemmas that allow us to bound norms in higher order H*-spaces

in terms of norms related to the operator A4; (5.4).

Lemma C.2.4. Let n € H2,.(Q) and (A+1)*n € L*(Q), then we have the following bound
on the H*-norm,

1935y < Co (A + D2nl3a(0) + Inl2(c
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for some Cy > 0.

Proof. Expanding |[(A + I)?1||12(0) and using that 7 is periodic we have

1A + 1)?*nll720) = 1A% 0]|72(0 +4/QA77A277d$+4”A77H%2(Q) +4/Q77A77d90+ 1711220

2/ nAZndz,

*||A277||L2 Q)+ ||77||L2(Q 10\\A77||iz(9)a (C.3)

N —

where the final line follows from using Young’s inequality with € = 1/4 on the first two
inner products and using the periodicity of 7 to rewrite the final inner product as the
H?_semi-norm.

Using the fact that 7 is periodic, Young’s inequality and that || An|| 2oy = V7] L2

we have bounds on the H!- and H3-semi-norms, that is

2 _ 2 €2 1 2
IVl = = | 19*ndz < Sl + 51801,
€ 1
V030 = = [ V0o < G181 @) + 5 1Al

Using these inequalities, that ||An|lr20) = [[V?0ll12() and the definition of the

H*-norm, Definition C.0.1, we have
||UH§—I4(Q) = ||77||2L2 @t HVUH%?(Q) + ||V277||i2(9 + ||V37I||2L2(Q) + ||V477||2L2(Q)

1
< (L4 5) Il + (14 52 + 5 ) IV0ay + (145 ) 190l

2+ V2
< (320 + 192003200y + IV *nli32(qy )

A

where we have used ¢ = ¢ = /2 in the last line. Hence we have the following bound on the

H*norm

2++2
Il ey < —5— 5 (||77||L2(Q)+||V277”L2Q)+||v477||L2 )

@+ (1A + Dl + 5 19110

IN

21
< 2+ v3) (I + Dol + Sl ).

where the second line follows from (C.3) and the final line follows from Definition C.0.1.

Setting
21(2 +v/2)
2

completes the proof. O

Cy =
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An interpolation of Holder’s inequality allows us to approximate L3-terms in terms

of I2- and L*-norms.

Lemma C.2.5. For all n € L?>(Q) N L*(Q) we have

1111350y < Il 2@ 0l 220

We now state a lemma that follows from the Ladyzhenskaya inequality and allows

us to bound the L*-norm by a combination of the L?- and H?-norms.

Lemma C.2.6. We now show that for all n € ngr(Q) we have a bound for the L*-norm
in terms of the H?- and L?-norms that is independent of dimension. That is for d = 2 or

d = 3 we have
1 1
sy < V2l e Inll £ - (C4)

Proof. From Ladyzhenskaya inequality (Lemma C.2.1) we have
g 1-¢
||77||L4(Q) < ||77||H1(Q)||77HL2(Q)7

so for d = 2 the result follows immediately by the embedding H?(2) C H'(Q). For d = 3
we have

3 1
Inll ey < Il g Il . (C.5)

Given this, the bound we require for the H'-norm is

1 1 1
||77||12{1(Q) < C||7]||;-12(Q)”77||£2(Q) (C~6)

for some C > 0.
Using the definition of the H'-norm, Definition C.0.1, and the fact that n is periodic

we have

117 @) = InlZ20) + V01220

= lnlaioy = [ nnda.
Using Cauchy-Schwartz on the right-hand term we have

Ill7r: 0y < Ill72() + 91l (@) 1 A1 220
< llz2) (Inllcz) + 1A7]L20)) - (C.7)
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Consider the term on the right side

2
(Inllz20) + 1ADl120)) " = [0llZ2(0) + 2l0l 2(0) | A0 L2 () + [ An]Z2(q)
< 2z + 187132 )
< 2|71}z (C.8)
where the second line follows by Young’s inequality and the last line follows from the defi-

nition of the H2-norm, Definition C.0.1.
Inserting (C.8) into (C.7) we have

103 @) < V2InllL2 @1l 22 (0)- (C.9)

Therefore (C.6) is satisfied with C' = v/2.
Inserting (C.6) into (C.5) and using that 1 < /2 (C.4) is satisfied for d = 2 and
d=3.
O

Finally we state a lemma that allows us to bound the L3-norm by a combination of

the L2- and H2-norms.

