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Zusammenfassung

Der Inhalt dieser Arbeit enthélt Einfliisse der numerischen Mathematik, der Funktio-
nalanalysis und der Approximationstheorie, sowie der Stochastik beziehungsweise der
Uncertainty Quantification. Im Fokus stehen neben den voll schwachen Raum-Zeit-
Formulierungen linearer parabolischer partieller Differentialgleichungen und deren Ei-
genschaften vor allem die Stabilitét ihrer jeweiligen Petrov-Galerkin-Approximationen.
Dariiber hinaus wird das Konzept der schwachen Raum-Zeit-Formulierungen auf para-
bolische Differentialgleichungen mit stochastischen Koeffizienten erweitert, wobei ein
weiterer zentraler Aspekt dieser Arbeit die Existenz von Momenten der Losung und die
Optimalitét der entsprechenden Petrov-Galerkin-Losung sein wird. Zur numerischen
Umsetzung der Petrov-Galerkin-Approximationen mit B-Splines beliebiger Ordnung
wurde im Rahmen dieser Arbeit ein Programmcode in Matlab entwickelt.

Durch die Formulierung in voll schwacher Form beziiglich der Zeit und dem Ort erhélt
man eine einzige Operatorgleichung. Diese Formulierung hat den Vorteil, dass sich
die Existenz und Eindeutigkeit einer Losung durch die Isomorphie des Raum-Zeit-
Operators folgern ldsst und dariiber hinaus auch explizite Schranken des Operators
gegeben sind. Um die Stabilitét einer Petrov-Galerkin-Approximation gewéhrleisten zu
konnen, muss sichergestellt werden, dass eine diskrete inf-sup Bedingung unabhéngig
von der Feinheit der Diskretisierung erfiillt ist. Die Validitat der diskreten inf-sup Be-
dingung wird, anders als bei elliptischen Operatoren, nicht von ihrem kontinuierlichen
Pendant geerbt. Die Stabilitdtsanalyse wird zunéchst fiir allgemeine Operatorgleichun-
gen durchgefiihrt und anschlieBend explizit auf die Raum-Zeit-Formulierungen ange-
wandt. Ziel ist es eine moglichst allgemeingiiltige Konstruktionsvorschrift fiir stabile
Diskretisierungen zu erarbeiten.

Ferner werden schwache Raum-Zeit-Formulierungen auf parabolische Gleichungen mit
stochastischen Koeffizienten erweitert. Hierbei wird das Hauptaugenmerk auf die Exis-
tenz von Momenten der Losung, sowie der quasi Optimalitéit und Stabilitdt der Petrov-
Galerkin-Approximation gelegt. Die Leitidee wird es sein, die Schranken des raumlichen
Differenzialoperators als Zufallsvariablen anstatt als feste Konstanten zu betrachten.

Im Zusammenhang mit dieser Arbeit wurde zusétzlich ein Programmpaket in Matlab
implementiert. Die Umsetzung basiert auf Diskretisierungen mittels B-Splines und
ist auf eine breite Anwendung ausgelegt. Im Vordergrund stehen Petrov-Galerkin-
Diskretisierungen von parabolischen Gleichungen mit stochastischen Parametern
in schwacher Raum-Zeit-Formulierung. Das Programmpaket ldsst sich in beliebigen
Raumdimensionen, Ordnungen und Diskretisierungsleveln der B-Splines, sowie fiir uni-
forme und nicht uniforme Gitter, unabhéngig fiir Test- sowie Losungsraum anwenden.
Zur benutzerfreundlichen Anwendung wurde zusétzlich eine grafische Oberfliche zur
Petrov-Galerkin-Approximation von parabolischen Gleichungen in den vorgestellten
schwachen Raum-Zeit-Formulierungen bereitgestellt.






Abstract

The topic of this thesis contains influences of numerical mathematics, functional analy-
sis and approximation theory, as well as stochastic respectively uncertainty quantifica-
tion. The focus is beside the full space-time weak formulation of linear parabolic par-
tial differential equations and their properties, especially the stability of their Petrov-
Galerkin approximations. Moreover, the concept of space-time weak formulations is
extended to parabolic differential equations with random coefficients, where an addi-
tional central aspect of this thesis is the existence of moments of the solution and the
optimality of its Petrov-Galerkin solution. In the scope of this work a Matlab code
for the numerical realization of the Petrov-Galerkin approximation with B-splines of
arbitrary order was developed.

