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Scope of the Thesis

The goal of this thesis is to set the theoretical framework for a numerical realization of
an optimal control problem governed by Caginalp’s phase field model. More precisely,
let 2 € R", n = 2,3, be a bounded domain with sufficiently smooth boundary and
(0,T) CR, T <0, be a finite time interval. Setting

QT = (O,T) X Q,
Y= (O,T) X 69,
we consider the following problem for 8 > 0, the control u = (g,h) and state y =

(0, 0).

Optimal Control Problem (OP)

mi

1 B
J(u,y) = =|ly — yall? a2 ’
wpyermin 22T 9) = 5y = vallzeryz + G lulia e

subject to Caginalp’s phase field model

HO+¢)—A0=g  inQr,
dp—Ap=h  inQr,
p=-A¢+F($)—0 inQr,

with Dirichlet boundary conditions
0=0=Ap=0 on X,
and initial data

0(0) =00, ¢(0)=¢o  inf

For sure, what is meant by setting the theoretical framework for OP leaves room for
interpretation. In this thesis, we dedicate one chapter to each of the following three
aspects:

> Deriving Caginalp’s model from phase separation phenomena using basic thermody-
namics (Chapter 1).

> Showing well-posedness of Caginalp’s model (Chapter 2).

> Proving the existence of an optimal control and deriving a first order necessary
optimality condition (Chapter 3).

Caginalp’s phase field model was introduced to describe phase transition processes
such as melting and solidification [16], but can also be more generally viewed as a model
for non-isothermal phase separation processes [5]. Core of the model is the Cahn-Hilliard
equation, which was proposed to describe the so-called spinodal decomposition of binary
alloys in a rapid cooling process, but can be utilized for phase-separating mixtures in a
much broader range [22]. Chapter 1 starts with the investigation of a binary mixture
(Section 1.1) that undergoes the isothermal phase separation process called spinodal
decomposition (Section 1.2). With the gathered results, we can quite easily derive the
Cahn-Hilliard equation by using basic laws of thermodynamics (Section 1.3). Coupling
the Cahn-Hilliard equation with a heat balance equation, we arrive at Caginalp’s model
(Section 1.4).

In Chapter 2, we dive into pure mathematics and show that for arbitrary initial
condition and right hand side, Caginalp’s model admits a unique solution. From a
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mathematical point of view, a first glance at Caginalp’s model already reveals two major
obstacles for the proof. Firstly, we see that there is a nonlinear term F”(¢) and secondly,
we spot the Bilaplacian A2, both together making the equation nonlinear and of fourth
order. Hence, after stating helpful results from functional analysis (Section 2.1), we tackle
these problems in two steps. We start by omitting the nonlinearity F’(¢), resulting in a
linear model of fourth order (Section 2.2), and try to find appropriate function spaces,
or regularities, for which we can show well-posedness (Section 2.2.1). Then, we try to
adapt these function spaces such that they allow to make suitable estimates for our
nonlinearity F’(¢) (Section 2.2.2). With the right spaces and estimates at hand, we add
the nonlinearity and show well-posedness of Caginalp’s model (Section 2.3).

Turning to Chapter 3 and considering OP, it is not enough to know that for each control
we have a unique state, but we moreover need to find a control-state pair minimizing
the cost functional J. Hence, to solve OP, we prove the existence of an optimal control
(Section 3.1). A numerical algorithm that intends to find this solution depends on
conditions distinguishing the optimal control from any control. The well-posedness of
the linearized Caginalp model is of crucial importance to state such a condition (Section
3.2). We conclude the thesis by deriving a first order necessary optimality condition for
OP (Section 3.3).
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Spinodal Decomposition, the Cahn-Hilliard Equation and
Caginalp’s Model

In this chapter, we want to present the Cahn-Hilliard equation as a continuous description

of the so-called spinodal decomposition of a binary mixture in a rapid cooling process.

To do so, we start by modeling a binary mixture and derive a measure of stability for
it. After that, we establish the notion of spinodal decomposition as an isothermal phase
separation process for binary mixtures and derive the Cahn Hilliard equation by using
basic thermodynics [22]. In the final section, we present Caginalp’s phase field model
as a generalization of the Cahn-Hilliard equation to non-isothermal phase separation
processes [5].

1.1 Binary Mixtures

The spinodal decomposition is a phenomenon of phase separation, describing for example
when two liquids are miscible at high temperature, but separate into two distinct phases
when the temperature is lowered [15]. To explore this phenomenon in more detail, we
start by modeling the mixture and deriving a measure for its stability. This section is
mainly based on [11].

The following model is oversimplified, but captures most of the important physics
while remaining mathematically easy to handle [15]. We consider a binary mixture of
two liquids A and B as a lattice of Ny sites of equal volume Vj, where N4 and Np
particles of component A and B occupy the positions (see Figure 1.1). We assume that
type A particles have the same volume as type B particles and that the total volume of
the mixture is constant, independent of the composition. Moreover, neighboring sites
are independent of each other, meaning that the type of adjacent particles does not
affect the probability whether a site is occupied by a type A or a type B particle. The
concentration of particles of type A is given by ¢4 = %—g, the one for type B analogously,
so by assumption we have

pa+dp=1.

The reason why a phase separation in our system occurs is because the initial state of
the mixture is unstable relative to the final state [18]. In thermodynamics, the relative
stability of a system at constant volume and pressure can be determined by its Helmholtz
free energy (F)

F=U-TS§,
where U is the internal energy, T temperature and S entropy. A system strives for the
state where the Helmholtz free energy is lowest [15]. The internal energy arises from the
total kinetic and potential energies of the particles, the entropy can be understood as a
measure of the randomness of the system [18].
The entropy S of our system can be expressed with the total number of configurations

N! N!
W = = ,
NA(No — No)! ~ NAINg!

and is given by the Boltzmann formula
S = kB In W,

where kp is the Boltzmann constant. Applying the approximation of Stirling In(N!) ~
N1In(N) — N yields after some basic calculation

S= S8y —kp[NgIngp + Nalngy],

Helmholtz free energy

Entropy
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Figure 1.1

Binary mixture of A (white) and B
(black) species. The particles are con-
sidered to have the same volume. Each
particle can occupy only one of the 64
lattice sites and each lattice site is oc-
cupied by only one particle [11].

Internal energy

Flory-Huggins parameter

and we note that the entropy can be calculated by a logarithmic structure.

To approximate the internal energy U, we consider the interaction between particles
at adjacent positions. Denoting the interaction energy of neighbors as €44, €e4p and €gp,
depending on the type of particles interacting, the system’s internal energy is given by

U=¢eaaNaa+eapNap +eppNpsg,

where N4 is the number of AA-bonds, Ngp and Nap are defined analogously. We
denote the coordination number of our lattice by C, so each site is directly bonded to C'
adjacent sites. Then, disregarding variations at the boundary, the total number of bonds
in the lattice is given by C - Ny/2, since for each pair of neighbors their bond is counted
twice. Similarly, since an AA-bond is counted twice in C' - N4, we can state the relation

CNyg =2Ngs+ Nag,

and analogously
CNp =2Npp + Ns.

With these relations, we can eliminate N4 4 and Ngp in our exression for U getting

1 1
U=Uo+ (GAB —g€aA §€BB)NAB7
where Uy = C(eaaNa/2 + egpNp/2). Next, we make the mean field assumption that a
given site has C'¢4 type A neighbors and C'¢p type B neighbors, no matter whether the
site is itself occupied by an A or B particle. Then, again by avoiding counting bounds
twice, we have

NaCopp+ NpCoa

Nap = 5

= NoCoaop,

which allows us to eliminate Nap [15].
Setting ¢ 1= ¢4, i.e. pp =1 — ¢, and plugging U and S into the Helmholtz free energy
equation FF =U — TS, we arrive at

1 1
F = Fy + NoC(ean — S€aa 5eBB)gb(l — ¢) + ksTNo[(1 — ¢) In(1 — ¢) + $1n ¢,
where Fy = ¢Fa + (1 — ¢)Fp represents the free energy of a system with N4 = ¢ Ny sites
filled by A and Ng = (1 — ¢)Nj sites filled by B particles, neglecting their interaction.
The additional terms describe the change due to mixing.

To shorten the expression, we use the Flory-Huggins parameter

1 C’(e _EAA+GBB>
X—TBT AB - 9 )

which can be viewed as an interaction parameter: x > 0 corresponds to eap > %,
which promotes a tendency towards phase separation to reduce the internal energy of the
system. On the other hand, x < 0 supports a single-phase mixture for all compositions.



free energy of mixing Finix/NokgT
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Finally, we omit the translation by Fp, which leads to the free energy of mixing

Fmix
NokpT

=x¢(1-¢)+(1-9¢)In(1-¢) +¢lng,

serving as our measure for stability of the mixture [15].

1.2 Spinodal Decomposition

Now that we have a model for a binary mixture, given by our lattice in Figure 1.1, and
know how to quantify the stability of the mixture by computing the free energy of mixing,
we can investigate the phenomenon of spinodal decomposition, following [15].

We start by plotting the curves of free energy Fl,ix against composition ¢ for x =
—1,0,2,2.5. The result is shown in Figure 1.2. For negative x, we find a single minimum,
whereas for y > 2, there are two minima and a maximum. This difference is of crucial
physical significance.

Suppose that we have a homogeneous mixture of Ny particles, i.e. the concentration
of type A particles is ¢g everywhere. If the mixture separates into a volume V; of N;
particles, where the concentration of A particles is ¢1, and a volume V5 of Ny particles,
where it is ¢2, then to conserve the total amount of type A particles, we must have
Nopo = N1¢1 + Nags. Dividing by Ny, we can write

Qo = 191 + 2o, ay +ag = 1. (1.1)

The total free energy of the phase separated system can be approximated by Fyep(¢0) =
01 Frix(41) + o Finix(¢2), which we can rewrite using (1.1) as

Fscp == %Fmix(gﬁl) + %Fmix((bQ)
As a function of ¢g, this expression describes the straight line joining Fi,ix(¢1) and
Fiix(¢2), hence we can read off the free energy of the separated system Fyep(¢o) on
that line at ¢9. An exemplary situation is shown in Figure 1.3. The initial composition
¢o = 0.4 separates into phases of concentration ¢; = 0.2 and ¢o = 0.6, such that the
total concentration of A particles in the system remains ¢g. For x = —1, the free energy
of the separated system Fiep(¢0), read off on the orange line, is higher than the free
energy of the homogeneous mixture F,ix(¢g). Thus, phase separation does not lower the
free energy so the mixture is stable against fluctuations in composition.

On the other hand, if x = 2.5, we have Fiep(¢0) < Fuix(¢0). Here, any small fluctuation
in composition results in an immediate phase separation, lowering the free energy of the
system. The initial mixture is unstable.

1.2 Spinodal Decomposition 5

Figure 1.2

Free energy of mixing against compo-
sition for different values of x. For
negative x, we find a single minimum,
whereas for x > 2, there are two min-
ima and a maximum.

Free energy of mixing
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Figure 1.3

Free energy of the separated system
against composition for different values
of x. We can read off Fgep(¢pg) on the or-
ange line joining Finix(¢1) and Finix(2)
at ¢o. The value Fnix(¢o) is the free
energy of the homogeneous mixture of
concentration ¢g without phase separa-
tion.

Figure 1.4

Stability analysis of the mixture. For
compositions ¢g outside the minimizers
(red dots), any fluctuation in concen-
tration increases the free energy (left
orange line). For ¢9 between the locus
of the inflection points (green dots) any
small fluctuation decreases the free en-
ergy (right orange line). In between a
minimizer and an inflection point small
fluctuations increase, but bigger fluctua-
tions can decrease the free energy (pur-
ple line). Plotting the limiting points
as x changes, we get stable, unstable
and metastable regions, bounded by the
binodal and spinodal. The critical tem-
perature T¢ marks the point (magenta
dot), where phase separation starts to
occur.

Binodal and spinodal

Interfacial tension

x=-1

free energy

Fmix

Fsep
Fsep
Fmix

¢1 ¢o P2

E>6 =
[0}
c
(0]
8
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T T T T T T
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concentration concentration

From a mathematical point of view, illustrated in Figure 1.4, the region where phase
separation can lower the free energy is limited by the two minimizers, located at F; (¢) =
0 (red dots). The curve of these minimizers as the temperature, and thus y, changes is
known as the binodal. In the region where Fi,ix(¢) is concave, limited by the locus of the
two inflection points at F)’, (¢) = 0 (green dots), any small fluctuation in composition
leads to phase separation. The locus of the inflection points as temperature changes is
called spinodal. Outside the binodal, the initial mixture is stable and inside the spinodal,
it is unstable. Between a minimizer and the locus of an inflection point, Finix(¢) is convex,
so small fluctuations in composition increase the free energy. On the other hand, bigger
fluctuations can lower the free energy (purple line), so in this region the mixture is called
metastable. The point where binodal and spinodal meet marks a critical x, respectively a
critical temperature T,., where phase separation starts to be energetically favorable for

some compositions.

In the right diagram in Figure 1.4, we can see that if the interaction parameter y
is less than two, the mixture is completely miscible in all proportions, not showing a
tendency towards phase separation. If y is greater than two, there are initial proportions
where the mixture is unstable or metastable. We mentioned that considering the internal
energy, ¥ < 0 means that mixing is energetically favourable, adding up to the increase of
entropy. For 0 < x < 2, mixing is energetically unfavourable, but the gain in entropy is
large enough to offset this.

In the simplest interpretation, we have x varies as 1/7", so above the critical temperature
T., the mixture will form a single phase for all ¢y. Below T, we find that a mixture will
phase-separate for some ¢g as soon as fluctuations appear. Between separated regions,
there are interfaces possessing a certain property of tension, which contributes to the



amount of free energy of the system. Hence, the equation

Fsep(¢0) = alFmix(¢1> + 052Fmix(¢2)

can only be viewed as an approximation of the free energy of the separated system,
since it omits the interfacial energy. We will improve our expression for the free energy
accounting for the interfacial tension after summarizing the previous observations. At
this point, note that when we approach T, we expect the distinction between two phases
to vanish and thus their interface to disappear. Hence, as we approach T, the interfacial
tension must approach zero.

To summarize our preparatory work, we consider a homogeneous binary mixture of
concentration ¢y. We cool the system rapidly slightly below the critical temperature T,
such that ¢¢ lies within the spinodal, i.e. the system is unstable. Then, a small fluctuation
in composition is immediately amplified driven by the reduction of the free energy. This
process is called spinodal decomposition. Important observations and remarks are:

> Spinodal decomposition is a process of conserved dynamics. No material can leave or
enter the system.