Lemma C.2.7. We now show that for all n € H2..(Q) we have a bound for the L3-norm

per

in terms of the H?- and L%-norms that is independent of dimension. That is for d = 2 or

d = 3 we have

1 1
||77||L3(Q) < \4/§||77H12{2(Q)||77H22(Q)~

Proof. Recall the L*-bound (Lemma C.2.6) and the interpolation of the L3-norm (Lemma
C.2.5), that is

1 1
||77||L4(Q) < \8/5”77H[2{2(Q)”77Hz2(9)7

11230y < Il InllZa)-
Combining these we have
InllEs ) < V2032017l 22 @) (C.10)
Using that H2(Q2) C L*(Q), that is
||77||%2((2) < ||77||1%LI2(Q)' (C.11)

Combining (C.10) and (C.11) gives the result.
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Proof of Theorem 5.2.1

Theorem ([HJ15, Theorem 11.2.7]). .
Assume that A = §2£]0] is a semi-Fredholm operator and that N =kerA C Z.
Assume that:
e (H2) £ : U — R is analytic in the sense of Definition 5.2.8 where U C W is an
open neighbourhood of 0, such that €(U) C Z and 6€ : U — Z is analytic.
Then there exists 6 € (O, %] , 0 >0 and ¢ > 0 such that

lullv < o = [l6€[ulllv- > c|€fu]|*.

First we need a C' map from V to V* in a neighbourhood of the origin this follows

from the following proposition.
Proposition D.0.1 (Proposition 11.2.3 of [HJ15)). Assume that A = §2£[0] is a semi-

Fredholm operator and let

N:V 5 V*
u > Iy + 6Eu).

Then there exists a neighbourhood of 0, W1(0) in V, a neighbourhood of 0, W5(0)
in V* and a C* map U : W5(0) — W1(0) which satisfies

N(Y(f)) = f, Vf € W(0),
V(N (u)) = u, Yu € W1(0),
1O (f) —¥(9)llv <Cillf —gllv-, V(f,g) € W2(0).

where C; > 0.

Proof. The function AV is C' and DN(0) = II + A is an isomorphism. Therefore classical

local inversion theorem applies to give us W. O
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We can now establish that in a neighbourhood of 0 this C''-map corresponds to an

analytic map ¥, : Z — W.

Lemma D.0.8 (Lemma 11.2.8 of [HJ15]). There exists a neighbourhood of 0, V1(0) in W,
a neighbourhood of 0, V2(0) in Z and an analytic map ¥y : Vo(0) — V1(0) which satisfies

NWL(f)) = f, vf € V2(0),
Uy (N(u)) = u, Vu € V1(0),
Uy, =0, € V5(0) N W5(0)
1 (f) = ¥(9)llw < Cillf —gllz, V(f,9) € V2(0) N W3(0).
Proof. We first establish that
N:W = Z,
u > Iu + 6€u],

is a C'-diffeomorphism near 0, because DA'(0) = T+ A = £ € L(W, Z) is an isomorphism
and the classical local inversion theorem applies. Therefore we can find a neighbourhood
V1(0) of 0 in W and a neighbourhood V5(0) of 0 in Z such that N : V1(0) — V2(0) is a
C1-diffeomorphism. Finally it is clear that U1 = A'~1 in V5(0) N W5(0). By [HJ15, Theorem
2.3.7] we have ¥, is analytic in V5(0). O

We now split our energy bound into two parts, one where the classical Lojasiewicz
inequality for analytic functions can be applied and one which is the difference between

the energy and its analytic approximation. We can then use the properties of ¥ and 4& to

bound the norm of the discrete first variation by ||6€||y+. Finally, we use the properties of
¥ and 4€ to bound the difference between the energy and its analytic approximation by

[6€]

2
V* .
We first give our analytic approximation of the energy near the origin.

Let (¢1,92,...,04) denote an orthonormal basis of ker(A) relative to the inner-
product of H. For £ € R? small enough to achieve II(u) = Z;l:l &ip; € Wi (0) we define

d
T =€V &
j=1

By the chain rule (see [HJ15, Theorem 2.3.5]) since £ : U —» R, 6 : U — Z and ¥ :
V2(0) N W5(0) — V1(0) are analytic, the function I' is real analytic in some neighbourhood
of 0 in R%. We now have by sub-additivity

EM]]' 7 < DO +I1(E) - €l

Applying the classical Lojasiewicz inequality (see [HJ15, Theorem 10.1.3] and [Loj62] or
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[LZ99] for a proof) to the scalar analytic function I defined above we obtain ( since 1 — 6 €
(0,1)).
1-0 1 1-6
[Tl < G IV (©) ke + [T(€) = E (D.1)

We first consider the gradient term. We want to bound this by ||6€]

Ve

Lemma D.0.9 (see [HJ15, Proposition 11.2.4]). We can bound the discrete gradient by
[16€]

v, that is

IVE(§)llre < C6Eu]lv- (D-2)

where C > 0.