Due to the formulation in full weak form with respect to space and time one obtains
a single operator equation. This formulation has the advantage that the existence and
uniqueness of a solution follows from the isomorphism of the space-time operator and
furthermore yields explicit bounds of the operator. In order to guarantee stability of a
Petrov-Galerkin approximation, one needs to ensure that a discrete inf-sup condition
is fulfilled independent of the refinement of the discretization. The validity of the
discrete inf-sup is, contrary to elliptic operators, not inherited from its continuous
pendant. The stability analysis is performed for generic operator equations first and
is applied afterwards explicitly to space-time formulations. The goal is to develop a
preferably universal construction rule for stable discretizations.

Furthermore, the space-time formulations are extended to parabolic problems with
random coefficients. The main focus lies on the existence of moments of the solution
as well as the quasi-optimality and stability of the Petrov-Galerkin approximation. A
central idea will be to consider the bounds of the spatial differential operator as random
variables rather than fixed constants.

In connection with this thesis, a program package in Matlab was implemented. The
realization bases on discretizations with B-splines and is developed for a broad func-
tionality. It focuses on Petrov-Galerkin discretizations of parabolic partial differential
equations with random coefficients in space-time weak formulation. The code can be
applied for different space dimensions, orders and level of discretizations of B-splines,
as well as for uniform and non-uniform grids, independent for test and solution space.
In addition, for a user-friendly handling it was implemented a graphical user interface
for Petrov-Galerkin approximations of parabolic equations in the presented space-time
weak formulations.






1 Introduction

1.1 Motivation and Overview

Consider the following well-known heat equation

%u(t,x) —alAgu(t,z) = g(t,x), for (t,z) € (0,T] x D,
u(0,z) = ug(x), forax e D, (1.1.1)
u(t,xz) =0, for (¢t,z) € (0,T] x 0D,

on a bounded spatial domain D C R" and finite time interval (0,7], 0 < T < oo, with
Laplacian A, acting on the z variable and sufficiently smooth given right hand side g,
initial value (function) uy and homogeneous boundary conditions as well as constant
thermal diffusivity or diffusion coefficient a € R*. The heat equation is of parabolic
type and describes the distribution of heat in D. It is stated in strong form. A classical
way to approximately solve such kind of equations is via finite differences for instance.
In finite difference schemes, one defines a set of finite grid points and approximates the
derivatives with a difference quotient. A drawback is that the approximation is only
given at the finite grid points and also requires rather strong regularity assumptions
to yield accurate approximations. A different approach is to reformulate equation
in a variational form. To this end, one multiplies with a spatial test
function ¢ € Ci°(D) and integrate over D. In this way one arrives at the standard
weak formulation

/ (i(t, 2)6(x) + aVault, 7) - Vod(x)) do = / o(t,2)6(z) dz, for all ¢ € HI(D)
D D

(1.1.2)
with u(0,z) = ug(z) for x € D, since C{°(D) C H}(D) is a dense subset and by using
integration by parts. We have used the shorthand notations

alt,x) == %u(t, ¥), Voult,z) Veb(z) = Z (a%u(t,x)> ( aizb(x)) .

i=1

Typical approaches to solve parabolic problems in variational formulation are
the method of lines or Rothe’s method. The idea of the method of lines for instance
is to consider the equation on a finite spatial subspace, e.g., a finite element space,
which yields a system of ordinary differential equations (ODEs) in time. This system
of ODEs can be solved, e.g., with Runge-Kutta methods. Although we have formulated
the heat equation in a variational sense, the time variable ¢ is still involved explicitly
leading, in particular, to time stepping methods.

I will pick up a different approach in this thesis. Instead of working with a classical
weak formulation (1.1.2)) in space only, a full weak formulation in space and time will
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Chapter 1. Introduction

be considered. The main idea is to multiply the PDE (l.1.1)) with space-time test
functions and to integrate over both space and time. In this way one arrives at the full
space-time weak problem:

Find u € Ly(L; V)N HY(L; V') 2 b(u,v) = F(v) Vove Ly(;V)x H, (1.1.3)

with H := Ly(D), V := Hj(D), I :== (0,T) and

b1, (01, 09)) 1= /I /D (i(t, 2)0n(t, 7) + aVault, ) - Vavr (£, 2)) dadt
/u(O,x)vg(x) dz,

+
F(v) = /Dg(t,a:)vl(t,x) dxdt + /Duo(:v)vg(:v) dz.

