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Abstract

The Cahn-Hilliard equation is a mathematical model used to study phase separation pro-
cesses within physics, chemistry or biology. Due to its phenomenological flavour, the
model parameters are not known in real-world applications, and a calibration is needed
to derive a quantitative agreement with data obtained from experiments. In this thesis,
we address the problem of identifying three model parameters within the Cahn-Hilliard
equation, i.e. the interface parameter, the double well potential function, and the mobility
function from spatially resolved measurements of the phase fraction. We derive identi-
fiability results and establish a linear and a non-linear approach to solve the parameter
identification problems numerically.

In the first part of this work, we identify an inherent non-uniqueness of the inverse prob-
lem, leading to the exclusion of the interface parameter in the following considerations.
We establish the identifiability of the mobility and the potential up to certain scaling
invariances under realistic observability conditions. In the second part, we consider an
equation error approach to solve the identification problems. Therefore, measurements
are directly inserted into the Cahn-Hilliard equation, leading to linear operator equations
in Hilbert spaces with perturbed operators. We use Tikhonov regularisation to derive sta-
ble approximations for the solutions of the ill-posed problems and show that this approach
is well-posed. Numerical experiments demonstrate the feasibility of the method.

The equation error method requires high assumptions on the regularity of the data.
We address this issue in the third part of our investigations by considering an output
least squares approach.  This leads to non-linear inverse problems in Hilbert spaces.
Again, Tikhonov regularisation is employed to derive stable approximations for the so-
lution. We show the well-posedness and continuity properties of the non-linear forward
operator and establish the existence of solutions to the Tikhonov minimisation problem.
A Gauss-Newton iteration is applied to solve the resulting minimisation problem. We
show the differentiability of the forward operator and derive a representation for the ad-
joint operator of the derivative. The results regarding the output least squares approach
are established by considering auxiliary variational problems. The existence of unique
solutions to those problems is derived by Galerkin approximation and energy estimates.
Afterwards, we discuss the discretisation of this approach using a Petrov-Galerkin method
and present numerical results.

In the final part of this work, we consider more complex models and present numerical
tests, which indicate that the output least squares approach can also be applied to those
problems.






Zusammenfassung

Die Cahn-Hilliard Gleichung ist ein mathematisches Modell zur Untersuchung von Phasen-
trennungsprozessen in der Physik, Chemie oder Biologie. Aufgrund des phanomenolo-
gisches Charakters, sind die Modellparameter in realen Anwendungen nicht bekannt,
und eine Kalibrierung ist erforderlich, um eine quantitative Ubereinstimmung mit exper-
imentell ermittelten Daten zu erzielen. In dieser Arbeit behandeln wir das Problem der
Identifikation der drei Modellparameter innerhalb der Cahn-Hilliard Gleichung, diese sind
der Grenzflichenparameter, die double-well Potentialfunktion und die Mobilitatsfunktion,
aus raumlich verteilten Messungen des Phasenanteils. Wir zeigen Identifizierbarkeitsre-
sultate und préasentieren einen linearen und einen nichtlinearen Zugang zur numerischen
Losung der Parameteridentifikationsprobleme.

Im ersten Teil dieser Arbeit wird eine inhérente Skalierungsinvarianz identifiziert, die
dazu fithrt, dass der Grenzflichenparameter in den folgenden Uberlegungen nicht bertick-
sichtigt wird. Wir werden die Identifizierbarkeit der Mobilitatsfunktion und der Poten-
zialfunktion unter bestimmten Skalierungsinvarianzen unter realistischen Beobachtungs-
bedingungen zeigen. Im zweiten Teil wird der Equation-Error Ansatz zur Losung der
Identifikationsprobleme betrachtet. Dabei werden Messungen direkt in die Cahn-Hilliard
Gleichung eingesetzt und fithren zu linearen Operatorgleichungen in Hilbertraumen mit
gestorten Operatoren. Wir wenden die Tikhonov Regularisierung zur Stabilisierung der
schlecht gestellten Probleme an und zeigen, dass dieser Ansatz wohlgestellt ist. Nu-
merische Experimente werden die Durchfithrbarkeit der Methode zeigen.

Die Equation-Error Methode erfordert hohe Annahmen beziiglich der Regularitéit der
Daten. Wir adressieren dieses Problem im dritten Teil, indem wir einen Output-Least-
Squares Ansatz betrachten. Dies fiithrt zu nichtlinearen inversen Problemen in Hilbert
Réaumen, und wir verwenden wieder Tikhonov Regularisierung, um stabil Approxima-
tionen an die Losung zu bestimmen. Wir zeigen die Wohlgestelltheit und Stetigkeit-
seigenschaften des nichtlinearen Vorwéartsoperators und die Existenz von Losungen des
Tikhonov Minimierungsproblems. FEine Gauss-Newton Iteration wird angewendet, um
das resultierende Minimierungsproblem zu 16sen. Wir zeigen die Differenzierbarkeit des
Vorwartsoperators und leiten eine Darstellung des adjungierten Operators der Ableitung
her. Diese Resultate zum Output-Least-Squares Ansatz werden wir durch Betrachtungen
zu Hilfsvariationsproblemen beweisen. Wir verwenden Galerkin-Approximation und En-
ergieabschitzungen, um Existenzresultate fiir diese Hilfsprobleme zu zeigen. Anschlieflend
diskutieren wir die Diskretisierung dieses Ansatzes unter Verwendung einer Petrov-Galerkin
Methode und prasentieren numerische Ergebnisse.

Im letzten Teil dieser Arbeit werden wir komplexere Modelle betrachten und prasentieren
numerische Tests, die darauf hinweisen, dass der Output-Least-Squares Ansatz auch auf
diese Probleme angewendet werden kann.
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1. Introduction

Phase-field models are of special interest in a wide range of applications within the fields
of physics, chemistry or biology, aiming to effectively model and simulate phase transfor-
mation processes. One of the most widely used mathematical models is the Cahn-Hilliard
equation, which was initially introduced by Cahn and Hilliard to study phase separation
in binary alloys [23, 24]. Since then, the Cahn-Hilliard model has been applied in many
other applications, e.g. the spinodal decomposition of fluid mixtures [14], the modelling
of tumour growth [53] or phase-field modelling in material science [20].

The Cahn-Hilliard equation

We consider the Cahn-Hilliard system described by the equations

0i6 = div (b(B) V) (1.1)

p=—vA¢+ f(9). (1.2)
Here, ¢ is the phase fraction of one of two components, ;1 is a chemical potential, b(¢)
a phase dependent mobility, v an interface parameter, and f(¢) is the derivative of a
non-convex potential function. The system is complemented with initial conditions and
suitable boundary conditions.

The Cahn-Hilliard system (1.1)—(1.2) models a relaxation process governed by decay
of an associated free-energy, thus in accordance with the second law of thermodynamics
[23]. The existence of weak solutions was then shown by Galerkin approximation, relying
on energy estimates and using compactness arguments, see e.g. [43]. From this starting
point, further properties like the regularity of weak solutions or the qualitative behaviour
of the evolution have been studied extensively for many different assumptions on the
parameters. A detailed review will be presented in Chapter 2. These techniques have

also been used to establish suitable numerical approximations; an overview is given in
Chapter 5.

Energy stable approximation of gradient systems

In joint work with colleagues within the Collaborative Research Centre TRR 146 Multi-
scale Sitmulation Methods for Soft Matter Systems and the SPP 2256 Variational Methods
for Predicting Complex Phenomena in Engineering Structures and Materials, we made
some new contributions. In [36], we proposed a general framework for the numerical
approximation of evolution problems that preserves an underlying dissipative gradient
structure exactly. The Cahn-Hilliard equation fits into this structure, and we employed
this approximation procedure, using relative energy estimates, to conduct a stability and
discretisation error analysis, which led to a discretisation with optimal order error esti-
mates, see [19]. This approximation approach will be used later on.

13



1. Introduction

Parameter identification

The Cahn-Hilliard equation describes the macroscopic behaviour of physical processes
happening on the microscale. It thus has to be understood as a phenomenological model.
The model parameters are unknown in real-world applications and must be calibrated to
obtain a quantitative agreement with more detailed microscopic descriptions or experi-
mental data [31, 61]. Finding the model parameters in (1.1)—(1.2) from measurement
data leads to parameter identification problems in non-linear systems of partial differen-
tial equations, see e.g. [6, 63] for an introduction and references. In the context of the
Cahn-Hilliard equation, we are in the field of parameter identification problems in non-
linear parabolic equations. Such problems and their stable solution have been studied
intensively in the literature; we will give a more detailed review later.

Outline of this thesis

We will study the identification of the model parameters v, f(-) and b(-) from measure-
ments of the phase fraction ¢. This problem of identifying the solution-dependent param-
eters in the Cahn-Hilliard equation has not been investigated before. We will provide a
thorough discussion, i.e. establish a complete analysis and present suitable discretisation
methods for solving the inverse problems. The results can be summarised into three main
contributions. First, we establish identifiability; second, we provide a linear identification
approach; and third, we discuss a non-linear identification method. Identifiability and
the linear identification method have already been published in [16], while the non-linear
approach is a new contribution.

Forward problem and identifiability

In Chapter 2, we introduce the setting of this work and recall the existence of solutions
of the Cahn-Hilliard equation from the literature and our work [19]. The identifiability
of the parameter ~, b(-) and f(+) is then investigated, and we first identify an underlying
scaling invariance which leads to the exclusion of v in the following considerations. We
will establish identifiability results in three cases: the identification of either b(-) or f(-),
and the simultaneous identification of b(-) and f(-).

Equation error approach

In Chapter 3, we employ an equation error method to solve the parameter identification
problems. To do this, measurements ¢° will replace ¢ in the system (1.1)—(1.2) and lead
to linear operator equations with perturbed operators to identify the parameter functions.
Those problems are ill-posed, and Tikhonov regularisation is employed to derive stable
reconstructions. The theory of linear inverse problems between Hilbert spaces is well
understood and has been successfully applied to other problems in the literature. Here,
our main challenges arise from the perturbation of the operator, and a slight extension of
the existing analysis on Tikhonov regularisation will be established to cover our problem
structure. We will then show that the regularised parameter identification problems of

14



b(-) and f(-) are well-posed and demonstrate the feasibility of the method in numerical
tests.

Output least squares approach

A known drawback of the equation error approach is its dependence on the smoothness
of the measurements. Therefore, in Chapter 4, we will consider the output least squares
approach, which is now a non-linear problem but can be applied using less regular data and
higher noise levels. Non-linear inverse problems are well investigated in the literature, and
we apply Tikhonov regularisation to our ill-posed inverse problems. To apply standard
theory, we will establish the well-posedness and continuity of the forward operator. This
leads to the existence of solutions to the Tikhonov minimisation problem, which we will
use to derive stable approximations to the solution of the inverse problems. To solve
the resulting optimisation problem, we will propose a Gauss-Newton method. For the
realisation of this iterative approach, we will then establish the differentiability of the
forward operator and derive a representation of the adjoint operator of the derivative.
As we apply standard theory, our main challenge is to derive the required properties of
the non-linear operator. This will be achieved via energy estimates and by proving the
existence of solutions to auxiliary variational systems, for which Galerkin approximation
and, again, energy estimates are employed.

In Chapter 5, we will consider the numerical approximation of the Tikhonov regulari-
sation approach, to which we employ the Petrov-Galerkin method from our work [19].

Extensions to more complex models

Within the Collaborative Research Centre TRR 146 and the SPP 2256, further inves-
tigations have been made into more complex models, incorporating the Cahn-Hilliard
equation. In [20], a Cahn-Hilliard/Allen-Cahn model was studied, and, using the tech-
niques of [19], a structure-preserving discretisation of this model in [17] was derived.
We will demonstrate that the output least squares approach can also be applied to these
more complex models. Without proof, we will demonstrate the numerical feasibility of
the identification method. A direction of future research would also be an analysis of the
other models investigated within the research collaboration, i.e. a viscoelastic phase field
model [15, 88, 21] or a Cahn-Hilliard-Navier-Stokes model [18].

List of publications

The following publications were produced as part of the doctorate and collaboration on
the projects:

1. H. Egger, O. Habrich, and V. Shashkov. On the energy stable approximation of
Hamiltonian and gradient systems. Comput. Methods Appl. Math., 21(2):335-349,
2021.

2. D. Spiller, A. Brunk, O. Habrich, H. Egger, M. Lukac¢ova-Medvidovd, and B. Diinweg.
Systematic derivation of hydrodynamic equations for viscoelastic phase separation.
Journal of Physics: Condensed Matter, 33(36):364001, jul 2021.
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1. Introduction

3. A. Brunk, B. Diinweg, H. Egger, O. Habrich, M. Lukacova-Medvidova, and D. Spiller.
Analysis of a viscoelastic phase separation model. Journal of Physics: Condensed
Matter, 33(23):234002, 2021.

4. A. Brunk, H. Egger, and O. Habrich. ~On uniqueness and stable estimation of
multiple parameters in the Cahn-Hilliard equation. Inverse Problems, 39(6):Paper
No. 065002, 19, 2023.

5. A. Brunk, H. Egger, and O. Habrich. A second-order structure-preserving dis-
cretization for the Cahn-Hilliard/Allen-Cahn system with cross-kinetic coupling.
arXiv:2308.01658, 2023.

6. A. Brunk, H. Egger, O. Habrich, and M. Lukicové-Medvidovd. A second-order
fully-balanced structure-preserving variational discretization scheme for the Cahn—
Hilliard—Navier—Stokes system. Math. Models Methods Appl. Sci., 33(12):2587—
2627, 2023.

7. A. Brunk, H. Egger, O. Habrich, and M. Lukacovd-Medvidové. Stability and dis-
cretization error analysis for the Cahn—Hilliard system via relative energy estimates.
ESAIM Math. Model. Numer. Anal., 57(3):1297-1322, 2023.

In the context of this work, we primarily use work (4) which covers identifiability and
the equation error approach. Moreover, the methods developed in the works (1) and (3)
are frequently used. The results from Chapter 4 and 5 covering the output least squares
approach are not published yet. For the extension of this new approach we use the results
from work (5).
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2. Analytical results

We start by introducing the setup of the Cahn-Hilliard equation and recalling well-known
results regarding the existence of solutions and their properties. After that, we will turn
to the parameter identification problems and investigate questions on identifiability from
observations of the phase fraction ¢.

2.1. Introduction

As already mentioned in the introduction, the Cahn-Hilliard system

O = div (b(9) V), (2.1)
p=—vA¢ + f(9),

has been extensively studied in the literature, and in particular, the existence and regular-
ity of weak solutions have been established under various assumptions on the parameter
functions. To simplify the following presentation, we will consider the Cahn-Hilliard
equation (2.1)—(2.2) on a d-dimensional cube complemented with periodic boundary con-
ditions, i.e.

(AO) Q ~ T is the d-dimensional torus; functions defined on  are assumed to be
periodic.

The subsequent analysis of the parameter identification problems is based on the following
assumptions on the model parameters v, b(-) and f(-).

Assumptions 2.1.1. The domain satisfies (A0). Moreover,

(A1) ~ > 0 is a positive constant;

(A2) b : R — R, satisfies b € C*(R) with 0 < ¢, < b(s) < Cy for all s € R and
[l < Cr, [V < o

(A3) f(s) = N(s) with A € C*R) such that \(s),\’(s) > —cy,, for some cy, > 0.
Furthermore, A and its derivatives are bounded by [A®)(s)| < C’/(\];) + C/(\];)\s|4_k for
0 < k < 4 with constants C/(\];), C/(\k) > 0.

3 =

The assumptions (A1)—(A3) are standard, enabling us to establish the existence, unique-
ness, and regularity of smooth solutions to the Cahn-Hilliard system (2.1)—(2.2), see Sub-
section 2.2.

17



2. Analytical results

Existence of solutions and properties

Let us start with an overview of the literature regarding solutions to the Cahn-Hilliard
equation. The Cahn-Hilliard model possesses a gradient flow structure that results in
energy decay during the evolution. Based on the model’s thermodynamic consistency,
weak solutions have been established using Galerkin approximation, energy estimates,
and compactness arguments. For the case of constant mobility and a polynomial poten-
tial function, the existence and regularity of weak solutions have been established in [41],
where a fourth-order system has been analysed after elimination of the chemical potential
by inserting it into the first equation. In [40], an existence result has been established
for the mixed formulation (2.1)—(2.2) of the Cahn-Hilliard equation. The analysis was ex-
tended to logarithmic potentials, see [30], and (non-)degenerate concentration dependent
mobility functions, see [8, 9, 43]. Let us also mention further results concerning exten-
sions to multi-component Cahn-Hilliard systems, see [7, 11], and multi-physical systems,
e.g. incompressible Cahn-Hilliard-Navier-Stokes systems [13, 49]. In recent works, vis-
coelastic phase separation models have also been considered; see our work [15] in project
C3 of the TRR 146, and further [14].

Besides the existence of weak solutions, the qualitative behaviour of solutions has also
been investigated. The thin interface limit v — 0 has been considered in [50, 51]. The
long-term behaviour was investigated, and convergence of solutions to an equilibrium state
was established in [83, 95]. Further insights into the qualitative behaviour of solutions
have been established by using the technique of formal asymptotic expansions; see [10] and
references therein. For further extensions and properties of the Cahn-Hilliard equation
and its solutions, we refer to [28] and references therein.

In Section 2.2, we will introduce our notation and recall the precise results regarding
the existence, uniqueness and regularity of solutions we require. Therein, we will highlight
the regularities of the solutions, which will be relevant for our later analysis.

Parameter identification

The identification of the model parameters v, b(-) and f(-) in the Cahn-Hilliard equation
has not been studied before. We first note that from the two system variables (¢, i) in the
Cahn-Hilliard equation, only observations of the phase fraction ¢ are typically available
from simulations of microscopic models or experimental investigations [61]. The chemical
potential p is realistically not directly measurable in experiments. Thus, we will study
the identification of the model parameters from observations of the phase fraction ¢ only.
Our inverse problem then reads: Given spatially distributed measurements of the phase
fraction ¢, identify the model parameters 7, b(-) and f(-). First of all, this leads to the
question of identifiability of the parameters from the given data ¢.

Parameter identification problems in nonlinear parabolic equations have been covered
extensively, and, in particular, questions on identifiability, also denoted as the uniqueness
of the inverse problem, have been addressed. A structurally similar problem to our identi-
fication of the mobility b(-) is the identification of the nonlinear conductivity function a(u)
in Jyu = div(a(u)Vu), in the context of heat transfer and porous medium flow. This prob-
lem has been studied in [25, 27, 35], wherein uniqueness results have also been derived.

18



2.2. Existence, uniqueness and regularity of solutions

For a uniqueness result concerning a related linear elliptic problem, we refer to [4] and
references provided therein. The identifiability of multiple parameters has also been anal-
ysed. We refer to [12, 22, 34, 37, 48, 80] for results in the direction of nonlinear elliptic
and parabolic problems and to [77] for results in context of a population model. Further,
there are identifiability results in the context of chemotaxis problems, see [38, 52|, which
are closest to our following analysis regarding the applied proof techniques.

In Section 2.3, we will identify scaling invariances characterising an inherent non-
uniqueness of the parameter identification problem. Therefore, the identification of the
interface parameter v will be excluded in our subsequent investigation. As a result, we
will only consider the identification of the mobility b(-) and the potential derivative f(-),
and address the following questions:

(i) Is it possible to uniquely identify the parameter f(-) from observations of ¢7

(ii) Is it possible to uniquely identify the parameter b(-) from observations of ¢?

Both questions will be answered positively under reasonable observability conditions while
~ and the other parameter function are known. Subsequently, we extend the question on
identifiability. The parameters b(-), f(-) are one-dimensional functions. At the same time,
the observations ¢ are typically available in space and time. Hence, we expect the inverse
problems to be overdetermined, which raises a third question:

(iii) Is it possible to uniquely identify both parameters b(-), f(-) simultaneously from
observations of ¢?

Again, the answer will be positive, now under abstract observability conditions, which
can, in principle, be checked based on the available data. The questions (i)—(iii) are
formally discussed in Section 2.4, and we will establish uniqueness results for each of the
three cases.

Our main contributions in this chapter are the identifiability results for the identification
problems and the identification of the underlying non-uniqueness, formalised as a scaling
invariance. These results have also been published in [16].

2.2. Existence, uniqueness and regularity of solutions

Before we consider solutions and their properties, let us introduce our notation.

Notation

By LP(Q), WkP(Q) we denote the standard Lebesgue and Sobolev spaces and by |-||o,,
||lx,p the corresponding norms. In the Hilbert space case p = 2, we write H*(Q) =
WH2(Q) and abbreviate ||-|[x = ||-|[x.2. We will, when it is clear, omit the symbol 2 and
briefly write L? for LP(Q2). The corresponding dual spaces are denoted by H () =
H*(Q)'. Note that for s = 0, we have H*(Q) = H*(Q) = L*(Q) where we identified
L*(Q) with its dual. The norm of the dual spaces is given by

T, U s
Irllae = sup 0
veH(Q) ||U||HS
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2. Analytical results

where (-, ) gs denotes the duality product on H*(Q) x H*({2) for any s > 0. Note that
for functions u, v € H(Q) = L*(Q2) we have (u,v) = [, uvdz, i.e. for sufficiently regular
functions the duality product can be identified with the scalar product of L*(Q2). By
LP(a,b; X), W"P(a,b; X) and H*(a,b; X), we denote the Bochner spaces of appropriate
integrable or differentiable functions in time with values in some space X. If (a,b) = (0,7
we also abbreviate LP(X) or W*P(X). The spaces are equipped with their standard
norms, see [46]. The inner product of a space X, if it exists, is denoted by (+,-)x. Generic
constants are denoted by C' and may differ from line to line. Further we will abbreviate

fot fn by fﬂt'

Solutions of the Cahn-Hilliard equation

Let us now establish the existence of solutions and their properties. By a periodic weak
solution of (2.1)-(2.2) on the interval (0,7"), we mean a pair of functions

¢ € L*(0,T; H*(Q) N H'(0,T; H' (Q)"),
p e L*(0,T; H' (),

satisfying the variational identities

(0ep(t),v) + (b(o(t))Vu(t), Vv) = 0, (2.3)
(u(t), w) = (vVo(t), Vw) — (f(¢(t)), w) =0, (2.4)

for all test functions v,w € H'(Q) and a.a. 0 < ¢t < T. The pair (¢, ) is a smooth
solution of (2.1)—(2.2) when it satisfies

¢ € L=0,T; H*(Q)) N L*(0,T; H*(Q) N H'(0,T; H(Q)),
€ L0, T; H(Q)) N L*(0,T; H*()).

Under the Assumptions 2.1.1 on the model parameters, the existence of weak solutions
and their regularity properties can be deduced from classical results.

Lemma 2.2.1 ([19, Lem. 2]). Let Assumptions 2.1.1 hold. Then for any ¢y € H'(Q),
there exists at least one periodic weak solution (¢, ) of problem (2.1)~(2.2) with initial
value ¢(0) = ¢o. If ¢o € H¥(Q),1 < k < 3 then

Dl oo ey + 1@l L2 a2y + |0:dl| L2cmn—2) + |l L2cerey + | 1tll oo mn—2) < O ([ o llx)

with Cr(||pol|x) depending only on the bounds for the coefficients, the domain 2, the time
horizon T, and the bounds for the initial value. In dimension d = 3, the estimates k > 1
are only valid for sufficiently small T. Moreover, if ¢g € H*(Q), k > 2, then the weak
solution s unique.

Proof. For k = 1 and dimensions d = 2, 3, the existence of weak solutions and a-priori
bounds for any time 7" > 0 are classical results obtained by Galerkin approximation,
energy estimates, and compactness arguments, see e.g. [43] for details. For k& > 1,
the improved regularity and the bounds are achieved through a bootstrapping argument
and elliptic regularity arguments, utilising regularity results of the Poisson problem, see
[13, 19] and references therein for details. In the case k > 2, the uniqueness of the
solution is demonstrated in [13] using classical methods. O]
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2.3. Scaling invariances

Note, our definition of smooth solutions corresponds to the case £ = 3 in Lemma 2.2.1.
In particular, a smooth solution is unique and also a strong solution (in the sense of
[54]). Smooth solutions and their properties are a necessary precondition in the upcoming
analysis of identifiability in Section 2.4 and the identification methods in Chapters 3 and
4. Let us gather some regularities and bounds of smooth solutions in the following remark.

Remark 2.2.2 (Regularity of smooth solutions). Based on the estimates in Lemma 2.2.1
and embedding theorems for Bochner spaces, see [92, Ch. 25|, we can conclude that
smooth solutions (¢, 1) are continuous functions in time, i.e. we have that

(¢, ) € C([0,T]; H*(Q2) x H'(2)),

and consequently, ¢ is uniformly bounded on € x [0,7]. Especially, we have that ¢ and
V¢ are bounded in L>(0,7; L>°(Q2)). This boundedness will be necessary to analyse the
nonlinear identification method in Chapter 4. In particular, when combined with the
bounds on the parameter functions, it allows to uniformly bound terms like f(¢). For
later reference, let us explicitly state the important uniform bounds:

18llcor1:m3(62)) + IVl o0 072500y + max || fD (D) eqr) < Cllldollisey).

0<i<2

Remark 2.2.3 (Degenerate parameters). Our analysis considers the non-degenerate case,
where the double-well potential A(-) and its derivatives are polynomially bounded, and
the mobility function b(-) is strictly positive. For more general model parameter functions,
such as logarithmic potentials or degenerate mobilities, smooth solutions are expected to
stay away from the pure states. Therefore, the parameter functions can be regularised
outside the range of the solutions, ensuring the validity of the previous assumptions.
The approach of regularising the model functions is also employed in the proof of the
existence of solutions in the degenerate case, see [10, 43]. However, incorporating a
complete discussion of this case would complicate analysing the parameter identification
problems in the subsequent chapters. Thus, we will not discuss this case in further detail.

In summary, for any choice of model parameters satisfying Assumptions 2.1.1, we have
existence of a unique smooth solution with the discussed properties, which are required
in the following analysis.

2.3. Scaling invariances

We will later study in detail the question, if observations of the phase fraction ¢ uniquely
determine the model parameters ~, b(:), and f(-). As we have already indicated, this
is not the case due to the assumption that the chemical potential p is unknown. In
the following lemma, we present the canonical scaling invariance that characterises the
inherent non-uniqueness of the parameter identification problem.

Lemma 2.3.1 ([16, Lem. 3]). Let (¢, ) be a periodic solution of (2.1)~(2.2) for the
parameters (,b, ). Then for any ¢ € R and d > 0, the tuple (¢, 1) = (¢, u/d + ¢) is a
solution of (2.1)—(2.2) for the parameters

y=~/d,  b(s)=d-b(s), and  f(s)=f(s)/d+ec.
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2. Analytical results

Proof. Firstly, as (¢, p) is a solution to (2.1)—(2.2), it satisfies the variational identi-
ties (2.3)—(2.4) for the parameters (v, b, f). A constant rescaling of b — b-d and p — p/d
in (2.3) maintains the validity of the identity with rescaled parameter b = b-d and chem-
ical potential i = p/d. Additionally, another rescaling of v — ~/d, f — f/d restores the
validity of (2.4), which establishes the claim of the lemma for ¢ = 0. Secondly, a constant
shift 4 — p+c and f — f + ¢ leaves the identity (2.4) valid, which establishes the claim
of the lemma for d = 1. When combined with the first rescaling, we obtain the desired
result. O

Remark 2.3.2. We immediately infer from Lemma 2.3.1 that when utilising distributed
observations of the phase fraction ¢ only, the parameters 7, () and f(-) can be identified
at most up to the previous invariant scaling, i.e. solutions to the inverse problem are not
unique. However, it is easily seen that when ~ is known, the rescaling with the parameter
d is not feasible. Thus, we assume 7 > 0 to be known in the following and the remainder
of the thesis. The invariance with respect to the constant c¢ is not removable. Hence, our
analysis investigates the identification of b(+), and f(-) up to a constant. If ~ is unknown,
one must choose an artificial value, e.g. v = 1. By the previous invariances, one then
identifies rescaled parameter functions b(s) and f(s).

2.4. ldentifiability results

We will now investigate the identification of

(i) the potential derivative f(-) in Subsection 2.4.1,
(ii) the mobility function b(-) in Subsection 2.4.2,

(iii) the simultaneous identification of both parameter functions in Subsection 2.4.3.

As noted in Remark 2.3.2, we assume that the interface parameter v > 0 is known. Under
this assumption and in view of Lemma 2.3.1, we can at most expect to be able to identify
the mobility b(-) uniquely from spatially distributed measurements of ¢. In contrast, the
potential derivative f(-) can be at most determined up to a constant shift. Moreover, it
is clear that both parameter functions can only be identified on the range of the available
data ¢, denoted by ran(¢).

2.4.1. Identification of f(.)

We first study the identification of the parameter function f(-) from distributed measure-
ments ¢. The other parameters v and b(+) are assumed to be known.

First, we eliminate the chemical potential p by inserting its equation (2.2) into (2.1),
which results in the fourth-order formulation of the Cahn-Hilliard equation. Afterwards,
we obtain the weak form of this equation by multiplying it by a periodic test function
v € HY(Q) and integrating it over the domain €. After integration-by-parts and using
the periodicity of ¢ and v, we arrive at the variational identity

/ b(o)f ($)Ve¢ - Vudr = / b(p)YVAP - Vudr — / Orpvde. (2.5)
Q Q

Q
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2.4. Identifiability results

For the subsequent arguments, we will further transform the identity. To do so, we
introduce the primitive function

b(x)
v:Q—R, v(x) = /0 w(s)/b(s) ds

for any smooth test function w : ran(¢) — R. Since we have assumed b(-) to be strictly
positive, the primitive is well-defined. Upon inserting the primitive v as a test function
into the previous variational identity, we obtain

/f |ng|2dx—/ w(p)YVAQP - ngﬁdx—// s)dsO,pdx.  (2.6)

Based on this identity, we can deduce the following result concerning the identifiability of
the potential derivative f(-).