Proof. Consider the norm of VI

)

9T (E) s = Hggwwk

Vo

or 2 -
37&(5)%—55 1\ Zfﬂpj + |08 | ¥ Zfﬂpj

We want to approximate the first term of the left-hand side. First differentiate T’

or _d
AT [\p (ijsoj + (& +s)<pk)]

Jj#k =0

) <55 [\P (éwjﬂ DU (ggjsoj) wk>-

Using this we have

(D.3)

V* V*

Y

ar d
@(f)sﬁk — o€ [‘If (;Ej%‘)

Vv
d d d
= Z<65 U gGei || DY D &G | e _SDk>90k
k=1 j=1 j=1 e
Therefore we have
or ES |
@(6)% - ij%‘
Jj=1 1y
d d d
<> || {‘I’ (ij%)] Dv (Z 5]‘%0]') Pk~ Pk
k=1 j=1 Ve j=1 v
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d
bfe)
VL) llra < CallSE[T(TI(w))][lv-,

= Ca|0€[W (T ()] — 0€[u] + 6&[ul[|v-,

using that D is continuous and D¥(0)u = u we have

e (€ — o€ [ (Z&m)]

Hence using this equation in (D.3) we have

< [¢]

V*

V*

since & is C' we have

IVT(€)llre < Calld€[ulllv+ + CaCu[¥(T(w)) = ullv,
< Cal|0€[ulllv- + CsCul| ¥ (Il(w)) — ¥ (II(u) + 6€[u])]lv,

where we have used the definition of ¥ in the last line. Using the continuity of ¥ we have
(D.2). O

Consider the energy difference term of (D.1).

Lemma D.0.10 (see [HJ15, Proposition 11.2.4]). We can bound the difference between the
energy and its analytic approzimation by the square of ||6E[u]||v~, That s,

[Eu] = T(€)] < Ko7+ (D.4)
Proof.
E[u] =T(©)| = |€[u] — E[IT(w)]],

/0 (;it [Elu+ t(P(II(w)) —w)]]dt

)

)

= /0 (0€u+ t(P(I(w)) — w)], U(II(u)) — uw)dt

< *U||V/ 0 + H(R(T(u)) — )] lv-dt,

— [ e(W) - ullv / 08 ] — 66 [u] + 6€Tu + H(R(IL(w)) — W) v-dt,

< )~ uly | 68 Tllv- + 18T+ 6T — )] — oLl y-de,
< ) —uly | (15Tl + 05 N (TT(w) — - ), (D.5)

where the last line follows by the continuity of 6. The definition of ¥ and its continuity
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give us

[ (IL(w)) — ullv = [$(IL(uw)) — Y(II(u) + 0E[u])|lv,
< Crll6&ullv+-

Therefore, using this bound in (D.5), we have (D.4).

O

Inserting the bound for the energy difference (D.4) and the bound for the derivative

(D.2) into the bound for the power of the energy (D.1) we have
C _
Elull'™? < G0 ulllv- + K6 w37

Since £ is C! we have
[0€[u] — o€ ] |lv= < C3llu —v|v.

There exists a constant C' > 0 such that ||§£[0][|y+ < C. Therefore

16E[u]||v+ < ||6E[u] — E0] + SE[0] ||y~ < Csllully + C.

Hence [|6&[u]||v+ < Cso + C and from (D.6) we have
1-6 c 1-6 1-26
el < Jolullv- (& +K7) (1-+ [0gRlly=2).
< ||6&[u]||v~ <C + K1—0> (1 4 (Cao + 0)1—29) .
Co
Therefore, there exists o > 0,c > 0 such that
6] ||y > c|E[u]|*7, Yu € V such that ||Jully < o.

Hence [HJ15, Theorem 11.2.7] is proved.
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Appendix E

Trust Region Method

Another method for solving problem (P) (see page 37), which is similar to the H?-gradient
flow method used in Chapter 6, is based on the trust region method (see [NW06, Chapter
4] for a general trust method). This is a method that is widely used in optimisation (see
[CGTO00, Section 1.3] for a wide range of references on applications of trust region methods)
and hence provides a good comparison method for the methods of Algorithms 6.1.1 and
7.1.1. A trust region method that automatically enforces the constraint that the average
is preserved is the constrained trust region method of [BSS87]; however, this method does
not include a pre-conditioner and therefore the computational cost grows with the number
of grid points.

We follow a pre-conditioned trust-region method based on the Steihaug method of
[Ste83]. We introduce a minor modification from the Steihaug method in that the average is
conserved by each update. This specific pre-conditioned constrained trust region approach
is a novel method; however, the convergence and stability theory is very similar to that of
the Steihaug method of [Ste83].

At each step, if the energy decease is large enough, we update out iterate as u, 11 =
up + IId,,, where II is defined by (8.9) and IId,, is the minima of

gn(d) = (6Fun], TTd) + %(52.7-'[un]ﬂd, 1d),

subject to ||IId|| 4y < A, where the norm is the one introduced by the averaged second
variation operator, Definition 6.1.1. Therefore at each step we solve a sub-problem, which

we now define.