> Spinodal decomposition is a continuous process. In contrast, when we start with a
concentration ¢y within the metastable region, a large fluctuation must take place
to start a phase separation, corresponding to high energy costs. This nucleus can
then grow in size, which is known as homogeneous nucleation. In a real system, it is
usually found that there are some impurity particles on which the new phase may be
nucleated with lower activation energy. This is known as heterogeneous nucleation. In
both cases, it is not possible for the mixture to phase-separate by a process in which
the composition in a region changes continuously.

> In spinodal decomposition, material flows from regions of low concentration to regions
of high concentration, which is a reversal of the usual situation, where we expect
material to diffuse from regions of high concentration to regions of low concentration.

> During the process of spinodal decomposition, we assume the temperature of the
system to be constant in time and space [5] and the latent heat to be zero. So limited
growth due to latent heat has no chance to take effect. We will see later how we can
generalize these assumptions [7].

> In general, the derivation of a phenomenological theory for a particular phase separation
in a thermodynamical system requires two steps. Firstly, we have to identify a physical
quantity that characterizes the difference between the two phases, which we call order
parameter ¢ (also phase field). In our previous case, the order parameter was the
concentration ¢(t, ). Secondly, the equations of state are determined by constructing
the Helmholtz free energy F as a function of ¢ and the absolute temperature T' [5].

1.3 The Cahn-Hilliard Equation

We want to derive an equation describing the phenomenon of spinodal decomposition,
referring to [22]. From now on, we denote the temperature by © instead of T, to preserve
T as the upper bound for a time interval. So far, we have not accounted for the energy
associated with the interfaces between the growing domains [15]. The theory of Ginzburg
suggests that we should not consider sharp interfaces with vanishing interfacial energy,
but instead small transition layers of finite but positive thickness carrying an amount of

interfacial energy [5]. This amount depends on the gradient of composition V¢ [15], i.e.

we add the gradient as a penalty term for the phase field ¢, penalizing sudden changes
with respect to the spatial variable x. So we start the derivation with an isotropic binary
mixture of nonuniform composition at a fixed temperature © and consider the following
Ginzburg-Landau type free energy,

B() = [ §IVol + F(o)da,

where 2 C R”, n = 2,3, is a bounded domain with sufficiently smooth boundary and F' is
the Helmholtz free energy. The constant v > 0 represents the thickness of the transition

1.3 The Cahn-Hilliard Equation 7

Spinodal decomposition

Order parameter (phase field)

Ginzburg-Landau free energy
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General conserved dynamics

Chemical potential

Cahn-Hilliard equation

layers. We consider the local concentration order parameter ¢(t,z) = ¢4 — ¢pp C [—1,1]
over time t € (0,T), T' < oo, which is equivalent to ¢ = ¢ 4. The Helmholtz free energy
F' is then given by

O o

F(s):g[(l—l—s)ln(l—l—s)—I—(l—s)ln(l—s)} -5

where O, > 0 is the critical temperature of the system. We remember that if 0 < © < O,
F has a double-well structure with two minimizers in (—1,1). When © is close to O,
which we call shallow quenching, then using a Taylor expansion, F' is often approximated

by
e 06, e
F) =~ (5= 5) + 5%

The special case © = 3 and ©. = 4 and adding 1/4 yields the mathematically convenient
form

F(s) = i(l —s%)2.

Note that in this case, the two minimizers are shifted to +1.
To state a first equation, we mention again that spinodal decomposition is a process of
conserved dynamics, mathematically expressed by

8t/ é(t,z)de =0  forallte (0,T). (1.2)
Q

In general, conserved dynamics is described by the continuity equation [5]

Op+V-J=0 in (0,T)xQ, (1.3)
J-n=0 on (0,T) x 09, (1.4)
On¢ =0 on (0,T) x 09, (1.5)

where J denotes the mass flux. Equation (1.3) can be viewed as a differential, i.e. local,
form for the law of mass balance. In fact, integrating (1.3) over space and applying the
divergence theorem yields

8t/q5d:c:f/V~de:f/ J-ndS,
Q Q aQ

so the total change of concentration over time is given by the net amount of material
passing through 092. Due to boundary condition (1.4), which is usually called no-
flux condition, we get the mass conservation (1.2). The physical interpretation of the
homogeneous Neumann condition (1.5) is that the interface between two components
intersects 00 at a perfect angle of 7/2.

The driving force for the dynamics of a phase separation process is the chemical
potential p. Material will diffuse down the gradient of chemical potential, from regions of
high chemical potential to regions of low chemical potential [15]. Hence, we may postulate
the constitutive equation

J==-M(¢)Vpu, (1.6)

where M (¢) > 0 represents the diffusion mobility. We can find the chemical potential
as the variational derivative of the free energy with respect to ¢, and after a simple
calculation using Green’s first identity and (1.5), we get

_ 0E(¢)

Combining equations (1.3), (1.6) and (1.7), we arrive at the Cahn-Hilliard equation
o=V -[M(¢)Vul in (0,7) x Q,
= —vAG+F(6)  in (0,T)x 0,

= —vAG+ F'(¢). (1.7)

with the initial and boundary conditions
#(0,2) = ¢o(x) in Q,
M(@)Vu-n=0 on (0,T) x 09,
Onep =0 on (0,T) x 09.
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1.4 Caginalp’s Phase-Field Model

As already mentioned, spinodal decomposition is an isothermal phase separation process,
i.e. we assume the temperature of the system during the process to be constant in 2 and
that there are no effects due to latent heat. So far, we started with a binary mixture at
temperature © and cooled it down slightly below a critical temperature O, such that the
mixture is unstable and phase-separates. The separated phases were volumes V; of high
concentration of type A and V5 of high concentration of type B. But what if instead we
started with a pure type A liquid at a temperature © and cooled it down slightly below
its freezing point ©.7 We could consider separated phases as volumes V; of solid and V5
of liquid type A, with the phase field values ¢ = 41 indicating pure solid or liquid. Then,
it clearly would not seem reasonable to assume that latent heat does not influence the
growth of phases. We need to find a non-isothermal generalization of the Cahn-Hilliad
equation, where we consider © = O(t, ) as a function in time and space [5].

Caginalp proposes a phase field model that starts with the Ginzburg-Landau type free
energy

Bofé) = | 5196 + F(¢) ~ o da,

where 0(t,z) = O(t,x) — O, is the time and space dependent reduced temperature
[6] and ~p is a positive constant. We choose again the prototype double-well potential
F= i(l — ¢?)2. The last term introduces the coupling between temperature and phase
field and may be understood best contributing to the T'S-part of the free energy [6]. The
variational derivative of Ejy is given by

OF
=280 gt () -,
which yields the evolution equation [7]
g =V - [M(¢)Vy] in (0,7) x Q, (1.8)
u=—-vA¢p+ F'(¢) — vo0 in (0,7) x Q. (1.9)

The heat balance for the system is given by
00+ lgp) = AO in (0,7) x Q, (1.10)

where we add the latent heat of fusion [y > 0 multiplied with 0;¢ to the heat equation
[6]. Hence, changes in temperature over time are balanced with energy provided by or
used for phase transitions.

Equations (1.8), (1.9) and (1.10) form Caginalp’s phase field model (see [6, 5, 7] for
the derivation, we state the version that can be found in [3]). We consider the special
case M (¢) = 1.

Caginalp’s phase field model

O (04 1pp) — AO=0 in (0,7) x Q,
O —Apu=0 in (0,7) x Q,
u=—vA¢p+ F'(¢) — v in (0,7) x Q,

with Neumann-boundary conditions
O = 0, = Ot =0 on (0,T) x 99,
and initial data

0(0) =6, ¢(0)=¢o  inQ.

Caginalp’s phase field model

9
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Figure 1.5

Evolution of phase field ¢(¢) described
by Caginalp’'s model. At the beginning
in the upper left plot, the phase field
is almost constant (green) with only
small fluctuations (yellow and blue). Af-
ter some time (upper right and lower
left plots), we can see that the fluctu-
ations are expanding over time, gener-
ating regions of blue and yellow. In the
lower right picture, the green transition
areas from yellow to blue diminish.

1.2

0.0

-0.3

-0.6

-0.9

—-1.2

Similarly to the derivation of conservation of mass, integrating the heat balance over
space yields

8t/(0+l0¢)dx=/A0dx=/ VO -ndS= [ 8,0dS=0.
Q Q o o0

Hence, due to (1.2), we get conservation of temperature [16].

With guidance of [19], we want to close this chapter by modeling a phase separation
process with Caginalp’s model. To do so, we consider a homogeneous binary mixture
of ¢g(z) = 0.4 for every z € Q. Small fluctuations are expressed by adding a random
number r(z) € [—0.01,0.01], so

o(@) = do(x) +r(x).
In the same way, we set an initial temperature of
Oo(x) = 0.6 + r(x).

Moreover, as suggested before, we use the approximation F(¢) =~ %(1 — ¢*)? with
minimizers at £1. The resulting dynamics is shown in Figure 1.5. We see that the
fluctuations at the beginning are amplified continuously, forming regions of yellow and
blue. The concentrations within these regions are 1, corresponding to the minimizers of
F. The green transition areas between the regions diminish, reflecting the presence of
the penalty term §|ng,’)|2 in the Ginzburg-Landau free energy.
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Well-Posedness of Caginalp’s Model

In this chapter, we proof existence and uniqueness of a weak solution to Caginalp’s phase
field model. To do so, we start by stating some fundamental results from functional
analysis that we will need throughout the chapter. Then, we approach Caginalp’s model
in two steps: Firstly, we omit the nonlinearity and choose reasonable regularities for the
inital data and right hand side to show existence and uniqueness for the resulting fourth
order linear system. Secondly, we change the regularities in the linear model to the ones
we need for the nonlinear model and again show existence and uniqueness. Afterwards, we
are all set to prove existence and uniqueness for Caginalp’s model. In all cases, the proofs
consist of finding a suitable energy estimate and perform a Galerkin-approximation. We

mainly refer to [17] and for general theory to [12] and [10]. Some inspiration is from [16].

Recall that we are always considering a bounded domain 2 C R™, n = 2,3, with
sufficiently smooth boundary 99, and a finite time interval (0,7), 0 < T < co. In the
whole chapter, C' is a positive constant, independent of (¢, ), that may change from line
to line, or even in the same line. For a Hilbert space X with dual space X', we denote
inner product, norm and dual pairing as

<'7 '>X7
-l
<.’ '>X’,X~

Moreover, we write C for subsets and embeddings and emphasize with < a continuous
and with € a compact embedding. This does not mean that C can’t be continuous or
compact. Furthermore, we denote the space of X-valued distributions on the set M by
D'(M; X).

To simplify the mathematical analysis, we consider the Caginalp model with Dirichlet
boundary conditions, although they do not provide the conservation of mass. Yet, one
can obtain the same results for Neumann boundary conditions [16]. Moreover, we add a
right hand side (g, k), which will serve as our control later. A suitable function space is
to be determined. Lastly, we set all parameters equal to one. That being said, we proceed
by dealing with the following model.

Caginalp’s model with Dirichlet boundary conditions (CM)

B0+¢)—AN0=g in(0,T)xQ, (2.1)
atd)—A,U/:h in ((),T’)XQ7 .
p=-Ad+F(¢)—0 in(0,T)xQ, (2.3)

with Dirichlet boundary conditions
0=¢p=p=0 on (0,T) x 99, (2.4)
and initial data

0(0) =6y, ¢(0)=do  inQ. (2.5)

11
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2 Well-Posedness of Caginalp’s Model

The operator A

The operators A~

2.1 Preliminaries

If not mentioned otherwise, the following theory can be found in [17]. Let V := H}(Q),
H := L?(Q2) and define the linear operator

AZV—)V/, ur—><Au,~>V/Xv:(Vu,V~>H:<u,~>V.

Then, A is an isomorphism from V to V' and we can view A as the distributional version
of —A. We set

D(A) =AY H)={ueV | Auec H} = H*(Q) NV,

where the last equality is non-trivial, and call it the domain of A. Well-known results
from functional analysis equip A with the following spectral properties:

> The H-realization A : H D D(A) — H is self-adjoint, since (-, - )y is symmetric, and
positive, i.e. (Au,u)y > 0 for all u € D(A).

> Due to the compact embedding D(A) € H, the inverse operator A~ H — His

compact, furthermore self-adjoint and positive.

1’H:

> The spectrum of A consists exclusively of eigenvalues (A;);jen [10], which satisfy
0< A < XA < ... =00

There is an orthonormal basis (w;);en C D(A) of (H,(-, -)u) of corresponding
eigenvectors, which are also orthogonal with respect to (-, -)y. Hence, for all u € H,
we get a Fourier series

o0
U= g ujw;i, u; €R,
Jj=1

and for all u € D(A), we have the representation
Au = Z )\jUj’LUj.
j=1

> Considering the regularity of the eigenvectors, it holds that wy € C*°(Q), k € N, and
if 09 is smooth, we even have wy € C*°(Q) [12].

> For u = Y777 ujwy, it holds that

> if w e H, then [ul|f = 3272 [u;|*.

> if we V, then [Jullf = 3272, Ajluy|?.

> if u € D(A), then for the graph norm, we have Hu||2D(A) = [|Aul|?} = Py A3 Juy)?.

In CM, we need to deal with the Bilaplacian, so in addition to define a distributional
version of —A, we also require a notion for A2. Motivated by the previous results, we
define operators A* on domains D(A%),

A“:H C D(AY) — H,

where we first consider & > 0. For v = Ejoil UW;, v = Z;il vjwj, we set A° =TI on
D(A%) = H and for a > 0,

A%u = Z)\J‘?‘ujwj on D(A%) :={ue H | Z)\?a\uj|2 < 400},
j=1 j=1
We endow D(A®) with the graph norm and scalar product

1

00 1 00
lull peaey == 1A% - [|u = (Zx\?oﬂuj\?) ’ and (U, v) p(an) == Z/\?O‘ujvj,

j=1 j=1



which makes D(A%) a Hilbert space. With this definition, one can show that
D(AY) =V,
D(A?) ={ue D(A) | Aue D(A)} = {uc H}(Q) NV | Au=0 on 9Q}.
Moreover, on D(Ag), k=1,2,4, we have
| - ||D(A§) =| - HH'«(Q),

in the sense of equivalence of norms.
For a < 0, we define D(A®) as the topological dual of D(A~%), i.e.

D(A®) := D(A™®Y,

and A® as the inverse of the adjoint operator of A=% i.e. A% := (A7%)*)~1. For example,

we get the inverse mappings
At DA™Y — H,
ALV — Y,

1

A2V — H.

M

Remark If a > o/ € R, then D(A%) € D(A®") with dense and compact embedding.

In particular, we have

D(A)eVeHeV eDA™Y

To finish the preliminares, we want to state useful results that we will use intensively
in the following. Throughout the thesis, the statement of the first bullet will be called
Hélder’s inequality, and the one of the second bullet Young’s inequality.