Theorem 2.4.1 ([16, Thm. 5]). Let Assumptions 2.1.1 hold and ¢ be a smooth solution
of (2.1)~(2.2) on Q x [0,T]. Further, assume that v > 0 and b(-) are known. Then f'(-)
is uniquely determined on R, = {s = ¢(x,t) : © € Q} from observations of ¢(-,t) and
O p(+,t) on Q for 0 <t <T.

Proof. Throughout the following discussion, we always consider ¢ at a specific time
point ¢ € [0,7], i.e. ¢(x) = ¢(x,t) for a fixed t. Let us assume fi(-), fo(+) to be two
functions leading to the same solution ¢. By inserting the functions fi(-) and f5(-) into
equation (2.6) and subtracting the resulting identities, we obtain

&éumm—ﬁwmwwnvw%mzo. 2.7)

Further we define W (s) := fi(s) — fa(s) for s € R, and w(s) = W(s), and observe that
VW (¢p) = w(¢p)V¢. Under the Assumptions 2.1.1 we are now allowed to insert w(-) in
the previous variational identity (2.7), and derive

[ oWz = [ 900 = R@)Fde = [ 176) = f0) IV dz o
Consequently fi(¢) — fa(¢) is constant on €2, which implies that fi(x) = fo(z) for all
xr € Ry, i.e. f'(+) can be uniquely determined on R;. O

Remark 2.4.2. In the proof, we considered measurements of a single time point only.
However, if we have measurements of ¢ on a space-time cylinder Q x [tq, 5] with ¢; < o,
then the time derivative 0,¢ is also known on this set. By using measurements from
multiple points in time, we then can determine f'(-) on the set Ry, t,) = U, <4<y, Bt-

In the previous proof, the knowledge of the mobility function is implicitly utilised, as the
last term of the identity (2.6) depends on b(-). Thus, assuming that the mobility function
is known is indeed necessary. However, upon considering the last term of identity (2.6),
we observe that the term vanishes if we assume 0;¢ = 0 on 2. The remaining terms
then correspond to an equilibrium distribution. In this particular equilibrium case, the
potential derivative f(-) can be determined without knowledge of the mobility. This is
analysed in the following result.
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2. Analytical results

Theorem 2.4.3 ([16, Thm. 7|). Let Assumptions 2.1.1 hold and (oo, fieo) be an equi-
librium for (2.1)~(2.2), i.e. (oo, fioo) Satisfy

0 = div(b(¢hoe) Voo, (2.8)
Moo = _7A¢oo + f(¢00) 2'9)

Further, assume that v > 0 to be known. Then the function f'(-) is determined uniquely
on Ro = {8 = ¢o(x) : € Q} from knowledge of ¢oo.

Proof. In principle, the assertion can be directly inferred from the previous theorem.
Nevertheless, we provide a different, more direct, proof here. By multiplying equa-
tion (2.8) with ps and integrating over the domain €2, we obtain after using integration-
by-parts and the periodic boundary conditions that

OZ/Qdiv(b(gboo)Vuoo),uoo dx = —/Qb(gboo)|Vpoo|2dx.

As the mobility b(-) was assumed to be strictly positive, this implies that p., must be
constant. Substituting u., = C' into equation (2.9) yields

f(#oo) = YAPs + C.

From this, we directly deduce that f(-) is determined up to a constant on R.. Let us
mention that knowledge of the mobility function b(-) was not required for this deduction.
O

In fact, the constant o, = C'is then known, as it can be computed by testing equation
(2.9) with the constant function v = 1.

Remark 2.4.4 (Stationary states). The convergence of the phase fraction ¢ to an equi-
librium distribution ¢, was investigated and shown in the literature. We refer to [83, 95|
for details and proofs.

In conclusion, we established that the potential derivative f(x) can be identified up to
a constant, provided that the value x has been attained from the measurements of ¢, an
expected and natural identifiability condition.

2.4.2. Identification of b(-)

Next, we address the identification of the mobility function b(-) while assuming that the
other parameters v and f(-) are known. At first, we observe that the chemical potential
p=—vA¢+ f(¢) is determined from observations of ¢, as v and f(-) are known. Hence,
we are left with the first equation (2.1) of the Cahn-Hilliard system, i.e.

div(b(¢)Vu) =0 on Q x (0,7). (2.10)

In the following theorem, we present a conditional identifiability result utilising equa-
tion (2.10). The subsequent proof then employs similar arguments as those used in [38].
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2.4. Identifiability results

Theorem 2.4.5 ([16, Thm. 8]). Let Assumptions 2.1.1 hold and (¢, 1) be a smooth
solution of (2.1)~(2.2) on Q x [0,T]. Further, assume that v > 0 and f(-) are known.
Then b(+) can be determined uniquely from observations of ¢(-,t) and 0,¢(-,t) on the set

R, ={s=¢(x,t): x € Q and Vyu(z,t) # 0} C Ry.

Proof. We consider ¢ at a fixed time point ¢t € [0, 7], without explicitly making ref-
erence to the time point ¢, i.e. ¢(x) = ¢(x,t). Let us assume by(-) and by(-) to be
two distinct mobility functions, both yielding the same solution ¢ of the Cahn-Hilliard
system (2.1)—(2.2), while using the same v and f(-). We define the auxiliary function
B, (s) = max(by(s) — ba(s),0), and will argue subsequently that

div(B4(¢)Vu) =0 on 2. (2.11)

To this end, we initially observe that the function B, (¢)Vu is weakly differentiable, and
proceed by considering the equation on subdomains of €. First, we consider the set

Qu(t) = {x € Q: By(@lx,1)) > 0} = {w € Q: by(B(a, 1)) > ba(6(x,1))}.

By inserting b = b; and b = by into equation (2.10), followed by subtracting the resulting
equations, we derive the validity of equation (2.11) on the set 2 (¢). Second, we consider
the set Q\ Q. and readily conclude the validity of equation (2.11), as B, (¢)Vu = 0 on
this set. Therefore, we can multiply equation (2.11) by p and integrate over the domain
Q2. By employing integration-by-parts and periodic boundary conditions, we obtain

0= [ dv(B(0)nds =~ [ Bo(@)IValds

Consequently, we deduce that B, (¢) = 0 on the set {s = ¢(x,t) € R :x€ Q.}. By
employing the same arguments, we verify that B_(¢) = min(b;(¢) — ba(¢),0) is constant
zero on the set {s = ¢(z,t) € R, : © € Q_}, where we used the analogously defined set
Q_(t) :={x € Q: b (d(x,t)) < ba(¢p(z,t))}. By combining the assertions on the subsets
Q, and Q_, we deduce that by (s) = bs(s) on R,. O

Remark 2.4.6. Similar to the identification of f(-), if we have access to data ¢(x,t)
not only from a single time point but from a space-time cylinder Q X [t1, t5] for ¢; < to,
then 0,¢ is also known on this set. Consequently, we can determine the mobility b(-) on
E[tm] = U, <1<t R,. Therein we can take the closure of the sets, given that the function
b(-) was assumed to be smooth; see Assumptions 2.1.1. Additionally, let us comment on
the non-zero condition of Vi contained in the definition of the sets ét and fi[thtﬂ. We
observe that if Vi =0 on a set {(x,t) : ¢(z,t) € (s1,52)}, hence (s1,52) ¢ ﬁ[tl,t2]7 then
b(s) for s; < s < sy does not influence the evolution of ¢. Consequently, the mobility
cannot be identified on this set from observations of ¢. Hence, the condition on Vu can
be understood as an observability condition; see also [4, 81].

In conclusion, we established that the mobility function b(-) can be uniquely determined
under an inherent observability condition on the chemical potential x, which is determined
from the knowledge of ¢, and f(-).
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2. Analytical results

2.4.3. Simultaneous identification of f(-) and b(-)

Next, we consider the simultancous identification of both parameter functions b(-) and
f(+), while v > 0 is assumed to be known. We will establish an identifiability result,
assuming a suitable observability condition. For similar arguments, we refer to [4, 82].
To begin, let ¢ be a smooth periodic solution of the Cahn-Hilliard system (2.1)—(2.2),
and let us define the auxiliary function c(s) := b(s)f'(s). Note that since b(-) is strictly
positive, it is possible to deduce the function f’(-) through the knowledge of ¢(-). By
inserting ¢(-) into the variational identity (2.5) and rearranging terms, we obtain

/Q—b(q§)7VA¢Vvdx+/

Q

c(gzﬁ)quVvdx—/@tgbvdx, (2.12)
Q

for all periodic test functions v € H'(Q) and all time points ¢ under consideration. To
proceed, we now introduce the Heaviside function H(s) and its regularised piecewise linear
approximations H.(s), i.e.

<
H(s) = 0, s<0, and H(s) = sfe, 0<s<eg,
1, s>0, H(s), else,

for some € > 0. We test the identity (2.12) with v = H.(¢ — s). For ease of presentation,
we only consider the term involving ¢(¢) and obtain

/ () VOV H.(6) dz = / o(6)| Vo[ du
Q € Jo<g<e
1 1
=2 corerar— [ coNvorar

¢>0

Then by applying the co-area formula, see [47, Sec. 3.4], we derive

%/:O/Sc(s)\Vd)\d”H,dlds / / (5)[VoldH*™ ds.
! /O / eVl dH ds

where dH%! denotes the (d — 1)-dimensional Hausdorff measure. By taking the limit
e — 0, also considering the remaining terms of identity (2.12), we derive

B Vo a1 -1 _ _
b(s) /{M} TVAGL AR () /{¢S}|V¢\d7{ _ /Q 06 H(6— 5)do. (2.13)

As the integrals on the left-hand side are the same as those appearing in the co-area
formula, they are well-defined for almost every value of s; see again [47, Sec. 3.4] for
details. Also consider [72] for an application in a similar context. For every t € [0, 7],
(2.13) is a linear equation for the two scalar values b(s) and c¢(s). From this, we deduce
the following result.
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2.4. Identifiability results

Theorem 2.4.7 ([16, Thm. 10]). Let Assumptions 2.1.1 hold, ¢ be a smooth solution
of (2.1)~(2.2) and v > 0 known. Define

Vo(z,t)
Vo, 0]

A(s 1) = /Q O, ) H (6 1) — 5) d,

Afst)i== [ s s Adst)i= [ Vo(wo]ds
{o(-,t)=s} {o(-t)=s}

and assume that {(Ap(s,t;), Ac(s,t;)) : i = 1,2} are linearly independent. Then b(s), c(s),
and f'(s) = c(s)/b(s) are uniquely determined.

Proof. From equation (2.13) and considering the definition of A,, A. and A, we obtain

Ap(s,t1) b(s) + Ac(s, t1) e(s) = A(s, t1),
Ap(s,t2) b(s) + Ac(s, t2) c(s) = A(s, ta),

which comprises of two linear equations for determining the two scalar values b(s), c(s).
By assumption, the two equations are linearly independent, and thus, the system possesses
a unique solution, yielding the claim of the theorem. O]

Remark 2.4.8. In contrast to the previous identifiability results, Theorem 2.4.7 yields a
conditional identifiability result. In principle, the required linear independence of the co-
efficients A,, A. can be verified explicitly by utilising the data ¢, prior to any computation
of the values b(s), ¢(s). If this observability condition holds true, the unique identification
of the two scalar values b(s), f'(s) can be achieved by solving the linear system (2.13).
Moreover, the reconstructions depend stable on the data ¢ and 0;¢.

Conclusion

In this chapter, we investigated the identifiability of the parameter functions -, b(-) and
f(+) using observations of the phase fraction ¢ and established identifiability results con-
sidering the scaling invariance. In summary, we note that

(i) the interface parameter v should be fixed,
(ii) the potential derivative f(-) can only be identified up to a constant,

(iii) both parameters b(-) and f(-) can only be identified on the range of the available
data ¢.

Hence, in the following chapters, we establish methods to identify the parameter functions
b(-) and f(-) considering the conditions (i)—(iii).
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3. Regularised inversion by equation
error methods

In the previous Chapter 2, we established the unique identifiability of b(-) and f(-), the
latter up to a constant, separately and simultaneously. In this chapter, we present a
linear approach for the stable identification of the parameter functions b(-) and f(-) from
observations of the phase fraction ¢. We will study the identification method theoretically
and then turn to its practical realisation.

3.1. Introduction

We consider the Cahn-Hilliard system

O = div (b(9) V), (3.1)
p=—7A¢+ f(9),

complemented with periodic boundary conditions and appropriate assumptions on the
parameter functions. For convenience of the reader, we repeat them here.

Assumptions 3.1.1. We impose the following assumptions on the model parameters:

(A1) ~ > 0 is a positive constant;

(A2) b : R — R, satisfies b € C*(R) with 0 < ¢, < b(s) < G, for all s € R and
1V'llo0 < s 1" [loe < Clrs

(A3) f(s) = N(s) with A € C*R) such that \(s),\’(s) > —cy,, for some cy, > 0.
Furthermore, A and its derivatives are bounded by |A*)(s)| < C’/(\IZ) +C /(\];)\5|4_k for
0 < k < 4 with constants C’/(\];), C/(\l;) > 0.

Equation error approach

As our initial approach to address the parameter identification of b(-) and f(-), we consider
an equation error approach in the spirit of [6, 57]. To this end, we insert equation (3.2)
of the chemical potential y into equation (3.1), and replace ¢ by measurements ¢’ in the
resulting partial differential equation, yielding

0,¢° = —y div(b(¢")VAY") + div(b(¢°) f'(¢°) V). (3.3)
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3. Regularised inversion by equation error methods

By defining c(-) = b(:)f'(:), ¥° = 0,¢° and an operator T°(b,c) = r, where r is the
right-hand side of equation (3.3), we derive a linear operator equation of the form

T°(b,¢) =3, (3.4)

with perturbed operators 7% and data y°. This inverse problem is ill-posed, and a reg-
ularisation method is required to derive stable approximations for the solution. We will
employ the well-known Tikhonov regularisation; see [45] for a comprehensive analysis of
the method considering non-perturbed operators.

Related results

Equation error methods have been proposed and analysed in [26, 57] to compute stable
approximations for the identification problem of the nonlinear function a(u) in du =
div(a(u)Vu). Initially, these approaches have been developed for related linear elliptic
problems, for instance in [2, 4, 69, 71], see also [3, 68, 91]. Moreover, the simultaneous
identification of multiple parameters in nonlinear elliptic and parabolic problems has also
been investigated, see e.g. [12, 22, 37, 48, 80|. Further, relevant research can also
be found in the context of chemotaxis, as demonstrated in [38, 52|. For analysis and
examples involving equations of the form (3.4), we refer to [26, 38, 57, 90|.

The standard approach to identity parameter functions in nonlinear parabolic equations
is the output least squares method, which results in a minimisation problem constrained
by the nonlinear system (3.1)—(3.2). The computation of a solution then requires subrou-
tines to compute the forward operator, its derivative, and potentially the adjoint derivative
if a Newton-type method is employed. Consequently, this method tends to be computa-
tionally expensive. Equation error methods present a computationally cheaper approach
if appropriate data is available. Nevertheless, we will investigate the output least squares
method in Chapter 4.

Let us point out that the main advantage of the equation error approach is that it
linearises the inverse problem compared to the nonlinear output least squares method.
Hence, the linear method is less involved concerning the required analysis and routines
and has cheaper computational costs. However, the quality of reconstructions is only as
good as the available data. We will comment on this at the end of the chapter.

Outline of this chapter

We will employ an equation error approach of the form (3.3). This approach reduces the
parameter identification problems of b(-) and f(-) to linear ill-posed operator equations
with perturbed operators as in equation (3.4). The stable solution to these equations
is then achieved using standard regularisation methods. In Section 3.2, we will consider
abstract linear ill-posed operator equations with perturbed operators in Hilbert spaces.
We employ Tikhonov regularisation to derive stable approximations for the solution and
recall the existing theory documented in the literature. The results will provide the theo-
retical support for the following analysis in Section 3.3, where we consider the regularised
approach of equation (3.4) for deriving stable reconstructions of the parameter functions
b(-) and f(-). Therein, we show that the abstract result from Section 3.2 applies to our

30



3.2. Equation error approach

problems, provided the data satisfies reasonable smoothness assumptions. In Section 3.4,
we present the numerical realisation of the developed approach to verify its feasibility and
conclude with a discussion of its advantages and limitations.

Our main contributions in this chapter are the developed linear approaches to iden-
tify the parameters b(-) and f(-) in the Cahn-Hilliard system, which we study from a
theoretical and numerical point of view. These results have also been published in [16].

3.2. Equation error approach

We consider linear operator equations of the general form
Tz =, (3.5)

with perturbed operators 7° : X — Y and data 3°, where X,Y are Hilbert spaces.
Here, the unknown parameter functions are denoted by x. Recall that the equation error
approach described by equation (3.3) leads to such linear operator equations. Hence, equa-
tion (3.5) represents our parameter identification problems in an abstract form. Inverse
problems of the form (3.5) are in most cases ill-posed. Hence, in the specific cases con-
sidered in the following, we use Tikhonov regularisation to derive stable approximations
of the parameters z, i.e. we define regularised solutions z? by

IT°z =I5 + allz% — min. (3.6)

BAS
Let us now consider the subsequent abstract result provided in [26, 38] and also inves-
tigated in [90]. This result will serve as theoretical support for using (3.6) before we
proceed with the specific parameter identification problems of f(-) and b(-) in the Cahn-

Hilliard system (3.1)—(3.2). To this end, we denote by R(T) the range of the operator T
Moreover, we call x € X a least-squares solution of the unperturbed problem Tx = y if

1Tz = ylly = nf{|TZ —ylly : T € X},

and we call z' € X a minimum-norm solution of Tx = y if 2 is a least squares solution
of Tx =y and

lz'||x = inf{||Z||x : & is a least squares solution of Tz = y}.

Theorem 3.2.1 ([16, Thm. 12]). Let T, T° : X — Y be bounded linear operators between
Hilbert spaces X and Y. Further let y € R(T), y° € Y, and assume that

1T —T°||xoy < C6 and ly —4°| < 6. (3.7)
Then for a = 6% with 0 < v < 1, the regularised solutions z°, determined by

IT°z = y"[[} + oll2|% — min, (3.8)

converge to the minimum-norm solution x' of Tx = y with 6 — 0. If ot = (T*T)"w for
somew € X and 0 < pu <1, then furthermore

|t — 2l ||x < C"gmint=r2m), (3.9)

For v =1/(2u + 1), one thus obtains the order optimal rate ||7° — z'||x < C" 7T
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Proof. The results follow from a modification of the arguments given in [45, Ch. 4,5],
and we only present the detailed steps for the second claim, i.e. we show (3.9). By using
the triangle inequality, we can split the error into two components

lzg, = 2"llx < [l = Zallx + 170 — 27|lx,

where we inserted 7, = (T°*T° + o)~ 'T%*j and § = T°x'. Recall that by definition

20 = (T°*T° + oI)~'T°*y°  and similar for 2. Inserting the definitions, using spectral

estimates and the assumptions of the theorem, then yields
25 = Zallx < a2 (ly° —ylly + T2’ = T2"|ly) < a”V25(C + ).

As a preliminary step for the second error component, we use the condition (3.7) on the
operator perturbation and interpolation estimates to deduce that

o= (T*T)”w _ (T(S’*Td)”w + 7 with ||77||X < C§min(2u,1);
see e.g. [90] for details. Using this, we then estimate for the second error component

||{i‘o¢ — IL'THX S ||(T5’*T6 + a])—lTé,*Tﬁl.T _ xTHY
= ||Ta(T5,*T5)((T5,*T5)Mw =+ 77)||Y < a'unHX + C(Smin(Zp,l)’

where we used the abbreviation 7,(\) = (A+a) 'A—1 = —a/(A+«) and applied spectral
estimates for the residual functional in the second and third step; see [45, Ch. 4,5].
Combining the two bounds of the error components and choosing o = %7 yields

|20 — 27| x < c’(a_1/26 + ot + 6min(2“’1))
< C/(él—'y + 627;}, + 5min(2p,,1))'

The error bound (3.9) then follows by comparing the three terms. ]

Remark 3.2.2. The previous theorem provides estimates that establish convergence rates
for Tikhonov regularisation of linear inverse problems with perturbed operators, subject
to the usual source conditions. These conditions are sufficient but also necessary for the
predicted convergence rates; see [45, Sec. 4.2]. Moreover, the previous theorem shows
that convergence rates can be guaranteed for Tikhonov regularisation without knowing the
precise smoothness of the solution z'. However, these rates may not be of optimal order.
In [90], the author also established convergence rates for parameter choice according to
the discrepancy principle under the conditions on the operator perturbations stated in
our theorem.

In the following section, we will transform the parameter identification problems of
b(-) and f(-), outlined in Section 2.4, into linear operator equations of the form (3.5).
Using reasonable assumptions on observations ¢°, we will show that the conditions (3.7)
of the previous abstract theorem are satisfied. The abstract result will then guarantee the
convergence of the regularised solutions.
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3.3. Parameter identification problems

We will now apply the equation error approach to the parameter identification problems of
b(-) and f(-) in the Cahn-Hilliard system (3.1)—(3.2), which is complemented with periodic
boundary conditions. Let us start with the following assumptions on the available data.

Assumptions 3.3.1. Let ¢° be spatially resolved measurements of ¢ for particular time
steps t € [0, 7], and assume that

o) = & (ot lmsy <6, (10, 1) = 08 ()| -1y < 6, (3.10)
with known noise level § > 0, and we assume that ¢° € (—1,1).

Considering the regularity results for the true solution, stated in Lemma 2.2.1, the
validity of Assumption 3.3.1 is realistic at least after appropriate pre-smoothing of the
data, see [68, 69| for considerations in this direction. Further, the assumption ¢° € (—1,1)
simplifies the presentation and is realistic as phase fraction measurements outside this
interval are not physically reasonable and would be discarded.

By inserting the data ¢° into (3.1)—(3.2), we transform the parameter identification
problems of f(-) and b(-) into ill-posed linear operator equations of the form T°x = 7°.
Using the Assumption 3.3.1 on the observations ¢°, we then show that the conditions (3.7)
of Theorem 3.2.1 are satisfied.

3.3.1. Identification of f(-)

We assume that v > 0 and b(-) are known and study the identification of the potential
derivative f(-) in the Cahn-Hilliard system (3.1)—(3.2) given measurements ¢°. Similar
to Subsection 2.4.1, we eliminate the chemical potential 4 by inserting (3.2) into (3.1).
Moreover, we define the auxiliary function ¢(s) := b(s) f'(s). This results in

div(c() Vo) = v div(b(¢) VAG) + ;6. (3.11)

Note again that since the mobility function b(+) is strictly positive, it allows us to uniquely
and stably determine f’(-) from knowledge of the auxiliary function ¢(-). Throughout the
following discussion, we consider ¢ from a single time point ¢ € (0,7), and we write ¢ for
¢(-,t). Recalling Theorem 2.4.1 on identifiability of f(-), the parameter function f’(-) can
be uniquely determined on the range R;, which corresponds to the values attained by the
data ¢. As discussed in Subsection 2.4.1, a similar statement holds if we use observations
from a whole time interval.

Equation error approach

By replacing the true solution ¢ in (3.11) with the measurements ¢°, we derive
div(c()V ') = 7 div(b(6")VAS) + 9.
We then define the perturbed operator

T°: H*(—-1,1) = HX(Q), ¢(-) — div(e(¢?)V?), (3.12)
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and the corresponding perturbed right-hand side by ° := 9,¢° +v div(b(¢°)VA@#®). Recall
that we assumed ¢° € (—1,1) allowing us to define the domain of T° as H?(—1,1).
Hence, we transformed the inverse problem of f(-) into a linear operator equation of the
form (3.5), i.e. T°(c) = y°. To derive stable reconstructions, we then apply Tikhonov
regularisation and aim to solve

T =3 s oy + el = _min (3.13)

which yields a reconstruction ¢’ (-) of the parameter function c(-), which is then used to
determine f3(-).

Analysis of the linear operator equation

We now show that the conditions (3.7) of Theorem 3.2.1 are satisfied, which will verify
that the outlined approach is well-posed. Verifying the linearity of the operator 7° is
straightforward. By using integration-by-parts and Assumptions 3.1.1 on the parameter
functions, we estimate

c(¢?)Ve®, Vu
ITc|| -1y = sup (&)Y, V)i
veH(Q) ||U||H1(Q)

< |e(8*)VE 2@y < llellpoo 1,016 | e

From the Assumptions 3.3.1 on the perturbed data, we know that the last term is
bounded. Further, using the continuous embedding of H'(—1,1) in L>(—1,1), we derive
IT%¢|| r-10) < Cllell#r2(~1,1), which shows that T° is a bounded operator. By employing a
similar estimate, one can further show that ||y’ || z-1q) < C'.

In the next step, we will confirm the validity of the two conditions in Theorem 3.2.1.
We estimate the dual norm as before and use the triangle inequality to obtain

IT?c = Tell -1y = [div(c(¢°)Ve®) — div(e(6) Vo) | r-1(0)
< le(¢") Ve = c(6)Vll 12y
< [e(@*)V(@° = d)llr2@) + 1(e(d) — c(6°) V|2

By employing the mean value theorem and using the uniform bounds of the parameter
functions, see Assumptions 3.1.1, we deduce

IT%c — Tellg-1(0) < el 1|V (0" = &)l 12y + 1€ |1, 16 — &° || Lo [ VSl 2200
< Cllo = & o llellm-1)-

In the last estimate, we again used the continuous embedding of H'(—1,1) in L>(—1,1).
Hence, from the Assumptions 3.3.1 on the data, we infer that the first condition of The-
orem 3.2.1 is valid, i.e.

IT°c — Te|la-10) < C68|lcl a2
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By employing similar arguments, we can estimate the perturbations in the data to derive
the validity of the second condition, i.e.

19 = Yl a1 < |y div(b(¢”)VAS) — v div(b(¢)VAY) | g-1(0) + [|0:6° — 0|l 10
< 6.

Note, for this estimate, we used the assumption on the data that the perturbations are
bounded in the space H3(Q).

Summary

We verified in the previous analysis that the conditions of Theorem 3.2.1 are satisfied.
Hence, from Theorem 3.2.1, we deduce that our approach to derive reconstructions by
minimising the Tikhonov functional (3.13) is well-posed in the following sense. The com-
putation of the regularised approximations ¢’ () is stable and the approximations ¢’ (-)
converge to the minimum norm solution ¢'(-) of the unperturbed problem T(c) = y; pro-
vided 4 — 0 and appropriate chosen regularisation parameter . We conclude that the

parameter function f(-) can be reconstructed by the proposed approach up to a constant.

Remark 3.3.2 (Observations from a time interval). If we have observations ¢° available
on a whole time interval (¢;,t,), then it is sufficient to assume ¢ € L (t1, t2; H*(Q)) and
further that

H¢ - (béHLQ(tl,tQ;HS(Q)) S 57 ”at(b - at(b(sHLg(tth;H_l(Q)) S 67 (314)

which is slightly weaker than Assumption 3.3.1. By using interpolation inequalities, we
also deduce that [|¢ — ¢°||rec(t, 4p.m1()) < CO. We then define Y = L2(t1,to; H ()
as the image space of the operator 7°, which is defined as in (3.12), and define the
Tikhonov minimisation problem as in (3.13) inserting the corresponding spaces X,Y. By
employing similar arguments as before and using the Assumptions (3.14), one can show
that 7° is a bounded linear operator. Moreover, one can also show that the two conditions
of Theorem 3.2.1 are valid, i.e.

1T = Tell 2 pom1()) < COllellmz-ryy  and [y = yllra 1)) < C'6.

Consequently, Theorem 3.2.1 again guarantees the convergence of the regularised solutions

A (-) to the minimum-norm solution ¢f(-) of the operator problem T(c) = y. Hence,
the proposed approach is also applicable if observations from a whole time interval are

available.

3.3.2. Identification of b(-)

As a next step in our analysis, we address the identification of the mobility function b(-)
while assuming that v > 0 and f(-) are known. To do this, we consider equation (3.1)
and obtain upon rearranging terms

div (b(¢) Vi) = Dy, (3.15)
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Throughout the following discussion, we consider ¢ at a single time point ¢ € (0,7"), and
we write ¢ for ¢(-,t). Recalling Theorem 2.4.5 on identifiability of b(-), the parameter
function can be determined uniquely on the range Et, i.e. values attained by the data ¢
where the non-zero condition on Vy holds.

Equation error approach

We observe that the chemical potential y can be approximated from the data ¢° = ¢°(-, 1)
at t € (0,T). By inserting the data ¢°, we obtain from equation (3.2) an approximation
1 of the chemical potential

p = —A + f(¢").
We then replace ¢ and p in equation (3.15) by ¢° and u° and derive

div (b(¢°) V') = 0,¢°.
Next, we define the perturbed operator
T°: H*(—1,1) = H7HQ),  b(-) = div(b(¢®) V), (3.16)

and the perturbed right-hand side y° = 9,¢°. Hence, we transformed the inverse problem
of b(+) into a linear operator equation of the form T°(b) = 3°. Like before, recall that
the perturbed data satisfies ¢°(x,t) € (—1,1), allowing to define the domain of T° as
H?(—1,1). We again use Tikhonov regularisation to stabilise the inverse problem, i.e. we
aim to solve

5 512 2 :
1T°0 — v [l57-1 (0 + bl zr2(210) = be;gl(lfll’l), (3.17)

which yields the regularised reconstruction b2 (-) of the parameter function b(-).