Definition E.0.1 (Trust-region Sub-problem).

1
minimize : (§F[u,], [Id) + 5(62]:[un]1'[d, I1d),

subject to : ||TId|| 4y < A.
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Remark E.0.1. In principle the A" -norm could be replaced by the A-norm with vy = Yom
where Yom 1s defined through (8.10) and (8.11). As shown in Figure E.1 this choice of norm

does not seriously affect the speed of convergence.

The PFC functional’s second variation (3.10) is not positive definite; therefore the
sub-problem is solved using the method of [Ste83, Section 2] which is capable of dealing
with non-positive second variations. As in [Ste83, Section 2] we have three different termi-
nation criteria for the sub-problem. First, we terminate when we have a sufficiently good
approximation for the quasi-Newton step, i.e. the solution to the sub-problem without the
constraint. Second, we terminate if the norm of the projection of the approximation is
too large. Our final termination criterion is that if we encounter a direction of negative
curvature we move from the current iterate along the proposed direction to the boundary.

At each step of the trust-region algorithm we update the size of the trust region
using the method of [NW06, Algorithm 4.1]. We evaluate the ratio

_ Flun] = Fluy, +11d,]
Pn = _Qn(dn) >

then the size of the trust region at the n 4 1th step becomes

Ang1 = { min(24,,A) if pp > 2 and ||dy || 400 = Ay, (E.1)
A, otherwise,

where A > 0 is the maximum size allowed for the trust region and we define an initial trust

region size Ag > 0. For n € [0,1/4] we update u,, by

u, + I1d, for p, >n,
Un+1 =
Up, otherwise.

We can see that in unconstrained optimisation (i.e. A arbitrarily large) the min-
imisation problem, Definition E.0.1, is equivalent to the Newton method (4.3) and hence is
broadly similar to the H?2-gradient flow approach of Chapter 6. In theory the trust-region
approach would involve inverting a dense operator, the second variation (3.10); however,
using the method of [Ste83, Section 2] (which is similar to a conjugate gradient method) we
never actively invert the dense second variation.

Energy stability follows from the update step, [Ste83, Equation (3.1)-(3.2)], i.e. we

update only if
f[uk] — ]-"[uk + Hdk]

Z
—dqn (dk)
where > 0. We note by definition that ¢, (0) = 0 therefore for energy stability we only

Pk =

need to prove that, in the sub-problem Definition E.0.1, ||IId|| o) is strictly increasing and
qr is strictly decreasing which is the analogue of [Ste83, Theorem 2.1].
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Convergence follows by analogy with [Ste83, Theorem 3.1].

E.1 Algorithm

Using this notation we can now formulate the discrete trust region algorithm. This algorithm
is very similar to [NWO06, Algorithm 4.1], however we state it here for convenience. Again

u and d are fixed constants.

Algorithm E.1.1.
0) INPUT Uy, n € [0,1/4],A > 0,A € (0,A)
1) FORn=0,1,2,...

Yp = Max ('ymin, 3U7,2L — 5)

(0)
(1)
(2)
(3) SOLVE Definition E.0.1 with the termination criteria of [Ste83, Section 2]
(4)
()
(6)

4 CALCULATE g, (dy) := (6Fn[Up], Tldy) + 0.5(6% F [Up | Ty, I1d,),
5 CALCULATE p,, = (Fn[Up] — Fn[Un + 11dy]) /(—qn(dn))
6 UPDATE A, using (E.1)
U, + I, for pn > 1,
(7) UPDATE U, ,, = o P2l
U, otherwise

E.2 Choice of Pre-conditioner

We wish to prove that for the trust region algorithm, Algorithm E.1.1, the choice of an
adaptive « in line (2) is justified. To show this we will compare Algorithm E.1.1 to an
adaptation of this algorithm where line (2) is replaced by 7, = Yom for all n. We plot the
number of FFTs needed for convergence against the number of grid points for these two
trust region algorithms. To negate the divergence issue discussed in Subsection 8.2.5 we
also choose the minimum number of grid points to be N = 12.

We can see from Figure E.1 that, as suggested in Remark E.0.1, Algorithm E.1.1
performs marginally better than its analogue with v = 7.y, for all n. By comparison with the
adaptive and fixed line search simulations of Section 9.2, we expect that this improvement
will be more dramatic, though still small, for simulations on larger domains. Therefore from

this point onwards when considering the trust method we will use Algorithm E.1.1 only.
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FFT against Grid size for different trust region methods (2D)
T

1,000

—4A— P-Trust-region
—<— Fixed P-Trust-region

#FFTs

400

L

10 12 100
Grid Size (N)

Figure E.1: Number of FFTs required for convergence of the solution against grid size, from
random initial conditions, using the trust region method, Algorithm E.1.1, and its analogue

with ¥ = Yom. For fixed residual tolerence 10~7.
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