> [12] Let 1 < p1,ey o < 00, with p% + 4 pi = %, and assume uy € LP* (M) for
k=1,...,m. Then

m
||U1"'um||LT(M) = H ||Uk||LT’k

> [12] Let a,b > 0. Then, for arbitrary € > 0, we have
b2

ab < ea®+ —.

4e

This version of the Holder inequality is a slight generalization of the one in [12], but can
be shown straightforward.

Theorem 2.1 INTEGRATION BY PARTS [13] Let V C H C V' be a Gelfand triple
of Hilbert spaces. Then, we have the continuous embedding

L*(0,T; V)N HY0,T; V") — C([0,T]; H).
Moreover, for all u,v € L2(0,7;V) N H(0,T;V’), the integration by parts formula
t
(u(®), v(t))n — (u(s),v(s))n = / (Opu(T), v(T))vrxy 4 (Opv(7), u(T))yr oy d7

holds for all ¢,s € (0,7).

Immediate consequences of Theorem 2.1 for u € L*(0,T;V) N H'(0,T;V’) are
> 50 [u®)F = (Gru(t), u(t)yr v and
> Og(u(t), v)y = (Qru(t), v)y xy for all v € V.

2.1 Preliminaries

13



14 2 Well-Posedness of Caginalp’s Model

Transformed linear Caginalp
model

Lemma 2.2 AGMON INEQUALITY [17] For n = 2,3, we have for all u € D(A)
L1
lullpsc) < Cllulldlulla-
Lastly, we state a version of Gronwall’s lemma that can be found in [17], and always
refer to this version within the thesis.

Lemma 2.3 GRONWALL LEMMA [17] Let g, h and y be locally integrable functions
such that ¢’ is locally integrable and, for t > tg, ty € R,

Yy < gy+h
Then, the following holds for ¢ > tq:

¢ g(s)ds

t t s
y(t) < el y(t0)+eftog(s)ds o 9©a

to

h(s) ds.

2.2 The Linear Model

There are at least two difficulties to prove existence and uniqueness of solutions to CM.
Firstly, we need to find suitable regularities for the right hand side (g, k) and initial
data (6o, ¢), insuring the existence of a solution to the fourth order equation governed
by the Bilaplacian A%. Secondly, we need to find properties and estimates handling the
nonlinearity F' = f.

To tackle these problems, we start by investigating the linear model associated with
CM, i.e. we omit the nonlinear term in (2.3). Introducing the change of variable z := 6+ ¢
instead of 6, we transform (2.1)-(2.3) such that there remains only one time derivative in
the heat balance equation (2.1). Regarding CM, ¢ has to be more regular than z, which
means that we can retransform without loosing regularity. Keeping in mind the definition
of the operator A of the preliminaries, we state the following model.

Transformed linear Caginalp model (TLCM)

Oz+Az—Ap=g in (0,7) x Q,
Orp+ A% — Az + Ap=h  in (0,T) x Q,

with Dirichlet boundary conditions
z=¢p=Ap=0 on (0,T) x 99, (2.8)
and initial data

2(0) = 0o + do =: 20, $(0)=¢o  inf (2.9)

2.2.1 A First Version of Regularities

Suitable Hilbert spaces - We choose a first version of regularities such that we can use properties of Gelfand triples

version 1

like Theorem 2.1. Hence, we consider the Gelfand triple of Hilbert spaces W € Z € W',
where

W :=V x D(A),
Z :=H x H.
We seek a solution (z, ¢) of (2.6)-(2.9) in the space
L0, T; W) N HY0,T; W),



which means, according to Theorem 2.1, that (z,¢) € C([0,T], Z). In regard of these
regularities, by testing (2.6) with v € V and (2.7) with w € D(A), equations (2.6)-(2.7)
are associated with the weak formulation

(002, v)vixv + (A2, A%0)r — (Ag,v)i = (g, v)vixv  (210)
(D, W) D(a-1yx D(a) + (Ad, Aw) g — (A% 2, AZw) g + (Ad,w) g = (hyw) pa—1yx D(A)s
(2.11)

as equations in D’(0, T; R).

Remark  We could also consider (2.6) and (2.7) as a single equation

o(5)+ (4 e G)=() (2.12)

The weak formulation is attained by testing (2.12) with (v, w) € W, and is given by
adding (2.10) and (2.11), as an equation in D’(0,T;R). Consequently, we have two
points of view:

> TLCM consists of the two equations (2.6) in D’(0,7;V’) (or in L?(0,T;V")) and
(2.7) in D'(0,T; D(A~1)) (or in L2(0,T; D(A~1))).

> TLCM consists of the equation (2.12) in D'(0,7;W’) (or in L%(0,T; W')).

To prove the existence of a solution, we rely on the Galerkin method. Thus, we start
by showing the following energy estimate.

Theorem 2.4  Let (29,¢0) € Z and (g,h) € L?(0,T; W'). Assume there exists a
solution

(z,0) € L>=(0,T; Z) N L*(0, T; W) N H*(0,T; W)
of (2.6)-(2.9). Then, it holds that

||(3tzvat¢)”2L2(o,T;W') + 1I(2, ¢)||2Loo(o,T;z) + I(=, d))H%?(O,T;W) <
< C([I(z0, 9011 Z + 1 W72 0,0w7) -

Proof. We split the proof in two steps.
Step 1: Under the assumptions of the theorem, it holds that
Gz, D202y + 1z DT 0wy < Cll(z0, 20)IZ + (g, T2 0,7m7)) -

To show this estimate, we test (2.10) with z and (2.11) with ¢ and use Theorem 2.1 to
get

1 1
§5t||z||?q + | A22||% = (A, 2)u + (g, 2)vixv,

1 1 1 1
§8t||¢\|%[ + [|A|IH + Az )15 = (A22,A2¢) i + (h, ) p(a-1)x D(4)-

To the terms on the right hand side of the equalities, we apply Cauchy-Schwarz and

The points of view are equivalent and we switch our view frequently in the following.

2.2 The Linear Model 15

Weak formulation of TLCM -
version 1

Energy estimate - version 1

Estimate for (z, ¢) - version 1
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2 Well-Posedness of Caginalp’s Model

Estimate for (0,z,0,¢) -
version 1

Young, which yields
<A¢a Z>H

(A%z, A3 ¢\

IN

1 1
SIAGIE + 541,

1 1 1 1
§||A2ZH%{+ §||A2¢||%17

IN

1, 1
(g, 2)vrsv < Clglly + 41147 213,
1
(h,d)pa-—nyxpay < Clhllpa-ry + 1||A¢H§I~
Hence, adding both equalities, collecting terms and omitting the A%qﬁ—term leads to
1 o L1 o 1 2 Lo 2
SO O + 7IAR2 0 + 146l% < 5120+ Clo, )

Adapting constants and adding C||¢||3; to the right hand side, we get
Ol (z, O)IZ + Iz 0)liy < C(lIz D)% + (g, W) IFy)- (2.13)

This means in particular that

all(z. 0% < C(Iz )% + (9. hlly)-

According to the version of the Gronwall lemma stated in Lemma 2.3, we can estimate

t
1z, 2N < e“lI(20, d0)lIZ + €Ct/0 e C|(g(s), h(s)) Iy ds.
Since T' < oo, it follows that

10, o)IIZ < C (20, 017 + (g 220,25 - (2.14)

Returning to (2.13), integration over time yields
1(z(t), 6NIIZ + (2, D220,y <
t
< C(/O 1C2(5), @(s))1IZ ds + [1(g, 1220 05w)) + [1(Z0, Po)II%-

Using (2.14) on the right hand side, we get for almost every ¢ € (0,7T) the estimate

1(z(0), Z + (2, D Z2 0.00wy < CI(z0, 0017 + 19, WZ20.0w)),  (2:15)

where we note that the right hand side is independent of ¢. Thus, we have by omitting
H(Z7 ¢)||%2(0,t;W) in (215),

||(Za¢)||%°°(0,T;Z) < C(”(»’«’O:%)HQZ"‘ ||(97h)|‘%2(0,T;W/))a
and moreover, by omitting ||(z(t), ¢(¢))||% in (2.15),
1z D720,y < ClI(z0, 9% + (9, W T2 0,0m7))-
Hence, for almost every ¢ € (0,7), it holds that
Gz, D) 0.2y + 1z D) T2 00wy < 2C (I(20, 00)1Z + (g, W12 0,731 ) -
Step 1 follows by passing t — T.

Step 2: It holds that

H(atzaat¢)||2L?(0,T;W’) < C(H(Zoaéf’o)szJr H(g>h)||2L2(O,T;W/))'

To show this, we solve (2.6) for 9,z and (2.7) for 8;¢ and apply the V'- and D(A~!)-norm,
which leads to

10:211% < C(I1A=I1 + 14813 + l9lF),
||8t¢||2D(A*1) < O(HA2¢||2D(A*1) + ”Az”QD(A*l) + ”AQSHQD(A*) + ||h||2D(A*1))'
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Adding both inequalities, using the properties of the operators A* and the continuous
embedding D(A) — V, we get

102, 000) i < ClI(2, D)7y + Iz D)IZ + 1I(g, W[5 )- (2.16)
Noting that

T
/0 ICz(s), 6(s)IZ ds < [I(2, D) [T 0,720 T
we carry out time integration on (2.16), which yields

||(atza8t¢)||2L2(o,T;Wf) < C<||<Z’¢)H%2(O,T;W) + H(Zv¢)||2Loo(o,T;z) +[1(g, h)”%Z(O,T;W’))'

Then Step 2 immediately follows from Step 1.

Now, according to Step 1 and Step 2, we have

H(atzaat¢)||2L2(0,T;W/)+H(Z,¢)”%°°(O,T,Z)JrH(zvqs)“%%O,T;W) <
< O([I(z0, 90) 1% + 19, W72 0,007

which completes the proof of Theorem 2.4. O

The idea of the Galerkin approximation is to find solutions of (2.6)-(2.9) on finite
dimensional subspaces of Z exploiting Z. For each of these solutions, the above energy
estimate holds, so we get a uniformly bounded sequence of solutions, which admits a
weakly convergent subsequence. Its limit solves the problem on the whole space.

Theorem 2.5  Let (20, ¢0) € Z and (g, h) € L?(0,T; W'). Then, (2.6)-(2.9) pos-
sesses a unique solution (z, ¢) such that

(z,¢) € L=(0,T; Z) N L*(0,T; W) N H* (0, T; W').

Proof. We split the proof in four steps.

Step A: Construction of solutions (2, ¢,) on finite-dimensional subspaces W, . Approximate solutions -
version 1
Let m € N and (wg)ren C D(A) be the set of eigenfunctions of A described in the prelim-
inaries. We consider the following approximated problem: Find (z,, ¢mm) € AC([0,T], W)
of the form

=S Owe  and () = S AP (D,

k=1 k=1

where ¢}, di* : [0,T] — R, such that

Op(2m, V) + (A% 2, A20) = (A, ) = (g 0)vrcy,  (217)
O Wi + (Abumy AWt — (A% 2, AZ0) g1 + (A, w) gy = (h, W) p(a-1yxD(A)
(2.18)

for all (v, w) € Span(wy, ..., w,)? =: W, as equations in D’(0,T;R). To get a well-posed
problem, we have to adapt the initial condition. We project (zo, ¢) orthogonally in H
onto W,,, i.e.

m m

20,m = Z<ZOawk>Hwk and Po,m = Z<¢vak>Hwka

k=1 k=1

and set the initial condition as

(Zm(O), d)m(o)) = (ZO,ma ¢O,m)- (2.19)
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Convergence of approximate
solutions - version 1

Note that a basis of W, is given by the 2m vectors

et~ ((5).(2).(3) (2 () (2D}

Testing (2.17) and (2.18) with each vector of B,,, we get for each k = 1,...,m the system
of ODEs

ey (t) + Aey' () — Aedy (t) = gk (1),
Opd (1) + ARdi? (t) — Ac (8) 4+ Ardi () = ha(2),
(c;'(0),d;"(0)) = (20, wk) H> (G0, Wk) H )5

where g;,(t) = (g, w) v/ v and hy(t) = (b, wk) pea—1)xp(a)- Since gx(t) € L*(0, T;R) C
L'(0,T;R), we can apply the theorem of Picard-Lindeldf in the global version for the
homogeneous system and the variation of parameters for the inhomogeneous system.
Hence, for each k we get a global solution (c*(t),d*(t)) € AC(]0,T); R?*) N H(0,T; R?)
(see [14], Theorem 4 on page 16, in combination with [21], Lemma 1.1 on page 250).
Collecting all these solutions, we find

(™ (t),d™ (1)) = (7 (1), e (), T (t), ..., din(t)) € AC([0,T],R*™),
(0™ (t),0,d™(t)) € L*(0, T; R*™),

and then (2, ¢m) € AC([0,T), Wy,), (0t2m, Ordm) € L?*(0,T;W,,) defined as above
solves (2.17)-(2.19) because of a simple linearity argument.

Step B: Convergence of the sequence of solutions ((2m, ®m))men-

We can easily adapt the proof of Theorem 2.4 such that we can use the same energy
estimate for (z,, ¢, ). Thus, the sequence (2, dm))men is uniformly bounded with

(Dt 2m at(b?ﬂ)”%?(O,T;W’) + 1z, (bm)H%OO(O}T;Z) + [ (zm, ¢m)||2L2(0,T;W) <
< C([(z0, )17 + 19 P22 (0,71

Consequently, there exists a subsequence ((zm,,, $m, ))ien, which we rename ((2m, Pm))men,
and functions (z,¢) € L?(0,T; W) and (a,b) € L*(0,T,W’) such that

(2ms dm) = (2,¢)  weakly in L*(0,T; W), (2.20)
(Ot2m, Orpm) — (a,b)  weakly in L?(0,T; W"). (2.21)

We need to show that (a,b) = (9iz,0cp). Let ¢ € C°(0,T;R) and b, € By, N € N.
Then, because of (2.21) and since W is reflexive, we have

((Or2im, O bm ), ()bn) L2(0. 75w x L2 (0,T:W) | —5
ey ((a,b), 0(t)bn) L2(0,1;W")x L2(0,T;W)-

On the other hand, noting that (-, u)r2,7:m), u € L?(0,T; H), defines an element of
L?(0,T; W), the convergence (2.20) 1mphe5

((Or2ms Oshm) s ()b 20,1 w 1y x £2(0,1:w) = —{((Zms D)y @' (O)bn) 2 0.7:1) —
=y _<(Z7¢)a90/(t)bn>L2(O,T;H) = <(5t2,3t¢)a@(t)bn>L2(o,T;W')xL?(o,T;W)-
Hence, using the linearity of the limit, it holds that (a,b) = (0;z, 0;¢) tested with every
function of the form

> en(t)bn, on € C(0,T;R), by € By.