1

The explicit time dependency is eliminated in this full space-time weak formulation
. Similar to the method of lines mentioned above, one can consider the equation
on finite subspaces, but now with respect to the time domain and the spatial domain.
This approach leads to Petrov-Galerkin discretizations, which will be discussed detailed
in this thesis. In a Petrov-Galerkin approach, linear systems of equations can be solved
without any time stepping. Therefore, depending on the properties of the system ma-
trix, one can make use of well-known solvers from linear algebra for instance. But one
of the main motivations to consider parabolic evolution problems in a full weak for-
mulation was the fact that theoretical tools are available to derive explicit bounds for
both, the solution in energy norm as well as the error of a Petrov-Galerkin approxima-
tion. These trackable constants will turn out the be essential for the development of the
results in this thesis, not only concerning stability of Petrov-Galerkin discretizations,
but also in the context of the extension to random PDEs.

In a more general setting with linear spatial differential operators A(t): V- — V' re-
placing —a/\,, one obtains

b(u, (v1,v9)) := / (V/<u(t),vl(t)>v + V/<A(t)u(t),vl(t)>v) dt + (u(0),v9) g, (1.1.4)

1

with Hilbert spaces V < H = H' < V"’ in a Gelfand triple and duality pairing v/ (-, -)y
on V' x V. This kind of approach was already mentioned in, e.g., [DL92] in order to
prove existence and uniqueness of solutions of parabolic problems in weak formula-
tion, but not primary considered as a stand-alone full weak formulation and without
explicit bounds. A full weak space-time formulation was revisited in [SS09] to treat
it numerically with adaptive wavelet methods. I will solely consider linear equations
in this thesis, such that b(-,-) is a bilinear form. In addition, a homogenization as
well as another slightly different full weak formulation by using integration by parts is
discussed in this thesis, cf. [Stall] and [CS11].
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1.1. Motivation and Overview

Although the parabolic problem is condensed to one linear equation, the well-known
Lax-Milgram Theorem cannot be applied since it is inevitable to consider different
solution and test spaces. But there is a generalization applying also to non-coercive
bilinear forms, where the coercivity is replaced by an inf-sup condition. Due to the
close connection to the coercivity, indeed coercivity implies the inf-sup condition, it
is also called weak coercivity. The theorem is called Banach-Necas-Babuska Theorem,
cf. [Bab71], and will be one of the main tools in this thesis. In addition to the well-
posedness of the full space-time formulation, one also obtains explicit lower and upper
bounds for the bilinear form, which will turn out to be essential for the existence
of moments of the solution of parabolic PDEs with random parameters. Since the
bounds on the solution in energy norm enter the analysis of random PDEs directly,
it is important to have preferably sharp estimates. Therefore, a precise analysis of all
formulations introduced before is given for different types of involved spatial differential
operators A(t). In this way, one aim is to obtain improved bounds, in particular with
respect to more restricted spatial differential operators, like, e.g., the important class of
self-adjoint and time independent spatial differential operators. These explicitly given
bounds were one of the main motivations for considering a full weak formulation in
space and time. Additionally, the regularity with explicit bounds for time-independent
and self-adjoint operators are analyzed. Here the main interest is how the regularity
of the spatial differential operator transfers to the parabolic space-time operator.

An important issue for the numerics is the stability of discretizations, ensuring that
the approximations stay bounded for finer discretizations. The stability of Petrov-
Galerkin discretizations is characterized by a discrete inf-sup condition, which is the
discrete counterpart of the inf-sup condition required in the Banach-Necas-Babuska
Theorem. In the inf-sup regime, there also holds an optimality statement concerning
the approximation error, namely an analog to Céa’s lemma, where the discrete inf-
sup constant plays the role of the coercivity constant. But contrary to the coercivity,
does the inf-sup condition not pass to its discrete counterpart in general. That means
that one has to ensure the validity of the inf-sup condition on the discrete subspaces
even if the non-discrete problem is well-posed. Therefore, one has to make sure that
there exists a strict lower bound 8 > 0 for the discrete inf-sup condition which does not
depend on the dimension of the discrete subspaces. Otherwise a stability problem would
appear, for instance, when the discrete inf-sup constant decreases with the refinement
level. Such a stability problem is not a pure theoretical one, but can be observed
practically even for discretizations with piecewise polynomials.