Analysis of the linear operator equation

We continue to show that the conditions of Theorem 3.2.1 are satisfied, which will verify
that the approach (3.17) is well-posed to identify the mobility b(-). By using similar
arguments as in Subsection 2.4.1, we can show that 77 is linear and bounded, and further,
by Assumption 3.3.1, we know that y° = 9,¢° is in Y = H~1(Q).

Let us next turn to verify the two conditions (3.7) in Theorem 3.2.1. As a preliminary
step, we estimate the perturbation in the chemical potential. By similar arguments as in
Subsection 3.3.1, that are the triangle inequality, the mean value theorem and the uniform
bounds on the parameter functions from Assumptions 3.1.1, we obtain

114° = pllmgy < 1=7AQ° — ¢) + £(¢°) — F(d) |l
<N = dllms) + 1 o1 l1¢° — Bl ) < C6.

For the last estimate, we also employed Assumption 3.3.1 on the data noise. Now we verify
the first condition of (3.7). Using the perturbation estimate of the chemical potential,
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we can estimate the perturbation of the operator 7° and obtain by similar arguments as
before

IT°b — Tb|| -1y < |b(6°) Vi’ — b(¢) Vil -1(a)
< |0l oo 1V (10 = )] r2g) + 1 | e 1y 1Vl 2@ |6 — ¢ [l ()
S C(S Hb”Hz(—Ll)'

Once more, we used Sobolev embeddings and the uniform bounds for the parameter
b(-) € H*(—1,1) from the Assumptions 3.1.1. This estimate verifies the first condition of
Theorem 3.2.1. The second condition follows directly from the Assumptions 3.3.1 on the
data noise, i.e. ||y — v’ ||m-10) = 1010 — 8:0° | r-1(0) < 6.

Summary

We conclude that the conditions of Theorem 3.2.1 are satisfied. Hence, we deduce that the
approach (3.17) is well-posed in the same sense as before, i.e. we derive stable reconstruc-
tions b°(+) and the approximations converge to the minimum norm solution bf(-) of the
unperturbed problem T'(b) = y, if § — 0 and «(J) chosen appropriately. We summarise
that the parameter function b(-) can be reconstructed by the proposed approach (3.17).

Remark 3.3.3 (Observations from a time interval). Similar to the previous considerations
in Subsection 3.3.1, if we have measurements ¢° for a whole time interval (¢,t,), we use
Y = L2(t1,to; H-1(Q)) as image space in the definition of the operator T°, and further
use the bounds (3.14) for the assumptions on the data noise. Similar arguments as before
then lead to the conclusion that 7° is linear, bounded and satisfies the two conditions of
the abstract Theorem 3.2.1, i.e.

IT°0 = Tl 210y < COlbllzy  and |y = 4°[|l2@-1) < 6.

Consequently, the abstract results of Theorem 3.2.1 can again be applied to deduce sta-
bility and convergence of the approximations b’ (-). Hence, the proposed approach is also
applicable if observations from a time interval are available.

3.3.3. Simultaneous identification of f(-) and b(-)

We assume v > 0 to be known and consider the simultaneous identification of the pa-
rameter functions b(-) and f(-). Analogue to Subsection 2.4.1, we eliminate the chemical
potential p by inserting (3.2) into (3.1). Rearranging the resulting terms yields

—ydiv(b(¢)VAQ) + div(c(¢)Ve) = 0,9, (3.18)

where we introduced the auxiliary function c¢(s) = f’(s)b(s), as before. Recall that the
function f’(-) can be reconstructed through the knowledge of b(-) and ¢(+), since b(-) is
strictly positive. We recall from Theorem 2.4.7 that the parameters b(-) and ¢(-) can be
identified uniquely if an abstract observability condition holds.

37



3. Regularised inversion by equation error methods

Equation error approach

Similar to before, we replace the true solution ¢ in (3.18) with data ¢° = ¢°(-,t) for a
single time instance, we derive

—y div(b(¢°)VAF) + div(c(¢°)V¢?) = 9,¢°.
We define the perturbed forward operator
T° : H*(—1,1)% — HY(Q),

(b,¢) =+ —div(b(6")VAS) + div(e(6") V) (3.19)

and the corresponding right-hand side by y° = 9,¢°. Hence, we transformed the inverse
problem of b(-) and f(-) into a linear operator equation of the form (3.5), i.e. T°(b, c) = 1°.
For the stable solution of the parameter identification problem, we propose Tikhonov
regularisation and aim to solve

5 5112 2 :
177, ¢) = ¥ r-10) + all(b: ) 210y — o (3.20)

which yields reconstructions b2,(-) and ¢ (-), which are used to determine fo = ¢ (-)/b(-).

Analysis of the linear operator equation

In order to verify that the outlined approach is well-posed, we consider the conditions of
Theorem 3.2.1. By employing the same arguments used in the previous two subsections,
one verifies that T is linear and bounded. Moreover, the conditions (3.7) of Theorem 3.2.1
are satisfied, i.e. one verifies that

1T (b, ¢) = T(b, )l -1@) < C (b, )l 211

by similar arguments as before, while |y — ¢°|| 1) < 0 holds by the Assumptions 3.3.1
on the data perturbation.

Summary

As the conditions of Theorem 3.2.1 are satisfied, we deduce that our approach (3.20) is
well-posed in the sense that we derive stable reconstructions (6% (-), ¢ (-)) and the approxi-
mations converge to the minimum norm solution (b'(+), ¢'(+)) as described for the previous
cases. We summarise that the parameter functions b(-) and f(-) can be reconstructed by
the proposed approach (3.20).

Remark 3.3.4 (Observations from a time interval). As before, if we have observations
¢° available on a whole time interval (t;,t,), we define Y = L2(t1,to; H-*(Q)) as image
space in the definition of the operator 7°. Using (3.14) as assumptions on the data noise,
one establishes the two conditions (3.7) of Theorem 3.2.1. This yields the convergence of
approximate solutions and serves as a theoretical backup of the proposed regularisation
approach, i.e. to identify the parameters from data satisfying the abstract observability
conditions from Theorem 2.4.7.
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3.4. Numerical illustration

Let us briefly recap the main results obtained in the previous sections. We considered
an equation error approach to solve the parameter identification problems. To this end,
we inserted distributed observations ¢° into the Cahn-Hilliard equation (3.1)—(3.2) and
interpreted the resulting equations as linear operator equations 7%z = y°, where z de-
notes the parameter functions. By defining the linear operators on suitable spaces and
using Tikhonov regularisation, we established that we can derive approximations of the
parameter functions by minimising the corresponding Tikhonov functional.

To illustrate our theoretical results, let us now briefly report on the actual perfor-
mance of the proposed regularisation strategies for model problems in dimension d = 1, 2.
First, we discuss a one-dimensional test case in Subsection 3.4.1-3.4.4, which allows for
a simple depiction of the observability conditions. The actual implementation is then
discussed in detail. Second, we present results obtained from a test in two dimensions
in Subsection 3.4.5. The implementation details carry over almost verbatim from the
one-dimensional test case.

3.4.1. Forward problem

Let us describe the setup of our model problem in dimension d = 1. As computational
domain, we choose 2 = (0,1) and (3.1)—(3.2) are supplemented by periodic boundary
conditions. We select as potential derivative the function

f(s) =2(s+0.99)*(s — 0.99)(3s — 0.99),

which is the derivative of the polynomial double-well potential A(s) = (s—0.99)?(s-+0.99)*
and recall that only f(s) appears in equation (3.2). The mobility function for our model
problem is chosen as

b(¢) = (1 =)' (1+¢)*+0.2,

and we set v = 0.003 for the interface parameter. As the initial value for the phase
fraction, we choose

¢o(z) = 0.1sin(27z) — 0.1sin(4mx) + 0.1sin(127x) + 0.1.

We then deduce from Lemma 2.2.1 that the solution ¢ is uniformly bounded on Q x [0, 77,
see also Remark 2.2.2. Hence, the functions A(-) and b(-) could be modified outside of the
range of ¢. Up to such modification, which does not affect our analysis, we deduce that
the chosen model parameters satisfy the Assumptions 3.1.1.

3.4.2. Data generation

To generate appropriate data for the inverse problem, we first compute an approximate
solution ¢y, - utilising the structure-preserving variational discretisation method described
in [19, 36]. The method employs quadratic finite elements in space and a Petrov-Galerkin
time-discretisation with piecewise linear ansatz functions. Details on the implementation
can be found in Section 5.1. The resulting solution of this simulation is a function ¢y .,
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which is continuous, piecewise linear in time and piecewise quadratic in space. For the
discretisation parameters, we choose uniform grids in space and time with mesh size
h = 5-1073 and time step 7 = 2 - 107°. The simulation is computed up to the final
time T" = 0.02. Let us note that the following results do not depend on the choice of
the method employed to produce the data. Any other appropriate method to solve the
Cahn-Hilliard equation could be used as well.

In order to avoid inverse crimes, we employ a different discretisation strategy for the
inverse problem. We use cubic splines in space, choose a piecewise linear approximation
in time and a backward difference quotient for the discrete time derivative. For the grids,
we use uniform spatial and temporal grids with mesh size h and 7, different from those
used to generate the data. Therefore, we first compute an approximation gzgﬁi, which
is piecewise linear in time and a cubic spline in space, by interpolating the data ¢y -
on the grid with &, 7. This approximation QNS;L,% plays the role of the perturbed data ¢’
in our theoretical findings in Section 3.3. Let us note that the perturbations here stem
from discretisation and interpolation errors, and we do not add any additional artificial
noise. Moreover, we compute a cubic spline approximation fi;, - of the chemical potential

utilising the identity (3.2). We tested different choices for h and 7, resulting in comparable
outcomes. To simplify the presentation, we present the results for h=2hand 7 =27 in
the subsequent discussion.

In Figure 3.1, we depict contour plots of the interpolated functions Qggh,% and O fion 27
From these depictions, we can derive information about the identification intervals R, =
{s=¢(z,t): 2 € Q}and R, = {s = ¢(x,t) : z € Q, Dppu(z,t) # 0}, where the parameter
functions f’(-) and b(-) can be uniquely identified.

ban.2r(1,1) Oz fion 27 (2, 1)
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Figure 3.1.: Contour plots of ¢opor(z,t) (left) and 0, fignor (2, 1) (right) with 2 € (0,1) on
the x-axis and ¢ € [0,0.02] on the y-axis. The colour bar for the left plot
shows the range R = {¢°(x,t) : x € Q, t € (0,T)} of data that are attained.
The right plot reveals areas where information about the mobility function
b(-) can be inferred from the data, i.e. areas where J,u is nonzero.

40



3.4. Numerical illustration

3.4.3. Numerical solution to the inverse problem

We now consider the implementation of the equation error methods introduced in Sub-
section 3.3. Therefore, we use the following discretisation strategy. The functions ¢°, u’
used to define the perturbed operators T° in Subsection 3.3 are approximated by the cubic
splines ¢~52h727 and figp2,. The time derivatives are approximated by utilising backward
difference quotients. Lastly, the parameter functions f(-) and b(-) are discretised using
natural cubic splines on a uniform grid of the interval [—1, 1] with a grid size ¢ = 0.01.

Let us discuss some details on the implementation of the perturbed version of the
operator equation (3.11), i.e.

div(c(¢?)V¢®) = v div(b(¢?)VAP®) + 8,¢°,

which is used to identify the potential derivative f(-). A similar strategy is used to
discretise the other two inverse problems.

Numerical realisation of identifying f(-)

We approximate the right-hand side y° by a vector y, whose ith entry is computed by
Vi = (drdon, Vi) 12(0) — 7(b(21) VAGan, V) 12(),

where 1; denotes the ith periodic cubic spline basis function, ¢g, = qgg;w(-,t) is the
evaluation of the data at time ¢, and d,dy, = %(qgghm(-,t) — bonor(-,t — 27)) is the
approximation for the time derivative by the backward difference quotient. For the left-
hand side, we assemble the matrix representation of the operator 79 : ¢ — div(c(g52h)Vq32h)
by . o
Ti; = —(0;(d2n)Vdan, Vi) 12(0)

where 6; is the jth natural cubic spline basis function for the parameter function c(s) =
>_;¢i0j(s). Moreover, we define the matrices M;; = (ﬂj,zﬁi)m(g) and Ry; = (0}, 0;) 21,1y,
which represent the scalar products on H*(2) and H?(—1,1). The discretisation of the
Tikhonov functional (3.13) for the inverse problem (3.11) is then given by

(Tc —y) "M }(Tc — y) + ac'Re,

where ¢ = (c1,...,cn) " denotes the coefficient vector of the parameter function ¢(-). The
minimisation of the Tikhonov functional is then derived by solving the corresponding
normal equations, for which we employ the conjugate gradient algorithm.

Problem dimension and computational costs

By utilising data for a single time step, the discretisation of the operator 77 results in a
matrix T of size 100 x 201. This implies that our discrete problem is underdetermined for
the given discretisation parameters. If we use data for multiple timesteps, we obtain a
matrix of size 100nt x 201 by padding the blocks for the individual time steps. However,
the resulting normal equations have the size 201 x 201. Therefore, the computational
costs of the method stem primarily from the matrix assembly computations.
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3.4.4. Numerical results

We will now present numerical results obtained for the three parameter identification
problems discussed in Section 2.4 utilising the regularised equation error methods dis-
cussed in Section 3.3. The regularisation parameter « is chosen heuristically, i.e. we
use the L-curve-criterium as parameter choice rule; see [45, 58]. Here, we consider the
one-dimensional model problem and refer to Section 3.4.5 for the two dimensional tests.

Identification of f(-)

We assume that v and b(-) are known, defined as in Subsection 3.4.1 and consider the
identification of the potential derivative f(-). As stated in Lemma 2.3.1, we can determine
f(+) only up to a constant. Thus, we will identify and depict only the derivative f'() in
the following. Recall that the function f’(-) can only be uniquely determined on the
range of data Ry; see Theorem 2.4.1. In Figure 3.2, we depict the true value f’(-) and the

t =0.001 t =0.004 t € [0,0.004]
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Figure 3.2.: Reconstruction of f’(-) using interpolated data éghygT(',t), for t as speci-
fied in the title of the plots. The range of the data R, is shaded in grey.
The solid blue line depicts the true function f'(-), while the dotted red line
is the reconstruction (f°)'(-) computed by the regularised equation error
method of Section 3.3.1. The regularisation parameter was determined as
a=107%1078,1075 in the three tests, respectively.

corresponding reconstruction (f2)’(-), determined by our approach. The equation error
method yields stable and accurate reconstructions in all three cases, where we varied the
utilised data. As expected from Theorem 2.4.1, the function f’(-) can only be reliably
reconstructed within the range of available data R;. The regularisation enforces stability
but also introduces a certain bias in regions without available data.

Identification of b(-)

We assume that v and the potential derivative f(-) are known, defined as in Subsec-
tion 3.4.1 and consider the identification of the mobility b(-). Recall that the mobility b(-)
can only be determined uniquely on the range R, = {s = ¢(z,t) : € Q, dppu(x,t) # 0}
of the available data, where the gradient of the chemical potential u does not vanish, see
Theorem 2.4.5. Note that R; can be determined prior to the reconstruction, and we used
Figure 3.1 to choose t appropriately. In Figure 3.3, we depict the reconstructions obtained
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t=0.001 t = 0.002 t € [0,0.004]
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Figure 3.3.: Reconstructions of the mobility function b(-) derived from interpolated data
Gan2r(+,t) for time points ¢ specified in the title of the plots. The range of
the data R, is shaded in grey. The solid blue line is the true parameter, while
the dotted red line depicts the reconstructions. The regularisation parameter
was set to o = 1075 for all tests.

from distributed phase fraction data, where we consider three cases varying the utilised
data. The reconstructed mobility aligns well with the true parameter b(-) on the range of
attained data, while the regularisation introduces a certain bias outside of this range.

Simultaneous identification of f(-) and b(+)

We assume that ~ is known and consider the identification of both parameter functions
b(-) and f(-). From Theorem 2.4.7, we know that the simultaneous identification of
both parameters f(-) and b(-) requires observations at multiple time steps. Therefore, in

b(:) f'()
1.8 - . - T - T 35 T T T T T T
161 -~ 30
~ 1l
o \ {
141 / AN 25|
12 N
’ / R 20}
1
/ 151
08| /. \
/ EN 10
L BN
06 N
B 5
/ \ "
04t/ - A -
|- . .
02t — o : ~ /
Sl . £
. . [
0 5
\"k-
1 =X TP

LA L L L L L L L L R L L L L L = ) L
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1 -08 -06 -04 -02 0 02 0.4 0.6 0.8 1

Figure 3.4.: Simultaneous reconstructions of b(-) and f/(-) from interpolated data
q?)gh,gf(-,t) with ¢ € [0,0.004]. The range of the attained data R, is depicted
in grey. The solid blue line denotes the true parameter functions, while the
corresponding reconstructions are depicted by dotted red lines. The regular-
isation parameter was set to a = 1078,

Figure 3.4, we only consider reconstructions obtained for data on a whole time interval.
Again, the regularised equation error method yields stable and accurate reconstructions
of the parameter functions on the range of available data. Besides, we also verified the
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3. Regularised inversion by equation error methods

validity of the observability condition derived in Theorem 2.4.7 by numerically computing
the integrals Ay(s,t;), A.(s,t;) for different values of s and ¢;. In most cases, we observed
the required linear independence.

3.4.5. Numerical results in two dimensions

Let us now consider a model problem in dimension d = 2. The implementation is, in
principle, similar to the model problem in dimension d = 1, and we only highlight the
differences. We use a similar setup as in Section 3.4.1 for our model problem in dimension
d = 2. As the computational domain, we choose the unit square Q = (0,1)2. Further, the
Cahn-Hilliard system (3.1)—(3.2) is complemented by periodic boundary conditions. We
select, similar to the 1-d experiment, the following parameter functions

f(s) =0.3(2(s +0.99)3(s — 0.99)(3s — 0.99)),  b(s) = (1 —s)*(1+5)? +0.1,

where f is the derivative of the double well potential A(s) = 0.3(s —0.99)%(s +0.99)*, and
we set v = 0.003 for the interface parameter. As the initial value for the phase fraction,
we choose

¢o(z,y) = —0.1cos(4mx) sin(27y) + 0.05 sin(27x) sin(4my).

As before, we deduce from Lemma 2.2.1 that the solution ¢ is uniformly bounded on
Q1 x [0,T7], see also Remark 2.2.2. Here, the chosen model parameters satisfy the Assump-
tions 3.1.1, up to modifications which do not affect the analysis.

Data generation

We choose the same discretisation strategy as in Section 3.4.2 to produce data ¢y, for
the inverse problem, that is, the structure-preserving variational discretisation method
described in [36, 19]; see also Section 5.1. For the discretisation, we use a uniform
triangulation in space with mesh size h = 1/128 and a uniform grid in time with time
step size 7 = 2.5 - 10~*. The simulation is computed up to the final time 7 = 0.15.
Again, we employ a different discretisation strategy for the inverse problem to avoid
inverse crimes. Here, we proceed as in Section 3.4.2. By interpolating the data ¢, on
the grid with A, 7, we compute an approximation &ﬁ,f which is piecewise linear in time,
and, in extension for dimension d = 1, we use a tensor product structure for the cubic
spline approximation in space. The approximation (Z)Bi plays the role of the perturbed

data ¢°. The discretisation parameters are set to h = 2h = 1/64 and 7 =27 = 5- 107
In Figure 3.5, we depict the evolution of the interpolated data and provide a plot of the
corresponding energy.

Numerical realisation

The numerical solution of the inverse problem is realised in the same way as in Sec-
tion 3.4.3. The observability conditions can again be checked prior to computation. Here,
we used the plot of the energy evolution, see Figure 3.5, to identify regions where the mo-
bility b(-) can be identified. Hence, we chose points in time where the energy is dissipated
substantially.
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Figure 3.5.: Snapshots of the phase fraction gz;,:h% for time points t specified in the title
of the plots. The colour bar on the right of each plot shows the range R =
{¢?(x,t) : v € Q,t € (0,T)} of data that are attained. The evolution of the
energy £(¢) = [, 2IVo|*+A(¢) dx, (f(s) = N(s)), is depicted with additional
markers on the z-axis which correspond to the time points of the snapshots.
The Cahn-Hilliard equation satisfies an energy-dissipation relation, i.e. it
holds 9,€(¢) = — [, b(¢)| V| dz. Hence, we use the depiction of the energy
to quickly identify regions where we expect Vi to be non-constant such that

b(-) can be identified.

Numerical results

The computed approximations for the identification problem of either f(-) or b(:) are
depicted in Figures 3.6 and 3.7, respectively. We observe that the reconstructions again
are in good agreement with the true parameter functions on the range of attained data.
Outside of this interval, the regularisation leads to a certain bias, as expected.

In Figure 3.8, we depict the result of the simultaneous identification of both parameter
functions. The results also show a good agreement with the true parameters.

Final remarks

In our presentation of numerical results, we only considered data whose perturbation
stems from discretisation and interpolation errors. In principle, one can use data per-
turbed by additional artificial noise. Then one has to include a presmoothing of the data,
as considered in [69] to satisfy Assumptions 3.3.1. We performed some tests using a
smoothing step, which shows the feasibility of this approach. However, this approach is
heuristically and roughly spoken, the equation error method yields good results as long
as the smoothed data yields an appropriate approximation of the third derivative of ¢. In
summary, the equation error methods yield reconstructions, which show good alignment
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Figure 3.6.: Reconstruction of f’(-) using interpolated data &gh,gT(-,t), for ¢ as specified
in the title of the plots. The range of the data R, is shaded in grey. The
solid blue line depicts the true function f’(-), while the dotted red line is the
reconstruction (f2)'(-) computed by the regularised equation error method of
Section 3.3.1. The L-curve criterium determined the regularisation parameter
as a = 107% in all three tests.
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Figure 3.7.: Reconstructions of the mobility function b(-) derived from perturbed data
ngQh,QT(-,t) for time points ¢ specified in the title of the plots. The range of
attained data R; is depicted in grey. The solid blue line is the true parame-
ter, while the dotted red line depicts the reconstructions. The regularisation
parameter was set to a = 10~* for all tests.

with the true parameters if the quality of the data or smoothed data is appropriate.

3.4.6. Discussion

In this chapter, we studied the stable identification of the parameter functions b(-) and
f(+). We established the identification via a regularised equation error approach, which led
to linear operator equations with perturbed operators, and we demonstrated the feasibility
of the approach in the presence of discretisation errors.

The main disadvantage of the equation error method is its dependence on appropriate
data, leading to limitations in its application. With increasing noise level §, potentially
by adding artificial noise, the quality of the reconstructions reduces. This problem can
be circumvented to some extent by pre-smoothing the data. Alternatively, it becomes
necessary to consider a different method, such as the output least squares method, which
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Figure 3.8.:

we discuss in the next chapter.

3.4.

Numerical illustration
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Simultaneous reconstructions of b(-) and f'(-) from perturbed data ¢op o7 (-, 1)
with ¢ € [0,0.15]. The range of the attained data is again depicted in grey.
The solid blue line denotes the true parameter functions, while dotted red
lines depict the corresponding reconstructions. The regularisation parameter

was set as o = 1078,

We close this chapter by mentioning some directions for future research. The methods
developed to establish the uniqueness of the parameter identification problems might serve
as a starting point to derive abstract source conditions or stability estimates; see [63] and
[72] and further references therein. Another direction is the generalisation of the results
to more realistic models for phase separation processes; consider the references [1, 20, 62]
or [78] for some examples. With increasing complexity of the model, more parameters
or parameter functions are introduced, which increases the difficulty of deriving suitable

linear operator equations.
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4. Regularised inversion by an output
least squares method

In the previous Chapter 3, we studied the parameter identification problem of b(-) and
f(+) in the Cahn-Hilliard equation

O = div (b(¢) Vi), (4.1)
p=—vA¢+ f(9), (4.2)

by an equation error approach. To this end, we inserted the data ¢° for ¢ in (4.1)—(4.2),
which led to linear inverse problems with perturbed operators. In principle, this is a
feasible method. However, we required high regularity on the data ¢°, which must be
distributed, and we can only identify the parameters where measurements are available.
Moreover, in some sense, the method is fine-tuned to the Cahn-Hilliard equation and is
not straightforwardly applicable to more complex models. To overcome these issues, we
will consider a non-linear approach, namely the output least squares method.

Output least squares approach

We introduce the parameter-to-measurement mapping
F:DF)CcX =Y, (b(), f())— o,

which is usually referred to as the forward operator, where ¢ is the first component of
the solution (¢, ) to the Cahn-Hilliard system (4.1)—(4.2), with (b(+), f(+)) inserted as
parameter functions. Note, the operator F' is nonlinear. We then consider the following
inverse problem:

Given measurements ¢°, find parameter functions (b(-), f(+)) such that
F(b, f)=¢".

This parameter identification problem has the abstract form of a nonlinear inverse problem
F(z) = v° in Hilbert spaces, where y° denotes measurements of exact data y. Such
problems are in many cases inherently ill-posed, especially in infinite dimensional spaces,
and applying regularisation techniques is necessary. In order to solve the inverse problem
F(z) = 9°, we will apply Tikhonov regularisation. Hence, stable approximations to the

true parameter xf, which fulfils F(z') = y, are derived by minimising the Tikhonov
functional ]

in J)(x) = =|F(z) — |2 + = ||z — 2|2 43

Jmin Jo(w) =S llF@) =yl + glle =2k (4.3)

where v > 0 is a regularisation parameter and x* is an initial guess for the parameter.
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4. Regularised inversion by an output least squares method

Related results

The analysis of nonlinear inverse problems is considerably more involved in comparison to
linear inverse problems, which had to be solved by applying the equation error approach.
Nevertheless, such problems have been studied in the literature. For instance, a compre-
hensive discussion on the regularisation of nonlinear problems can be found in [45]. For
an overview of parameter estimation problems in nonlinear systems of partial differential
equations, consider [6, 63].

Identification problems based on spatial measurements have been addressed across a
diverse range of applications, see e.g [38], where a chemotaxis model is considered, or [77]
where a population model is considered. Further, the nonlinear identification of a solution-
dependent heat conduction coefficient, approached as a control problem, has been analysed
in [27]. For an identification problem for an elliptic equation of two variables, consider [4].
In recent work, [65] considers Bayesian parameter identification in a phase-field model
for tumour growth. Most relevant to our analysis, there are control problems discussed
in [29, 64|, which consider linear control variables in tumour and diffuse interface models,
both involving the Cahn-Hilliard equation as a part of their models. The analysis of those
problems goes back to ideas of [74]. To our knowledge, the identification of the phase
fraction dependent parameter functions b(-) and f(-) has not been covered before.

Outline of this chapter

We will consider the stable identification of the parameter functions (f,b) in the Cahn-
Hilliard system (4.1)—(4.2) phrased as nonlinear inverse problem

F(b, f) = ¢°. (4.4)

To obtain stable approximations to the true parameter functions (b, cf), which fulfils
F(b', c") = ¢, by minimising the Tikhonov functional

. 1 2 «a * *\ (12
S T )= I ) = O+ S~ 0 @)

where a > 0 is a regularisation parameter, (b*, f*) is an initial guess for the parameter
functions, and X, Y are Hilbert spaces. To be able to apply standard theory, the operator
F(-) must fulfil some properties, e.g. well-posedness, continuity and weak-continuity. In
our problem the forward operator has the special structure F'(-) = L(S(-)), where L(-)

is a linear operator, and S(-) is the solution operator mapping parameters (b, f) to the
corresponding solution of the Cahn-Hilliard system (4.1)-(4.2). In short,

S:DSYCX —=2Z (bf)— (6, p)
L:Z =Y, (¢ un)— ().

As L(-) is a linear operator, the problem of showing certain properties of the forward
operator F(-) = L(S(-)) reduces to the properties of the solution operator S(-). Hence,
we will proceed as follows. In Section 4.1, we will show that the solution operator is well-
defined, continuous and weakly continuous. This allows us to establish the existence of a
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4.1. The solution operator S(+)

minimum of the Tikhonov functional (4.5) in Section 4.2. For the numerical realisation
of the Tikhonov regularisation, we will propose a projected Gauss-Newton iteration; also
in Section 4.2. Therefore, we need to establish the differentiability of the operator F'(-),
which again will be reduced to a corresponding study of the solution operator S(-). This
is presented in Section 4.3. Moreover, for the iterative procedure, we need to calculate
the outcome of an application of F’(z)*. For this we derive a representation of F'(z)* in
Section 4.4.

Challenges and related results

Let us discuss some challenges of the upcoming analysis. The following discussion and
proofs essentially rely on defining auxiliary variational problems for which we derive energy
estimates and the existence of solutions by standard Galerkin approximation.

In the work [64], the authors discussed an optimal control problem in a Cahn-Hilliard-
chemotaxis system. The main analytical novelty was considering a phase fraction de-
pendent mobility for the Cahn-Hilliard equation. While well-posedness and continuity of
the solution operator presented no problems, they encountered difficulties in establishing
Fréchet differentiability of the solution operator. Those problems have been overcome
by establishing continuity estimates in higher norms. We encounter similar difficulties
for our identification problems of b(-) and f(-). Hence, we will also derive continuity
estimates in higher norms, which will be necessary to establish Fréchet differentiabil-
ity of S(-). Namely our proof requires, among others, that V¢ € L>(0,T; L>(2)) and
pe L0, T; HY(Q))NL*(0,T; H3(Q)). The basis of these estimates is the high regularity
of smooth solutions, as stated in Section 2.2.