Since N was arbitrary, these functions are dense in L2(0,7;W) [20], so we have
(a,b) = (0sz,0rp) in L2(0,T; W').
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Step C: Existence of a weak solution (z, ¢). Existence of a weak solution -

version 1
We show that the weak limit (z, ¢) solves the original equation. Let N € N and ¢}, o3 €
C*(0,T;R),k=1,..,N.For m > N, we know that (z,, ¢»,) is a solution to (2.17)-(2.19)

tested with every b, € By. Hence, for all k = 1,..., N, it holds for almost all ¢t € (0,T)

that

Ok (1) (Orzim, wi) Vi + QR (E) (A% 2, AZwi) i — () (A, wi) g =
= o (){g, wi)vrxv,
PR (1) (Or b Wk) p(a-1)x D(a) + P (E) (AP, Awr) i — @} (E){A 20, AZwi) g+
+ @i (1) {Abm, wi) i = 03 (t) (B, Wi) p(A-1)x D(A)-

Now, integrating over time yields
T 1 T 1 4 3 T 1

/ cpk(t)@tzm,wk)vrxvdt—i—/ <pk(t)<A5zm,A§wk>Hdt—/ L) (A, wp) 11 dt =
0 0 0

T
- /0 L (1) (g, iy dt, (2.22)

T

T
/ 2 ()0 bmy W) pa-vyxpay At + [ on(E)(Adp, Awy) g dt—
0

/0
T . T

7/ ¢i(t)<A§Zm,A2wk Hdt/ QD A¢m,wk>H dt =
0 0

T
= / @i(t)<h7wk>D(A*1)><D(A) dt. (2.23)
0

Using that continuous operators are weakly continuous, we can pass to the limits (2.20)
and (2.21). Again by a linearity argument, we see that both (2.22) and (2.23) hold for
functions of the form

N
> dn(t)wk, ¢k € C2(0,T;R).
k=1
Since N was arbitrary, these functions are dense in L?(0, T'; V') respectively L?(0,T; D(A)),
so (z,¢) solves (2.6) in L2(0,T; V') and (2.7) in L?(0,T; D(A™1)). By definition,
(z,¢) € L*(0,T; W) N H (0, T; W),
and the intersection is continuously embedded into C([0,T]; Z). As a consequence, we
also have (z,¢) € L*>(0,T; Z).
To complete step C, we need to show that (z,¢) satisfies the initial condition, i.e.

(2(0),$(0)) = (20,0). Let (vn,yn) € Wy and @1,z € CH([0,T];R) with ¢1(T) =
p2(T) =0 and ¢1(0), p2(0) # 0. Then, we have for m > N due to integration by parts

T T 1 1
- / 4 (0) (s o) 17 L — 01(0) (2 (0), v )1t + / o (£)(A} 2, Ab o) di—
_/ ¢1(t)<A¢m»UN>Hdt:/ e1(t) (g, vn)vrxv dt, (2.24)
0 0
T T
—/0 <P/2(t)<¢m7yN>de—@2(0)<¢m(0)7yN>H+/O 02(t)(Adm, Ayn) g dt—

T
—/ SDQ(t)<A%zmaA%yN>Hdt+/ 02 (t)(Abpm, yn) g dt =
0 0

T
= / @2(t)(h, yN) D(A-1)x D(a) dt. (2.25)
0
Since orthogonal projections are self-adjoint, we have

(zm(0),vn)H = (20,m> UN)H = (20, UN,m))H = (%0, UN) H,
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2 Well-Posedness of Caginalp’s Model

Uniqueness of the weak
solution - version 1

Suitable Hilbert spaces -
version 2

and similarly

(ém(0),yn)u = (G0, YN ) H-

On the other hand, we know that (z, ¢) is a solution of (2.6)-(2.7) in L2(0,T;W'), so
testing (2.6) with 1 (t)vy and (2.7) with p2(¢)yny and integration by parts yields

T T ) )
—/O w&(t)(z,vN)Hdt—<p1(0)(z(0),vN>H+/O 01(t)(A2z, A2oN) g dt—

T T
- [ erasoudt= [ orlg. v at
0 0
T

- / Ao(6) () a1 dE — 2(0)(S(0), g + / 2(t)(Ad, Ayx)gr di—

T
- / pa(t)(Abz, Abyy)di + / o (8) (A, y) i dt =
0 0

T
=/ ©2(t)(h, yN) D(a-1)x D(a) dL.
0
Passing m — oo in (2.24) and (2.25) and comparing, we get

(zo,on)m = (2(0),vn)r and  (do,yn)m = (¢(0), yn)m,

for every (vn,yn) € Wy. Since [J3_; W is dense in W and hence in Z, we have

(2(0),(0)) = (20, $0) in Z.
Step D: Uniqueness of the weak solution (z, ¢).

Let (21,¢1), (22,¢2) € L>(0,T;Z) N L*(0,T; W) N HY(0,T;W’) be two solutions of
(2.6)-(2.9). Then (z,¢) := (21 — 22,¢1 — ¢2) is a solution with (g,h) = (0,0) and
(20, ¢0) = (0,0). According to the estimate of Theorem 2.4, it follows that (z,¢) = (0,0)
and hence uniqueness of the solution. O

Remark  Note that we could omit the weak convergence (2.21) for the time derivatives
in the proof. This is done by using integration by parts in time in Step C, to shove
the time derivatives on the test functions.

To recap, Theorem 2.5 states that the action of the Bilaplacan A? shifts the regularity
in space for the right hand side D(A~1) to D(A) and we are granted with a unique
solution.

2.2.2 A Second Version of Regularities

It turns out that the regularities of version one are suitable for the linear case, but
are not appropriate to deal with the nonlinearity. To illustrate this, we recall that the
approximate nonlinear term is given by F’(¢) = ¢ — ¢, which is a polynomial of third
degree. Now, assuming our solution ¢ is in L*°(0,T’; H), the H-norm of the highest order
term satisfies

6% = 11911 (<)

hence we loose the L*-integrability in time.
Apart from this example, we will see many other reasons why it is necessary to consider
other Hilbert spaces. Proceeding in the same manner as for the first version, we set

Xo:=V x D(A%),
Y =HxV,
X =V xV.
Then, we seek a solution (z, ¢) of (2.6)-(2.9) in the space
L*(0,T; Xo) N H*(0,T; X,).

Since Xy € Y € X; is not a Gelfand triple, we need a generalization of the first part of
Theorem 2.1 to guarantee the continuity of the solution in time.



2.2 The Linear Model 21

Theorem 2.6 [17] Let o > o € R. Then, we have the continuous embedding

a+o</

L*(0,T; D(A%) N HY(0,T; D(AY)) < C([0,T]); D(A™*

))-

In particular, it follows that

L2(0,T; Xo) N H'(0,T; X1) = C([0,T};Y).

By testing (2.6) with v € V and (2.7) with w € V, equations (2.6)-(2.7) are associated Weak formulation of TLCM -
with the weak formulation version 2

<atZ7U>V/><V + <A%27A%,U>H - <A¢7U>H = <gav>V’><V7 (226)
(Opywhvrxv + (A2, ATw) g — (A2 2, AZw) g + (A, w)r = (hywhviy,  (2.27)

as equations in D'(0,T; R).
Now we are ready to execute the Galerkin method and start again by showing the Energy estimate - version 2
following energy estimate.

Theorem 2.7  Let (20,¢0) € Y and (g,h) € L*(0,T; X1). Assume there exists a
solution

(Zy ¢) € LOO(OaTy Y) n L2(07T7 XO) n H1(07T7 Xl)
of (2.6)-(2.9). Then, it holds that

||(atzvat¢)”2L2(0,T;X1) + 1I(z, ¢)H%°°(O,T;Y) + [I(z, ¢)||%2(0,T;X0) <
< O(lIz0, 913 + (g, W17 207 x1))

Proof. We use the proof of Theorem 2.4 as guidance and adapt the new regularities.
Thus, we split the proof in the same two steps.

Step 1: Under the assumptions of the theorem, it holds that Estimate for (z,¢) - version 2

1z )7 0,75y + 1102 D) T20, 1) < C(II(20 00) I + (g T2 0, 7:x1)) -

To show this estimate, we test (2.26) with z and (2.27) with A¢ and use Theorem 2.1 to
get

1 1
Lol + 1421 = (46, 2 + (0, 2D
1 1 3 1 3
§6t||Az¢||§{ +[|AZ g1} + [ Adll3 = (A22, A2 @) g + (h, Ad)vxv.

We handle the terms on the right hand side of the equalities by applying Cauchy-Schwarz
and Young, yielding

1 1
SIA61E, + 511213,

1, 1 1. .3
SIA=3 + S lAad o,

<A¢v Z>H

(A%2, A3 ¢y

IN

IN

IA

1,1
(9, 2)vixv < Cllglli + ZHAQZH?{,
1, .3 1
(h, Ad)vrxv < C||h||%/f+;1||A2¢||%1+C||A2¢H12H-

Hence, adding both equalities, collecting terms and omitting the A¢-term leads to

1 1,1 1, 3
Lo )1 + b= + T1AB0I < CUIG IR + e W%,
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Estimate for (0;z,0,0) -
version 2

Approximate solutions -
version 2

Convergence of approximate
solutions - version 2

Adapting constants, we get

iz T + 1z )%, < CUEAF + (g, MI%,)- (2.28)
As before, applying the Gronwall Lemma yields
1z, eI < C(II(20, $0)l3 + (g, I Z2 0,7, -
Hence, after integrating (2.28) over time, we get for almost every t € (0,T)
1Cz(0), NI +11(2, D)[720,0x0) <
t
< C(/O 1C2(5), ()15 ds + [l (g: )72 (0,65x,)) + (20, B0) I3 <
< C(lI(z0,90)1IF + (g W)lI72(0,7:x,)) -
The right hand side is independent of ¢, so we have
1z, D) 2o 0.mvy + 12, D) T2 0.00x0) < 2C(1(20, 00) 15 + 1(g: )72 (0,7:x,)) -
Step 1 follows by passing t — T
Step 2: It holds that

192,00 1220, 7:x0) < C (120, 90)I3 + (g, 220,73, -

As in the proof of Theorem 2.4, we solve (2.6) for 0,z and (2.7) for 0,¢, but this time
apply the V/-norm to both equations, which leads to

10e21% < C(I1A=I7 + [ AT + llgllii).
0wl < C1A%1% + 1 A2[T + 1ASIT + IIRI)-
Then, we can finish the proof with exactly the same reasoning as before. O

Having shown the energy estimate (2.7), we are set to execute the Galerkin approxi-
mation, resulting in the following analogon to Theorem 2.5.

Theorem 2.8  Let (20,¢0) € Y and (g,h) € L?(0,T; X1). Then, (2.6)-(2.9) pos-
sesses a unique solution (z, ¢) such that

(2,0) € L>=(0,T;Y) N L*(0,T; Xo) N H(0,T; X;).

Proof. The proof is done by going through the proof of Theorem 2.5 line by line and
implementing the new regularities. So we consider the same four steps and proceed by
making comments on each step.

Step A: Construction of solutions (2, ¢m) on finite-dimensional subspaces W,,.

As (wip)gen C D(A%), we can use the same basis funtions as before. The resulting
systems of ODEs are the same, hence we find a solution (2, ¢m) € C([0,T], Wy,),
(0¢2m, Oy pm) € L*(0,T; W,,,) of the approximated problem.

Step B: Convergence of the sequence of solutions ((2m, ®m))men-

Due to Theorem 2.7, there exists a subsequence ((zm, ¢m))men and a function (z, ¢) €
L2(0,T; Xo) N HY(0,T; X1) such that

(2ms dm) = (2,0)  weakly in L(0,T; Xo), (2.29)
(Oezim, Ocbm) — (0p2,0,¢)  weakly in L*(0,T; X1). (2.30)
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Step C: Existence of a weak solution (z, ¢). Existence of a weak solution -
version 2
This step is almost a copy and paste. Apart from changing the regularities, note the
slight difference in the weak formulations (2.11) and (2.27), where we have

(Ap, Aw) g instead of (A%gb, A%w>H.

Step D: Uniqueness of the weak solution (z, ¢). Uniqueness of the weak
solution - version 2
As before, we conclude uniqueness from the energy estimate of Theorem (2.7), using that
for linear systems, the difference of two solutions solves TLCM with right hand side zero
and initial data zero. O

As it will turn out, the second version of Hilbert spaces and regularities for the
right hand side (g,h) and initial data (zg,¢g) is a suitable choice to deal with the
whole nonlinear model CM. Hence, our next step is to include the nonlinearity in our
investigations.

2.3 The Nonlinear Model

In Chapter 1, we discussed the role of the Helmholtz free energy F' for the phase separation
process. A system tends to phase-separate, if F' has a double-well structure with two
minima and the initial concentration ¢q lies within the two minimizers. We can model F'
by the polynomial

1
F(s) = Z(l —s%)?, ie. f(s):=F'(s) =5 —s,
and immediately observe the following properties,
> f(s) =382 — 1> —1,
> f(s)s=s*—s2 > 4(s* = 1).

Adding the nonlinearity f to TLCM, we state the following model, which is equivalent to Transformed Caginalp model
CM, and for which we want to prove existence and uniqueness of solutions.

Transformed Caginalp Model (TCM)

Oz+Az—Ap=g in (0,7) x Q, (2.31)
Op+ A% — Az + Ap+ Af(¢) =h  in (0,T) x Q, (2.32)

with Dirichlet boundary conditions
z=¢=Ap=0 on (0,T) x 09, (2.33)
and initial data

z(0) = 0y + oo, #(0) = ¢o in Q. (2.34)

We choose the same spaces and regularities as for the second version of the linear case, Suitable Hilbert spaces - TCM
which means we set

Xo:=V x D(A%),
Y:=HxYV,
X1::V/><V/

and consider (29, ¢0) € Y and (g,h) € L?(0,T; X1). Then, we seek a solution (z, ¢) of
(2.31)-(2.34) in the space

L2(0,T; Xo) N H'(0,T; X1) — C([0,T};Y).
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Weak formulation - TCM

In order to state well-defined expressions in the weak formulation and in the Galerkin
method, we need to understand how the action of f affects the regularity of ¢. Let
¢ € L2(0,T; D(A2)) N H*(0,T; V"), then it holds that

> f(¢) € L*(0,T;V): On the one hand, due to the continuous embeddings H{ (2) <
HY(Q) — L%(Q) (see [4], Corollary 9.14 on page 284), we have

IF DN < 16°15 + 6lF = 16lLe) + Il < Cllellv +leli) < C,

where C' is independent of t. On the other hand, owing to the Holder and Young, it
holds that

IF@IF = IVF@I5 = 136" = D)VelE < C1ol1sIVOlTe + IVOlE) <
< C(lloll¥ 1Ag% + 18113)- (2.35)

Integrating both estimates over time yields f(¢) € L?(0,7T;V). Note that f/'(¢) =
3¢% — 1 as a F-derivative is yet to justify. This will be done in Section 3.2.