In this work, the idea is to stabilize the discretization by allowing the test space to
have a higher dimension. This in turn yields an overdetermined system of equations.
The idea to increase the degrees of freedom in the test space was inspired by [DKOI]
and developed for the present context of generic operator equations with focus on
weak space-time formulations in my former work [Mol13b]. In order to still guarantee

W for all discrete test function

q¢ and given test space Y, cf. [And13]. If a Petrov-Galerkin solution exists, then it

solvability, one aims at minimizing the residual
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Chapter 1. Introduction

obviously also minimizes this residual, but not necessarily vice versa.

The stability is analyzed for a very general setting first and then specialized for space-
time formulation as one model example. The stability Theorem [£.2.10], which I have
worked out in [Mol13b], yields an explicit enrichment of the test space to stabilize the
discretization. It will turn out that one needs to assume a slightly shifted regularity of
the operator and standard Bernstein and Jackson inequalities on the discrete subspaces,
which are known to hold for a broad class of functions. After having such a universal
statement at hand, it will be specified how it applies to the particular situation of space-
time formulations considered in this thesis. The discretization under consideration will
be of tensor product type. The idea is to assume Bernstein and Jackson inequalities
only with respect to the temporal and spatial component separately and work out what
exactly needs to be prescribed in order to ensure the validity of the assumptions of the
general theorem. In this way, one arrives at a recipe how to construct stable tensor
product subspaces, cf. Table [£.3.12] [£.3.29] The construction rules apply to rather
wide families of bases, in particular to B-splines on hierarchical grids as used in my
implementation.

In the next part of the work, the deterministic problems considered so far are extended
to parabolic PDEs with random coefficients. In order to derive more realistic models,
it is often useful to introduce an additional stochastic influence, leading to random
PDEs. Both, random PDEs as well as stochastic PDEs (SDEs), became more and
more popular in the recent years. Due to the massively increasing computing power and
development of more sophisticated algorithms, one can attack complicated problems
with more data. Many models are meant to be simplifications of reality, describing the
behavior for particular idealized situations. There are often additional influences which
cannot be classified uniquely, as in quantum physics, or depend on too many events and
parameters to derive a perfectly exact description. At this stage, one can use random
parameters to handle the uncertainty. Stochastic influences appear directly from the
theory, as in quantum physics, or can be used to model uncertainty effects due to lack
of information. There are many further reasons, why uncertainties and inaccuracies
can appear, as, e.g., due to measurement errors, human failures, etc. In this way, one
can also enhance existing idealized models. Considering a random function as a right
hand side or initial value of a PDE, allows to model certain amount of uncertainty
in the given data. The uncertainty is then controlled via an additional parameter
w living in some suitable sample space. This means that the PDE is assumed to
be perturbed by a random influence. The thermal diffusivity a of a heat equation
(1.1.1]), respectively in full weak formulation, can also be perturbed. This
perturbation implies that the diffusion depends on the uncertainty parameter, i.e.,
a = a(w). In this way, the distribution of heat in a material can be modeled, where
the thermal conductivity of the material is not know exactly but only estimated, e.g.,
by measurements. Another example is given in [MKM13, Mol11l, Mol13a], where the
Schrodinger equation is perturbed by a disorder potential representing uncertainty. In
this particular example, the disorder comes into play, since the physical domain of a
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1.1. Motivation and Overview

quantum wire is very small (nano-meter scale). Such quantum wires are impossible to
produce perfectly in practice and always lead to imperfections on the surface, which
are not negligible.