Hence, our main contribution in this chapter is the complete analysis of the Tikhonov
regularisation approach. We will adjust the proof ideas of the existing analysis, which did
not cover identifying the identification of phase fraction dependent parameter functions
in the Cahn-Hilliard equation. Regarding the three parameter identification problems
discussed in Section 3.3, our analysis will be formulated for the case of simultaneous
identification. The separate identification of a single parameter function, either b(-) or
f(+), is then deduced by directly reducing the obtained results.

4.1. The solution operator S(-)

In this section, we will first establish the well-posedness of the solution operator S(-),
which maps parameters (b, f) to the corresponding solution of the Cahn-Hilliard system
(4.1)-(4.2). After that, we derive energy estimates for the operator S(-), leading to
continuity and weak continuity of the solution operator S(-). We already note here that
the energy estimates are in higher norms than required for the continuity properties.
However, they will be required later on.

4.1.1. Set-up and well-posedness

Let us start by presenting a recap of the solvability of the Cahn-Hilliard equation. After-
wards, we define the set-up for the solution operator S(-) and deduce its well-posedness.
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4. Regularised inversion by an output least squares method

Recap: solutions of the Cahn-Hilliard equation

As before, we consider the Cahn-Hilliard system (4.1)—(4.2) on a periodic domain €2 and
complement the equations with periodic boundary conditions. For convenience of the
reader, let us recall the main assumptions already used in the previous chapters.

Assumptions 4.1.1. We impose the following assumptions on the domain and the pa-
rameters:

(AO) Q ~ T is the d-dimensional torus; functions defined on  are assumed to be
periodic.

(A1) v > 0 is a positive constant;

(A2) b : R — R, satisfies b € C*(R) with 0 < ¢, < b(s) < Cy for all s € R and
1Vllce < s 1" [loe < Clrs

(A3) f(s) = N(s) with A € C*4R) such that A(s),\’(s) > —c,,, for some cy, > 0.
Furthermore, A and its derivatives are bounded by [A®)(s)| < C’/(\];) + C/(\lz)|s|4’k for
0 < k < 4 with constants C/(\];), C’/(\];) > 0.

In addition, we assume ¢y € H3(Q).

Under these conditions, we established in Lemma 2.2.1 the existence of solutions and
their regularities. In particular, for ¢y € H?(€2), we have a unique solution (¢, x1), denoted
as smooth solution, satisfying the regularities

¢ € L>=0,T; H¥(Q)) N L*(0,T; H*(Q) N H'(0,T; H(Q)),

p € L0, T; H(Q)) N L*(0,T; H*(Q2)). (4.6)

As noted in Remark 2.2.2, the smooth solution (¢, i) is a continuous function in time
(6, 1) € C((0, T} HY(Q) x H'(2)),
such that we have the following uniform bounds

6llcqomym @) + 1V8l Leri=@) + max || f(d)llcwr < Clldollm@)- (4.7)

0<i<2

Throughout this chapter, we maintain the assumption that the interface parameter v > 0
is known. Furthermore, we restrict the analysis to dimension d = 2. In this case, the
a-priori bounds of solutions to the Cahn-Hilliard equation are global; see Lemma 2.2.1.
This is not true in dimension d = 3, where the bounds are only valid up to a particular
time 7', which is usually very small. Moreover, this simplifies the analysis in the following,
as we can use interpolation inequalities in two dimensions.
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4.1. The solution operator S(+)

Parameter-to-solution operator S(-)

Let us introduce the parameter-to-solution operator, in the following denoted solution
operator. To begin, we define the domain of the operator S(-), denoted by D(S), as
follows

D(S) := {(b, f) € (H*(I))* : Assumptions 4.1.1 hold},

where I := [ay,as] is an interval chosen large enough, such that it holds ¢(z,t) € I for
all z € Q and ¢t € [0,7]. Note that such an interval exists at least until a time T, as
smooth solutions are uniformly bounded by the initial distribution ¢y. The domain D(S5)
is non-empty and convex, as one can easily deduce by choosing convex combinations and
the observation that they still satisfy the bounds in Assumption 4.1.1. Moreover, together
the two properties imply that D(.S) is weakly closed. Then we define the solution operator

S:D(S) C (H*(D)* = (L*(0,T; L*()%, S(b. f) = (6, ),

where (¢, pt) is the solution of (4.1)-(4.2) with initial conditions ¢(0) = ¢o. If initial
data ¢g € H*(Q) is provided, the Cahn-Hilliard system (4.1)-(4.2) has a unique smooth

solution. Consequently, it follows that the solution operator S : (b, f) — (¢, p) is well
defined on D(S).

Remark 4.1.2 (Separate identification). For the identification problems involving only
one of the parameter functions b(-) or f(-) (while the other one is known), the definitions
of the domain as well as the solution operator are analogous. The subsequent analysis
can then readily be reduced to separate parameter identification problems.

In the following, we will derive continuity properties of the solution operator S(-). These
properties are then used to deduce properties of the forward operator F(-).

4.1.2. Continuity estimates for S(-)

The following theorem establishes estimates for the difference of two smooth solutions of
the Cahn-Hilliard equation (4.1)—(4.2), i.e. (¢1, 1) — (¢p2, o), which yield continuity and
Lipschitz continuity of the solution operator S(b, f). Moreover, we derive estimates in
higher norms, which will be necessary to analyse the differentiability of S(b, f) later.

Theorem 4.1.3. Let Assumptions 4.1.1 and d = 1,2. Further let {(¢i, pi) biz12 denote
two smooth solutions of (4.1)—(4.2) corresponding to parameters {b;, fi}i—12 and the same
initial data ¢o € H3(Y). Then there exists a constant C' depending on the uniform bounds
of the parameter functions, the domain 2 and the a-priori bounds of the solutions, such
that

|1 — ¢2HL°°(H2)0L2(H4) + |10:(d1 — ¢2)HL2(L2) + [[p1 — H2HL2(H2)0L°°(L2)

4.8
< C (llbn = ballsrs + |1 = Foll) (48)

Before we start with the proof, let us make some remarks. As noted in Section 4.1.1, we
restrict our analysis to dimension d = 1,2, which simplifies the analysis. We expect the
following considerations can be extended to dimension d = 3 under additional assumptions
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4. Regularised inversion by an output least squares method

on ¢g. The basis of the estimates of the theorem is the high regularity of smooth solutions
(4.6) and, notably, the proof requires that V¢ € L>(0,7T; L>(2)). The following proof is
inspired by [64] and is divided into four steps. At first, we establish a variational system
that is fulfilled by the differences of two solutions. Subsequently, by testing the system,
we derive energy estimates and use Gronwall arguments to derive a first estimate of the
form (4.8). The subsequent steps will establish such estimates in stronger norms, using
elliptic regularity and a Gronwall argument.

Throughout the analysis, we will often estimate the difference of parameter functions,
for instance, b1(¢) — ba(¢), integrated over the space-time domain. For those terms, we
initially estimate

[b1(6) = ba(@) | dzds = | |(b1 — b2)(¢) dzds < C(t, Q)l[by — ba[ 1o 1y,

Qt Qi

where we used that b;(-) and ¢ are uniformly bounded by Assumptions 4.1.1 and the
a-priori bounds (4.7). Again by the uniform bounds of ¢, and the embedding of H'(I)
into L>°(I), we derive the estimate

/Q [b1(¢) — b2(¢)| dar ds < C||br — ba[700 7y < Cllb1 = ba[3p2 -

These details will be omitted in the following.

Proof. Let {(¢i, pt;) }i=1,2 be smooth solutions of (4.1)-(4.2) corresponding to parameters
{bs, fi}i=1.2 with initial data ¢y € H?(Q2). Further, we define ¢ := ¢1 — ¢, and analogously
introduce fi. Additionally we define b(-) := by(-) — bs(+) and similarly f(-).

We substitute the solutions {(¢;, ;) }i=1,2, as well as the respective parameter functions,
into (4.1)—(4.2), and subtract the resulting equations. With the additional insertion of a
zero, that is by(po)V iy, we find the following system satisfied by (5, it almost everywhere
in Qp :=Q x[0,77:

i = div (b1 (d1) — ba(2))Viur) + div (ba(¢2) Vi) (4.9)
o= —vAp + fi(¢1) — fabo). (4.10)

First step: In the usual manner, we multiply the system with test functions and use
integration by parts. Here, we select v = 7q5 as test function for equation (4.9), and
for (4.10) we select w = by(¢po)ft as well as w = —e¢, where ¢ > 0 is a constant to be
determined later. The resulting equations are the following

7(8%257 Qg) = —7((bi(¢1) — ba(92)) V1, Vg?)) — v(b2(2) Vi, Vé%
(1, ba($2) 1) = Y(V b, ba(d2) V1) + 7 (V D, fby(92) Vo) + (f1(d1) — fa(a), ba(da)it),

~

—£(1, ) = —2(V, Vo) — e(fi(1) — fo(62), b).
Upon adding the three equations, the term y(ba(¢2) Vi, V) cancels out, and using the
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4.1. The solution operator S(+)

lower bound on the parameter function b(+), see Assumptions 4.1.1, we obtain

2SIl alills + Vol < e | 3161 da

te / F1(61) — fol2) /16| dz + Cy / [£1(61) = Fol@2)|fr| do (4.11)

T / 183(62) |V bl 41V d + / 1b1(61) — by(62) ||V 2|V do
Q Q
=: (i) + (i) + (i) + (iv) + (v).

The terms (i)—(v) on the right-hand side are now estimated separately. By employing
Holder’s inequality and Young’s inequality, using appropriate factors, we obtain

. 1D N n Ch A n
(i) = 6/Qlu||<b| dr < el|it]| 2] ¢l 2 < leulliz + Cc9]|7-.

To estimate the second term, we utilise the triangle inequality and the mean value theorem
to estimate

(if) = / () — fol@n) 19| de
<e / 1(61) — L (@2)11] + 1£1(62) — falé0)][] de
< / FUO61— 8161 + 1 1(62) — Folon)]|8)] de,

with {(z,t) € [min{¢;(z,t) —pa(x,t)}, max{ ¢y (z,t) — p2(x,t)}]. Using the uniform bound
1f'(9i)le@r < Cllpollm3(e)), see (4.7), and applying Young’s inequality, we derive

(i1) < Cllfi]l = / 0P dz + C(1f1(02) — falen) 122 + 1]122)
< C(I012 + 1F132).

(4.12)

where C' depends on the domain €2, the constant ¢ and the uniform bound of f'(-). Using
similar arguments as before, we bound the third term in the following manner

(iii) = C, / (1) — Faldo)||i] da

< Gyl fillzoe @l 2l tll 2 + Coll fi(d2) = fald2)ll 2l 2
2 ; Cb
< Ol + [11l72) + 1 lze,
where the constant C' depends on the bounds of the parameter functions b(-), f'(-) and
a constant derived from Young’s inequality. Additionally, we applied the continuous em-

bedding of H'(I) into L>°(I), which will be utilised on various occasions in the subsequent
estimates but will not be explicitly mentioned all the time. To estimate the fourth term,
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4. Regularised inversion by an output least squares method

we use the uniform a-priori bounds (4.7), i.e. V¢ is a-priori bounded in L*>(0,7T; L>(2)),
which consequently establish the boundedness of ||b5(¢2)Vda|| Lo (L), and obtain

(iv) = /Q V5621V 2l 2l [V ] dr < [[B () V| /Q AV 6| da
< < 02Vl IV + il
< CIVéliz + Llillze,
where C' is a uniform constant. For the fifth term, we again apply Holder’s inequality
(v) = 7/9“71(@) — by(62)[|V1na ||Vl d < ]| (b1 (1) — ba(62)) Vil 2|V 2. (4.13)

Let us consider the first term on the right hand side and recall that Vi, € L*(0,T; L*(2)),
b€ C*R), and {¢;}i=12 are uniformly bounded to deduce that

[(b1(1) = ba(h2)) Vil 72 < Va7 ([101(1) — ba(d2) |74 + b1 (d2) — ba(2)|74)
< IVmla (Culldlz + ClIblE)

Next, we employ an interpolation inequality, which holds in dimension d = 2, i.e for
¢ € H'(Q) it holds

1 1
61z < CQ) (1612 IVl ey + 162260 )

details can be found in the appendix. Using this, along with Young’s inequality, we further
estimate

AL AL N 2 N
1460 = ba0a)) Vil < 1l (Co (19151901 + 161) "+ iy )

< IVl (Collol= 1960 + 19112:) + Cloli
<32 + € ((I9mllEe + IVm BB + IV m 3013 )
< IVOIB: + Clbll3 + C(+ [V [3)I 612

Utilising this assertion, we deduce that (4.13) can be estimated further to derive a bound
of the fifth term

() < Cll(bi(¢1) = ba(62))Vur |72 + VO[3
< ClIbllz + 2IVelZ: + C + I Villza)llll7--
Gathering the estimates for (i)—(v), we establish the differential inequality

v d

~ Cph, ~ — ~
201 + il + (7 - 2= T) VA3

< € (1+ IVmlite) (1913 + 11 + 1B
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4.1. The solution operator S(+)

where C' depends only on the domain (2, the constant ¢ and the uniform bounds on the
parameter functions b(-),f(+), see Assumptions 4.1.1. Choosing a sufficiently large value
for e results in a positive coefficient in front of HVQABH%Q Additionally, by interpolation,
see [73], it holds that Vu, € L>(0,T;L*(Q)) N L*(0,T; HY(Q)) c L*0,T; L*(%)) for
dimension d = 2. Hence, the preceding inequality remains valid upon integration over
the time interval (0,7"), such that an application of the Gronwall inequality, see Lemma
A.2.1, using that Vu, € L*(0,T; L4()), yields

S(%I)T)||¢(f)||%2 1Al 72y + 1V 212y < CUE + 1Bl F2) =: C(x).
te (0,
Hence we conclude that we established as first estimate

01| oo (z2ynrzany + il 22y < CUf 22 + [1B]142) = C(x). (4.14)

In the following, we will use the notation C(x) to represent bounds that depend on the
difference of the parameter functions as defined.

Second step: To show higher regularity of ngS, we first establish an additional bound for
the terms in (4.10). By using the bounds given in (4.14) and the Assumptions 4.1.1 for
f(+), we estimate in a similar manner as in (4.12) that

11(61) = fa(@2)[32(02) < C (Nl = GllZais) + 1113 ) < C).

Now, we consider equation (4.10) from the perspective of an elliptic equation for (5 By
virtue of elliptic regularity [46], we infer

1AB]| 222y < C(lftllza(z) + 1f1(01) — fo(d2)12(12))-

Consequently, given that the domain 2 is periodic, we derive the estimate

19l 220y < CIDlL2z2 ) + 1A L2z2()) < C(%).

Third step: We will test the system (4.9)—(4.10) with suitable functions and use the pre-
viously established estimate (4. 14) to derive energy estimates, which will lead to bounds
of ¢ and [ with respect to b and f in higher norms. For this purpose, we test (4.9) with

v = fi and (4.10) with w = 9,¢, that is

(000, f1) = —((bi(d1) — ba(h2))Viur, Vi) — (ba(2) Vi, VL),
(i1, 0i0) = ¥(V, VO,0) + (f1(d1) — fa(2), Did).

By subtracting both equations and integrating over (0, ), we obtain
YIVOOI: + [ baléa) Vil dods
Q

T
| 10a(@1) = o) IV IV d s + /0 (fi(d1) — fald), B) ds (4.15)

=: (4) + (¢7).
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4. Regularised inversion by an output least squares method

To estimate the first term, we employ Holder’s inequality and similar reasoning as for the
bounds of the terms in (4.13), and derive

(1) < [[br(@1) = ba(P2)llLaws) Vil Lo [V itll 222y
< C (Colldlluaqzsy + 182 ) I s IVl
Once more, we utilised the boundedness of Vyu; in L4(0, T; L*(2)) by interpolation. With

the bounds given in (4.14) and Young’s inequality, we can now derive the following esti-
mate for the term (7) of (4.15):

. 1 N Ch N
(@) < COP IVl IVillaw < C6) + FIVillzae.
The second term of (4.15) is estimated to

(i) < | f1(61) = fa(@2) | 210l 2. (4.16)

We continue to derive estimates for the two terms separately. First, by employing inte-
gration by parts, we establish a bound for 0,¢, that is

7 _ (=(b1(P1) = b2(d2)) V1 — ba(d2) Vi, VU) 1212
101021y = sup
veL2(HY) 0]l L2(am)
[(01(01) = b2(02)) V|| z2(r2) + Col [ Vitl| £2(12)
1b1(61) = ba(d2) | L2y IV 1l Loy + Col| Vil 2(z2).-

Subsequently, with the boundedness of Vu; in L4(0, T; L*(2)), the stated assumptions on
b(-), and the established bounds (4.14), we deduce

Y

<
<

. R . N 1 N
100 21y < CUlPNLszay + [bll =) + Coll Virll 22y < C(%)2 + Gl Vil 22y, (417)
as first estimate of the terms in (4.16). Here we used that by interpolation [73] it holds

Pl Laczay < C(l|Dll2qwrzy + || Bz r2y)-

Next, we establish an estimate of the difference of the functions fi(-), f2(+) in (4.16) in
L0, T;W'2(Q)). By differentiation and application of the triangle inequality, we get

IV(fi(#1) = fod2)) | L2(r2)
< ||f{(¢1>v¢1 - f{(¢2)v¢2“L2(L2) + H(ff(ﬁbz) - fé((/ﬁz))vﬁﬁz”m(m)
< | (fild1) = f1(02))Vonllrzrzy + | f1(d2) (Vo1 — Vo) 222y
+ 1(f1(P2) = fo(h2))VallL2(r2)-

By employing the mean value theorem, utilising the bounds of f;(-), and applying Holder’s
inequality, we further estimate this to

CUNNN eIV llzaws + CUDNIV O 22y + 1 Flla |V ol 2 (2)-
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4.1. The solution operator S(+)

Hence, together with the established bounds (4.14), we derive

IV (f1(61) = fa(@2)lr2zzy < CUIdll 2y + I fllaz) < C(%)2, (4.18)

as second estimate of the terms in (4.16). Combining the previous estimates (4.18) and
(4.17), we can further bound (4.16) by

. ; Cb o n
(@) < /(1) = fa( @)l 2 100l 2y < UV AlZ2z2) + C5).
By combination of the inequality (4.15) and the bounds on (7)—(ii), we deduce that

H¢||%°°(H1) + HV:&“%Q(LQ) + HatQﬁH%Q(H*l) < O(x).

Further, combining this inequality with the bound (4.18), we obtain by elliptic regularity
that

18]l 29y < C(x)
and conclude the third step.

Fourth step: In order to derive our final estimates, we will test (4.9) with v = A%,
derive energy estimates and employ a Gronwall argument at the end. We initially derive

a bound for the difference of the functions f;(-) in L?(0,T; W*?(Q2)). By differentiation,
we compute

IAGA(61) = Falda)) I
/ PGV + F(60) Ay — 11(62)[Véal? — fi(da) A da,

and by introducing appropriate zero terms, we can further estimate

/ I( "(d2)) V| + Fl(62)(VOV 1 + VoV + (fi — f2)(d2)| Vol
[(F1(61) = F1(D2)Ab1 + f1(d2) A(d1 — ¢2) + (f1 — f3)(2) Apo|” da =: (i) + (ii).

To estimate the terms of (i), we employ the mean value theorem, along with the uni-
form bounds for f”(-) and f"”(-) from Assumptions 4.1.1, and the uniform bounds of the
solutions ¢;, Vg, € L>(0,T; L>(2)) to obtain

(i) < CUIA"QOIV O IT2 + IV + I — 13)(62)| Venl*|172)
< C(10l17: + IV SlIz2 + 1f"117).

Considering A¢; € L?(0,T; H?), we proceed to estimate the terms of (i7) and derive

(i) < C(|FCQ)pAG |22 + | £ (D2) A\ 22 + |(f] — f3)(d2) Aol 22)
< C(19l7allA¢1ls + 1AGN7> + 1f1I7)
< C(lloIF + 1AN7 + (171 0)-
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4. Regularised inversion by an output least squares method

By combining the estimates of (i) and (iz), we obtain the bound
IACf1(@1) = fa(d2)) 72 < CUISNIZ: + [VSIIZ2 + 1AS]Z2 + 11 f]1Fr2)- (4.19)

Now, we continue with testing the first system equation (4.9) by v = A2¢, i.c.

9 dtHA¢HL2 = (div((b1(¢1) — ba(2)) Vi), A2¢) + (div(ba(¢2) Vi), A2¢) = (i) + (47).

Applying Young’s inequality, we can estimate (i) as follows

(i) < Clldiv((ba(@n) = ba(2)) V)32 + 2 A% 3.

We recall that py € L*(0,T; H*(Q)) and proceed to calculate the application of the
divergence operator. This yields after another application of Holder’s inequality

(i) < C(||6}(¢1) V1 — by(d2) Vo 72lIV |7 + [1b1(d1) — ba(2) (|76 ]| Asia [ 75)
+ Z218%33.

Using similar arguments as in the derivation of bound (4.19), we then estimate the dif-
ferences involving the mobility functions b;(-) and obtain

. n ~ /yc
(i) < CUloll + 1015 IV T + [ApalZs) + b||A2¢||Lz

For the terms of (i7), we apply the divergence operator, along with Holder’s and Young’s
inequality, while considering the regularity of ¢;, to estimate

(i1) = (by(2) Vo Vi, A%0) + (ba(ba) Afi, A%0)
< CIVAlEl Vol + TEIAGF + (ba(d2) A, A%).

We consider the last term and insert 1 = —yA¢ + f1(d1) — fo(¢2), i.c. the definition of
v in (4.10). This is then estimated in a similar fashion as before, while also utilising the
estimate (4.19) on the difference of f;() and the uniform boundedness of by(¢), such that

(b2(62) Aft, A%) = (ba(92) A(=7AG + fi(¢1) — fo(62)), A%0)
< —(ba(62)A%, A%) + 2| A2
+ C(Iol3n + 1201132 + [1F132)-

From this calculation, we then deduce

. e
(ii) < b||A2¢||L2 + C (V7= I Vitllz + 19117 + 1AB]I72 + (1 F117:2).

By gathering the estimates of (i)—(i7), we obtain the following differential inequality

ye
2 ad)z + b!IA2¢|!L2 <C(IVpllze + 12 172) (Dl + 1]172)
+ C(IV el VAllZ: + 19171 + 1AGI72 + |l fllF2)-

th
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4.1. The solution operator S(+)

Recall that u; € L*(0,T; H3(2)) N L>°(0,T; HY(Q)) and V¢; € L>(0,T; L>(Q)), such
that Vy; € L*(0,T;L>(Q)) and Ap; € L*(0,T; H'(Q)). Now by integrating over the
time interval (0,t), we derive
~ yep ~
A + LA e
< C(Hvﬂlﬂzﬁ(Lw) + ||A:u1||%2(L3))<||QA5”%00(H1) +11B]132)
+ C(”V%”%oo(mo)||Vﬂ||2L2(L2) + ||¢”%2(H1) + HAﬁf’H%?(L?) + [ f1I%2)

t
< C(*)+C/ 1AB|2. ds.
0

By employing a Gronwall argument, see Lemma A.2.1, and utilising elliptic regularity
[46, 89], we deduce

”QAS”LOO(H?)NLQ(H‘l) < O(x).

which is the final estimate for ¢. Additionally, since we estimated ¢ in L (0,T; H*(Q))
and (f; — fo)(+) in L*°(0,T; L*(Q)) to C(x), we deduce from the second system equa-
tion (4.10) that

2]l Lo 22y < C(%).

Lastly, we take the Laplacian of equation (4.10). By considering that we already estimated
¢ in L*(0,T; H*(Q)) and A(f(¢1) — f(¢2) in L*(0,T; L*(2))) to C(x), we observe finally
that

||/l||L°°(L2)ﬂL2(H2) S C(*)
which completes the proof. O

By an inspection of the first step in the proof, we deduce the following result.

Corollary 4.1.4. Under the assumptions of Theorem 4.1.3, one has the estimate

(D1, p11) = (D2, p2) || 222y < C||(b1, f1) — (b2, f2)l[

4.1.3. Properties of S(-)

Let us now establish some further important properties of the solution operator. Recall,
that
S:D(S) C (H*(I))* — (L*(0,T; L*(2)))%,  S(b, f) = (¢, ),

is well-defined, where

D(S) := {(b, f) € (H*(I))*: Assumptions 4.1.1 hold}.

Now, we interpret the solution operator as a composition S(-) = S(E(-)) of the two
operators

S+ (H(D)* = (L2(0, T3 LX(Q)))%, v (&),

E: (H*(I)?* — (HY(I))?, T
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4. Regularised inversion by an output least squares method

From Corollary 4.1.4, we know that S is a Lipschitz continuous operator, it holds

1S (b, f1) = S(ba, fo) 212y < Cll(br, f1) = (b, fo) |- (4.20)

Further, as the embedding H?(I) into H'(I) is compact, we know that E is a compact
linear operator. Hence, we derive the following lemma.

Lemma 4.1.5. Let Assumptions 4.1.1 hold. The solution operator S(-) is well-defined
and Lipschitz continuous. Further, S(-) maps sequences in D(S) weakly convergent in
(H?(I))?* to strongly convergent sequences in (L*(0,T;L*(2)))?, i.e. S(-) is completely
(weak-to-strong) continuous.

Proof. Well-definedness is clear. Lipschitz continuity follows from the observation that
S(-) and E(.), as a linear operator, are already Lipschitz continuous operators. Hence,
it is left so show that S(-) is weak-to-strong continuous. This assertion follows from the
Lipschitz estimate (4.20) for S(-) and the fact that E(-) is a compact linear operator. L[]

In particular, as S(-) is weak-to-strong-continuous, S(-) is also weakly continuous.

4.2. Tikhonov regularisation

Let us now consider the Tikhonov regularisation of the inverse problem

F(b,f)=¢" (4.21)

In our problem the forward operator has the special structure F'(-) = L(S(-)), where S(-)
is the solution operator to the Cahn-Hilliard system (4.1)—(4.2) as before and

L: (L*0,T;L*(Q)))* — L*(0,T; L*(Q)), (w1, 19) > 1.

One immediately sees that L(-) is a linear and continuous operator. This leads us to the
definition of the forward operator

F(b, f): D(F) C (H*(I))* = L*(0,T; L*(Q)), (b, f) = L(S(b, f)) = &,

where D(F) := D(S) = {(b, f) € (H*(I))? : Assumptions 4.1.1 hold}. We assume that
the measurements ¢° satisfy the following condition

16 — & || L200/m5220) < 0

with a known noise level § > 0. Our aim is to obtain stable approximations to the true
parameter functions satisfying F(b', ¢') = ¢, by minimising the Tikhonov functional

1 Q
: 9 o 4112 * Lk |12
(b,fI)rélg(F) Ja(bv f) T §||F(b7 f) — ¢ ||L2(L2) + 5”(67 f) - (b v )||H2(I) ) (422)

where a > 0 is a regularisation parameter and (b*, f*) is an initial guess of the parameter
functions, which, as f can only be identified up to constant, determines the constant C'.
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4.2. Tikhonov regularisation

4.2.1. Existence of minimisers

Using the previously established properties of the solution operator S(-), we can now
establish the following theorem.

Theorem 4.2.1. Let Assumptions 4.1.1 hold. Then for any o > 0 and any ¢° €
L*(0,T; L*(Q)), the Tikhonov problem (4.22) has a minimiser (b, f2) € D(F).

Proof. The domain D(F) is closed and convex, hence it is weakly closed. Further,
the solution operator S(-) is continuous and weak-to-strong continuous. As L(-) is a
continuous linear operator, we deduce that F'(-) = L(S(-)) is also continuous and weak-
to-strong continuous. In particular F'(-) is weakly continuous. Now existence of a solution
follows from standard theory, see Theorem A.1.1. O

Remark 4.2.2. L(-) can be interpreted as a measurement operator which here amounts
to taking full observations of the phase fraction ¢. Other measurement setups, including
partial or boundary observations of ¢, could be considered similarly.

4.2.2. Realisation of Tikhonov regularisation

Using x = (b, f), v’ = ¢° and X = (H*(I))?, Y = L*(0,T; L*(Q)), we can rewrite (4.22)
in compact form

. 1 o N
min J20.1) = 1@ =y + Sl = (123)

Motivation

Let us assume for a moment that D(F) = X, i.e. we consider an unconstrained version
of the minimisation problem (4.23). Assuming that F(-) is Fréchet differentiable, we
formally calculate the derivative J'(z) of the Tikhonov functional (4.23) in the direction
of he X
J'(x)h = (F(z) =y, F'(x)h), + o (x — a*, h)
= (F'(2)" (F(z) = ") + ale —a*),h) |
where F'(z) denotes the Fréchet derivative of F(z), and F’(z)* it’s adjoint operator, which

is defined by (F'(z)*y,h)y = (y, F'(x)h)y for all h € X and y € Y. This leads to the
necessary first-order optimality condition

0 = (F’(x)*(F(a:) — %) + a(z — x*), h)X , (4.24)

for all h € X. In order to solve equation (4.24), one can employ a Gauss-Newton approach.
In essence, the approach involves adapting Newton’s method while neglecting the terms
involving second-order derivatives of F'(-). This results in the Gauss-Newton iteration

(F'(2®)* F'(a%) 4+ o* D A2® = F'(2%)*(y° — F(2¥)) — oF (2% — 27),

2H = gF 4 Ak,
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4. Regularised inversion by an output least squares method

where of = 1/2*. This approach is referred to as the Levenberg-Marquardt method. It
was initially formulated as a trust region approach involving the solution of a linearised
Tikhonov problem on a domain around the current iterate. However, this iteration scheme
has several other possible interpretations and derivations, e.g. as a preconditioned version
of the Landweber iteration. We refer to [45, Ch.11] and [67] for more comprehensive
details towards the iterative regularisation of nonlinear problems, including discussions
on the convergence of the Gauss-Newton method, which we do not address here.