> f(¢) € L?(0,T; L*(22)): Due to the Agmon inequality, we get
1F" (D)1 @) = 136° = L) < CUISIT 1154 + VOl(Q)). (2.36)
Integrating over time yields f’(¢) € L?(0,T; L>(Q)).

Now, by testing (2.31) with v € V and (2.32) with w € V, equations (2.31)-(2.32) are
associated with the weak formulation

(B2, 0)yixv + (A% 2, AT0)y — (A, vV = (g, V) viny (2.37)
(De, vy + (A2, AZw)yr — (A2, AZw) g + (Ad,w)p + (A% f(), AZw)y =
= (h,w)v'xv (2.38)

as equations in D’(0, T;R). Furthermore, we multiply (2.31) and (2.32) with A~ to get

A0z +2—p= A1y, (2.39)
AT 0P+ Ap—z+ ¢+ f(9) = AMh, (2.40)

in D'(0,T;V x V).

Before we start with the Galerkin method, we show an estimate that will help us
significantly passing limits for sequences of approximate solutions.

Lemma 2.9  Let ¢, ¢ € D(A). Then it holds that

1F () = F@IF < COA+ @, )xv) (L + 1@ D)D) pay) 18 = SIIT,

for almost every t € (0, 7).

Proof. For given 9, ¢ € D(A), we start by calculating
IVF(w) = VE@E = If' (@)Ve — (@) Vel =
= [I(f" () + F' (@) (VY = Vo) = [(9) VY + [ () Vo F- (2.41)
To deal with the last two terms, we recall that f’(¢) = 3¢? — 1 and compute
[ ()VY = =[(3¢* = 1)Vy] = —[3¢*(Vep — V) + 3¢°V¢ — Vi),
f'(W)Ve = (3¢* = 1)V = 3(¢* — ¢*)Vo + 3¢6° V¢ — V.
Plugging into (2.41) and adapting constants yields
IVF() = Vi@ < CI W)+ F(9) (Vi = Vo)l + 110° (Ve — Vo) |7+
+ (¥ = ") VollF + v — ¢lI7)- (2.42)

We try to find estimates for each of the first three terms separately.
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> Using (2.36) on the first term, we have

I @) + F @) (Ve = VolE < (1 (@)1 7y + 1 (D)7 @)l — 0l <
CILI D1 Day + el 11Dy + DY — 13-

> Due to the Agmon inequality, the second term can be estimated by
16*(Ve = Vo)IE < ClolvlIglpallv — ¢l
> For the third term, we use Holder to get
1(w? = 6*)Vels < 19* = 6®II2s () IVEllLo) = I = 0) (W + d)l[750) IVl Lo (0-

Again according to Holder and the continuous embedding V' C L%(2), we can proceed
by

(¥ = )W + )T IVOl sy < 19 = BllTs(yllY + ¢l Ze VOl Ts 0y <
< Cly=olVllv + el lélnay < CURIY +161%) 1615 Iv — gl
Hence, turning back to (2.42), we can continue with

1) + F@)(Tb = V)% + 167V — V)% + 162 - )Vl + v — ol <
< (IR NI + 1013 10l30a) + 1+ (I3 + 1913 16130 ) 16 — 6l <
< 1+ 16N xr) (14 108 ) ayepia) 19— Bl

which completes the proof of Lemma 2.9. O

Now we have collected enough properties of the nonlinearity f to find solutions of the
transformed Caginalp model. This time, our energy estimate reads as follows.

Theorem 2.10  Let (20, ¢0) € Y and (g,h) € L?(0,T; X1). Assume there exists a
solution

(2,0) € L=(0,T;Y) N L*(0,T; Xo) N H'(0,T; X1)
of (2.31)-(2.34). Then, it holds that

10e2, 0D 1720, 7:x0) + 12, D)L (0 oy + (2, D) F20.1x) < €

where C is independent of the solution and stays bounded with respect to bounded se-
quences of initial data ((25%, ¢7*))men C Y and controls ((gm, Am))men C L2(0,T; X1).

Proof. We split the proof in three steps.

25

Step 1: It holds that Auxiliary estimate for (z,¢) -

TCM
||('%¢)H%°°(O,T;Z) + H(Zv(b)“QLQ(&T;W) < C

We test (2.37) with z and (2.38) with ¢, which yields
1 1 1
Ollzlli + 21} = (426, A%2)) i + (g, 2)vrw,

SOOI + 140 + 613 + (A2 £(9), Abgmr = (A} 2, ARG + (b, B)vrv-
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Estimate for (0;z,0:¢) - TCM

Since f’ > —1 and applying Cauchy-Schwarz and Young to the terms on the right hand
side of the equalities, we can estimate

(A2f(9), Atd)m = (f'(D) A2, A2y > —[4l1}
(Ao, AL = (A, b < CIal} + Cllol,
(9 2vixv < Clll + gl
(hdvrv < sIAIG + 560

Hence, adding both equalitites and collecting terms leads to
Ocll(z, o) + 217 + [ 4¢llE < C(lI(g. W%, + ll7)- (2.43)

Noting that [|¢[|3 < 3[|Aul% + 1]/¢]%, adding ||z[|% on the right hand side and using
the Gronwall lemma, we have

Iz 0l < Cll(z0, 90117 + (g MlI72(0,7:x,))-

Thus, integrating (2.43) over time, we get

1Gz(8), SENNIZ + 1z, D 200wy < C (20 0% + 195 W12 0.:x,1)

for almost every t € (0,7T), showing Step 1.
Step 2: It holds that
||(atzvat¢)||2L2(O,T;X1) + ||¢||2Loo(o,T;V) < C
We test (2.39) with 9,z and (2.40) with ¢, which yields

1

1023+ + §8t|\2||%1 = (02, d)vixv + Oz, A ghvr,

1 1 _
10:0 1% + §3t||¢||%/ + §3t”¢||%{ + (00, (D)) vrxv = (00, 2)vrxev + (0, A" h) vy

Applying Cauchy-Schwarz and Young to the terms on the right hand side of the equalities,
we get

IA

1
101+ Clgl?,

1
11081 + Cllzl1%,

Oz, O)vixyv
(0vd, 2)vixv

<3tZ,A_19>V'xv

IN

IN

1
0zl + Cllgli,

~ 1
(O, A7 R)yrxv < Z|\<9t¢H%ﬂ+C||hH3//~

Hence, adding both equalities, collecting terms and using [|¢[|?, < [ Ad|% + 1[¢l|%
leads to

[(3:2, )%, + Ol (2, D)% + OellDNI3 + 2(0e, f(B))vixy <
C(Ilg. Mk, + Iz, D)5 + loll3)- (2.44)

IN

Now, we set F'(s) : Jy f(€)d€. Then, it holds that

@@ﬂ@Wwv=@AFWNm

Moreover, we know that F(s) = i 4 %32 > —% is bounded from below, and since €2 is
t

s
bounded, it follows that [, ﬁ'(qﬁ( )da > K, where K is a lower bound independent of ¢.
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Integrating (2.44) over time yields
1962, 072 (0,7:x,) + [1(2(8), SENIIZ + o)} + 2/915(@5(?5))(196 <

< C(I|(Zo,¢o)llzz+||¢o|\3/+2/ﬂﬁ(¢o)dx+||(97h)|\2Lz(o,T;x1>+

+ 1z O 2200wy + 1z D) 0,1:2))-

for almost every t € (0,T). Furthermore, according to the theorem of Rellich-Kondrachov
(see [4], Theorem 9.16 on page 285), we know that the embedding V' € L*(Q) is compact,
so we have

. 1 1
| Flon)da = J1631 = 3llnllr < Clldolliaey + ol < Clloull + lnli).

Then, after canceling ZIQF(gb(t)) dz by adding 2|K| on the right, Step 2 is a direct
consequence of Step 1.

Step 3: It holds that Estimate for (z,¢) - TCM

||(Za¢)\|%°c(o,T;Y) + ||(Zv¢)||%2(O,T;XO) < C.
We test (2.37) with z and (2.38) with Au, which yields
1
§at||z||?q + 11213 = (A, 2) B + (g, 2)v'xv,
1 3 1 3 1 3
§5t||¢||%/ + 1A 9|5 + |AdlF + (A7 f(¢), A2 ) = (A22, A2 ) + (h, Ad)vrxv .

Applying Cauchy-Schwarz and Young to the right hand sides of the equalities, we have

1 1
(b2 < 3140l + 511213,

(b, atg)n < Slel + 5 lATl
(@ 2w < Cllall + 21218,
(h, Ad)vcy < ClRlE + LlATolh.
Moreover, we estimate the nonlinear term by

1 3 L s
(A21(0), A%0)n < CIF@IF + 5l Aol
Hence, adding both equalities and collecting terms yields

Ol (2 D)5 + Iz D)%, + 14017 < CI(g. WX, + Iz + I F(D)IF)-

Using the estimate (2.35), we get

Oz O + (2. D)%, + 114015 < C(I(g. W%, + lI(z, D)5 + |¢II§‘/|A¢II%()- :
2.45

In Step 2, we have shown that [|¢[/z,r;v) < C, and due to Step 1, we know that

||¢||2L2(0’T;D(A)) < (), which means that we can apply the Gronwall lemma, yielding

1C(), 6NN < C(lI(=z0, 00)IF + (g, M T2 0,75x,) + 1617 (0.7 1911220 70 ) -

Thus, integrating (2.45) over time, we have

1(z(8), BT + 12, D)1 2200, x0) + 1A 2 0,7:004)) <
< C(|I(z0, ¢0)II3 + ”(gah)H%Z(O,T;Xl) + Hqs”%“(O,T;V)H¢||%2(O,T;D(A))),

for almost every t € (0, 7). This shows Step 3, hence the proof of Theorem 2.10 is complete,
where the boundedness property of C' can be seen keeping track of the estimates within
the steps. O
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Approximate solutions - TCM

We note that the energy estimate of Theorem 2.10 is different to the ones for the linear
cases regarding the upper bound. For the linear cases, the upper bound can be expressed
in terms of the right hand side of the equation (g, h) and the initial data (zg, ¢9). This
means that our solution is continuously dependent on the choices of (g, h) and (zg, ¢o)
and that the proof of uniqueness is immediate.

Theorem 2.11  Let (29,¢0) € Y and (g,h) € L*(0,T; X1). Then, (2.31)-(2.34)
possesses a unique solution (z, ¢) such that

(z,¢) € L*(0,T;Y) N L*(0,T; Xo) N H*(0,T; X1).

Proof. As already mentioned, we can not prove uniqueness of the solution in the same
way as for the linear cases and there are other obstacles making the proof considerably
more complex. Nevertheless, we use the proofs of the Theorems 2.5 and 2.8 as blueprints
and split the proof in the same four steps.

Step A: Construction of solutions (2, ¢,) on finite-dimensional subspaces W,,.
Let m € N and (wj)jen C D(A?) be the set of eigenfunctions of A described in

the preliminaries. We consider the following approximated problem: Find (2., ¢m) €
CL([0,T]; W) of the form

where ¢*,d}) : [0,T] — R, such that

O (zm, 0V 1t + (A2 2, AZ0) g — (A, 0V = (g, V)vixcv, (2.46)
O, W)t + (A2 by, ATw) i — (A2 2, A3w) g1 + (A, w) iy + (A2 f(G), AZw) g =
= (h,w)v/xv (2.47)

for all (v,w) € Span(wy, ..., w,)? =: W, as equations in D’(0,T;R). To get a well-posed
problem, we have to adapt the initial condition. We project (zo, ¢g) orthogonally in H
onto W,,, i.e.

m m

20,m 1= Z<ZOawk>Hwk and bo.m = Z<¢vak>Hwka

k=1 k=1
and set the initial condition as
(2m(0), ¢ (0)) = (Zo,m, ¢0,m)~ (2.48)
Testing (2.46) and (2.47) with wg, k = 1,...,m, we get
Oer (1) + Awey' (8) — Aedi (1) = gr(t),
Qi () + A2 () — M (1) + M (8) + (f' (dm) A2 b, AZwi) ir = (1),
where g (t) = (g, wi)v'xv and hi(t) = (h,wg)v xv, together with the initial condition

(' (0),d;(0)) = ({20, wi) 1, (d0, wk) 11 )-
Considering this system of ODEs, we note certain differences to the linear cases.

> The ODE is nonlinear, so we can not use the variation of parameters to find a global
solution in AC.

> We can not use the theorem of Picard-Lindeldf, since the right hand sides are not
continuous.



2.3 The Nonlinear Model 29

> In the linear cases, we had a collection of decoupled systems, meaning that we could solve
a system of two ODEs for each k separately. Now, each term <f’(¢m)A%¢m, A%wkﬁ[
depends on every d;*, k =1,...,m.

Since f'(¢) = 3¢? — 1, we can write
(F'($n) A% b A2wi) 1 = 3(67, A% by A2 wic) 1 — Myl (0):

Due to the continuous embedding V' C L5(Q2), we know that wy € L5(f2), hence
wyw;wg € H, 4,5,k =1,...,m. Thus, the term

PP (8), ooy (1) i= (02, A% by, AZwy)

is a polynomial of degree 3 in d}]*(t), k = 1, ..., m, which means locally Lipschitz continuous.
Let (¢™)men, (F™)men C C([0,T); V') such that

g" "9 and  R™™=°h in L0, T V).
Then, we consider the system of ODEs for k =1,...,m,
Oue (t) + Awc! (t) — Aedi (1) = gi* (1),
Oy (1) + AR (1) — Mecil () + P (A (2), .., din (1)) = Wi (1),

where ¢ (t) = (¢, wr)v'xv and R (t) = (™, wg)vxv, together with the initial
condition

(cx'(0),dz"(0)) = ((20, wr) &, (G0, Wk) F)-

After this modification, the right hand sides are contionuous in time, so we can apply
the theorem of Picard-Lindeldf in the global version to get a solution

(c™(t),d™(t)) = (1" (t), ..., c(t), dT* (L), ..., din(t)) € CH([0, Ty ), R*™).

Thus, (2m, ¢m) € C([0,T)), Wy) defined as above solves (2.46)-(2.48) in D'(0, T,,; R?),
because of a simple linearity argument.

To show that T}, = T, we note that we can easily adapt the proof of Theorem 2.10
such that we can use the same energy estimate for (2,,, ¢,), with T;,, instead of T'. Here,
we used in particular that ((¢™, h™))men is bounded in L?(0,T;V’). Now, since all inner
products on R™ are equivalent, we have

@) < Cllzm @)l
" (@6 < Clgm®IT
which means that |(¢"(t),d™(¢))| is uniformly bounded with respect to ¢ € (0,7,,). As-

suming that T;,, < T, then by standard ODE theory we must have |(¢™(t),d™(t))| — oo
as t — Ty,. This is a contradiction, hence T}, > T and (2, ¢m) € CL([0,T], Wy,).