To be more precise, in a parabolic random PDE the right hand side, initial condition
and even the involved spatial differential operator itself is assumed to depend on an
additional random parameter introducing uncertainty. Consequently, the solution of
a parabolic random PDE depends on the random parameter, such that the previous
deterministic solution becomes a random field on a probability space (£2, X, P). To this
end, the full space-time problem ((1.1.3)) or (|1.1.4]) extends to the parameter dependent
problem:

Find U, := U(w) € Lo(L; V)N HY(L; V') : by, (U, v) = Fo(v) Vv € Ly(I; V) x H,
for almost every w € 2 with

b (U, (01, 12)) = /I(<dU§(t),ul(t)> AL UL (1), 0 (8))) dt

+ (U,(0), v2) i,

Falw) = [lolt.),00) dt+ Uo(e). a)u

I
Parabolic random PDEs in full space-time weak formulations can be treated in the same
way as the deterministic pendant . In particular, one needs to assume uniform
bounds for the spatial differential operator with respect to every realization given by
w in order to ensure existence and uniqueness according to the Banach-Necas-Babuska
Theorem. But in this thesis, instead of assuming uniform boundedness of A(t,w) in
Q from below or above, the bounds on A(t,w) are assumed to be random variables
instead. That is, the novel approach is that the lower bound is not considered to be
constant, but a random variable A, = Amin(w) and the same for the upper bound
Amax = Amax(w). The main idea is to show existence of p-moments of the solution
depending on the moments of A, and A,.. as well as the moments of the initial
condition and right hand side. This is indeed a substantial extension since, in particu-
lar, the spatial differential operator is allowed to tend to infinity or zero, respectively,
provided that a certain number of moments exist. The fundamental results concerning
the existence of moments of the solution of parabolic random PDEs were worked out in
my very recent work [LMMI6] with Stig Larsson and Matteo Molteni. The existence
of moments of the solution relies on the estimates of the norm of the solution for each
realization, which is worked out in detail for the deterministic counterpart. Since the
estimates are sharper the more we restrict the spatial differential operator, one gets also
sharper results concerning the existence of moments. It applies to several situations
not covered so far, for instance to log-normal coefficients a ~ LN (u,0?), which are
obviously unbounded and take values arbitrary close to zero, with A(t,w) := a(w)A(t).
But also coefficients like a(X) := | X|~® with uniformly distributed random variables X
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Chapter 1. Introduction

are covered by the theory for certain values of o € R. In addition to (almost sure) co-
ercive spatial differential operators, I will also present a similar result for non-coercive
spatial differential operators which only satisfy a Garding inequality almost surely.

Finally, the intention is to combine the stability properties derived for the deterministic
PDE with the ideas used to prove existence of moments of the solution of random PDEs.
In this way, one can try to extend the w-wise quasi-optimality to L,(§2; -). Ideally, stable
discretizations can be constructed which do not depend on the particular realization,
ie., on w € ). The stability of a discretization depend on the PDE, such that it
generally will depend on w € 2. Unfortunately, the stability result derived before
might theoretically not be optimal for the pathwise treatment. Such a behavior is not
surprising since the result is consciously kept general and dependent on the operator,
although the numerical results suggest that already a fixed number of extra layers would
be sufficient. To this end, another stability approach from [And13] is revisited, which
was designed specifically for a particular space-time weak formulation. Even if this
approach is rather restrictive compared to the universal stability result in this thesis,
it will turn out that a provable construction of stable discretizations independent of w
can be derived. The idea is to modify the approaches from [And13] to prove stability
for a whole family of parameter dependent PDEs. It should be highlighted again
that ideally the same discretization can be used for all random parameters (almost
surely), such that there is no need to adapt it to each simulation in order to gain
stability. Moreover, it allows to derive quasi-optimality of Petrov-Galerkin solutions of
parabolic random PDEs with respect to L,(§2;-) on a fixed, a-priori given, subspace.
It is worth mentioning again that the spatial differential operator is not necessarily
bounded uniformly neither from above nor from below.

The theoretical considerations will be substantiated by several numerical examples.
In this regard, I have developed a new code in Matlab aiming at solving prototypes
of Petrov-Galerkin approaches with B-splines. Splines are piecewise polynomials and
B-splines form compactly supported bases of these spline spaces. Splines are known to
have good approximation properties and its B-spline bases are well suited for Petrov-
Galerkin approximations, not only due to the compact support. Piecewise polynomials
are also the foundation of common finite elements and wavelets. The code is designed
for a very broad functionality. It is deliberately kept general in order to cover many
situations, in particular, the first and second formulation of parabolic PDEs in space-
time weak form with B-spline ansatz functions of arbitrary order in each coordinate
direction. Due to the stabilization presented in this thesis, one needs to enrich the test
space such that the code also should be able to calculate with different levels in the test
and solution space. The program is based on B-spline tensor products of arbitrary order
and arbitrary dimensions. Furthermore, one can choose different refinement levels in
each coordinate direction and independent for the solution and test space, leading to
overlappings of very different supports and resulting in rectangular system matrices.
Even the underlying discrete grid, respectively the knots defining the basis sets, are
basically allowed to be non-uniform for most routines. The point evaluations of splines
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1.2. Outline