Projected Gauss-Newton iteration

Now, we consider the minimisation problem (4.23) including D(F') as defined in Sec-
tion 4.1.1. The Gauss-Newton iteration, as described, has to be adapted to be applied.
In order to solve the minimisation problem, we use a projected Gauss-Newton iteration

(F'(2®)* F'(2%) 4+ of 1) Ax® = F'(2%)*(1° — F(2%)) — o*(aF — 2%),
"t = Ppp)(z" + wAzh),

where 0 < w < 1 is a stepsize, of = 1/2*, and Pp(r) denotes the projection to D(F) in
order to incorporate the constraints on the parameter functions, especially the positivity
constraint of b(-). We stop the iteration according to the discrepancy principle, which is
a parameter choice rule for the regularisation parameter «; see [45]. It reads as follows:
choose @ = (4, y°) such that

a=sup{a>0:|F(’) —|ly <70} for some 7 > 1.

Since the Gauss-Newton matrix is positive definite, Az* is a decent direction. The pro-
jected Gauss-Newton method combined with a suitable step size rule can therefore be
understood as a descent method for (4.23), see [60]. The projected Gauss-Newton itera-
tion in combination with the discrepancy principle has been analysed in [5, 66]. Moreover,
for applications of this method to solve minimisation problem of the structure (4.23), we
refer to [39, 77].

Summary and further outline

Let us briefly summarise. We have shown that the non-linear identification problem has
a solution and proposed a Gauss-Newton method to compute the minimiser. Now, in
order to apply the iterative solution method, we require the Fréchet derivative F'(z). As
the forward operator is defined as F(-) = L(S(:)), we only need to study the Fréchet
derivative S’(x) of the solution operator, which will be presented in the following Section
4.3. Further, to facilitate the iterative solution method, we will establish a representation
of the adjoint operator F’(x)*. This is presented in Section 4.4.

4.3. Fréchet derivative of the solution operator S(-)

We recall that the goal of this section is to establish the differentiability of the solution
operator S(-), which will lead to differentiability of the forward operator F(-).
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4.3. Fréchet derivative of the solution operator S(-)

Let Assumptions 4.1.1 hold and consider a fixed pair of parameter functions (b, f) €
D(S) with corresponding smooth solution (¢, i) of the Cahn-Hilliard system (4.1)—(4.2).
Moreover assume that we have functions (b, f) € (H2(I))?, such that the pair of functions
(b+b, f + f) remains in D(S), hence also satisfying Assumptions 4.1.1. In this setting,
we analyse the following linearised state equations for the variables (¢, £):

~

Oy — div(b' (9)yVu) — div(b(¢)VE) = div(b(¢) V) in Q x (0,7), (4.25)
§+70¢ — f(0) = f(9) in O x (0,7),  (426)

with initial condition (0, ) = 0 and complemented with periodic boundary conditions.

In the following two subsections, we show that the system (4.25)—(4.26) possesses
a unique solution (v,¢) for any admissible (l;, f) Afterwards, we prove that using
the solution (v,&), the Fréchet derivative of the solution operator S(-) is defined by

S'(b, £)(b, f) = (¢,€).

4.3.1. Existence of solutions to the linearised problem

Let us start with stating the following result regarding the existence of solutions to the
linearised system (4.25)—(4.26).

Theorem 4.3.1. Let Assumptions 4.1.1 hold. For any admissible (b, f) € (H2(I))?, the
system (4.25)—(4.26) has a unique solution (¢, &) with the regularity

€ L0, Ty H' () N L*(0,T5 H3(Q) N HY(0, T3 (H'(Q))') := Zy,
§ € L0, T; H'()),
satisfying (0, 2) = 0 in L*(Q), and equation (4.26), i.e.
§+y00 — f(o) = f(9),
a.e. in Q2 x (0,7), and it holds

(4.27)

~

(O, v) g + /Q(b'(gb)@/)Vu +b(p)VE) - Vudr = —/ b(¢)Vu - Vudx (4.28)

Q

for-a.e. t € (0,T) and for all test functions v € HY(Q). Moreover, there exists a positive
constant C, not depending on (¢, &), (b, f), such that

1911z, + 1€l 2y < CCUIbNz2 + 11l 22). (4.29)

Before we go into the details of the proof, let us briefly highlight the main arguments.
The theorem is established by Galerkin approximation, which involves introducing a finite-
dimensional approximation, deriving a-priori estimates, and then employing compactness
arguments to go to the limit. Since many steps align with standard arguments for a
linear system, we will not consider every single step in detail. Instead, we will present the
derivation of the a-priori-estimates.

The approach for this proof is inspired by [64] and divided into five steps. In the first
step, we derive energy estimates and use a Gronwall argument to derive the first estimates
of the solution (1, ). The following three steps will establish estimates of the solution in
norms as stated in the theorem. Lastly, we derive uniqueness by considering the difference
between two solutions and following the same testing strategy as before.
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4. Regularised inversion by an output least squares method

Proof of Theorem 4.3.1. We multiply the system (4.25)—(4.26) with test functions
v, w, integrate over the domain () and use integration-by-parts to obtain the following
weak formulation

(0, 0) s+ (V' ()0 V 1, Vo) + (B($)VE, Vo) = —(b(¢) Vi, Vo), (4.30)
(& w) = VY, V) = (f (@), w) = (F(¢), w), (431)

for all test functions v,w € H*(Q)) and a.a. 0 <t < T and (0, z) = 0.
As initial consideration, we observe that by testing (4.30) with v = 1, we deduce

(Op(t),1) = 0. After integrating over the time domain [0,¢] and considering that
Y(0,2) = 0, it follows that [,¢(t,z)dz = [,¢(0,2)dx = 0, i.e. the mean value is
constant zero in time.

First step: We test (4.30) with v = ¢ and (4.31) with w = —0;%), and add the resulting
identities. Upon integration over the interval (0,t), taking into account that (0, z) = 0
and using the lower bound of b(-), see Assumptions 4.1.1, we arrive at

t
.
VOl + 0o | IVl ds

< /Q ) TAVE — D0 — F (600 — HyTuvednds (432

=:(4) + (1) + (ii1) + ().

The terms (i)—(iv) are now individually estimated. For the first term, we apply Holder
and Young inequalities to derive

()] < / 1b(6)V il 2 V€ 12 dis

t
~ Cp
< [ @Vl + Vel ds

0

t
A c
< CUVAIE ) O~y + 5§ [ 19€]Eds.

For the second term, we employ integration-by-parts in the time direction, and once again
apply Holder and Young estimates to deduce
|(i2)] <

t)dr| + "(9)0y) dx ds

< (@)1= 1 (8)]l 2 +/0 1ol esll £ (D) ]2 10ell s s
< C(If (D)) + %Ilw(t)lliz +/0 113 + ClULF (0)[F ) 100117 ds.

We have also made use of the embedding of H'(Q2) into L?(Q) for 1 < p < 6 in dimension
d = 2. For the third term, we once more apply integration-by-parts in the time direction
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4.3. Fréchet derivative of the solution operator S(-)

and compute

il
"6) |¢I

|(#4)| =

dx ds'

’/f ()] dz| + ‘//f ()0, p* dx ds| .

By the uniform boundedness of ¢, see (4.7), and the bounds for f(-) and its derivatives
provided by Assumptions 4.1.1, we deduce
t
/ /8tgb¢2dxds .
0 Jo

By applying Holder and Young inequalities, along with standard Sobolev embeddings, we
derive the following estimate

[(@i0)] < 1 (D)@ 0Ol + 17 (0)l] (00

|(@1d)| < || f' (D)l oo [0 (E) 172 + ||f”(¢)||L°°(Qt)/O 10l Lol s ||| 22 ds

<N @)z i 1@z + Hf”(¢)HL°°(Qt>/O 111 + 10 7 11122 s

Moving on to the last term (iv), we begin by using the bounds on b(-), the uniform
boundedness of ¢, and Holder’s inequality to estimate

(iv)] < O, 6) / / WV VE] de ds < OV, ) / 1V pll 2| V€l 2 ds

cw'. ) / ol |V il | V€] 2 .

Subsequently, utilising the interpolation inequality (A.3), i.e

[l < CQ) (11150 IVl 2@ + I¥lli2e)

and Young’s inequality, we obtain

(o) < CW,0) [ 191Vl (1L IVelL + 0l:2) ds

IN

c t . t
% [IvelEs s+ Cw.0) [ 19ulBalolis (190l + 0112) ds

a [* / ¢
<% [I9elis s+ Cw.o) [+ IR0l + V6l ds

To summarise, considering the estimates of the terms (i)—(iv) on the right-hand side
of inequality (4.32), using the boundedness of the parameter functions and also of the
solutions (¢, 1), we obtain the integral inequality

7 2 ¢ [* 2
Lo +2 [ 1€l ds
0

t
< C/O L+ IValLs + 101 1NLe + IVl ds + CIblIE= + [1F1172).
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4. Regularised inversion by an output least squares method

where C' denotes a constant independent of (¢, £) but relies on the bounds of the parameter
functions and a-priori estimates of (¢, 1). Now, by using Poincaré’s inequality, we simplify
the integral inequality to

i 2 o [ 9
e+ 2 [ 19l ds
0
t
<C [ 0+ IVults+ 103 ) IV ds + CUIbIER +1171e).

Note that the mapping s — [|0;¢(s)||3;: is indeed in L'(0,t), a consequence of the regu-
larity of smooth solutions, see (4.6). We recall from (4.6) that d;¢ € L*(0,T; H*(S2)) and
by interpolation, see [73], it holds that p € L*(0,T; L*(2)), which allows us to apply the
Gronwall Lemma A.2.1. Consequently, we obtain the a-priori bounds

[l ey + (V€N 2y < CUBNIE + 1./117).

Now, an estimate for £ € L2(0,T; L?(Q)) is left in this first step. By testing (4.31) with
w = 1 and making use of the fact that f'(¢) € L>(0,T; L>(£2)), we estimate the mean
value M(t) of £(t) and compute

M(©) = [ €tyde= [ F(0)0+ 1) dn < (L0l + O 0).
Q Q
Hence, by Poincaré’s inequality we obtain
IE@) |2 < O VE®)|| L2 + CM(2)?

and since ¥ € L*(0,T; L*(Q)) we can bound the mean value M(t) in L*(0,T; L*(Q)), i.e.
we deduce £ € L*(0,T; H(Q)).

Second step: We aim to improve the regularity of 1) and proceed by testing the second
system equation (4.31) with w = A. In fact, this test function is feasible because one
selects an appropriate Galerkin approximation space that is stable due to construction.
By applying integration-by-parts, we derive the estimate

N / A de < / VEVY + (S)AS + f(6)AY| da.
Q Q

We estimate the terms on the right-hand side employing Holder and Young inequalities,
and utilise the bounds on the parameter functions f(-), f(-), as well as the uniform bounds
of ¢. This results in

.
2 [180P do < O+ VIR + Iol)

Through integration over the interval [0,¢] and recognising that £ and v are already in
L*(0,T; H'(Q)), we conclude that At is bounded in L*(0,T; L*(Q2)). Hence, we deduce
that ¢ € L2(0,T; H*(Q)).
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4.3. Fréchet derivative of the solution operator S(-)

Third step: To derive a bound of ¢ in L?(0, T; H3(§2)), we make use of elliptic regularity
theory [46]. To achieve this, we consider the second equation of the linear system (4.26) as
an elliptic problem for ¢). Note that beside ¢ all the terms in (4.26) are already bounded in
L?(0,T; H(€)) due to the previous estimates, the uniform bounds on ¢ and the parameter
functions. The estimate for v is then readily obtained through the application of elliptic
regularity, resulting in R R

ellzasy < CUBIE + 1F122).

Fourth step: It remains to establish 9y in L?(0,T; (H*(€2))’), alongside the verification
of equation (4.28). To address this, we recall the definition of the dual norm

10:) ()|l (zr1y = sup M
verrt vl

Initially, we consider the duality product in the numerator by inserting the variational
equation (4.30) and proceeding to estimate it using the Cauchy-Schwarz inequality. This
results in

~

(Ob,v)m = =V (@) Vi, V) = (b(9)VE, V) — (b(¢) Vi, V)
< ([0'(@)yViullzz + [|b(@) VE] 22 + [[b(@) Vil 2) I V]| 2.
Consequently, we deduce that the dual norm is bounded by
10 ()]l ey < V(D)0 V el 2 + 1()VE 2 + 1B(8) Va2

Through integration over the time interval [0, T'], while utilising the bounds of b(-) and ¢,
we compute for an arbitrary test function v € L?(0,T; H'(2)) the estimate

T
100022 ey = / 101y ds
T
< / ()Tl + 15(B)VE 2 + [6(6) VulZa ds

T
S/O 16 (D)oo ) 19 e IV 11 2+ 1D(B) e ) VENIZ2 + 1D() oo ) [V 1] L2 s

< CW) IVl o) 10l 72 () + CONVENT2(z2) + IVl gz 1B 7

Thus, we deduce, using the previously established estimates of 1 and &, that ¢ €
HY0,T;(H'Y())) and one has

102y < CUUIBIIT2 + [1f117)-

Uniqueness: The system (4.30)—(4.31) is linear with respect to the variables ¢ and &.
Hence we consider the system (4.30)—(4.31) for two solutions {(¢,&;)}i=1.2, and subse-
quently subtract the equations. Then, the differences @ =11 — Yy and é =& — & also
fulfil the system (4.30)-(4.31) with b(-) and f(-) constant zero. Given the regularity of
the solutions {(v;,&;)}i=1.2, we are able to repeat the same testing procedure employed
previously and derive bounds with respect to b(-) and f(-). However, as b(-) and f(-) are
zero, it follows that the differences 1/3,5 are zero almost everywhere on €2 x [0, T]. Hence,
the uniqueness of the solution is established. O
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4. Regularised inversion by an output least squares method

4.3.2. Fréchet differentiability of the solution operator S(-)

We have previously established the existence of unique solutions (¢, &) for the linearised
problem. In this section, we show that these solutions define the Fréchet derivative of
the solution operator S(-). Afterwards, we will deduce differentiability of the forward
operator F'(-).

Theorem 4.3.2. Let Assumptions 4.1.1 hold, (b, f1) € D(S), and let (1, ) be the unique
solution to the linearised system (4.25)~(4.26). Then for any (b, f) € (H2(I))2, such that
by := b1 + b fo:=fi+f € D(S), there exists a positive constant C, not depending on
(b, f), such that

1@, @)llzg < Cll(ba, fo) = (b, )72 = CI, I,

where ¢ := ¢y — ¢1 — U, i = pp — iy — & with (9is i) = S(bi, fi) fori=1,2, and Zg

denotes the product space
Zg = (L*(0,T; H*(2)) N L(0,T; L*(Q)) N H'(0,T; (H*(2))")) x L*(0,T; L*(%)).

Then, for any (b, f) € D(S) the Fréchet derivative S'(b, f) € L((H?(I))?, Zg), is defined
as follows: For any (b, f) € (H2(I))2, we have S'(b, f)(b, ) = (¥,€), where (,€) is the
unique solution of the linearised problem (4.25)—(4.26) corresponding to (b, f).

Before going into the details, let us again briefly sketch the main arguments. The
subsequent proof is inspired by ideas presented in [29, 64]. We start by deriving a
problem that is solved by the variables (¢, ji). Then, we establish energy estimates and
employ a Gronwall argument to obtain a first estimate with respect to (?), f ). Finally, we
show this estimate in a higher norm.

Let us point out that higher regularity of smooth solutions (¢, 1), see (4.6)
the estimates derived in Theorem 4.1.3, i.e. the estimates of (¢, ) to (b,
norms, are necessary for the upcoming proof.

along with
) in higher

Y
~

Proof of Theorem 4.3.2. Let us begin by observing that for any (by, f1) in the interior
of D(S), there exits a neighbourhood around (by, f1) where, for sufficiently small (b, f),
we have (by, f2) € D(S). Subsequently, both (¢, u2) and the linearised solution (¢, §)
corresponding to (b f) are well defined. From Theorem 4.3.1, we know that the map-
ping S’ (b1, f1) : (b, f) — (4, €) is both linear and continuous as a mapping from (H2(I))?
to Zg. Therefore, we consider the mapping

r:(H(I))? = Zs,
(b, ) = r(b, f) == (6, 1) = S(ba, fo) — S(by, f1) = S by, f1)(b, ).

To establish Fréchet differentiability [60], we aim to show that € o(||(b, f)||y2), more
precisely, we will prove that

(b, Hllzg = 106, Dz < Ol P
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4.3. Fréchet derivative of the solution operator S(-)

From the regularities of smooth solutions, see (4.6) and Theorem 4.3.1, we infer that the
residuals (¢, 1) satisfy the regularities

¢ € L=(0,T; H'(Q)) N L*(0, T H(Q)) N H'Y(0, T; (H' (),
o€ L*0,T; H'())

with ¢(0,z) = 0.

First step: Now, we derive a system of equations that will be fulfilled by (¢, ji). Let
(¢1, 1) and (oo, o) correspond to the solution of the Cahn-Hilliard system (4.1)—(4.2),
with (by, f1) and (by, fo) = (by + b, f1 + f) being substituted for the parameter functions.
Moreover, let (1, £) be the unique solution of the linearised system (4.25)—(4.26), and let
(¢, i) as defined before.

By combining the Cahn-Hilliard system (4.1)—(4.2) with the linearised system (4.25)-

(4.26), we obtain the following equations satisfied by (¢, 1)

b+ div(—=be(p2)Viz + b1(91) Vg + b1 (d1)YV g + by (1) VE) = — diV(i?(%)V,ul)a
i+ vA¢ — (fa(¢2) — fi(d1) — fi(d1)y) = —f(¢1>-

We will now use Taylor’s theorem to rewrite the system, which will then be used to derive
the energy estimates. By considering the definitions of ¢, ¢’ and v, and using Taylor’s
theorem, we obtain the identity

fo(@2) — Fi(81) — filo)W = fi(d2) — f1(d1) — f1(d1)(d2 — &1) + f1(1)0 + f(2)

= (¢ — ¢1)2$ + fi(¢1) + f(¢2)

with ((z,t) € [min{pa(z,t) — ¢1(x,t)}, max{pa(x,t) — ¢1(x,t)}]. Recall that the smooth
solutions ¢1, ¢y are uniformly bounded, see (4.7). Consequently, using the Assump-
tions 4.1.1 on f(-), it follows that the function f”({) is bounded in the space L*°(Qr)
by a uniform constant C'.

Again, through the application of Taylor’s theorem, we derive a similar identity with
respect to terms involving b(+)

ba(h2) Vg — bi(¢1) Vi — b1 (h1)V pn — bi(h1)VE

= (b1(¢2) = b1(¢1))V (2 — 1) + (b1 (d1)d + (¢2 — d1)?

+b1(61) Vi + b(¢2) Vg
=1 gy + bi1(¢1) Vi + b(¢2) V ia.

b1(¢)
2

)V

Let us come back to the previous system for (¢, fi). By incorporating the previously
derived identities and considering the regularities of (¢, i), we deduce that (¢, 1) satisfy

(8,0, 0) i + /Q (g5 + b1 (1) V) Vo dz = /Q (b(¢1) Vi1 — b(h2) Vo) Vv d (4.33)
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4. Regularised inversion by an output least squares method

for all v € H(Q) and a.e. t € (0,T), and

726 — (6 — 00 4 1106106 = (o) + f6) (1.31)

a.e. in Q x [0,7].

Second step: Now, we turn to the derivation of energy estimates required to apply the
Gronwall argument. To do this, we will employ a similar testing procedure as in Theorem
4.1.3, i.e. we will test (4.33) with v = ¢, and (4.34) with w = £¢ and w = by (1)
Before we start to test the first equation (4.33), we will establish a bound for g, in
L2(0,¢; L*(2)). At first, we estimate
t
ol < [ [ Inta) = @I (= )P s

' / 7 207(C) o 2 o y
+/0 /Q‘bl(¢1)¢ — (2 — 1) T\ |V |*dxds == (i) + (i1).

For the term (7), we employ Holder’s inequality along with the mean value theorem, and
use the bounds on b(-), by(+), the regularity of ¢y — @1, V(2 — p1), and the bounds on
the differences established in Theorem 4.1.3. This leads us to the estimate

(i) < /0 1 (d2) — br(d)|1751|V (12 — )76 ds

< / 19(0) (2 — 601211V (12 — )12 ds

< Cllgy — ¢1||%°°(L3)||V<:u2 - /“)“%Q(LG)
< C(|(0, Fll2)-

Regarding the second term (ii), we use similar bounds while additionally incorporating
the regularity of smooth solutions, in particular Vu; € L2(0,T; H*(Q2))NL>(0,T; L*(Q)),
see (4.6). This leads us to the following

N t , B t b/l
i< [ [PV drds+ [ [ 162 - 0022 pvpf dods
0 JQ 0 JQ
t t
<C [10Imlnds+C [ 6= ! VynP o ds
0 0
t
< C [ 19NNl ds-+ Cllor = nllm amy oz = a1V e

t
< o / 13121V 01 [ s + 1B, )1 %).

Let us point out that the estimates of qg and [ to (l;, f) in higher norms, see Theo-
rem 4.1.3, are necessary for the estimates of (i)—(ii), especially ¢ € L>*(0,T;L>®(Q))
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4.3. Fréchet derivative of the solution operator S(-)

and pu € L*(0,T;WH5(Q)). By combining the estimates of (i)—(ii) and utilising Sobolev
embeddings, we derive

lgel1Z2z2) < CUID, FI + / lpal7s 10117 ds).

Moreover, utilising this bound and applying another Young inequality allows us to deduce

t
Vo drds| < ||gpllL22) IV Ol L2 (L2
Q

t
C(lI, f)\|3"{2+/0 lallzs @l Z2 ds) + 11Vl 7212y,

which we will employ in a moment.
We now proceed to test the equations (4.33)-(4.34). We begin by testing equation (4.33)
with v = ¢, integrating over [0, ¢] and using the previous estimate, which results in

601 = [ [ b0V + b6 Vi — ) TV s
0 Q
<C (Wb DM + [ b0l ds) + 1900 + [ [~ 9avideas
0 Q

/ / (61)V i — b6 Vi) Vdduds = (i) + (if) + (iid) + (iv). (4.35)

As we will see later, the third integral (éi7) will cancel out and we continue to establish
an estimate for the last integral, denoted by (iv). We initially observe that employing the
mean value theorem yields the identity

b(2)V iz — b(1) Vi = (b(da) — b(¢))V iy + b(h2) V(a2 — 1)
= U'(C)(¢2 — 1) Viur + b(d2) V(g — 11)-

We substitute the obtained identity into the integrand of (iv) and apply Hélder’s inequal-
ity. By using the bounds on the parameter functions from Assumptions 4.1.1, along with
the Sobolev embedding H?(I) in W1*(I) to bound b(-), we derive the estimate

(iv) < / / B(O) (2 — 61) Vi + b)Y (12 — )V ds

t
S/ 16l 2| (P2 = 01) Vil 22 [[V |2 + ([0l 52|V (12 = p) | 22| V@l 22 ds.
0

This term is further estimated by using the corresponding regularity of the involved
differences and of jq, resulting in

t
(iv) SC/O 16117211V a2 162 = énllToe + IVOIIL: + 181/ 1V (12 — pa) 172 ds

<HV¢3H%2(L2 + O”BHH2(HVMI”%N(L2)H¢2 - ¢1H%2(L°°) + |V (p2 — Ml)“%%m))
<Vl 722y + CUID, PlI3e).
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4. Regularised inversion by an output least squares method

Hence, we have established all needed bounds of inequality (4.35), which yields
Los e NP ' 2 11112 7112
31801 <C (16 ke + [ WanlBeldlE ds) + 196l
t
+/ / —by (1) ViV dx ds (4.36)
0o Ja
We proceed by testing equation (4.34) with w = €@, applying integration-by-parts, and

using the periodic boundary conditions. Upon integrating over (0,t), this leads to the
following identity

U (606.6) + (1.9) + (7(61).6) — (f(62). ) ds

swv@@@azgé—«@—¢m

where ¢ is a positive constant, which is specified later. An application of the mean value
theorem and Young’s inequality with constant ¢;,/4v yields the following estimate for the
right-hand side

AVolEn < [ == (0= 0 4 0060 + 21

2ve? = e ;
# (5 1) 1618+ 1Bl - el s

We denote the terms by (i) — (iv). The term (iv) is bounded by the estimates of
Theorem 4.1.3, i.e. (i) is bounded by C(||(b, f)||‘}{2).The terms (i4) and (#i4) remain
unchanged. As preliminary estimate for the term (7), we first utilise an interpolation
inequality, and again the bounds provided in Theorem 4.1.3, to derive

[ 16600 2 s < 1 - onttae
< C(||p2 — drllzsor) + 2 — dullzzavre))* < CUIb, F)l|He).

For the term (i), we now apply Holder and Young inequalities, along with the previous
estimate, and the uniform bounds on fi(:) and ¢, yielding the following

6/0 —((¢2 — ¢1)2& + f1(¢1)0, ) ds

<¢ 16 = 0P LB 1 + 1 tt061: + 161 o
gam&ﬁ%a+clnw$@.
Combining the estimates for (i)—(iv) results in the inequality
t
_ _ Cp | _ A A
mwwamsoAMMngﬂmam+cwmmm»
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Moreover, in addition with the inequality (4.36), we derive as intermediate inequality

1, - - t - Cp , _
oMLz + (67 = DVolLae) SC/O(1+|!u1H§13)H¢H%zdS+g!luH%w) (4.37)

A A t —
LI, ) + / / by (61)Vi - Véda ds.

We once more test the second system equation (4.34), this time using w = by(¢1)f,
which is feasible due to the sufficient regularity of b;(¢1). By using integration-by-parts
in space, followed by integrating over the time domain and reordering of the terms, we
arrive at a similar inequality as before

t
el < / (71, bu(61)i) ds

= [ = 0025+ 16060100 + 2(96. 9 tn 600
— (f/(61) + f'(62), ba (1)) ds.

We denote the terms by (i)—(¢ii), and estimate the terms individually employing similar
arguments as before

t
p Co\ — A Co
(i) < [ ClLWll62 = onlfsds + Ll < CUG. Plle) + Elilen,

t
() < CUGA + [ ol + Ll ds

0

For the term (ii), we differentiate using the product rule

(i1) = / (Y8, Y (b (6))) ds — / (V. bu(60) Vi) + 1 (V. i By(61) Vi) ds

and then proceed to estimate the latter term as follows

v [(V8.8 860V00 ds < [ 100 V01l I98ella ds
" >
< 2L 800) V1 g VDIt + s
< O Voliaee) + Il
where C' is a uniform constant. By combining the estimates of (i)—(iii), we get
Cb||ﬂ||%2(L2) - 6||VQ3H%2(L2)

- bt 4.38
SC(II(b,f)IIisz/O Cllolz: + )

3Cb

lalids+ [ +(96.h(6) ) ds.
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We multiply (4.38) by 1/~ and then add the previous inequality (4.37) to derive
O 2 O) V|2 g + Il
2“05( iz +(ev =2 = O)Volliee + 2,YHMHLZ(LZ)
t
<C [ (0 Il 161 ds-+ CCIG. Pl

Now, by choosing € to be sufficiently large such that the prefactor on the left is positive,
the inequality simplifies to

t
I6Z2 + IVSIIL2z2) + Nl L2y < C/O (L + el @lzz ds + CUI O, H)lk2)

for any t € (0,7]. Through the application of a Gronwall argument, see Lemma A.2.1,
we consequently deduce the estimate

0]l oo z2ynrzcmny + [|E2ll22 < CUIb, )l F2)-

Third step: We will now show the estimate in two other norms. First, we consider (4.34)
as an elliptic problem for ¢). Therefore, by utilising the previously established estimates
of ¢, i1, we deduce from elliptic regularity theory that

2 /7(0)
2

10l 212y < C(||(d2 — ¢1) + (600l 22y + Il 2wz + 1 (61) + F(62) ] 1222))

CUI(b, f)lIF2)-

Second, it remains to show that ¢ € H*(0,T; (H?(R))'). By testing equation (4.33) with
v € L*(0,T; H*()), using integration by parts, and utilising the previously established
estimate of i, we obtain the following estimate

T
/ (01, v) 2() ds
0

T
< [ [1av0+ bionno -+ w6000+ (60 V1m — b(0a)Vpa) Vol dods
0 Q
< (CUIG, F) ) + Cllilzzaz) + CUB 60V il o) lill 22y ) oz
<CUIG, D)ol 2,
which concludes the proof. O]

From differentiability of the solution operator S(-), we directly deduce the differentia-
bility of the forward operator F'(-) = L(S(+)), defined in Section 4.2, by employing the
chain rule. Recall that L(-) is the linear continuous measurement operator.

Corollary 4.3.3. Let Assumptions 4.1.1 hold. Then the forward operator F(-) = L(S(-))
is Fréchet differentiable and defined by F'(b, f)(b f) .
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4.4. Adjoint operator F'(z)*

The proposed iterative method for minimising the Tikhonov functional requires the ap-
plication of the adjoint operator F’(x)*. Hence, we will derive a representation of the
adjoint operator F’(z)* that can be used for the implementation later on. In optimal
control theory, the adjoint equations are derived from differentiation of the Lagrangian
function, see for instance [60]. Here, we only briefly present the involved steps and start

by defining the Lagrangian

L. (6 lpa)i= [ 50— P dvds+ [ (@0m)+ 00)Va Vo) ds

+/O (1, q) —v(Vo,Vq) = (f(#),q) ds,

where, with respect to optimal control theory, the first integral is the cost functional,
and the other ones are the state equations (4.1)—(4.2) tested with adjoint variables (p, q).
The adjoint equations are then derived from differentiating the Lagrangian by the state
variables (¢, ). We denote the direction of the derivative by <;~5 and ji, and derive the
following derivatives

T

052" =/0 (0 —¢°, ) ds+/0 (016, p) + (V' ($)0V 1, V) = (Y, Va) — (f'(¢)$, q) ds,

0.2 = [ (H0)V7.V5) + (i) ds,

which yields the so-called adjoint problem, i.e. find adjoint variables (p,q) such that
0L (6) + 0,.Z'(ji) = 0 for all directions ¢, fi. From these preliminary considerations,
and by using integration by parts in time and imposing an additional boundary condition
p(T,z) =0 for all z € Q, we deduce the subsequent problem for the adjoint states.