Step B: Convergence of the sequence of solutions ((2,, m))men- Convergence of approximate
solutions - TCM
The sequence ((zm, ®m))men satisfies the energy estimate of Theorem 2.10 and hence is
uniformly bounded with

1@e2m» Osm )220 7.5,y + Zmo S )| 2o 0,77y + 1(Zms b 17207 x0) < C-

Consequently, there exists a subsequence ((2,,, ®m, ))ien, which we rename ((2m, @m))meN,
and functions (z,¢) € L*°(0,T;Y) N L2(0,T; Xo) N H*(0,T; X;) such that

(2ms &m) = (2,0) weakly in L? (0,T; Xo), (2.49)
(Ds2ms Oebm) = (0p2,0,¢)  weakly in L*(0,T; X1), (2.50)
(Zm, dm) — (2, ¢) weak star in L*>°(0,T;Y). (2.51)

In the linear cases, we have seen that the convergences (2.49) and (2.50) are enough to
show that the limit (z, ¢) is a solution to the equation. Here, the nonlinearity generates
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a term that is not a functional in L?(0,T; X{), so for this term we need to find other
ways to pass the limit. As it will turn out, the following convergences are helpful,

bm — O strongly in L*(0,T; L*(2)), (2.52)
Om — & almost everywhere in (0,7) x €, (2.53)
ém — ¢ strongly in L*(0,T;V). (2.54)

To prove them, we state the following lemma.

Lemma 2.12 AUBIN-LIONS COMPACTNESS RESULTS [17] Let Ay, X and & be
three Banach spaces such that Xy — X — X} with dense and continuous embeddings,
where Xy € X is compact. Let 1 < p<ooand1 < g < oo, and set

W:={ue LP(0,T;Xp) | Oyu € LI(0,T;X1)}.

Then, the embedding W € LP(0,T; X) is compact.

Since the embedding V' € L*(Q2) is compact and L*(Q) < L2(2) — V' continuously,
using Lemma 2.12, we have the compact embedding

LY0,T; V)N HY0,T,V") € L*(0,T; L*(Q)). (2.55)
We already know that the embedding
L*(0,T; D(A%))n HY(0,T; V') = C([0,T], V)
is continuous, so (2.49) and (2.50) yields
Om — @ weakly in C([0,T],V).
Since C([0,T],V) < L*0,T;V) continuously, we get by (2.50)
bm — ¢ weakly in L*([0,T],V)n H*(0,T; V).

Thus, due to (2.55) and properties of compact operators (see [9], Satz 5.4 on page 45), it
holds that

Gm — & in L*(0,7; L*(Q)).

Then, (2.53) is a direct consequence of (2.52) (see e.g. [8], Korollar 6.9 on page 43).
To prove (2.54), we note that since D(A%) € V compactly and V < V' continuously,
the embedding

L2(0,T; D(A?)) N H'(0,T; V') € L*(0,T;V)
is compact due to Lemma 2.12. Thus, by (2.49) and (2.50) we have the strong convergence
¢m — ¢ in L*(0,T;V).

Existence of a weak solution -  Step C: Existence of a weak solution (z, ¢).
TCM
Proceeding in the same way as for the linear case, one term appears for which it is
problematic to pass the limit,

T
/O P(1)(AE (), Abwy) g dt,

where ¢(t) € C(0,T;R) and wy, as before. We want to present two approaches to solve
this problem.

> Theorem of Lebesgue: Recall that f(¢) = ¢3 — ¢ € L?(0,T; H), so we can write

/0 S(OAR F(G), Ab ) g dt =

T T . L
/ P85, Awy g dt — / D(0) (A3 G, Abuwy) g .
0 0



The second term on the right hand side defines a functional, hence we only need to
show that

T T
/ (1) (63, Awn) g dt " / P(8)(6°, Awn) g .
0 0

Applying the theorem of Holder twice, we get

T T
| oo - awvud] < [ 168 - 0%, lo®Aun e d
0 0

=< |én - ¢3HL%(O,T;L%(Q))||<p(t)Awk||L4(0,T;L4(Q))-

Thus, it suffices to show that ¢2, converges to ¢ in the Ls (0,T; L3 (©))-norm, i.e.

T .
(/ /|¢;—¢3|sdxdt) m=ge g,
0 Q

To do so, we want to use the theorem of Lebesgue (see [10], Satz B.6 on page 106).

According to (2.53), we have ¢2, — ¢> almost everywhere in (0,7 x . Moreover, due
to (2.52) and an inverse version of the theorem of Lebesgue (see [2], Theorem 1.2.7 on
page 10), up to a subsequence we name (¢, )men, we find a function g € L*(0, T; L*(2))
such that

lpm| < g almost everywhere in (0,7) x Q.
Hence, for m := g3 € L%(O,T; L%(Q))7 it holds that
|63 | < m almost everywhere in (0,7) x €.
Thus, the prerequisites of the theorem of Lebesgue are satisfied, so it holds that
@3 = ¢>  in L3(0,T; L3 ().

Lemma 2.9: We have to show that

/0 (1) (A2 f(dn), AZwy) g dt "= /O P(t) (A% f(9), AZwy) g dt. (2.56)

Using Cauchy-Schwarz, we get the estimate
2

<

T
/0 S(0)(AF () — AF (6), Awy)pr dt

IN

T||A%f<¢m>—A%f<¢>H%Idt T||so<t>A%wk||%{dt <
0 0

IN

T
¢ [ 14k (0n) - A SO (257
0
Applying Lemma 2.9 yields

1 (dm) = F@F < CL+1(¢m> DT v) (14 [1(Dms D) Dayx piay) l|om — SII3-

Due to the weak-*-convergence (2.51), we know that (¢,,) is bounded in L*>°(0,T;V)
(see [9], Satz 2.7 on page 8), hence we can estimate (2.57) by

T T
/0 1A% (o) — AP F(@) | dt < C / (14 1B D) B0ty ) 6m — B3 At <

IN

T
C (160 = 010y + || 1m0 bayoalom =617 at) <

(om0

IN

T
60 = Ollmo2w) [ 16 biayeonlldn = ol de). (258)

2.3 The Nonlinear Model
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Uniqueness of the weak
solution - TCM

Now, using Cauchy-Schwarz, we have
1(bm: D) Dayxpiay = I9mllbay + 1€llbeay < Ndmlvlidml, g, + ISlvlel, 4

Thus, we get according to Cauchy-Schwarz

T
/0 1B OBy iy l6m — Bllv At <
< H(bmHL"O(O,T;V)||¢m||L2(07T;D(A%))”¢m - ¢||L2(O,T;V)+

+ (19l Le 0,75 2] P — BllL20,13v)-

L2(0,T;D(A%))
The weak convergence (2.49) implies that (¢,,) is bounded in L2(0,T; D(A?)) (see [9],

Satz 2.7 on page 8), so continuing with (2.58), we arrive at

T
/0 1A% f(¢m) — A2 F(@)3rdt < Cldm — Dl3200) + [bm — SllL20.7:v))-

Due to the strong convergence (2.54), this means that

T
/0 1A% F(6u) — A% F(@)| dt 250,

which proves (2.56).

Choosing one of these approaches, we can finish Step C as demonstrated in the proof of
the linear case in Theorem 2.5.

Step D: Uniqueness of the weak solution (z, ¢).

As already mentioned, this time we can not use the energy estimate of Theorem 2.10 to
get uniqueness immediatley, so we have to find another way.

Let (21, ¢1), (22,¢2) € L>=(0,T;Y)NL2(0,T; Xo) N H*(0,T; X1) be two weak solutions
of (2.31)-(2.34), as a system in L?(0,T; X1). Then (2, ¢) := (21 — 22,1 — ¢2) is a weak
solution with (g, h) = (0,0), (20, ¢0) = (0,0) and nonlinearity f(¢1)— f(¢2). We consider
again the reduced formulation (2.39) and (2.40) and test with (z, ¢), which yields

1
iatHzH%/f +z0% < (¢ 2)m,

1
FOBIV, + 1101 + llollE + (f(81) = £(62).0)n < (2,0)m-
Applying Cauchy-Schwarz and Young, we have
1 1

so adding the equalities and collecting terms yields

0|z, D)%, + 0l% + (f(¢1) = f(¢2), ) < O. (2.59)
>

Now, using the mean value theorem and f’

(f(@1) = £(d2), D) = (f'(&e0) b, 91 > ~ 0]
Furthermore, we have
1 1 1 1 1 1
191 = (A4, Aoy < SI0lR + 2ol < 2l @), + 91}
Thus, plugging into (2.59) and omitting the ||¢[|?-term leads to

oz 0)%, < Cli(z,9)lI%,-
Applying the Gronwall lemma yields

1z, )2 0mx,) < Cliz0, 90) %,

Hence, it holds that (z,¢) = (0,0), which means uniqueness of the solution. O

—1, we get

Theorem 2.11 shows well-posedness of Caginalp’s model, but we want to emphasize
again that this does not include the continuous dependence on the right hand side and
initial data. Nevertheless, with this knowledge at hand we can move forward to the
optimal control theory part of this thesis.
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Existence of an Optimal Control and Optimality Condition

In this chapter, we want to provide the theoretical background for a numerical realization
of an optimal control problem governed by Caginalp’s phase field model. We consider
a quadratic cost functional, which means that we have properties like convexity and
differentiability, and Caginalp’s model serves as our only constraint. Then, in a first step,
we prove well-posedness of the optimal control problem, or in other words, we prove the
existence of an optimal control. To state a numerical algorithm that intends to find this
optimal control, it is crucial to know necessary or sufficient optimality conditions. Hence,
in a second step, we show well-posedness of the linearized Caginalp model. This model
turns out to be a significant part in the derivation of a necessary first order optimality
condition, which is done in a third step.

As before, let 2 C R™, n = 2,3 be a bounded domain with sufficiently smooth boundary
0 and 0 < T < co. We introduce the following notations for the space-time cylinder,

Qr = (0,7) x O,
Y= (O,T) X 6(2,

Then, for 8 > 0, a control u := (g, h) € L?>(Qr)? and a state y := (0, ¢) € L?>(Qr)?> we Optimal control problem
state the following optimal control problem.

Optimal Control Problem (OP)

. 1 2 B2
= |y — 2 1
O J(u,y) 2||y Yallz2(gp2 + > ullZ2(Qq)2: (3.1)

subject to Caginalp’s model

HO+¢)—-A0=g  inQr,
Oid — Ap=h in Qr,
p=-A¢+F'(¢)-0 inQr,

with Dirichlet boundary conditions
0=0=Ap=0 on X,
and initial data

0(0) = 6y, &(0)=do  in Q.

To simplify our notations in the following, recall that H = L?(Q2), V = H}(Q) and

Xo =V x D(A?),
Y =HxYV,
X, =V xV.

Moreover, we will denote the solution space as

W= L>®(0,T;Y)N L*0,T; Xo) N H'(0,T; X,),
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where W consists of the two components
Wi = L>®(0,T; H)n L*(0,T; V)N H*(0,T; V"),
Wy := L®(0,T; V)N L*(0,T; D(A%)) N H'(0,T; V).

3.1 Existence of an Optimal Control

We want to start by showing well-posedness of OP and the ideas are adapted from [1].
Now, our work of Chapter 2 pays off for the first time, since according to Theorem 2.11,
for fixed (0y, @) € Y, we can define an injective solution operator

S(yo) : L*(Qr)* — W,
ur— y(u).

Furthermore, due to Theorem 2.10, we know that y(u) satisfies the energy estimate

||8ty(u)H%2(O,T;X1) + ||y(u)||2L<x>(o,T;Y) + ||?J(U)||%2(o,T;XD) < C, (3.2)

with a uniform C for bounded sequences of controls (u,),ecn. With these two results, we
can prove the following theorem.

Theorem 3.1  For every finite horizon T' > 0 and (6y, ¢g) € Y, the optimal control
problem OP admits a solution (u,y) € (L?(Q1)?)%.

Proof. Theorem 2.11 guarantees that the admissible set of control state pairs (u,y) is
nonempty and that is sufficient to consider the restriction

min J(u, y(u)).
(uy()EL2(QT)2 X W (u,y(u))

Setting y := y(u), since J > 0 is bounded from below, there exists an infimum

J = inf J(u,y).
(uvy)eL2(QT)2><W ( y)

Hence, we can find a minimizing sequence ((tn,yn))nen C L*(Qr)* X W such that
J(tn,yn) = J as n — oo. In particular, due to convergence, the sequence J(un,yn) is
bounded from above, i.e.

JI(Un,yn) < C.

Considering the structure of J, we can see that

B
I (Uns yn) > §||Un||2Lz<QT>2'

Moreover, since (||un||z2(Qr)2)nen is a bounded sequence of controls, the energy estimate
(3.2) yields

lyalfy < C.
Combining the three inequalities, we have
”(“nayn)H%Z(QTPxW = ”unH%?(QT)2 + ”yn”\Q/\/ < C,

which means that ((un,¥yn))nen is bounded in L?(Qr)? x W. Thus, there exists a
subsequence renamed ((tn, Yn))nen C L2(Qr)? x W and (u*,y*) € L?(Qr)? x W such
that

Uy — u” weakly in L*(Qr)?, (3.3)
Yn =Y~ weakly in L%(0,T; Xo), (3.4)
Oryn — Ory™ weakly in L?(0,T; X1), (3.5)
Yn —y* weak star in L>°(0,T;Y). (3.6)



In Step B of the proof of Theorem 2.11, we have already shown that this implies

bn — ¢*  strongly in L*(0,T; L*(Q)), (3.7)
On — O* almost everywhere in (0,7") x €, (3.8)
bn — OF strongly in L*(0,T; V).

Now, there remain two things to show. Firstly, we need to prove that y* is the solution
of Caginalp’s model corresponding to the control u*, i.e. y* = y(u*), and secondly, that
(u*,y*) in fact solves OP. Starting with the first, as we have used in all of the existence
proofs in Chapter 2, it is sufficient to show that y* solves Caginalp’s model with control
u* for all functions of the form

{(p1()v, p2(t)w) | (v,w) € V XV, 1,00 € CZ(0, T5R)},

which is a dense subset of L?(0,T; V x V). By defintion, we know that each (u,,y,),n € N,
solves

(000, p1()v) L2(0,7,v 1y x L2(0,75v) F (OsPn, ©1(E)V) L2 (0,7,v7)x L2(0,13v) +
+ (Vbn, 01(t)VV) 120, 131) = (9n, 01 (E)V) L2(0,7: 1) »
(Ot 2 ()W) L2 0,7,V ) x L2(0,13V) — ((—A)%@u ©2(t)Vw) £2 (0,15 1) +
+(Vf(én), p2(t) VW) 20,7,1) — (VOn, VW) 120, 17;1) =
= (hn, 2(t)v) 20, 11)
and we need to prove that we can pass the limit n — oo. Since continuous operators are

weakly continuous, we can pass the limit in all the linear terms according to (3.3), (3.4)
and (3.5). What is left is the already well-known problematic term

T
(Vf(¢n), p2(t)Vw) L2(0,1:m) =/O P2 (t)(f(¢n), w)v dt,

for which we have to show that

/ o (B)(F (), why dt "= / oa(B)(F(6),w)y dt. (3.10)
0 0

In Step C of the proof of Theorem 2.11, we presented two ways to pass this limit. Choosing
one, we have shown that y* = y(u*). Note that for the first way, we need to consider
more regular functions instead of (v, w), for example (w;, wg).

To show that (u*,y*) solves OP, we note that due to V€ H — V', Lemma 2.12
provides us with the compact embedding

L*0,T; V)N HY0,T;V') € L*(0,T; H).

Together with (3.9), this means that y,, — y* strongly in L?(0,T;Y) C L?*(Qr)?* and by
(3.3), we have u,, — u* weakly in L?(Qr)2. Hence, we get the estimate (see [9], Satz 2.7
on page 8)

* % . 1 2 . ﬁ 2 . -
Tt y) < T Sl — vl + min 2 funlFaq, > = minf J(un, ya) = 7.

which means that (u*,y*) is optimal. O

3.2 The Linearized Model

Now that we have shown the existence of an optimal control for OP, we want to derive
an optimality condition. To do so, we start by proving well-posedness of the linearized
Caginalp model. Why we do that is not obvious at this point, roughly speaking, this
model serves as a derivative of our constraint. The details will be presented later, for
now, we can view this section as a lemma.

3.2 The Linearized Model
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Linearized transformed
Caginalp model

To state the linearized model, we have to compute the Fréchet derivative of the
nonlinearity

f:W2‘>L2(QT)a ¢'—>¢37¢a

and we show that the derivative is continuous. Let h € W,. Using Holder and the
continuous embedding V < L5(£2), we compute

T
(6 + h)* = ¢* = 36|72y =/ 13¢h? + B®||% dt <
0

IN

T T
3 / 1612 00 Il o eyt + / 1oy dt <

C(Il1E 0. 7vy + 1Bl 0 i) IR Lox (0,31

IN

Hence, we have

16 +h)* = & = 36°hll L2(@r) = ollIPlIws).

Due to the sum rule, this means that f is F-differentiable on VW with derivative
f'iWe — LW, L2(Qr)),  ['(¢)v = (36" — v (3.11)

To prove that f’ is sequentially continuous, let ¢, €, h € Wh. Using similar arguments, we
compute

T
176+ ) — /(DA =3 / 126 + el dt <
< ”2¢+€||%°°(O,T;V)||€||2L°°(07T;V)||h||2L°°(O7T;V)'

This means that for ||e||yy, — 0, we have f'(¢ 4+ €) — f/(¢) in the operator norm on
L(Ws, L*(Qr)), so f is continuous.

The computation of the F-derivatives of linear operators is straightforward. As before,
introducing z := 6 + ¢ instead of 8, we transform the system (2.1)-(2.3) such that we
only have one time derivative in the heat balance equation. Hence, after passing to the
F-derivatives, we state the linearized transformed Caginalp model at the point (z,¢) € W
for (n, &) as follows.

Linearized Transformed Caginalp Model
on+ An—AE =g in (0,7) x Q, 3.12
O + A% — An+ AE+ A(f(9)&) =h  in (0,T) x Q, 3.13)
with Dirichlet boundary conditions
n=(=A{=0 on (0,T) x 99, (3.14)
and initial data
n(0) =mno,  £0)=&  nQ (3.15)

As for the nonlinear model TCM in Section 2.3, we want to see how the action of f/(¢)
affects the regularity of £. We prove the following lemma.

Lemma 3.2  Let ¢,& € Ws. Then, it holds that f/(¢)¢ € L?(0,T; V). In particular,
we make use of the estimate

17 @)l < C (191 +1) Il (3.16)
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Proof. Let ¢,& € Ws. Then, it holds that
> f(¢)€ € L*(0,T; H): Holder and the continuous embedding V — L%(2) yield

T T
£ (D20 < 3 / 622 dt + / €l dt <

T T
<c / 1614 Il dt + / el dt < ¢,

where we have used that ¢,£ € L*>(0,T;V).
> V(f'(¢)€) € L*(0,T; H): Using product and chain rule yields
IV (@O = IF" (@) Ve + f'(@)VEllh <
< C (vl + 16° Vel + lIgly) - (3.17)

Here, we used that f”(¢) = 6¢, which is shown in the same way as before. Estimating
the first two terms of the last expression separately, we get due to Hélder and V' < L5(Q)
that

loveells < ClolTlolpaliEly < Clolieorn el Il
Moreover, it holds due to the Agmon inequality that

10*VElFr < Cllolze@lélly < Cloll ol B liEl <
< Ol o, 101D €N

Thus, returning to (3.17), we have shown that
17@el < ¢ (I6lde +1) el

which is the equation (3.16) of the second part of the lemma. Now, integrating (3.16)
over time yields

IF'(@)ElZ20m0) < ClélE oz l0liy, +1) < C.

O
By testing (3.12) with v € V and (3.13) with w € V, equations (3.12)-(3.13) are associated Weak formulation of the
with the weak formulation linearized model
(@, V)vrxy + (A2, AZo) g — (A& v) = (3 v)vixy, (3.18)
(Or w)vrsey + (AT ATw)yr — (AR, AZw) g + (AE w)yr + (A2 (F(9)€), ATw) i =
= (h,w)vxv, 3.19)

as equations in D’(0,T; R).
Now we are ready to prove the following energy estimate. Note that we regain the
continuous dependence of the solution on the control and the initial data.

Theorem 3.3  Let (19,&) € Y and (g, h) € L?(0,T; X;). Assume there exists a
solution

(n,€) € L>(0,T;Y) N L*(0,T; Xo) N H'(0,T; X1)
of (3.12)-(3.15). Then, it holds that

||(6t7773t5)||2L2(0,T;X1)+||(7Ia§)||%oo(o,:r;y)+||(7775)H%2(0,T;X0) <
< C(Itos €I + 1@ M1 720,7:x1)) -
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Estimate for (1, ¢) - linearized
model

Estimate for (9,7, 9;¢) -

linearized model

Proof. 1If it ain’t broken, don’t fix it, so we proceed with the same steps as in the proofs
of Theorems 2.4 and 2.7 and use analog arguments.

Step 1: Under the assumptions of the theorem, it holds that

1, Ol 0,73 + 120,750y < C 100, €I + 113, ) 720,73, -

To show this estimate, we test (3.18) with 7 and (3.19) with A¢ and use Theorem 2.1 to
get

1 1 -

55:&”77“%1 + | AZn)l3 = (A&, ) + (G n)vixv,
1 1 3 1 3 1 3 =
gatllAQEII%r + [|AZE[1F + (ALl + (A2 (F1(9)€), A2E)m = (A%, A2E)  + (h, A vixy.

Applying Cauchy-Schwarz and Young to the inner product terms of the equalities and
using Lemma 3.2, we have

<A£a 77>H

(ATn, A3E)y

IN

1 1

L Agl + 2,

1. 1 1, s

Ljatgl, + Satels,
~ 1, .1

Cllally + 4Bl

= 1, 3 1
ClIplI% + §||A2€||%1 + C|A%¢|F,

IN

IN

<§777>V/><V

IN

<77/7A§>V’><V
1 3 3 1 1 3
(A2 (f(0)€), A2 < C(lA% gl + D A%¢]E + A%

Hence, adding both equalities, collecting terms, omitting the A¢-term and adapting
constants yields

o, O + 1O, < CllE + (A2l + DI + 1@ D)%) (3:20)
Next, since ¢ € W, we define the L?(0, T; R)-integrable function
m(t) = max(1, |A2¢[3 +1),
which turns (3.20) into
2N OIF + . Ol%, < Clm®ImOI% + (3. h)1%,)- (3.21)
Since m is a positive function, applying the Gronwall Lemma leads to the estimate
(@) NI < Clltm0s E)IF + 1@ W12 (0.7, ) -
Hence, integrating (3.21) over time, we get for almost every ¢ € (0,T)
(@), EENNT + I N2 0,05x0) <
/ m(s)[|(n(s), €5 ds + 1@ D) 122 (0,4x,)) + (10, €0) 13-

(Il(no,fo)Hy + 1@ W Z20,75x1))-

IN

IN

The right hand side is independent of ¢, so we have

102 N 0.7y + 10O Z20.1x0) < 2C (100, €0)IF + 1@ I Z2 0.7, )-

Step 1 follows by passing t — T.

Step 2: It holds that

H(atmatg)H%?(O,T;Xl) < C(ll(no, )15 + 113, B)”%?(O,T;Xl))'



We solve (3.12) for 9yn and (3.13) for 9;£ and apply the V'-norm to both equations,
which leads to

oemllV < C (I 4nli + IAEIT + llgllF-)
ol < C (1A% + 1 AnlT + ALY + 1A (@I + I1RIT) -

The difference to Step 2 of the proof of Theorem 2.7 is the || A(f/($)£)||?-term. We can
easily deal with this term applying Lemma 3.2, yielding

T T
/0 JA(f (9)E)F dt < C/O £ (@)l dt < ClIElLoe o,z (I8l +1) <
< Olél~o.1v)-

Then, we can finish with exactly the same reasoning as before. which completes the proof
of Theorem 3.3. O

Theorem 3.3 provides us with an energy estimate that we use for the Galerkin approx-
imation to prove well-posedness of the linearized model.

Theorem 3.4  Let (10,&) € Y and (§,h) € L?*(0,T; X;). Then, (3.12)-(3.15)
possess a unique solution (7, &) such that

(n,€) € L>(0,T;Y) N L*(0,T; Xo) N H'(0,T; X1).

Proof. The proof is very similar to the linear case of Theorem 2.5, so we proceed in the
same steps but online describe which changes are to be made in each step.

Step A: Construction of solutions (7, &) on finite-dimensional subspaces W,,.

We start with the ansatz

and consider the approximated problem

at<"7mvv>H + <A%"7va%v>H - <A¢mvv>H = <gvv>V/><V» (322)
Bu(Emyw) i + (A2Em, AZw) g — (AT, AZw) r+
(Al w) g + (AZ(f/($)em), AZw) g = (b, w)yrxev, (3.23)

for all (v,w) € Span(wy, ..., wy, )% =: W, as equations in D’(0, T;R) and with projected
initial conditions. Testing both equations of the approximated problem with w;, j =
1,...,m, the only problematic terms in the resulting system of ODEs are given by

(AR (' (D)em), ATwj) i = (f'(@)em, Awjher = Y Nd (O (D)we, wy)r. (3.24)
k=1
We know that ¢ € C([0,T]; V) and we claim that
f'(¢) =3¢*—1eC(0,T); H). (3.25)

To show this, let t,s € [0,T] such that t + s € [0,7]. Then, due to Holder and the
continuous embeddings V < L%(Q) < L3(Q), we have

9t +5) = * @)l < ot +5) = W)l Ls@llo(t + ) + S(B)llrs () <
< ot +5) —o@llvliet + ) + o(t)llv

3.2 The Linearized Model

Approximate solutions -
linearized model
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Convergence of approximate
solutions - linearized model

Existence of a weak solution -
linearized model

As s — 0, the first term of the last expression converges to zero, the second to ||2¢(t)||v,
which shows sequential continuity of ¢(¢)? on [0, T]. Since [0, 7] is compact, we have
4(t)? € C([0, T); H), hence f'(6) € C([0,T); H).

Regarding (3.24) in the presence of (3.25), we see immediately due to wy € L>()
that

(f'(@)wr, ws)m € C([0,T];R).

Thus, we can apply the theorem of Picard-Lindel6f to the homogeneous system of
ODEs, which gives us a unique solution globally on (0,7") because of the energy esti-
mate of Theorem 3.3. Then, the variation of parameters serves to get a unique solution
(c™(t),d™(t)) € AC([0, T); R*™) N H(0,T;R?*™) of the inhomogeneous system of ODEs
and hence to get a unique solution (1,,, &) € AC([0, T, W), (etm, &m) € L2(0,T; Wy,)
of the approximated problem.

Step B: Convergence of the sequence of solutions ((9m, &m))men-

Following the same reasoning as in Step B of Theorem 2.5, we get
(s &m) = (n,€)  weakly in L*(0,T; Xo)
(8t7]m, atfm) — (8t77, 6t€) Weakly in L2 (0, T, Xl),
(m€m) = (n,€)  weak star in L(0,T3Y), (3.26)
Em — &€ strongly in L*(0,T;V), (3.27)
where we have used the results of Step B of Theorem 2.11 for (3.27). We have to show
that (n, &) solves (3.12)-(3.15).
Step C: Existence of a weak solution (7, £).

Each of the (9, &) solves the approximated problem (3.22)-(3.23) with projected initial
conditions and we have to show that we can pass the limit m — oo. This works exactly
as in Theorem 2.5 except for the term

J

for which we have to show that

S

(f'(8)€m), Afwy) g dt,

T T
/0 (O (), iy dt " / SO (D)6, we)y dr. (3.28)

Using Cauchy-Schwarz, we can estimate

2
< C

2
<

T T
/0 D0 (B)(Em — )iy dt / SO () (Em — Ol leoxllv dt

T T
< Cllp(tywlZara) / 1) (Em — % dt = C / 1F/(6) (m — )12 dt.
0 0
According to Lemma 3.2, we get

T T
/0 17 (@) Em — Ol dt < C / 1612y lEm — €12 At + € — E1220m0) (3:29)

The first term on the right hand side can be processed by

T
/0 1613 a6 — €13 b <
T
C||¢||Loo(o,T;v)||§m—§HL<><>(0,T;V)/O 191l 43 1€m = Ellv dt <

IN

N

= C||¢||L2(0,T;D(A%)) Hfm - gHLZ(O,T;V)a
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where we have used the boundedness of (£,,) in L>°(0,7; V") due to (3.26). Returning to
(3.29), we have shown that

T
/0 1/ (6)(Em — I} At < Cllém — Ellz20,75v) + 1€m — ENZ2(0.7:v))-
Then, (3.28) follows from the strong convergence (3.27).

Step D: Uniqueness of the weak solution (7, £). Uniqueness of the weak
solution - linearized model
This is exactly the same argument as in Theorem 2.5, using the fact that the right hand
side of the energy estimate of Theorem 3.3 only depends on the initial data and the
control. O

3.3 First Order Necessary Optimality Condition

Based on the ideas of [13], in this section we want to derive a first order optimality
condition for the problem OP. Knowing that it is sufficient to search for states y in W,
we recall the slightly changed OP as the following minimization problem.