Let Assumptions 4.1.1 hold, and let (b, f) be a fixed pair of parameter functions with
corresponding smooth solution (¢, ). We will analyse the subsequent system for the
adjoint states (p, q):

—0p + V' (¢)VuVp + v div(Vq) — f'(p)g = —r° in Q x (0,7) (4.39)
q = div(b(¢)Vp) in Q x (0,7) (4.40)

with p(T,x) = 0 in Q, periodic boundary conditions and data 7° € L?(0,T; L?(€2)). Later
on the data r° takes the form ¢ — ¢, wherein ¢° corresponds to observations of ¢.

In the following Subsection 4.4.1, we establish the existence of unique solutions (p, q) for
the adjoint problem. Afterwards, we will derive a representation of the adjoint operator
F'(z)*, which will implicitly define the application as the solution of a Laplace problem.
This will be presented in Subsection 4.4.2.

4.4.1. Existence of solutions to the adjoint problem

The following theorem establishes the existence of a unique solution (p, ¢) of the adjoint
problem (4.39)—(4.40).
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4. Regularised inversion by an output least squares method

Theorem 4.4.1. Let Assumptions 4.1.1 hold and v° € L?*(0,T;L*(QY)). Then for any
(b, f) € D(S), there exists a unique pair (p,q), associated to the smooth solution S(b, f) =
(¢, 1), with reqularity

p € L*(0,T5 H*(Q)) N H' (0, T; (H*())') N L*(0, T; L*()),
g € L*(0,T; L*(Q)),

which satisfies p(T,z) = 0 in L*(Q); and (4.40), i.e.

g = div(b(¢)Vp),

holds a.e. Furthermore, it holds

0 = (—Op, vy + / V(6 VuVp — F(9)a + 170+ 1qAv da (4.41)

for a.e. t € (0,T) and for all v € H*(Q).

The proof is inspired by [29, 64]. We will test (4.39)—(4.40) to derive energy estimates
and employ a Gronwall argument. Afterwards, we improve the regularity of (p,q) and
show the uniqueness of the solution.

Proof. We omit the comprehensive discussion of the Galerkin approximation and proceed
by establishing the required a-priori estimates.

First step: Similar to the proofs of Theorem 4.1.3 and Theorem 4.3.2, we test the first
equation (4.39) with v = b(¢)p and the second equation (4.40) with w = vyg and w = ep.
Let us start by considering the following identity

%% ( /Q b(¢)lpl2dx) = (9ip, b(¢)p) +% /Q P2V ()81 d. (4.42)

We test the first system equation (4.39) with the function v = b(¢)p. By utilising the
previous identity and computing the derivative V(b(¢)p), we obtain the following identity
by rearranging the terms

1d 1
~535 | HOIE == 3 [ V@0IoF ~ bW @91V -+ 146V

+ b (0)VaVe + f'(¢)b(d)ap — b(¢)r’pda.

Moreover, we test the system equation (4.40), using two different test functions w = ~q
and w = ep, where ¢ is a positive constant that will be specified later. Adding these
equations to the previously derived one results in

1d

——— [ b(@)|p)? dz +~|lql22 + ]|b? (6) V|2
2dt |,
1

) /g)b/(¢>at¢|p‘2 — b(Q)V (9)pVuVp +ypb' (9) VgV
—eqp + f'(¢)b(¢)qp — b(¢)r’p da.
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4.4. Adjoint operator F'(x)*

We label the terms on the right-hand side as (i)—(vi). By employing Holder’s and Young’s
inequality and using the uniform boundedness of b(¢), f(¢) and its derivatives, see As-
sumptions 4.1.1 and (4.7), we estimate the terms (iv)—(vi) as follows

(iv) + (v) + (vi) < ellallzzlpllze + C(F, ) lallzellpllzz + CO 2 lpll e
g
< O+ (lplze + Ir°1172) + llallze-

We will now estimate the terms (i)—(iii) separately, using the regularity of the smooth
solution (¢, ). Let us briefly remind ourselves that

¢ € WH(0,T; L*(€2)) N L0, T; WH(Q)) N L*(0, T; H*(12)),
Vi € L*0,T; H*(Q)).

To estimate the term (i), we apply Holder and Young inequalities, along with the inter-
polation inequality [|]|z < CUIfIIE IV 112 + [1]12) [73], resulting in

(i) < C)l|0eoll 2 Il 7
< OO0l 2llpll ([ VDl 2 + llpllz2) (4.44)
< C(L+109lZ)lIplze + VPl

Similarly, we derive an estimate for the term (i7)
(ii) < C(b)IIVMIILooI/QprdSCI < O, IVallz)lpllze + VPl (4.45)
To address the third term, we use integration-by-parts to see that
| @avods = [ q(@pIVoR + V(0 VIVo+ ¥ 0)pAd) do

This identity is substituted for the term (iii), and then estimated by Hélder and Young
inequalities to obtain

(i) = / 1BV + ¥(6)A) + (b (9)VpV o) da
< (1 + |86l llplzzllallze + 15() V] oo llall 21Vl oo (4.46)
2
< C(1+ 80l ol + 2160l [V + Tal

By combining the estimates for the terms (i)—(vi) and integrating over the interval [t, T,
with t € [0,T), taking into account p(7,z) = 0, and rearranging terms, we arrive at

Ch v 2
5”17(75)\@2 + §Hq|’%2(t,T;L2) + (ecp — 2 — ;Hb/(¢>v¢”%m(b’°))vaH?ﬁ(t,T;L?)

T
< / O + 120117~ + [V ulle + 100l 72)IDlIZ2 ds + Cllr’ 2o 2.
t
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4. Regularised inversion by an output least squares method

Now, by choosing a sufficiently large €, the inequality simplifies to
N2 + ol 2.z + 1 VPIZ2 7o)

T
< C/ (L + 18012 + IVl Z + 10:8l72)IPll72 ds + Cllr° 2., 12)-
t
By applying a Gronwall argument backwards in time, we obtain the bounds

1P oo (z2ynzcy + llall ez < C.

Second step: We will now derive bounds of p in further norms. First, we employ an
elliptic regularity argument to improve the regularity of p. Therefore, we consider the
second equation (4.40) as an elliptic problem for p. Given that ¢ € L?(0,T; L*(Q)),
and that b(¢) strictly positive and uniformly bounded, see (4.7), we deduce from elliptic
regularity theory, see [46], that

Pl 22y < C.
Second, we will establish 9;p € L*(0,T; (H*(£2))). To achieve this, let us consider v to be

an arbitrary function in L*(0,T; H%(€)) and use it to test the first system equation (4.39).
Using integration-by-parts and previously derived bounds on (p, q), we derive

T
< / / aA £ F(D)q + 0+ ()T pVp o dr ds
0 Q

< C(f)lall 2y (1A 2 ey + [0l z2e2) + 17 2z 0]l 2222y
+ C'(b/)”VMHLOO(L?)||V10||L2(L2)||U||L2(L<><>)
S CHU”L?(H?)-

T
/ <8tp, ’U>H2 ds
0

Therefore we have established that p € H'(0,T; (H?*(Q2))'), concluding the derivation of
regularities for p and q.

Third step: Next, we address the uniqueness of solutions. Let (p1,q1), (p2,q2) denote
two solutions, and let us define the differences as p := p; — p2,q := ¢1 — ¢, with initial
data p(T,x) = 0. The differences, p and ¢, have the following regularities

p e L*(0,T; H*(Q2)) N L*(0,T; L*(2)) N H'(0, T; (H*())),

G € L*(0,T; L*(Q)),

and p(T) = 0 in L*(Q2). Further, equation (4.40) holds a.e. and we also have

0= (—0up, ) p + /Q V(6)V Vo + 7idv — f/(6)gu da (4.47)

for a.e. t € (0,T) and for all v € H?(2). The following approach involves applying the
same testing procedure as before and then utilising a Gronwall argument to establish the
uniqueness of solutions. For this, we first have to show that v = b(¢)p is an admissible
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4.4. Adjoint operator F'(x)*

test function, i.e. we show v is an element of L?(0,T; H*(€2)). Therefore, as a preliminary
step, we compute

A(b(¢)p) = b(@)Ap + V' ($)V VD + V() Vo' Vi + V' () Agp + ' () VOV

By using the uniform boundedness of ¢ and V¢, see (4.7), as well as the fact that 0,0;¢ €
L0, T; H*(Q)) N L>(0,T; H'(Q)) and p € L>(0,T; L*(2)) N L*(0, T; H*(2)), we deduce
that all terms can be estimated such that consequently

16(0)D]| 22y < C.

Now, we proceed with the testing procedure and derive the a-priori-estimates. Inserting
v = b(¢)p as test function into (4.47), and making use of the previously established
identity (4.42), yields the following

1d

1
=——— [ b()|p|*dz+ = [ ]’V (¢)0hod
0= 5 [ bl o+ 5 [ [pF¥ ()00 dr .

T /Q WO (S)PVIVP — F(6)D(B)dp + A D(D)P) da.

Moreover, the following identity is derived through differentiation,

/Q GA(b(¢)p) d = / q(div(b(¢)Vp) + V()| VoD + V' (¢)pAS + V' (¢) VoV da.

Q

Using this, and also inserting the second system equation (4.40) into (4.48), we obtain

1d

1
3 | 0N dz =3 [15PV(@a0de + [ HOW(@T5 - F (O ds

T /Q a2 + 7" (6) [V + U ($)pAG + V() V VD) do.

We label the terms as (7)—(viii). These can be estimated similarly to the first step of
this proof. To be precise: we estimate (i) from below using the lower bound of b(-), (i7)
is estimated as in (4.44), (i77) as in (4.45), (i) as in (4.43), and (vi), (vii), (viii) as in
(4.46). Moreover, by testing the second system equation (4.40) with w = £p in order to
derive control on Vp, we will obtain a similar inequality as before, just without the data
term involving 79, that is

()72 + ||(ﬂ|%2(t,T;L2) + ||vﬁ||%2(t,T;L2)

T
< C/ (L + 126|[E + [V allZee + 10l Z2)1BIIZ2 ds.
t

Subsequently, using a Gronwall argument, see [53, Lemma 3.1] with a = 0, we arrive
at the conclusion that

||ﬁ”L°°(L2)ﬂL2(H1) + ||QHL2(L2) < 0.

This establishes the uniqueness of the solution (p, ¢) for the adjoint state problem. O
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4. Regularised inversion by an output least squares method

4.4.2. Representation of the adjoint operator F'(x)*

Now, we are in the position to derive a representation for the adjoint operator F’(z)*. As
a brief reminder, the Fréchet derivative is the linear operator

F'(b, f) : (HX(I))* = L*(0,T; L*()), (b, f) = .
The adjoint operator is then defined as a mapping L*(0,T; L*(2)) — (H?*(I))? by the
following expression

(F'(b, ), (b, /) = (r, F'(b, )b, )12y = (7, 0) 212 (4.49)

for any r € L2(0,T; L*(Q)) and (b, f) € (H2(I))2. This definition is implicit, and we will
now establish a representation that can be used for the implementation to compute the
outcome g := (g1, g2) := F'(b, f)*r € (H*(I))>.

To achieve this, we will utilise the linearised state equations (4.25)-(4.26) and the
adjoint state equations (4.39)—(4.40). We have the following result.

Theorem 4.4.2. Let Assumptions 4.1.1 hold and r € L*(0,T; L*(Q)). Further, let (b, f)
be admissible parameter functions with associated solution (¢, u) of the Cahn-Hilliard
system. Then there exists (p,q) as the solution to the adjoint problem (4.39)-(4.40),
which depends on (¢, ), (b, f) and r. The result of an application of the adjoint operator,
i.e. the outcome g = (g1,92) = F'(b, f)*r, is then defined as the solution of the following
variational problem:

(9. (b, a2 = (@) Vi, VP) ey = (F(). )2
for all directions (b, f) € (H*(I)).

Proof. Let (b, f) € (HX(I))?, (,€) be the corresponding solution of the linearised prob-
lem, and let (p, q) be the solution of the adjoint problem associated with the data r.
By the definition of the adjoint operator, it holds

(F,(b7 f)*T, (67 ]E))H2 = (T, F/(b7 f)(i)v f))LQ(Lz) - (T‘, w)L2(L2) = (l)

To begin, we select v = 1) as the test function for the identity (4.41) derived in Theo-
rem 4.4.1, i.e. the first equation of the adjoint system. Note that 1 possesses sufficient
regularity for this testing. We obtain

(i) = —/O (=0, VY2 + (V(O)VuNDp, ) 2 — (f'(0)q, V)2 + v(q, Atp) 2 ds.

We derive from the second equation of the linearised system (4.31), tested with w = g,
the equation

/0 (1AW — (@), q) 1 ds = / (F(6) — €. 4)2 ds.

and insert it into the previous identity, which yields
T
(Z) = _/ <_atp7 ¢>H2 + (b,(¢)VMVp, ¢)L2 + (f(gb) - §7 Q)LQ ds.
0
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4.4. Adjoint operator F'(x)*

Now by applying integration-by-parts in the time direction, more details on this at the
end, also using the boundary conditions (0, z) = p(T,z) = 0, we derive

(i) = / (O, p)i + V() ViV, )iz + (F() — € )2 ds.

On the other side, we test (4.31) derived in Theorem 4.3.2, i.e. the first equation of the
linearised system, with test function v = p. Note that p is sufficiently regular for this
testing. This yields,

/0 (O, p) s + (¥()6V s, Vip)z ds = / (B($)VE + H(S) Vi, Vip)ye ds.

By inserting into the previous identity, we obtain

(i) = - / (b()VE + (&)Y, Vp)iz + (F(6) — E.q)e ds.

Moreover, by testing the second equation of the adjoint system (4.40) with w = £, we
observe that the sum (£, q)r2 + (b(¢)VE, Vp) 2 evaluates to zero and we arrive at

(E (b, ), (b, )z = / (6(6) V11, V)2 — (F(6), )2 ds.

It is left to consider some details on the integration-by-parts in the time direction. To
this end, let us first recall that both p and ) belong to H*(0, T'; (H*(Q2)) )NL2(0,T; H*(2)),
allowing us to apply integration-by-parts with respect to time, i.e.

[ o ts =~ [ v+ o)+ [ @ s

The first integral vanishes due to the boundary conditions ¢ (0,z) = 0, p(T,z) = 0.
Further recall that d,¢» € L*(0,T; (H'(Q2))') and p € L*(0,T; H'(Q)), such that we deduce

T T
/ <_atpa 77Z)>H2 ds = / <3t¢,p>H1 ds
0 0

which we used before. O

Summary

We discussed the Tikhonov regularisation approach for the inverse problem F(b, f) = ¢°
and showed its well-posedness by continuity and weak-to-strong continuity of the solu-
tion operator S(-). Then, we proposed a Gauss-Newton approach for the realisation of
the Tikhonov minimisation problem. To do this, we established the differentiability of
the forward operator F'(-), again by claims on the solution operator S(-). Further, we
investigated an adjoint system to derive a representation of the adjoint operator F’(b, f)*.
In the following chapter, we will consider the discretisation and implementation of the
previous theoretical results and present numerical tests.

83






5. Numerical approximation of the
output least squares method

In the previous chapter, we studied the parameter identification problem of b(-) and f(-)
in the Cahn-Hilliard equation

¢ = div (b(9) V), (5.1)
1= —vA¢ + f(9),

by an output least squares approach. To this end, we considered the forward operator
F(b, f) = ¢ and studied the parameter identification of b(-) and f(-) from measurements
of ¢, i.e. F(b,f) = ¢°, which is a nonlinear inverse problem in Hilbert spaces. We
showed continuity and weak continuity of the operator F'(b, f) and considered Tikhonov
regularisation to derive stable approximations of the solution, i.e. we considered the
minimisation of the Tikhonov functional

1 «
s T, 0) = SIFG.0) = 6+ S0 ) = @ Pl (5.3)
We showed that this output-least-squares approach is well-defined and suggested a Gauss-
Newton approach to solve the minimisation problem. As preparation for this iterative
approach, we established differentiability of F'(b, f) and we derived a representation of
the adjoint operator F”(b, f)*.

In this chapter, we will now consider the numerical realisation of the previous theoretical
results. Initially, we have to discuss the numerical approximation of the Cahn-Hilliard

equation (5.1)—(5.2).

Literature

The main challenges arise from the non-convex double-well potential, i.e. the anti-
derivative of the function f(-). One has to carefully select a time-stepping method such
that the interactions within the interfacial regime are resolved while the energy stability of
the discrete method is ensured. The literature has extensively discussed feasible schemes
using various methods. The equations (5.1)—(5.2) consider the Cahn-Hilliard equation
as a system of two second-order differential equations. Hence, the phase fraction ¢ and
chemical potential u are discretised separately. In the context of finite element approxi-
mations, this approach is recognised as a mixed finite element method. It was introduced
for the Cahn-Hilliard equation in [42] and further analysed in works such as [30, 33, 44].
Besides finite element methods, alternative discretisation methods have also been consid-
ered. Notably, discontinuous Galerkin methods have been examined in [70, 76, 93], and
Fourier spectral methods have been used in [59, 75].
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We will consider a finite element approximation. As previously indicated, the pri-
mary challenges arise from the non-convex potential. Conventional explicit time-stepping
schemes, for instance, Euler schemes, suffer from severe time-step restrictions, while im-
plicit formulations lead to ill-conditioned non-linear algebraic systems. The reason for
this is the interfacial dynamic of the Cahn-Hilliard equation. An additional objective is
to preserve the energy structure at the discrete level.

Classical time-integration methods such as Runge-Kutta or multi-step schemes do not
generally preserve the structure. This has led to extensive research into the development
of energy-stable schemes, which aim to preserve energy dissipation while potentially intro-
ducing some artificial numerical energy dissipation. One approach involves decomposing
the potential function into a convex and a concave component, which are then treated
explicitly and implicitly to establish unconditionally energy-stable schemes. This is illus-
trated and discussed in works like [32, 55, 56|. Alternatively, another strategy involves
introducing an additional variable, hence an additional differential equation, which leads
to an artificial quadratic energy of the new system. This approach is known in the liter-
ature as invariant energy quadratisation (IEQ) or as scalar auxiliary variable (SAV), as
discussed in works like [84, 85, 86]. Those methods can be interpreted as a relaxation of
the energy and can be extended to more complex systems as demonstrated in e.g. [87].

Structure preserving discretisation

In [36], we described a general framework to preserve the underlying structure of a par-
ticular class of abstract evolution problems. Notably, the gradient-flow structure of the
Cahn-Hilliard system is included in this class. This structure-preserving property remains
intact when considering a fully discrete approximation by a Petrov-Galerkin approach.
In [36][Sec. 4.2], this approach is demonstrated on a Cahn-Hilliard equation with con-
stant mobility. Moreover, in [19], we applied the framework to the Cahn-Hilliard system
(5.1)—(5.2), notably including the solution-dependent mobility. As a result of this ap-
proximation, the conservation of mass and an energy-dissipation relation are achieved up
to machine precision in numerical tests. Furthermore, using relative energy estimates,
it was shown that this discretisation approach yields second-order convergence, which is
optimal with respect to the considered finite element spaces, see [19]. Most importantly,
conditions for the uniqueness of the discrete solution were also derived.

OQOutline

This chapter addresses the numerical realisation of the previous theoretical results. In
Section 5.1, we will outline the discretisation of the Cahn-Hilliard equation employing
the structure-preserving approach of [36]. Using this, we will define the discrete solu-
tion operator and deduce that it is well-defined from results in [19]. This discretisation
scheme will naturally lead to a discretisation of the scalar products of the Hilbert spaces
involved in the nonlinear identification problem. Subsequently, we introduce the discrete
forward operator and the discrete analogue of the Tikhonov problem (5.3) in Section 5.2
and establish the well-posedness of the discrete problem. Afterwards, we consider the
discretisation of the linearised and the adjoint problem, which follows naturally from the
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structure-preserving approach. Numerical examples will illustrate the application of the
discrete approach in Section 5.3. Concluding the chapter, we provide a discussion of the
results and a comparison to the results of the equation error method in Section 5.3.4.

5.1. Discretisation of the solution operator S(-)

We consider the Cahn-Hilliard system (5.1)—(5.2) on a periodic domain 2 complemented
with periodic boundary conditions. Let us recall the main assumptions used in the pre-
vious analysis, which we here repeat for the convenience of the reader.

Assumptions 5.1.1. We impose the following assumptions on the domain and on the
parameters:

(A0) Q ~ T is the d-dimensional torus; functions defined on € are assumed to be
periodic.

(A1) ~ > 0 is a positive constant;

(A2) b : R — R, satisfies b € C*(R) with 0 < ¢, < b(s) < Cy for all s € R and
1V][oc < Clo, [[0"]]00 < Ctrs

(A3) f(s) = XN(s) with A € C*R) such that \(s),\"(s) > —cy,, for some cy, > 0.
Furthermore, A and its derivatives are bounded by |A*)(s)| < C/(\]Z) + C’/(\];)\s|4_k for
0 < k < 4 with constants C’/(\];), C/(\];) > 0.

In addition, we assume ¢y € H*().

In this setting, we consider the following the Petrov-Galerkin approximation for the
Cahn-Hilliard equation (5.1)—(5.2).

Finite element spaces

Let 75, denote a conforming partition of the domain Q0 € R% d = 2 into triangles. For
simplicity, we assume a uniform mesh size h for all elements K € T,. Further, we consider
a periodic mesh 7T}, in the sense that it can be extended periodically to periodic extensions
of the domain 2. Then, we denote by

Vi ={v e Hl(Q) |k € P2<K)d7 VK € Ty},

the space of continuous piecewise quadratic polynomials over the mesh 7;,. Next, we
introduce the time discretisation. Given a time step size 7 = T/N, where N € N, we
define discrete time points t" := n7, and denote the corresponding partition of the time
interval [0, 7] as Z, := {0 = t%, ¢!, ... tN = T}. We will denote by I1;(Z,; V},) the space of
piecewise polynomials of degree k over the time grid Z, with values in V},, and denote by
I5(Z; Vi) = Hg(Zr; Vi)NC (0, T V) the corresponding sub-space of continuous functions.
Furthermore, we will use a bar symbol g to denote piecewise constant functions in time.
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Discretisation of the Cahn-Hilliard equation
Our aim is to compute approximations (¢, -, fin.r) of (¢, 1) within the spaces
Y,-(0,T):=15(Z;; V) and  Qp,(0,T) :=Io(Z-; V).

Let us emphasise that functions in Y}, ,(0,7") are continuous and piecewise linear in time,
while functions ¢ € Qy-(0,7) are piecewise constant in time, which is indicated by the
bar symbol. We consider the following fully discrete approximation for the Cahn-Hilliard
system (5.1)—(5.2).

Problem 5.1.2. Let ¢y € V,, be given. Find (¢p+, fins) € Yp-(0,T) x Qp.(0,T), with
On+(0) = ¢no and such that

t’rL
/ (at¢h,Ta T)h,'r) + (b(gbh,r)vﬁh,fra V@hﬂ') ds = 07 (54)
¢n—1
tn
/ (ﬂh,’r, U_)h,T) - <7V¢h,r7 thﬂ') - (f(¢h,7’>7 wh,T) ds = 0. (55)
tn—l

for all test functions (U, Wp ) € Qp,(0,T) X Qp,,(0,T) and for n > 1.
Well-posedness of the discrete scheme has been considered in [19], which we recall here.

Theorem 5.1.3 ([19]). Let Assumptions 5.1.1 hold. Then any for ¢on € Vi and any
7 >0, Problem 5.1.2 has at least one solution (¢p, r, fin ) satisfying the uniform bounds

| Dnr | ooty + litnz || 22y < C(l|dnollar)-

Further, let (¢, u) denote a reqular periodic weak solution of (5.1)—(5.2) with initial value
bo € H3(Q) satisfying additionally

o€ H*(0,T; H (Q) N H'(0,T; H*(Q)),
€ H2(0,T; HY(Q)) N L0, T; WH3(Q)),

and let (¢, fin-) be a solution to Problem 5.1.2 with initial value ¢o,(0) = 7o € Vi,
where m} : H' — Vy, denotes the H'-elliptic projection. Then

max || g - (") = ST + s = ill 20,y < Cr(h* +7%),
with C}. depending on the norms of the solution (¢, ), but independent of h and 7. If
T ~ h, then the discrete solution (¢n -, finr) 1S unique.

We refer to [19] for the proof. In short terms, the authors investigated the stability
of solutions to the Cahn-Hilliard equation. By relative energy estimates, they derived
bounds for the discretisation error and established order-optimal a-priori error estimates
of the previous approximation scheme, summarised in the theorem. The uniqueness of the
solution follows from a Gronwall argument using inverse inequalities and the convergence
rate estimates. For further insights, we again refer to [19].

From Theorem 5.1.3, we can deduce that if the more regular solution (¢, i) exists, the
initial value is set as described, and 7 ~ h, then the estimates also imply the existence of
an interval I, such that ¢, ,(z,t) € I until at least some time 7.
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5.1. Discretisation of the solution operator S(+)

Discretisation of the solution operator S(-)

Let us start by summarising the assumptions used to define the solution operator S(-).

Assumptions 5.1.4. We impose the following assumptions on the parameter functions
and the discretisation parameters:

(S1) let Assumptions 5.1.1 hold,
(S2) let Ty, be a uniform triangulation of the domain €2,

(S3) let a more regular weak solution (¢, u) of (5.1)—(5.2) exist, with regularity as de-
scribed in Theorem 5.1.3,

(S4) let 7 ~ h,

(S5) let the interval I be large enough, such that it holds ¢y, ,(x,t) € I for solutions of
Problem 5.1.2.

Recall that the solution operator was defined as a mapping
S :D(S) C (H*(I))* — (L*(0,T; L*(2)))>.

By the discrete scheme for the Cahn-Hilliard equation, we have already chosen the discrete
subset Y}, -(0,7) x Qp,(0,T) for the space (L*(0,T; L*(2)))%. We proceed to consider
as discrete space for the parameter function space (H?(I))? the space of natural cubic
splines on a uniform grid of the interval I := [a;, as] with a grid size o, denoted by X,.
The discrete solution operator is subsequently defined by

Sa,h,‘r : D(So,h,T) C XO’ — Yh,7(07 T) X @h,7(07 T)7 (baa fa) — (¢h,7’7 ,ah,T)7

where (¢p -, fin-) is the solution to the discrete forward problem, i.e. Problem 5.1.2, with
(b, f») employed for (b, f). The operator is defined on the domain

D(Sonr) :={(bs, f5) € X, : Assumptions 5.1.1 hold}.
From our considerations, we can now readily deduce the following lemma.

Lemma 5.1.5. Let Assumptions 5.1.4 hold. Then the solution operator S, .. (+) is well-
posed.

Note that the condition 7 ~ h guarantees the uniqueness of the solution ¢, and is
necessary for the well-posedness of the operator.

Implementation of the solution operator S(-)

Remark 5.1.6 (On the resulting time-stepping scheme). As ¢y, , is piecewise linear in
time, it is determined by the values gbz_l and ¢}. Hence, by considering QSZ_I and ¢} in
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5. Numerical approximation of the output least squares method

Problem 5.1.2; one derives an implicit scheme of for the variables (¢}, ,uZ_l/ 2) by com-

puting the integrals over the interval [¢t"~! ¢"]. In practice, by using a quadrature rule
(ej,w;),0 < j < J with sufficiently high accuracy, the integrals can be approximated, e.g.

n J
/ fa(¢h,‘r)wh,7' ds =~ T Z wjf0(¢h,7' (t?))whﬂ"
tn—1 =0

where 7 = t" 1+ g;(t" — t" ') denotes intermediate time points. By utilising suitable
quadrature rules, we can achieve exact integration, such that, for instance, the energy
dissipation identity remains valid and mass is conserved, both up to machine precision;
as discussed in [14, 36]. Overall, the resulting system is nonlinear, and we use Newton’s
method to compute the solution. The time average involving the mobility b(-) can be
substituted by a midpoint approximation, which still yields second-order convergence
of the scheme, see [19]. However, we emphasise that the exact integration of the term
involving f,(¢p ) remains necessary to ensure exact conservation of the energy-dissipation
identity:.

Remark 5.1.7 (Implementation time averaged integrals). Let us comment in more detail
on the implementation, especially regarding the time-averaged integral. Let v; denote the
j-th basis function of V},, then as usual the discrete representation of (g(z)vy,wy) is a
matrix M with entries

Mivj = (g(l')'Uj,Ui) _/g(x)vjvi dr = Z / g(.%')?}j’l)i dx.
@ KeT, 7 K

Therein, the integrals over the single elements are calculated via quadrature formulas, e.g.
(Win.kcs Tm i), m = 1,..., M, such that

M
Z / g([E)UjUZ‘ dr ~ Z Z wm,Kg(fL‘m,K)vj(xm,K)'Ui,K(xm,K) = ]:;FDIJ7
KeT, VK KeT;, m=1

where I, is a column vector containing the evaluations of the basis function v; at all the
quadrature points z,, k', and D is a diagonal matrix where the entries are the evaluation
of the function g(x) at each quadrature point z,, x multiplied with the corresponding
weight w,, x of the quadrature formula. Hence we observe that we can decompose the
matrix assembling into M = I'DI, where I is a matrix with columns I;, i.e. one column
for every degree of freedom, where the entries are the evaluations of the basis functions
on the quadrature points. This decomposition should be understood as a pre-assembling
simplifying the handling of the integrals in time. As already pointed out, the exact
calculation of the time integrals is necessary for the structure-preserving scheme, and
is achieved using suitable quadrature rules (wj;,t;),7 = 0,...,J. Using the previous
decomposition of the assembling in space, the time integrals can be computed as follows:

/t (g(8)vp, wy) ds %/ w I'D(g(s))Ivds ~w' I' (ijD(g(tj))> Iv.

1 1
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5.2. Discretisation of Tikhonov regularisation

Besides the pre-assembling aspect to safe computational cost, it is a practical form in
order to derive a full Newton scheme for our time-stepping problems. Analogue to this,
we use pre-assembling steps to compute stiffness matrices. In addition, if v, , is piecewise
linear in time, as in the Petrov-Galerkin scheme, one has to consider some additional
factors s, (1 — s) which can be considered as additional factors in the diagonal matrix D.

5.2. Discretisation of Tikhonov regularisation

We will now consider the discretisation of the Tikhonov regularisation approach. At first,
we discretise the forward operator F(-) and then the Tikhonov minimisation problem
(5.3).

Discretisation of the forward operator F'(-)
Recall that the forward operator was defined as
F:D(F) C (H*(I))* — L*(0,T; L*(2)),

and has the special structure F'(-) = L(S(:)). The discrete forward operator is subse-
quently defined as the mapping F,; -(-) = Ln(Syn+(+)), where Lj(-) denotes the linear
operator

Ly : Y,M(O, T) X Q;M(O, T) — Y;M(O, T), (Uhﬂ—, th) — Un,r-

This leads to the definition of the discrete forward operator

Fa,h,ﬂ- : D(Fa,h,T) - XU — Yh,T(OJ T>7 (ba7 fo) — ¢h,7’7

where ¢y, ; is the solution to the discrete forward problem, i.e. Problem 5.1.2, with (b,, f,)
employed for (b, f). The operator is defined on the domain

D(F,p.r) == {(bs, fr) € X, : Assumptions 5.1.1 hold }.

As Ly(-) is a linear operator and S, j, - (-) is well-defined by Lemma 5.1.5, we can directly
deduce that F, () is well-posed.

Lemma 5.2.1. Let Assumptions 5.1.4 hold. Then, the discretised forward operator
Fyp-(+) is well-posed.

In the following, we will use the shorthand notation Fj,(-) to refer to F, -(-).

Discretisation of Tikhonov problem

We are now in the position to establish the discrete Tikhonov problem to achieve the
computation of stable approximations of the parameter functions. First, we assume that
the measurements gzﬁ;sm satisfy

||¢h77' - ¢i,7’||Yh,‘r S 5
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5. Numerical approximation of the output least squares method

with known noise level § > 0. Then we consider the minimisation problem

1 «
. 4 N 46 2 el . * *\ |12
i) = Sl fo) IR+ S ) - G (50

where v > 0 is the regularisation parameter and (b, f*) are initial guesses of the param-
eters functions. The existence of discrete solutions follows from standard arguments of
nonlinear optimisation theory.

Lemma 5.2.2. Let assumptions 5.1.4 hold. Then the discretised version (5.6) of Tikhonov
reqularisation has a solution.

Projected Gauss-Newton iteration

Following the derivation of the iterative scheme in Section 4.2, we use the following iter-
ation to derive the update of the parameters =7 = (b2, f):

(Fy ()" Fy(2y) + al) Ay = Fy (25)" (6 — Faly)) — oy

ot = Ppgy () + wAzl),

where 0 < w < 1, and Pp(p,) denotes the projection to D(F},) in order to incorporate the
constraints of the parameter functions. The iteration is then stopped by the discrepancy
principle, i.e. we stop when ||Fjp ,(bs, fr) — ¢6Hyh’7_ < 70 is satisfied, with 7 = 1.1. A
preconditioned conjugate gradient algorithm is used to solve the resulting linear system.

For the realisation of the iteration, we once again require to establish the derivative
Fj(bs, f») and a representation of the adjoint operator Fj (b,, fo)*.

Discrete linearised problem and derivative of F’(b, f)

The discretisation for the Cahn-Hilliard equation, i.e. Problem 5.1.2, leads, by differ-
entiation, readily to the corresponding discrete linearised problem. Hence, we examine

the following discrete approximation of the equations (4.25)—(4.26) to derive S} (b, f), and
from Fj,(-) = Lp(Skh(+)) we then deduce the existence of F} (b, f).

Problem 5.2.3. Let (¢, fings) € Yp(0,7) X Qp,(0,T) be the solution of the discrete
forward problem for parameter functions (b, f,) € D(Fy) C X,, and let (b, f5) € X,
Find (Ynr,&nr) € Yn,(0,T) X Qu,(0,T), with ¢y, -(x,0) =0 and such that

tn
[ Ot t02) + 0,0 Vi, V) + (ba00,0) Vi, Vi) -
tn—1 .

+ (BU(¢h,T)vﬁh,T7 vghn’) ds = 0,

/ (éh,Tv u_)hﬂ') - (fvah,Ty VU_)hﬂ') - (f;((bh,T)wh,T; wh,T) - (fAG<¢h,T); U_)hﬂ—) ds = 07 (58)

n—1

for all test functions (Up,,Wp ) € Qp.(0,T) X Qp,(0,T) and for n > 1.

This is a linear problem with respect to the variables (¢5,.+,&.,), and as a result, the
existence of solutions can be established by standard arguments.
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5.2. Discretisation of Tikhonov regularisation

Lemma 5.2.4. Let Assumptions 5.1.4 hold. Then, for any (Bg,fg) € X, Problem 5.2.3
has a unique solution.

Proof. In order to show the existence of solutions, we use an induction argument. Let
Yp.r(tn—1) be given and consider the n-th timestep, i.e. we need to determine the func-
tion ¥y . = ¥ (t,) and 52;1/2 = &nr(ty — 7/2) € V. We can now repeat the test-
ing procedure from the proof of Theorem 4.3.1 on the discrete level, i.e. we test with
(Uhr, Whr) = (€pry Othnr) and derive a-priori-bounds of solutions with constants depend-
ing on the bounds in Assumptions 5.1.1, and the norms of (l;, f) and ¢y, (t,—1). As this
is a linear system, it is sufficient to show, that a vanishing right-hand side implies that
the solution is zero. Hence, by the previous a-priori bounds, we conclude the existence of
a unique solution.

O

We conclude that the discrete derivative of the discrete solution operator Sy,(-) is defined
as S (by, fo)(bos fo) := (YnryEnr). Consequently, by the chain rule, the discrete derivative
of Fj(+) is defined as

Fy(bs, fo) : X = Yur(0,T), (bo, fo) = Ynr,
where v, . is the first component of the solution obtained from Problem 5.2.3 using
(bo fo)-
Lemma 5.2.5. Let Assumptions 5.1.4 hold. Then the derivative of Fy,(-) is defined by
Ey (b, o) (b, fo) = Unr

Remark 5.2.6. On the continuous level, we showed in the proof of Theorem 4.3.2
quadratic convergence of the residuals. We verified in our numerical experiments that
our discretisation approach preserves this convergence.

Discrete adjoint problem

Let us now derive the discrete version of the adjoint state equations (4.39)—(4.40). The
systematic way to derive the adjoint problem involves again the Lagrangian function.
By following the derivation analogue to the continuous level, we obtain the discretisation
scheme of the adjoint state problem. Consequently, we consider the following fully discrete
approximation for the equations (4.39)—(4.40).

Problem 5.2.7. Let (¢ r, finr) € Yi-(0,T) x Q4 -(0,T) be the solution of the discrete
forward problem, for parameter functions (bs, f,) € D(Fy,), and let r), . € Y, -(0,T). Find
(PhrsQnr) € Qur(0,T) X Qp(0,T), with pp,(x,0) =0 and such that

t’n
/ (ﬁh,‘ra atvh,T) + (b;(gbhﬂ')v,ah;rvphﬁa Uhﬂ') - </YVQh,T> VUh,T) (5 9)
tn—1 .

—(f3(Dnr)nr Vnr) + (5 1 Vnr) ds = 0
tn
/ (thﬂ'? whﬂ') + (bo(gbhﬂ')vﬁh,ﬂ vwh,r) ds = 0, (510)
tn—l

for all test functions (v, Wp ) € Yy (0, 1) x Q4 -(0,T) and for n > 1.
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5. Numerical approximation of the output least squares method

Remark 5.2.8. While this formulation serves as a convenient formulation for deriving
the discrete adjoint formula for F} (b,, f,)*, it is not directly recognised as a discretisation
of equations (4.39)—(4.40). Hence, let us provide a brief explanation of this scheme. The
variables p and ¢ are discretised as piecewise constants in time. The first equation (5.9)
is then tested with piecewise linear elements, while the second one (5.10) is tested with
piecewise constant functions. In order to derive a standard time-stepping scheme, one
utilises for the time direction a basis of the space of piecewise linear functions in time.
By collecting the integrals (5.9)—(5.10) for all time steps, rearranging terms, and noting
that the time derivative of the test functions is constant on each interval, one derives a
formulation with the following structure

tn+1 ¢n

(glvpn—i—l/Q’ whﬂ') ds + / (QQVPH_I/Qa wh,T) ds—+ ...

tn—1

1

7— t'fl

where g1, go are some functions depending on space and time.

Note that this is a linear problem in p and ¢q. By reformulating the Problem 5.2.7
into a time-stepping scheme, the existence of solutions can be established using similar
arguments as for the discrete linearised problem.

Lemma 5.2.9. Let Assumptions 5.1.4 hold. Then for any rfL’T € Y,.(0,T), the Prob-
lem 5.2.7 has a unique solution.

Discrete representation of the adjoint F'(b, f)*

Due to the chosen discretisation, one can derive the formula for the discrete adjoint oper-
ator Fy (b,, f,)* following the same arguments as on the continuous level in Section 4.4.2.
As a result, we arrive at the following discrete representation.

Lemma 5.2.10. Let Assumptions 5.1.4 hold, and rfm € Y,.(0,T). Further, let (by, f,) €
D(Fy) be parameter functions with associated discrete solution (¢nr, fin-) of the Cahn-
Hilliard system. Then there exist (Pn,r, Gnr) as the solution to the discrete adjoint problem
(5.9)(5.10), which depends on (¢n.r, finr), (by, fo) and rfM. The result of an application
of the discrete adjoint operator, i.e. the outcome ¢, := (go1, Jo2) = F,’l(ba,f(,)*r;iﬁ, is
then defined as the solution of the following variational problem:

~

(gaa (i)aa fa))Xo = (ZA)U(QSh,T)V,ah,Ta Vﬁh,T)Y}L’T - (f0(¢h,7)a Qh,T)Yh’T
for all (IA)U,fA(,) € X,.

Remark 5.2.11 (Separate identification). The previous schemes cover the simultaneous
identification of the parameters b(-) and f(-). The schemes for the separate identification
of the parameters follow from a straightforward reduction of the previous analysis. This
leads to minor modifications of the previous schemes. In the linearised Problem 5.2.3, the
direction of the derivative of the known parameter vanishes, i.e. b(-) or f(-). The adjoint
Problem 5.2.7 does not change, but the adjoint formula in Problem 5.2.10. In the separate
case, we seek only one function g,, while on the right-hand side, the term corresponding
to the known parameter vanishes.
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5.3. Numerical illustration

5.3. Numerical illustration

For the equation error method, we had to impose strong conditions on the measurements
of ¢. In comparison, the output least squares method can handle less regular data and a
larger noise level, which we will demonstrate in this section. For comparison, we will use
a similar setup for the numerical tests as for the equation error method in Section 3.4.4.
The domain for our test problems is chosen as 2 = (0, 1), where d = 1,2 depends on the
experiment.

5.3.1. One dimensional test problem

As the initial experiment, we use the model parameters described in Subsection 3.4.1.
Hence, we select the parameter functions

f(s) =2(s+0.99)*(s — 0.99)(3s — 0.99),

where f is the derivative of the double well potential A(s) = (s — 0.99)2(s + 0.99)%, and
consider the mobility function

b(s) = (1 —s)*(1+5)*+0.2,

while we set v = 0.003 for the interface parameter. The initial value of the phase fraction
is prescribed by

¢o(z) = 0.1sin(27z) — 0.1sin(4mx) + 0.1sin(127x) + 0.1.

Up to modifications, we note again that these functions satisfy the Assumptions 5.1.1, see
also Subsection 3.4.1. As discretisation parameters of the finite element spaces, we select
o = 0.1 for the parameter functions, and for the Cahn-Hilliard system, we choose for the
spatial discretisation h = 0.01 and the time step size 7 = 4 - 107°. The final time is set
to T'= 0.004. The artificial measurements for our test are generated by an application of
the forward operator, using f,(-) and b,(-) as prescribed, computing ¢y, -, which is then
perturbed by white noise with magnitude § := ||¢p » — ¢fw|\ r2(0,7:12(0))- Lhe precise noise
level is specified below.

Remark 5.3.1. The grid of the reconstruction corresponds to the configuration in Subsec-
tion 3.4.4. However, therein, we simulated the data on the distinct grid and subsequently
used interpolated measurements for the reconstruction. Thus, a direct comparison of the
two methods is not feasible already because of the assumption on the data perturbation,
but we will qualitatively comment on it.

We perform numerical tests for each of the three identification problems. For the
iterative scheme, we choose as initial values of the parameters b(-) and f(-), depending on
the identification problem,

bo(s) =1,  fols) = 4s(s> —0.99%),

where the later is the derivative of a symmetric potential Ag(s) = (s — 0.99)?(s + 0.99)2.
Further we set b*(-) = f*(-) = 0. The results of the reconstructions are depicted below.
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5. Numerical approximation of the output least squares method

Remark 5.3.2 (Identifiability). In Subsection 3.4.4, we depicted the solution to infer in-
formation regarding the intervals where the parameter functions can be identified. Again,
this information will be used to determine the intervals where identification is feasible
and is depicted as a grey background in our figures. Beyond the intervals where unique
identification is ensured, the regularisation term determines the solution.

Identification of f(-)

We assume that v and the mobility function b(-) are known, defined as prescribed, and
consider the identification of f(-). As outlined in Lemma 2.3.1, and already discussed in
Section 3.4, only the derivative f’(-) can be identified. Moreover, the function f'(-) can
only be uniquely determined within the range R = {s = ¢(z,t) : x € Q,t € [0,004]}. In
Figure 5.1, we depict the true value of f’(-) and the corresponding reconstruction (f2)'(-),
derived from our computations. The Tikhonov regularisation approach yields stable and

1% noise 5% noise

Dy 15

E L L L L L L L L L L L L L . L L
-1 -0.8 06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 -1 -0.8 06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 5.1.: Reconstructions of f’(-) using perturbed data qb‘fw(-,t) where ¢ € [0,0.004].
The noise level ¢ is specified in the title of the plots. The range of the
observations gbfm is depicted in grey. The solid blue line depicts the true
function f/(-), while the dotted red line illustrates the reconstruction (f2)(-)
obtained by the output least squares method outlined in Subsection 5.2. The
regularisation parameter a was determined using the discrepancy principle,
with 7 = 1.1.

accurate reconstructions for both noise levels. As expected from Theorem 2.4.1, the
function f'() is reliably reconstructed only on the range R. The regularisation enforces
stability but also a certain bias in the regions where less data is available.

Identification of b(-)

We assume that v and the potential derivative f(-) are known and consider the identi-
fication of the mobility b(-). As shown in Theorem 2.4.5, the mobility b(-) can only be
identified on the range R, = {s = ¢(x,t) : x € Q, dpu(z,t) # 0} of the attained data,
where the gradient of the chemical potential p is non-zero. In Figure 5.2, we depict the
reconstructed functions #°(-) derived from the perturbed data ng‘;L’T by the output least
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Reconstructions of the mobility function b(:) derived from perturbed data
@) (-, t) with t € [0,0.004]. The noise level 4 is specified in the title of the
plots. The range of the observations ¢?W is once more depicted in grey. The
solid blue line depicts the true parameter, while the dotted red line represents
the reconstructions b’ (-). The regularisation parameter o was chosen by the
discrepancy principle, with 7 = 1.1.

Figure 5.2.:

squares method. Once more, the reconstructed mobility aligns well with the true param-
eter b(-) on the range of attained data, while the reconstructions outside this range are
stable but biased by the regularisation term in the Tikhonov functional.

Identification of f(-) and b(-)

Here, we only assume that the interface parameter v is known and consider the iden-
tification of both parameter functions. According to Theorem 2.4.7, the simultaneous
identification of both parameters b(-) and f(-) requires observations at multiple time
steps, which is naturally satisfied by the Tikhonov regularisation approach. Moreover,
the observability condition stated in Theorem 2.4.7 has to be valid. For our numerical
test, we verified the required linear independence. In Figure 5.3, we depict reconstruc-
tions 7,(+) and (f2)'(-) obtained from observations ¢} ., acquired under two distinct noise
levels.

As expected, the parameter functions are reliably and accurately determined on the
range of available data. While the separate identification maintains stability and accu-
racy even at higher noise levels, the simultaneous identification exhibits a comparatively
reduced accuracy.

5.3.2. Two dimensional test problem

We use the same setup as in Subsection 3.4.5 for our model problem in dimension d = 2.
Hence, we consider as computational domain the unit square 2. We select, similar to the
experiment in one dimension, the following parameter functions

f(s) =0.3(2(s + 0.99)%(s — 0.99)(3s — 0.99)),  b(s) = (1 —s)*(1 +s)* + 0.1,
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Figure 5.3.: Simultaneous reconstructions of b(-) and f'(-) from perturbed data ¢ (-, )
with ¢ € [0,0.004]. Here, the noise level § is 1% in the top row and 5%
in the bottom row. The range of the attained data is again depicted in
grey. The solid blue line depicts the true parameter functions, while the
corresponding reconstructions () and (f2(+))" are denoted by dotted red
lines. The regularisation parameter was determined using the discrepancy
principle, with 7 = 1.1.

where f is the derivative of the double well potential A(s) = 0.3(s — 0.99)2(s + 0.99)%,
and we set v = 0.003 for the interface parameter. Once again, note that Assumptions
5.1.1 are satisfied up to modifications. As the initial distribution of the phase fraction,
we choose

¢o(z,y) = —0.1 cos(4mx) sin(27y) + 0.05 sin(27z) sin(47y).

The discretisation parameters of the finite element spaces are chosen as o = 0.1 for the
parameter functions, and, for the Cahn-Hilliard equation (5.1)-(5.2), we choose for the
triangulation in space h = 1/32 and as time step size 7 = 4-1073. The final time is set to
T = 0.08, which amounts to the computation of 20 time steps. The artificial measurements
for our tests are generated as follows: We apply the forward operator using the parameter
functions f(-) and b(-) as prescribed to compute ¢, ,, which is then perturbed by white
noise with magnitude 6 := ||¢p., — gbiTH £2(0,7:22(Q))- Lhe precise noise level is specified in
the tests.

Again, we compute reconstructions for each of the three identification problems. For
the iterative solution procedure, we choose as initial values of the parameters b(-) and
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f(+), depending on the identification problem, the functions
bo(s) =1, fo(s) = 0.8s(s* — 0.99%)

where the later is the derivative of a symmetric potential Ao(s) = 0.2(s—0.99)%(s+0.99)2.
Further we set b*(-) = f*(-) = 0. The results of the reconstructions are depicted below.

Remark 5.3.3 (Identifiability). In Subsection 3.4.4, we depicted the evolution of the
phase fraction and the energy to infer information regarding the intervals where the pa-
rameter functions can be identified. From this, the identifiability conditions can be veri-
fied. These areas are depicted as grey backgrounds in our figures. Beyond the intervals
where unique identification is ensured, the regularisation term determines the solution.

The obtained approximations for the identification of either f’(-) of b(-) are depicted in
Figures 5.4 and 5.5, respectively. We observe that the reconstructions again are in good
agreement with the true parameter functions on the range of attained data. Outside of
this interval, the regularisation leads to a certain bias, as expected.

1% noise 5% mnoise
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Figure 5.4.: Reconstructions of f'(-) using perturbed data ¢}, (-, ) where ¢ € [0,0.08]. The
noise level ¢ is specified in the title of the plots. The range of the observations
gb‘fw is depicted in grey. The solid blue line depicts the true function f’(-),
while the dotted red line illustrates the reconstruction (f2)(-) obtained by the
output least squares method outlined in Subsection 5.2. The regularisation
parameter o was determined using the discrepancy principle, with 7 = 1.1.

In Figure 5.6, we depict the result of the simultaneous identification of both parameter
functions.

5.3.3. Comparison to the equation error method

As previously stated, a direct comparison between the two methods is unfeasible. How-
ever, we computed the interpolation error of the data utilised in the equation error method,
subsequently deriving the noise level. This approach allows a qualitative comparison of
the two methods. In doing so, we derived a noise level of approximately 0.1%. By em-
ploying this noise level for the output least squares method, the resulting reconstructions
are almost indistinguishable from the true parameter functions and surpass the results
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5. Numerical approximation of the output least squares method
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Reconstructions of the mobility function b(:) derived from perturbed data
@) (-, t) with ¢ € [0,0.08]. The noise level § is specified in the title of the
plots. The range of the observations ¢?W is once more depicted in grey. The
solid blue line depicts the true parameter, while the dotted red line represents
the reconstructions b’ (-). The regularisation parameter o was chosen by the
discrepancy principle, with 7 = 1.1.

Figure 5.5.:

from the equation error method. On the other hand, the equation error method has
fewer computation costs and thus is a cheap-to-apply method if sufficiently regular data
is available.

Furthermore, the equation error method does not yield qualitatively good reconstruc-
tions for higher noise levels. This is expected, considering that the interpolation of the
data does not effectively prevent noise amplification, mainly due to the calculation of the
higher derivatives used in the equation error method. Although this behaviour can be
mitigated to a certain extent through presmoothing of the data, this becomes unfeasible
at some point.

Let us note that the nonlinear method is a more versatile approach, and it is more
transparent how to extend the method to more complex models. In contrast, the extension
of the equation error method might be more involved as the approach was fine-tuned to
the Cahn-Hilliard equation in a certain sense.

5.3.4. Final remarks

Let us provide some final remarks on additional numerical tests we conducted.

Remark 5.3.4 (Degenerate parameter functions). In our numerical examples, we con-
sidered non-degenerate polynomial parameter functions which satisfy Assumptions 5.1.1.
Moreover, as indicated in Remark 2.2.3, it is also possible to consider e.g. logarithmic
potentials by regularising the degenerate regions, which are expected not to be attained
by the data. Further numerical tests show that our approach yields reconstructions com-
parable to the examples we have presented.

Remark 5.3.5 (Convergence rates). By assuming that suitable source conditions are
valid, see e.g. the assumptions of Theorem A.1.3, the best rates we can expect for
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5.3. Numerical illustration
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Figure 5.6.: Simultaneous reconstructions of b(-) and f'(-) from perturbed data ¢ (-, )
with ¢ € [0,0.08]. Here, the noise level § is 1% in the top row and 5%
in the bottom row. The range of the attained data is again depicted in
grey. The solid blue line depicts the true parameter functions, while the
corresponding reconstructions () and (f2)/(-) are denoted by dotted red
lines. The regularisation parameter was determined using the discrepancy
principle, with 7 = 1.1.

Tikhonov regularisation are
Hl'i — I'THHZ(]) = O(\/S) and HF(iEi) — ¢6HL2(O,T;L2(Q)) = 0(5)

We attained these rates in a numerical test using the set-up of the experiment in one
dimension at the beginning of this Section 5.3. A detailed investigation of the source
conditions is open and is a possible direction for future research.

Remark 5.3.6 (Tests in three dimensions). We previously noted that our analysis does
not include dimension d = 3. As the existence of solutions of the Cahn-Hilliard equation
only holds up to a small time 7', the analysis of the inverse problems is also restricted
to a small time frame. However, in practice, one expects the identification method also
to yield good reconstructions beyond T if we have measurements in three dimensions.
Indeed, we did some tests and can confirm that the output least squares method also
yields reconstructions in three dimensions, which are comparable to the results in two
dimensions.
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5. Numerical approximation of the output least squares method

Conclusion

In this chapter, we have studied the realisation of the output least squares method to
identify the parameter functions f(-) and b(-). We discussed a suitable discretisation of the
approach by a Petrov-Galerkin framework and presented numerical results demonstrating
the feasibility of the method. Compared to the equation error method, the output least
squares approach yields reconstructions for less regular data and higher noise levels. This
comes with increased computational costs.

Let us mention some directions for possible future research. We have already indicated
that it is possible to obtain convergence rates; hence, one might investigate the source
conditions. Moreover, we used fully distributed measurements for our presentation, but
one might consider other data. Another direction is to use the presented framework
above and apply it to more complex models, for example [1], [20], [21], [29] or [62] and
references therein. In the next chapter, we apply the output least squares method to two
more complex models to support this claim.
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6. Extensions to more complex models

In the previous chapters, we discussed in detail the parameter identification problem in
the Cahn-Hilliard equation from measurements of distributed phase fraction data. Future
research might also consider extensions of those approaches to more realistic models which
incorporate more parameters to identify or include more physical variables.

We will now present preliminary results of applying the output least squares approach to
two extended models, i.e. a Cahn-Hilliard model incorporating a matrix-valued mobility
function in Section 6.1 and a Cahn-Hilliard-Allen-Cahn phase-field model incorporating
a generalised mobility in Section 6.2. Therein, we will consider the identification of the
mobility and will assume that the other parameter functions are known. As we aim to
illustrate the feasibility of the method from Chapter 4 and 5, we will present numerical
results without proofs. Instead, we will refer to the literature and suggest future research
directions.

6.1. Cahn-Hilliard with matrix-valued mobility

We consider the following modified Cahn-Hilliard model
O = div (BVp), (6.1)
f=—vA¢ + f(e), (6.2)
where the mobility B is now a matrix with values in R?*? and may depend on the phase
fraction ¢ and its gradient V¢. For our illustration of the applicability of the output least
squares approach, we only consider the dependence on V¢. The system is complemented

with periodic boundary conditions and an initial distribution ¢y. We choose the following
assumptions for the parameter functions of the modified Cahn-Hilliard model.

Assumptions 6.1.1. We impose the following assumptions on the model parameters:

(A1) v > 0 is a positive constant;

(A3) f(s) = N(s) with A € C*R) such that \(s),\"(s) > —cy,, for some cy, > 0.
Furthermore, A and its derivatives are bounded by [A*¥)(s)| < C/(\l:) + C’,(\l;)\s\‘l_k for
0 < k < 4 with constants Cilz), C/(\l;) > 0.

(A4) for any V¢, the matrix B : Vo — B(V¢) € R4 is symmetric and positive definite
with
Mg < €TB(Ve)E < X6, Ve €RY
Moreover, every component b;;(-) of B(:) is a function in C?*(R) of its arguments,

with derivatives which are uniformly bounded by some constants, i.e. ||b};]|cc < Ciy,
1675 ]loc < Cl.

J
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6. Extensions to more complex models

The existence of solutions can then be derived using standard techniques analogue to
Lemma 2.2.1, compare also to [20].

The inverse problem
We consider the parameter-to-measurement operator
F:DF)CcX =Y, B~ o,

where ¢ is first component of the solution to the problem (6.1)—(6.2). In this section,
the inverse problem under consideration is the following: given spatially measurements
#° find a mobility B such that

F(B) = ¢°.

This is a non-linear parameter identification problem between Hilbert spaces X and Y,
which we define now. By X = H?(Qp)%*¢ we denote the space of d x d matrices with
entries from the Hilbert space H?(Qg), where g is a two dimensional domain, such that
Vo(x,t) € Qp. On this space, we consider the inner product

d

(B()BO)x = Y (0y(),big()) a2

ij=1

and the corresponding norm

IBOIR = > 1657

1,j=1

For the image space, we choose Y = L?(0,T; L*(f2)). Hence, we define the domain of the
forward operator as follows:

D(F):={B € X : Assumptions 6.1.1 hold}.

Remark 6.1.2 (Identifiability). In principle, our identifiability results from Section 2.4.2
can be generalised to the extended model, with some additional assumptions on the set
R,. The question on the identifiability of a matrix diffusion coefficient has been addressed
in a recent publication [79], which goes back to ideas of [94]. These works are a good
starting point to formulate an identifiability result for the extended model (6.1)—(6.2).

Tikhonov regularisation
We assume that the measurements ¢° satisfy the following condition

6 — ¢°|| 222y < 0,

with known noise level 6 > 0. As in Chapter 4, we consider the Tikhonov regularisation
approach. Consequently, we will obtain stable approximations to the true parameter
function BT, which fulfils F(BT) = ¢, by minimising the Tikhonov functional

1 «Q
: § L 45112 *1(12
Juin J(B) = 5 |F(B) = 67 sz + 5B — B[
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6.1. Cahn-Hilliard with matrix-valued mobility

where o > 0 is a regularisation parameter and B* is an initial guess of the parameter
functions. At this point, we now would have to discuss the properties of the forward
operator F(+) to ensure the existence of a minimiser, which we leave out. To solve the
minimisation problem, we employ the Gauss-Newton iteration from the previous chapters,
ie.