Optimal Control Problem (OP)

: . 1 2 6 2
wretiBron” )= 5l = vallizgn: ¥ el (330)

subject to Caginalp’s model

00 +¢)—A0=g in Qr,
O —Apu=h in Qr,
pu=—-0p+F'(p)—0  inQr,

with Dirichlet boundary conditions
0=¢p=Ap=0 on X,
and initial data

0(0) = 6o, ¢(0)=¢o  infL

We consider again the control u = (g,h) € L?(Q7)?, state y = (6,¢) € W and yo = Equality constraint e(u,y)
(00, o) and view Caginalp’s model as an equality constraint,

e(u,y) : L*(Qr)* x W — L?(0,T; X;) x Y

(u,y) — <8t;A ) itN) v (Aﬁ(@) - (61%%1/)) _
y(0) —wo ’

Note that we can evaluate e at general y € W and that we have e(u,y) = 0 if and only if
y = y(u). Furthermore, using the solution operator y(u), we can define the reduced cost
functional

J(u) = J (u,y(u)).

The first order optimality condition will be stated for the derivative of the reduced
cost functional, so we need to find a representation for J'(u) € (L*(Qr)?) = L?(Qr)?.
Let v € L?(Qr)?, then we formally differentiate

(' (), 0) 12 (Qry2 = (Bud (u,y (1)), V) 12(Qy2 + By (u,y(w)) , y' (W)o) s
= (0ud (u,y(u)), V) L2(Qry> + (W' (W) "0y (u, y(u) , V) 12(Qr)2,
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Differentiability of the

where * denotes the adjoint operator. Consequently, it holds that

J'(u) =y (1) 0y J (u, y(w)) + 8 (u, y(w)). (3.31)

Since J is continuously F-differentiable, to prove that this expression is well-defined we
have to show that the solution operator S(yo) is continuously F-differentiable.

We prove that y'(u) as a continuous F-derivative exists for each u € L?(Q7)?. To do

solution operator so, we use the following Banach space version of the implicit function theorem.

Lemma 3.5 IMPLICIT FUNCTION THEOREM [13] Let X,Y and Z be Banach
spaces and let F' : G — Z be a continuously F-differentiable map from an open set
G C X xY to Z. Let (z,y) € G such that F(z,y) = 0 and that 0,F(Z,y) € L(Y, Z)
has a bounded inverse.

Then, there exists an open neighborhood Ux (z) x Uy (y) C G of (Z,y) and a unique
continuous function w : Ux (z) — Y such that

> w(T) =9,

> for all x € Ux(Z) there exists exactly one y € Uy (y) with F(z,y) = 0, namely
y = w(z).

Moreover, the mapping w : Ux (Z) — Y is continuously F-differentiable with derivative

w' (x) = =0, F(z,w(z)) " 0, F(z,w(x)).

Let u € L?(Qr)?. Adapting the notations of Lemma 3.5 to our situation, we have

X =L*(Qr)*,
y=Ww,
Z=IL*0,T;X;) xY,
G=L*Qr)*xW,
F

Thus, we see that to show the F-differentiability of the solution operator at «, it remains
to show that

> e is continuously F-differentiable,
> Oye(a,y(u)) € LOW, L?(0,T; X1) x Y) has a bounded inverse.

Then, Lemma 3.5 also provides us with a representation of y'(#) given by

y () = =0ye(u, y(u)) ™" due(u, y(a)). (3.32)

To prove the two remainders, we compute the partial derivatives dye and 0ye first. Let

h=(n,&) € W, then we have

e(u,y +h) —e(u,y) = (8t ; ° O itAQ) h- <A(f(¢ + g) - f(¢)))
h(0)

So we set

o — A Ot

Oye(u,y)h := < A O+ A% — Af/(fb)) "
h(0)

and we see immediately due to (3.11) that this is the F-derivative of e at (u,y) with
respect to y. For the concrete choice (%, y(@)), we observe that dye(, y(u))h represents
exactly the linearized model of Section 3.2. Thus, dye(u, y(#)) has a bounded inverse if
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and only if the linearized Caginalp model admits a unique solution that is continuously
dependent on the control and the initial data. This was shown in Theorems 3.3 and 3.4,
so the second remainder holds.
Next, we show the sequential continuity of
dye: L*(Qr)* x W — LOW, L*(0,T; X;) x Y),
(u,y) — Oye(u,y).

Let 6 € L?(Qr)?, € = (e1,€e2) € W and h = (,£) € W. Then

o — A o L
ye(u+ 6,y +e)h = A O+ AT Af (S +e) € L*(0,T;X,) x Y,
h(0)

and we have to prove that

”hsuup [(Oye(u + 6,y + €) — dye(u, y) bl L2 (0,7, x,)xy — 0,
w=1

as |[(6, €)|lL2(@r)2xw — 0. Since all but one terms are independent of (9, €), it suffices to
show that

sup  [[A(f(¢+ €2) = f(0)€llz20,mv7) — 0, (3.33)
ll€lw, =1
as |le2]yw, — 0. Due to the equivalence of norms ||A - ||y = - ||v, we get the estimate
T T T
18 Wroran = [ 18- Rdt < € [ 1 pat=c [ 19 - rae=
=CIIV - IZ2(qr)-

Thus, instead of (3.33), we can also show that

e IV(f'(¢+ e2) = f'(9))EllL2(@r) = O, (3.34)

as |lez|lw, — 0. Using product and chain rule and noting that f’(¢) = 3¢? — 1 and
1"(#) = 66, we compute

V(6 +e2) ~ F(6)Elan =
T
= [ 1@+ ) (To+ Ver) = £ (@V)E + ((6 +2) = F'(0) Vel di =

T
B / 16(¢Ver + €2V + €2Ver) € + 3(2¢€ + €) VE| i dt.
0

Applying the triangle inequality, we can deal with five terms separately. Due to Holder
and the continuous embedding V — L%(Q), for the first term we have

T T
/0 Vet |Z dt < C / 1612 leallZ €12 dt <

< Clolmormlleal?, o g poaty IR @rwy < ClolRu el €1y,

For the other four terms, we get analog estimates in the same way. Thus, we have shown
that (3.34) holds, so Jye is sequentially continuous and hence continuous.

The computation of d,e is straightforward. At each point (u,y) € L2(Qr)? x W, we
have

6ue(u’y) € L(LQ(QT))27L2(07T; Xl) X Y)a 8ue(u7y)(§v h) = ((_g’ —71),0), (335)
and the mapping

due : L2(Qr)? x W — L(L*(Qr)?, L*(0,T; X)) x Y),
(u,y) — Oue(u,y),

43
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The adjoint equation

is constant, so obviously continuous.

Hence, we know that e is continuously partially F-differentiable and thus continuously
F-differentiable, so the first remainder holds.

Returning to (3.31), we know that we have found a well-defined expression for J(u),
which we recall as

T (u) = ' (w)* 0y J (u, y(w)) + 0y d (u, y(u)).

We want to improve this expression with the result (3.32) provided by the implicit
function theorem, given by

y'(w) = —0ye(u, y(a) " due(u, y(a)).
Obviously, we can replace the first summand,
y'(u)"0yJ (u, y(u)) = —0ue(u, y(u)) dye(u, y(u) ™0y J (u, y(u))-

The right hand side includes an inverse, which we handle by introducing a new variable
(p,q), as depicted in the following theorem.

Theorem 3.6 ABOUT THE ADJOINT EQUATION Let u € L?(Q7)? be a control
and y(u) € W the correspoding state. Then, with J and e defined as above, we have

Y ()" 0y J (u,y(w) = due(u, y(w)*(p,@)(w)  in (L*(Qr)*) = L*(Qr)?,

where the adjoint state (p,q) = (p,q)(u) € L?(0,T;V x V) x Y’ solves the adjoint
equation

ye(u,y(u)*(p,q) = =0y J(u,y(u))  in W

Using Theorem 3.6 to reforumulate (3.31), the derivative J'(u) is given by
T (u) = dye(u, y(u))* (p, q) + 0ud (u, y(u)). (3.36)

Hence, we shifted the problem of finding a suitable expression for .J’ (u) to finding a
concrete expression for the adjoint eqaution. Let (u,y = y(u)) € L*(Qr)? x W be a
control and corresponding solution for fixed yo. Investigating the adjoint equation of
Theorem 3.6, we first note that since Jye(u,y) has a bounded inverse, there exists a
unique adjoint state

(p.q) = (p,@)(u) = ((p1,p2), (1, 42)) € L*(0,T;V x V) x Y.

Let h = (n,£&) € W and we assume at this point that p € YW, which will be justified later.
Then, by definition of the adjoint operator, the adjoint equation satisfies

0= (ye(w, y)" (P, q) , Mywrxw + (0yJ (u,y) , R)wrsow =
= <8ye(u, y)h, (p, Q)>(L2(O,T;X1)><Y)><(L2(O,T;V><V)><Y’) + <5’yJ(U, v), h>W/><W~
(3.37)
The first term of the last expression in (3.37) is given by
O~ 4 26t / h D
h(0) (L2(0,T;X1)xY) x (L2(0,T;V x V) x Y")
T
= / (O, p)vixv +(Vn, Vo) a + (0§ pr)visv — (Y, Vp2)m + (06, p2)vixv+
0

+ <A777 Ap2>H + <€7 f/(d))Ap2>H dt + <h’(0)a q>Y><Y/-
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Integrating the Ji-terms by parts yields

< <8§A 3t-I-A26—tAf'(¢))h (p)> _

h(0) ! (L2(0,T5X1) x Y) x (L2(0,T;V X V) X Y")
- < (_aia_t ® =0 + A2A— f’(¢)A> b h>L2(o,T;X1)><L2(0,T;VxV) "
) (e ™)), (G (),
+ (h(0), @)y xy- (3.38)
The second term of (3.37) is

(Oyd (u, ), R)wrisw = (Y — Yd, M) L2(Qr)25 (3.39)

where we see that 9,J(u,y) € L?(0,T; X;). Combining (3.38) and (3.39) and since W is
dense in L?(0,T;V x V), we conclude on the one hand that ¢ satisfies

poraea = (00 (ks ),

and on the other that p is the solution of the following PDE.

Adjoint Equation (AE)

—Oip1r — Ap1 4+ Apa = —(0—04)  in L*(0,T; V),
—0i(p1 +p2) + A%pa — f($)Ap2 = —(¢p — da)  in L*(0,T; V"),

with Dirichlet boundary conditions
pr=p2=Ap2=0  on Xr,
and initial data

p1(T) =0, pa(T)=0 in Q.

Now, we can also see that the assumption p € W was reasonable, since we can prove
analogously as various times before that solutions of AE are found in W.

In the adjoint equation AE, we have found a representation of J’ (u) with which we Necessary first order
are now able to state a necessary first order optimality condition concerning the optimal optimality condition
control problem OP.

Theorem 3.7  Let (u,y(u)) € L%(Qr)? x W be an optimal solution of OP. Then,
it holds that

J'(@) =0 L*(@Qr),
where we can compute .J' (i) as follows.

> Compute the first component of the adjoint state p by solving the adjoint equation
AE.

> Compute J' (@) via

J'(@) = —p + Bu.
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Proof. Since @ is an optimal solution of the reduced cost functional J, it holds for the
directonal derivative in direction 0 # h € L*(Q7)? that

J(a+ th) — J(u) _ .

0 < lim
t—0+ t

The same holds for —h and we conclude that J(@) = 0. Recalling (3.35), the second part
of the theorem follows by plugging in

we(w, y(w)"(p,q) = =P,
OuJ (u,y(u)) = fu,

into (3.36). O



Conclusions

Recapitulating what was already mentioned in the introduction, from a mathematical
point of view, we were faced with two main difficulties in the analysis of Caginalp’s phase
field model. Firstly, the Bilaplacian AZ sets a system of fourth order and secondly, we
have a nonlinear term F’(¢) = ¢ — ¢.

It turned out that finding suitable function spaces for the Bilaplacian can be adapted
from well-known rules of thumb for second order equations. Considering the generic
problem

—A¢ =g in Q, On® = 0 on 092,
we can say
if g € H™(Q), m € Z, then ¢ € H™2(Q).
Adapting to our situation, the generic problem reads
(—A)?¢p =g in Q, Onp = 0, A¢p = 0 on 01,
and we found out that we can simply generalize to
if g€ H™(Q), m € Z, then ¢ € H™T(Q).

This is reflected in the fact that within our investigation of the linear model in Section
2.2, we could show well-posedness for right hand sides

g€ DA™Y, and then ¢ € D(A),

geV', andthen ¢ D(A?).

Results from functional analysis provided us with spaces in between, H respectively
V', onto which we had continuity in time. This allowed us to consider initial conditions
¢o € H respectively ¢y € V', hence suitable function spaces to deal with the Bilaplacian
were found in the triplets

D(A)C HC D(A™),
D(AZ)cVcV.
We had to discard the first triplet, since it indeed serves for the Bilaplacian, but does
not handle the nonlinearity. Amongst many other reasons, the fact that V — L5(Q)
continuously is very illustrative to point out the necessity of the second triplet. Regarding

the structure of F’, we see a third order polynomial, and for the highest order term, it
holds that

16°11% = ll¢llZo) < Cliglly-

Hence, we can treat the H-norm of F’'(¢) with the V-norm of ¢, but not with the
H-norm, motivating the middle space of the second triplet. Apart from that, we noticed

that adding the nonlinearity really made life harder compared to the linear models.

Considering the energy estimate for the nonlinear model of Theorem 2.10, not only
estimating the nonlinear term in the proof was much more elaborate, but we also lost
the continuous dependence on the data. As a consequence, the uniqueness of the solution
was not straightforward. To show existence in the Galerkin approximation for the linear
cases, we relied on the fact that weak convergence is exactly what we need to pass the
limit from the approximated problem to the full problem. Let ¢ € C°(0,T;R), w € H,
then terms of the form

T
/ P(1) (- w) g
0
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define functionals in L2(0,T; H) C L2(0,T;V'). Hence, if (2,,)men converges weakly to
zin L?(0,T;V), we know that

T T
/ () (zm, w) g dt "5 / o(t){z,w) g dt.
0 0

Compared to that, the nonlinearity generates terms of the form

T
/O S(O)(F' () w)p dt,

which are not functionals and forced us to find other arguments to pass the limit.

After finishing the analysis of Caginalp’s model, we had at hand a well-defined solution
operator u — y(u). Showing its differentiability was the most difficult part in the
remainder. We want to emphasize the role of the implicit function theorem again,
additionally providing us with a representation for y'(u), out of which we could derive
the adjoint equation.
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