(F'(B")* F'(B") + al)AB* = F'(B¥)*(y’ — F(B")) — a(B* — B"),
B*! = B" + wAB",
where 0 < w < 1. Note, we did not include a projection back to D(F') here. We comment
on this again in the following. For the implementation of the iteration, we state the
linearised problem of the system (6.1)—(6.2), which is used to define the derivative F’(B),

and an adjoint problem, which leads to a representation of F'(B)*. Both are derived
analogue to the derivation in Section 4.3 and 4.4, and we do not discuss proofs.

Linearised problem and derivative of F'(-)

Let Assumptions 6.1.1 hold, and consider a fixed matrix B(-) € D(F') with corresponding
solution (¢, ). Moreover, we assume for a matrix function B € X that B + B remains
in D(F'), hence also satisfying Assumptions 6.1.1. In this setting, the linearised problem
of the extended Cahn-Hilliard model (6.1)—(6.2) for the variables (¢, ) reads as follows

A — div(0B(V¢) Vi)V ) — div(B(Ve)VE) = div(B(Ve) V)  in Q x (0,7), (6.3)
E+yAY — f'(P)p =0 in Qx (0,7), (6.4)

with initial condition ¥ (0,z) = 0 and complemented with periodic boundary conditions.
Here, by 0B we denote the component-wise total derivative of B, i.e.

Subsequently, we define the derivative of F(-) as follows
F'(B): H Q)™ — L2(0,T; L()), B v,
where 1) is the first component of the solution to the linearised problem.

Remark 6.1.3 (Convergence rate of the remainder). In the proof of Fréchet differentia-
bility in Section 4.3, we derived quadratic convergence of the residual ¢ = ¢y — ¢ — 1.
For the extended model, we analogously performed a numerical test also yielding the
quadratic convergence of the residual.

Adjoint problem

Let Assumptions 6.1.1 hold, and let B € D(F') be a fixed matrix with corresponding
solution (¢, ) of the extended model (6.1)—(6.2). Then one derives in the same way as
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6. Extensions to more complex models

in Section 4.4, i.e. using the Lagrangian function, the following problem for the adjoint
states (p, q):

—0ip + div(0B(V¢)VuVp) +7div(Ve) — f(¢)g = (¢ — ¢°) in Q2 x(0,T), (6.5)
q — div(B(V¢)Vp) =0 in Q% (0,7), (6.6)

with p(T,z) = 0 in €, periodic boundary conditions and data ¢° € L*(0,T; L?(2)).

Representation of the Adjoint operator F’'(B)*

*

The representation of the adjoint operator F'(B)* is derived as in Theorem 4.4.2. Let
Assumptions 6.1.1 hold, and ¢° € L?(0,T; L*(Q)). Further, let B(-) be an admissible
matrix with associated solution (¢, ) of the extended Cahn-Hilliard equation, and let
(p,q) be the solution to the adjoint problem (6.5)—(6.6), which depends on (¢, 1), B()
and ¢°. Then, one formally defines the adjoint operator via

(F/(B>*T7B>X = (T, F/(B)(P’))Y = (T7 ¢)Y,

forallr € Y and B € X. Analogue to the derivation in Section 4.4, one deduces that the
result of an application of the adjoint operator, i.e. the outcome of G := F'(B)*r € X,
is then defined as the solution of the variational problem:

(G,B)x = (B(Vo)Vi, Vp)12(2)

for all B € X.

Numerical results

For the discretisation of the previous schemes, we proceed in the same way as described
in Section 5.1, i.e. utilising the Petrov-Galerkin approach, with obvious modifications due
to the new mobility matrix. We omit the details and continue with a numerical example
of the output least squares approach.

The domain of our test problem is chosen as Q = (0,1)%, we set v = 0.003 for the
interface parameter and select

f(s) =0.2(2(s + 0.99)*(s — 0.99)(3s — 0.99)),

which is the derivative of the double-well potential A(s) = 0.2(s — 0.99)?(s + 0.99)2. For
the mobility matrix, we select

0.2 72 xy
B =I+ -
(l}y) + 10+J}2+y2 (my y2)

where I denotes the identity matrix. As the initial distribution of the phase fraction, we
choose
oo(z,y) = 0.05 cos(4mz) sin(2wy) + 0.1.

Together, these functions satisfy Assumptions 6.1.1. As discretisation parameters of the
finite element spaces, we choose for the extended Cahn-Hilliard model (6.1)-(6.2) the
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6.1. Cahn-Hilliard with matrix-valued mobility
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Figure 6.1.: Snapshots of the phase fraction ¢, , for time points t specified in the title of
the plots. The evolution of the energy £(¢) = [, 2|V o|* + A(¢) dx is depicted
with additional markers which correspond to the time points of the snapshots.

spacial discretisation h = 1/32 and as time step size 7 = 1-1072. The final time is set
to T' = 0.4, which amounts to 40 time steps. The evolution of the phase fraction ¢y, , is
depicted in Figure 6.1.

Let us now turn to the inverse problem. The components of the mobility matrix are
discretised by the tensor product of one-dimensional cubic splines with natural boundary
conditions, and we choose X, = H?([a, b]?)**? with discretisation parameter o = 1, while
the interval is chosen as a = —10,b = 10. The choice of a,b stems from the range of
V¢. Note that the matrix is said to be symmetric. Thus, only three discrete parameter
functions are needed in practice.

The artificial measurements for our test are generated as follows: We apply the forward
operator using the parameter B(-) as prescribed to compute ¢y, ,, which is then perturbed
by white noise with magnitude 0 := ||¢p,» — ¢, ,[|12(12). For the noise level, we choose 1%.

For our iterative solution procedure, we choose as the initial values of the mobility
matrix B(+) the identity, i.e. By = I. Further, we set B* = I, as we used no measures to
impose the positive definiteness of the mobility matrix. Once more, we apply the discrep-
ancy principle to determine the regularisation parameter o. The resulting reconstructions
of the parameter functions in B(-) are depicted in Figure 6.2.

The Tikhonov regularisation approach yields stable and accurate reconstructions in
regions where data is available. A closer look at the data ¢ reveals that the range of the
derivative d,¢ is much larger than the range of the derivative 0,¢, see Figure 6.1. This
is (on purpose) a consequence of the chosen example. Considering the reconstructions
in Figure 6.2, we observe that the function (B?)s agrees well with the true parameter
function, while the function (B?);; is reconstructed on a smaller region. This reflects
our observation that more data is available in the y-direction. We conclude that the
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reconstructions agree well in regions where much data is available. In regions with no
available data, the regularisation and the chosen B* determine the reconstructions. This
demonstrates the applicability of the method to the extended Cahn-Hilliard model (6.1)—
(6.2), but also highlights that observability conditions are now more involved.

Remark 6.1.4 (Challenges of future research). For the rigorous analysis of the parameter
identification problem in the extended Cahn-Hilliard model (6.1)—(6.1), there are two
main differences or challenges compared to the standard Cahn-Hilliard System (1.1)-
(1.2). First, the mobility is now matrix-valued and may depend on the gradient of the
phase-fraction. Using the techniques in the recent works [20, 17] should lead to the
existence of solutions, i.e. the forward operator, and should further lead to continuity
results. Second, the dependence on the gradients leads to a V¢ term in the linearised
problem. In principle, the previous proof strategy in Section 4.3 should also apply here,
but a careful investigation has to be done.

6.2. Cahn-Hilliard/Allen-Cahn system with cross-kinetic
coupling

In this section, we apply the Tikhonov regularisation approach of Chapter 4 to a cou-
pled system of Cahn-Hilliard and Allen-Cahn equations with a strong coupling through
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6.2. Cahn-Hilliard/Allen-Cahn system with cross-kinetic coupling

gradient-dependent mobility matrices. We consider the following coupled system [20, 17]:

Op = div(Li Vi, + Lo V), tp = —YpAp + Ap(p, ), (6.7)
Om = —Laa - Vi, — Logpuy, iy = —1An + Ay (p,n), 6.8)

where p and 7 are conserved and non-conserved quantities, v,,~, are the corresponding
interface parameters, and A(p,7n) is a free energy density, whose partial derivatives are
denoted by A,(p,n) and A, (p,n). We complement the system with periodic boundary
conditions and initial distributions of p and 7. Moreover, L(:) denotes a generalised
mobility matrix, which is symmetric, positive definite and depends on the gradient of the
phase field p. In [20, 17], the authors allow the mobility matrix L to depend on p,n
and its gradients. However, we do not consider the general case for our demonstration
of applicability. For a detailed description and analysis of the model problem, we refer
to [20, 17]. Let us now formulate the assumptions on the domain and the parameters
ensuring the well-posedness of the problem.

Assumptions 6.2.1 ([17]). We assume

(A0) Q ~ T? is the d-dimensional torus; functions defined on Q are assumed to be
periodic.

(A5) the interface parameters v, and ~, are positive constants;
(A6) for any Vp, the matrix L(Vp) € RE@+Dx(@+1) 5 symmetric and positive definite with
MIEE < ETL(Vp)E < Malgf?,  VE € R

Moreover, every component b; ;(-) of L(+) is a function in C*(R) of its argument Vp,
with derivatives which are uniformly bounded by some constant As.

(A7) the potential A(-,-) is smooth with A(p,n) > 0 and satisfies

**'A(p,n)
Ok p dln

< C Sl i
for all 0 < k, I,k + 1 < 4. Furthermore, the shifted potential

@
Apsm) + 5 (1o + )

is strictly convex for some o > 0.

In addition, we assume pg, 19 € H'(Q).

Under these assumptions, the existence and regularity of solutions and their discretisa-
tion have been discussed in [20, 17].
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6. Extensions to more complex models

The inverse problem

We consider the parameter-to-measurement operator
F:D(F)C X Y, L-(pn),

where (p,n) are the first and third components of a solution to the problem (6.7)—(6.8).
The inverse problem under consideration in this section is the following: given measure-
ments (p°,7°) find a generalised mobility L(-) such that

F(L) = (", ")

Again, this is a non-linear parameter identification problem between Hilbert spaces X
and Y, which we define as follows

X = (H(Qu)) XDy = L2(0,T L2(Q))%,

where €1, is a two dimensional domain, such that Vp € Q. We define the domain of the
forward operator as

D(F) :={L € X : Assumptions 6.2.1 hold }.

Remark 6.2.2 (Identifiability). In Section 2.4.2, we formulated and proved identifiability
conditions for the Cahn-Hilliard equation. Those results can adjusted to derive similar
identifiability conditions for the Allen-Cahn equation, where now the set R, depends on
the chemical potential instead of its gradient. In Section 6.1, we outlined proof ideas in
the case of a matrix-valued mobility. However, the identifiability of the parameters in the
coupled Cahn-Hilliard/Allen-Cahn system is an open problem. The previous ideas should
be a starting point for further investigations.

Tikhonov regularisation

We assume that the measurements (p°,7°) satisfy the following condition

o= P’ llz2ce2y + In — 0’|l 2z <6,

with known noise level § > 0. Again, we consider the Tikhonov regularisation approach
and will compute stable approximations to the true parameter functions Lf(-), which
fulfils F(L') = (p,7n), by minimising the Tikhonov functional

1 «
3 1 R 5 . 0\[2 * (12
min J3(L) = S [F(L) = () eny + 5L - LI

where a > 0 is a regularisation parameter and L*(-) is an initial guess of the parameter
functions. Again, at this point, we now would have to discuss the properties of the forward
operator F(+) to ensure the existence of a minimiser, which we leave out. For the solution
we employ the Gauss-Newton iteration from the previous chapters, i.e
(F'(LF)* F/(L*) + al)AL* = F'(L*)*(y* — F(LF)) — o(L* — L"),
L' = L* + wALY,
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6.2. Cahn-Hilliard/Allen-Cahn system with cross-kinetic coupling

where 0 < w < 1. Note, we did not include a projection back to D(F') here. To implement
the iterative scheme, we state the linearised problem of (6.7)—-(6.8), which is used to define
F'(L), and an adjoint problem, which leads to a representation of F'(L)*. Both are derived
analogue to the derivation in Section 4.3 and 4.4.

Linearised problem and derivative of F'(+)

Let Assumptions 6.2.1 hold, and consider a generalised mobility L(-) € D(F') with cor-
responding solution (p, f1,,7, it,). Moreover, we assume that for a matrix L € X that
L + L remains in D(F), hence also satisfying Assumptions 6.2.1. In this setting, the
linearised problem of the coupled Cahn-Hilliard/Allen-Cahn model (6.7)—(6.8) for the

variables (p, fi,, 7, [i,) reads as follows:

Op — div(0,L11VpV i, + 0,L12V pp, + L1 Vi, + Liofiy) = Ry, (6.9)
fip + VAP — OpApp — Op A = 0, (6.10)

O + 0pLna - VpV i, + 0,LoaVpp, 4+ Lo - Vi, + Loofit, = R, (6.11)
fin + AN = DpAyp — Opyi) = 0, (6.12)

in Q x (0,7), where R} = — div(fqlv;zp + f,12un) and Ry = —(fqg -V, + ﬁzgun), and
initial conditions p(0,z),n(0,z) = 0 complemented with periodic boundary conditions.
Subsequently, we define the derivative of F(-) as follows

F'(L) : HP(Qp) XD — (220,75 ()%, L (5,17),
where (p,7) are the first and third components of the solution to the linearised problem.

Remark 6.2.3 (Convergence rate of the remainder). We performed a convergence test
of the remainder, which now includes p := ps — p; — p and 7 := 15 — n; — 7, and observed
quadratic convergence.

Adjoint problem

Let Assumptions 6.2.1 hold, and let L € D(F) be a fixed matrix with corresponding
solution (p, pp,n, fty) of the Cahn-Hilliard/Allen-Cahn model (6.7)-(6.8). By using the
Lagrangian function similar as in Section 4.4, we derive the following problem for the
adjoint states (p,q,r, s):

8,5]9 + (8pL11V[JJp + 8pL12,un)Vp + vaq — 8p/\pq — (3p)\ns

+(0,La - Vi, + OpLisg iy )r = —(p — P, (6.13)
q—div(L1;Vp+Lys-7r) =0, (6.14)
—O0r + 1y As — OpAys — O ,q = — (1 — n°), (6.15)
Loor + s+ LisVp =0, (6.16)

with p(T,z),7(T,z) = 0 for x € Q, data p°,7° € L*(0,T; L*(Q)) and complemented with
periodic boundary conditions.
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6. Extensions to more complex models

Representation of the adjoint operator F”(L)*

The representation of the adjoint operator F’(L)* is derived as in Theorem 4.4.2. Let
Assumptions 6.2.1 hold, and p°, n° € L?(0,T; L*(Q)). Further, let L(-) be an admissi-
ble matrix with associated solutions (p, i, n, p,) of the Cahn-Hilliard/Allen-Cahn model
(6.7)—(6.8). Moreover, let (p,q,r,s) be the solution to the adjoint problem (6.13)—-(6.16),
which depends on the solution (p, 11, 1, i1,)), the parameters L(-) and the data p°, n°. Then,
one formally defines the adjoint operator via

(F/(L)*yai‘)X = (y7F/(L)(]:))Y = (ya (ﬁa ﬁ))Ya
for y € Y and L € X. Similar as in Section 4.4, one deduces that the result of an
application of the adjoint operator, i.e. the outcome G := F'(L)*y € X, is then defined
as the solution of the variational problem:
(G, L)x =(Lai(Vp) Vi, V) 212 + (Lna(V )iy, V) r2(22(0))
+ (L2 (V) Vitp, ) r2(r2)) + (Loa(Vp) iy, 1) 12(12(0))

for all L € X = (H2(Q))(dtDx(@d+1),

Numerical results

The previous schemes are discretised using the Petrov-Galerkin approach described in
Section 5.1; consider also [17]. We omit the details and continue with a numerical example.

The following parameter choices resemble the numerical example in [17]. We consider
the domain Q = (0,1)?, set v, = v, = 0.001 for the interface parameters and select as
potential function

Mp.n) = Cp*(1 = p)* + D[p* +6(1 — p)(1* + (1 = 0)*) = 42— p) (1’ + (1 = )*)
+3(n* + (1 —n)*)?,
where C' =1 and D = 0.062. For the generalised mobility matrix, we choose
1 % zy v/ 100 x
Li(z,y) =14+ ——F+—— , Lio(z,y) = , Lan = 100,
11(2, ) 10 + 22 + 42 (xy y2) 12(2, ) T0+t22 12 W 22

where I denotes the identity matrix. As the initial distribution of the quantities p and 7,
we choose

po(z,y) = 0.5+ 0.45sin(27x) sin(27wy), 1no(z,y) = 0.5 + 0.45sin(4rx) sin(27y).

Together, these functions satisfy Assumptions 6.2.1. As discretisation parameters of the
finite element spaces, we choose for the Cahn-Hilliard/Allen-Cahn system (6.7)-(6.8) the
spacial discretisation i = 1/32 and as time step size 7 = 1-10~*. The final time is set to
T = 0.06, which amounts to 600 time steps. The evolution of the quantities p;, , and 7,
are depicted in Figures 6.3 and 6.4.

Now, we consider the inverse problem. The components of the generalised mobility
matrix are again discretised by the tensor product of one-dimensional cubic splines with
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6.2. Cahn-Hilliard/Allen-Cahn system with cross-kinetic coupling
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Figure 6.3.: Snapshots of the phase fraction pj, , for time points ¢ specified in the title of the
plots. The evolution of the energy £(p,n) = [, 2|V o> +2|Vn*+X(p, n) dz is
depicted with additional markers on the x-axis which correspond to the time
points of the snapshots.
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Figure 6.4.: Snapshots of the phase fraction 7y, ; for time points ¢ specified in the title of the
plots. The evolution of the energy £(p,n) = [, 1|V o>+ 2[Vn>+X(p, n) dz is
depicted with additional markers on the z-axis which correspond to the time
points of the snapshots.

natural boundary conditions. We choose for the parameter space H?([a, b]?) the discreti-
sation parameter o = 0.1, while a = —10,b = 10. The choice of a, b stems from the range
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6. Extensions to more complex models

of Vp. Note that the matrix L(-) has to be symmetric. Thus, only six discrete parameter
functions are needed in practice. Further, we assume that Los(-) is just a real number.

The perturbed data for our test are generated as before: We apply the forward operator
using the previous parameters to compute pp, » and 7y, o to which we then add white noise
with magnitude 64 = [|pn.r — 5 | 12(22), O = 100, — 1), || L2(22)- As noise level, we choose
1% for both.

For our iterative solution procedure, we choose as the initial values of the generalised
mobility L(-):

Liio =1 Lizg =0, Lo =1,

and we set
Lﬁ,o =1 LTQ,O =0, Lzz,o =1L

We used no further measures to impose the positive definiteness of the matrix. The
discrepancy principle is then applied to determine the regularisation parameter a. The
resulting reconstruction of Ly (+) is depicted in Figure 6.5, while the result for Lyy(-) is
shown in Figure 6.6. The real number Ly, was determined to LSy = 98.3342 (LI, = 100).

(L) (L)1 LII
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16
15

j . j .

5 0 5

5 17
4

16
3
2 5
1 114
0

113
-1
-2 12
-3

14
-4
5 1

5 0 5

a,d
(L)n

a,d
(L17")22

Figure 6.5.: Reconstructions of Lqq(+) using perturbed data p‘,sm, 17277. The noise level §
is set to 1%. The reconstructions are depicted on the range of Vp. The
upper row depicts the true parameter functions, while the corresponding re-
constructions are shown in the lower row. The regularisation parameter «
was determined by the discrepancy principle, with 7 = 1.1.

Also, for this more complex model, we derive stable and accurate reconstructions
demonstrating the applicability of the method to the Cahn-Hilliard/Allen-Cahn model
(6.7)-(6.8). A closer look at the data p reveals that the reconstructions agree well in
regions where data is available and are biased by the regularisation and the initial guess
where less or no data is available.
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6.2. Cahn-Hilliard/Allen-Cahn system with cross-kinetic coupling

LJ{Q (L12)2

ui
ui

«, 5
L12

Figure 6.6.: Reconstructions of Lqa(+) using perturbed data p‘fw, 772,7- The noise level 9§ is
set to 1%. The reconstructions are depicted on the range of Vp. The upper
row depicts the true parameter functions, while the corresponding reconstruc-
tions are shown below in the lower row. The regularisation parameter o was
determined by the discrepancy principle, with 7 = 1.1.

Remark 6.2.4 (Challenges of future research). For the rigorous analysis of the param-
eter identification problem in the Cahn-Hilliard/Allen-Cahn model (6.7)—(6.8), there are
several challenges compared to the standard Cahn-Hilliard System (1.1)—(1.2). Similar
to the generalised Cahn-Hilliard model in the previous section, the generalised mobil-
ity is now matrix-valued and depends on the gradient of the phase-fraction. Using the
techniques in the recent works [20, 17], one derives the existence of solutions, and one
should further be able to obtain the required continuity results using similar techniques.
However, this is now a coupled model and identifiability results in this case are an open
problem. Moreover, the dependence on the gradients again leads to a Vp term in the
linearised problem. In principle, the previous proof strategy in Section 4.3 might apply
here, but a careful investigation is necessary.
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7. Conclusion

In this thesis, we considered the identification of the phase fraction dependent parameter
functions in the Cahn-Hilliard equation from the knowledge of distributed phase fraction
data. We established identifiability results and derived a linear and a nonlinear approach
for the stable reconstruction of the parameter functions. The approaches were investi-
gated analytically, and we demonstrated the numerical realisation. Finally, we considered
preliminary results using our approach to identify parameters in more complex models.
Let us now summarise our main contributions and some directions for future research.

Identifiability

We established an inherent non-uniqueness of the parameter identification problem in the
Cahn-Hilliard equation, which led to the exclusion of the interface parameter v from our
considerations. We then proved that the mobility b(-) and the potential derivative f(-)
can be identified uniquely under realistic observability conditions. Further, we derived a
conditional identifiability result to uniquely identify both parameters simultaneously.

Equation error method

We employed an equation error approach to solve the parameter identification problems.
The insertion of the data into the Cahn-Hilliard equation led to linear operator equations
with perturbed operators. As the problem is ill-posed, we applied Tikhonov regularisation
to derive stable reconstructions of the parameter functions. Here, we used an abstract
result as a theoretical backup and showed that our problems satisfied the prescribed
assumptions, establishing the well-posedness of the approach. In the numerical tests, we
demonstrated the feasibility of the method and discussed the limitations of this approach
due to its dependence on the quality of the available data.

Output least squares

In order to circumvent the problems of the previous method, we also considered an output
least squares approach. This led to a nonlinear inverse problem in Hilbert spaces, and
we applied Tikhonov regularisation to derive approximations to the solution. We carried
out a complete analysis of this approach. Hence, we considered the well-posedness and
continuity properties of the forward operator, leading to the existence of a solution to the
Tikhonov minimisation problem. A Gauss-Newton-type iteration was suggested to com-
pute the solution to the Tikhonov problem. To facilitate this iteration, we established the
differentiability of the forward operator and derived a representation for the adjoint of the
derivative. For those results, we defined auxiliary variational problems and showed the
existence of solutions via Galerkin approximation and additional energy estimates. The
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7. Conclusion

key to those results was the sufficient smoothness of solutions to the Cahn-Hilliard equa-
tion. Afterwards, we considered the discretisation of this method using a Petrov-Galerkin
approximation. We discussed the discretisation of the forward operator, the Tikhonov
problem and the required auxiliary problems. Numerical results were presented, which
backed the claim that this method addresses the issues of the previous linear approach.

Outlook

Future research might consider extensions of those approaches to more realistic models
incorporating more parameters to identify or include more physical variables. As exam-
ples, we considered a matrix-valued mobility in the Cahn-Hilliard system and a Cahn-
Hilliard /Allen-Cahn system [20], where the coupling of the system is realised through
state and gradient-dependent matrices. In principle, our preliminary tests indicate that
the output least squares approach could be extended to those models. However, a careful
investigation is required due to the new dependency of the mobility matrix, i.e. including
gradients. Therefore, a good starting point is to study the Cahn-Hilliard system with mo-
bility matrices incorporating the new dependencies and then examine the coupled model.
Especially for the coupled model, identifiability is an open problem, although recent works
indicate how to generalise our identifiability results. To conclude, our preliminary analysis
and numerical tests of both models suggest that this is a promising direction for continuing
the work of this thesis. Other more complex models are the Cahn-Hilliard-Navier-Stokes
system [18] and a viscoelastic phase-field model [14, 21], which have been studied in our
research cooperation and the results could be used for the analysis of the nonlinear inverse
problem. As a final direction for future research, we would like to mention the analysis
of convergence rates, which we did not cover in this thesis.
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A. Appendix

A.1. Tikhonov regularisation for nonlinear inverse
problems

This section addresses the stable derivation of solutions to ill-posed non-linear inverse
problems. For this, we provide a condensed overview of the analysis of such problems on
the abstract level, and we recall the established theory following [45][Chapter 10].

At the abstract level, we aim to find a solution z € X that satisfies
Fz) = (A1)

where F': D(F) C X — Y is a non-linear operator between two Hilbert spaces X and Y
with D(F') := {z € X : x admissible } denoting the domain of the operator F(-), which
we assume to be closed and convex. The observations y° are considered as perturbed
measurements of a true distribution y" = F(27), where x' denotes the true solution. We
assume that the noise level ¢ is known, i.e.

Iyt =’y <6

The problem of finding a solution to (A.1) is typically ill-posed, which requires regular-
isation techniques. Here, we consider Tikhonov regularisation, the standard approach
in connection with output least squares problems, resulting in a standard minimisation
problem. Thus, in order to compute stable approximations to the true solution y', we
consider the minimisation of the Tikhonov functional, i.e.

1 o
in JO:= Z||F(z) — 0% + —||lz — z*||? A2
i Ja 2H (z) —y°lly + 2ch |, (A.2)

where o > 0 is the regularisation parameter and z* € X an initial guess. It is important
to note that, in general, the minimisers of the non-linear Tikhonov functional are not
unique. In the case of multiple solutions, the initial guess x* acts as a selection criterion,

as discussed in [45, Section 10.1]. Here, we denote any solution of the minimisation
problem (A.2) by 2 € D(F).

Existence and convergence results:

The existence of a solution z° for any a > 0 follows from standard theory, as shown in
for instance [45, 60].

119



A. Appendix

Theorem A.1.1 ([45, 60]). Let the forward operator F': D(F) C X =Y be continuous
and weakly continuous. Further, assume that the domain D(F') is weakly closed and non-
empty. Then for every a > 0, the minimisation problem (A.2) has at least one solution
2.
Note that if D(F) is closed and convex, then it is weakly closed. Although the solutions
are not unique, it can be shown that the Tikhonov problem (A.2) is stable in the sense of
a certain continuous dependence of the solutions on the data y° [45, Theorem 10.2]. By
imposing similar conditions on a(¢) as in the linear case, the convergence of the solutions
of (A.2) toward a solution of (A.1) can be ensured, as stated in the following theorem.

Theorem A.1.2 ([45, Theorem 10.3)). Let y° € Y with ||y — °|ly < § and let a(9)
be such that a(6) — 0 and 6*/a(8) — 0 as & — 0. Then every sequence {x3 }, where
or = 0, ay := a(d) and z is a solution of (A.2), has a convergent subsequence. The
limit of every convergent subsequence is an x*-minimum-norm solution. If in addition,
the x*-minimum-norm solution ' is unique, then

§

lim ¢,

g
im zgq) =2’ in X.
Here, an z*-minimum-norm solution, is defined by
2" — 2*||x = min{|lz — 2*[|x : F(a) = y}.

Achieving convergence rates in the non-linear case requires additional assumptions on
F(-), which are automatically satisfied in the linear case. One finds the following theorem
in the literature.

Theorem A.1.3 ([45, Theorem 10.4]). Let D(F) be conver, lety® € Y with ||y—1°|ly <
§ and let zt be an x*-minimum solution. Moreover, let the following conditions hold:

(i) F is Fréchet differentiable,

(ii) there exists v > 0 such that |F'(2") — F'(z)| < v||lz" — z||x for all z € D(F) in a
sufficiently large ball around z7,

(iii) there exists w € Y satisfying ' — a* = F'(z")*w and

() Allwlly <1.

Then for the choice av ~ 6, we obtain
|20 — 2|y = O(V3) and ||F(z’) — 4’|y = O(5)

The assertion of the theorem remains valid when the regularisation a = «a/(6,7°) is
chosen according to the discrepancy principle; see [45, Section 10.3]. The discrepancy
principle is a parameter choice rule for the regularisation parameter «; see [45]. It reads
as follows: Choose @ = «(6,°) such that

a=sup{a>0:|F(’) —|ly <70} for some 7 > 1.

This concludes our brief overview regarding the existence and convergence of regularised
solutions.
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A.2. Useful lemmas and inequalities

Let us first recall the well-known Gronwall inequality.

Lemma A.2.1 (Gronwall inequality,[92]). Let T > 0,v,g9 € C[0,T] and X\ € L*(0,T) be
gwen. Further, assume that

v(t) < g(t) + /Ot)\(s)v(s) ds, 0<t<T,

and that A\(t) > 0 for a.a. 0 <t <T. Then

¢
v(t) < g(t) +/ g(s)A(s) expls XD ds 0 <t <T.
0

Further, we gather some useful inequalities.

Interpolation inequality /LadyZenskaja [73]: Let Q € R? be a bounded smooth
domain and f € H'(Q). Then, there exists a positive constant C' depending only on {2
such that

1 1
I Fllzs0) < € (1172 19 A gy + 1 2y (A3)
Interpolation inequalities [73]: Let v € L>(0,T; L*(2)) N L*(0,T; W"3(Q2)). Then

v e LY0,T; L)) for d = 2.

Elliptic Estimates [46][89]: Let Q be a smooth domain. Then there exist constants C
only dependent on the domain such that

| fllzz) < CUfllz2) + 1AfllL2),

(A4)
1f sy < CUIf ez + 1A% fllz2@)-
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