are based on a multidimensional de Boor scheme. Due to the tensor product structure,
all matrices break down to sums of Kronecker products of matrices with respect to one
coordinate direction. Since the derivatives of splines can be expressed as a sum of B-
splines of lower order, the stiffness matrices can be set up efficiently by using the de Boor
scheme, combined with an appropriate quadrature rule depending on the order of B-
spline. Since splines are by definition piecewise polynomial, many system matrices can
be set up ezxactly. In this way, one can assemble matrices of very general structure with
arbitrary derivatives and with different bases in solution and test space. In addition
to these main routines, there are some help functions like quadrature rules or a plot
routine for splines. Moreover, I have included a graphical user interface (GUI) for full
space-time parabolic problems of arbitrary dimension, order, right hand side etc. Due
to the generality of the code, its use is not restricted to (Petrov-)Galerkin approaches,
but can also be used efficiently for collocation methods with point evaluations relying
on the de Boor scheme. Furthermore, it is also not limited to parabolic problems, but
is applicable to elliptic, Schrodinger and hyperbolic equations as well, although the
theoretical considerations go beyond the scope of this thesis.

1.2 Outline

The thesis is structured in the following chapters.

Chapter First I introduce some fundamentals which are used throughout the the-
sis. I briefly give some useful properties of operators and of intersections of Hilbert
spaces, which appear in parabolic problems. Beside intersection spaces I will also in-
troduce interpolation spaces of Sobolev spaces. That means, in this regard, Sobolev
spaces of fractional order, which will be used later to prove existence and uniqueness of
solutions with shifted spatial regularity. The important Banach-Necas-Babuska The-
orem is also stated in this chapter. Finally, fundamental properties on B-splines are
presented, which will be the building block for the Matlab-code.

Chapter This chapter is devoted to full weak formulations in space and time. I will
present basically three different types of formulations, namely the first formulation, its
homogenization and the second formulation. I also distinguish between coercive spatial
differential operators and spatial differential operators fulfilling a Garding-inequality.
Since the explicit dependency of the spatial differential operator on the continuity
constant as well as on the coercivity/Garding constant is needed later, explicit and
preferably sharp bounds are worked out. I will also present a regularity result showing
how the spatial regularity inherits to the space-time weak formulation and how it
influences the space-time continuity and inf-sup bounds.
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Chapter After having presented space-time weak formulations of parabolic PDEs
so far, I will deal in this chapter with its Petrov-Galerkin discretization, respectively
the stability of Petrov-Galerkin discretizations in general. The idea is to enriching the
test space in order to obtain a uniformly stable discretization. How to archive such a
stable subspace will be the main work of this chapter. The rest of the chapter shows
how the general strategy applies to space-time weak formulations, in particular in the
second form.

Chapter In this chapter, deterministic parabolic PDEs are extended to parabolic
PDEs with random coefficients. After applying the results of chapter [3| pathwise, exis-
tence of moments of the solution for possibly unbounded spatial differential operators
A(t,w) in parabolic problems is proven. Moreover, quasi-optimality of Petrov-Galerkin
solutions in certain Lebesgue-Bochner spaces L,(€2; X') with respect to the stochastic
parameter w € €2 and deterministic solution space X can be derived.

Chapter [6] Finally, this chapter gives some numerical results concerning the theo-
retical statements of the previous chapter. First I will consider the stability issue of
Petrov-Galerkin discretizations for deterministic parabolic PDEs in space-time weak
formulation. After establishing stable discretizations for deterministic problems, I focus
on its stochastic counterparts from chapter fl The calculations illustrate the main re-
sults concerning the existence of moments of the solutions and also the quasi-optimality
of its Petrov-Galerkin solutions.

Chapter I conclude the body of the thesis with a brief summary of the presented
results and give an outlook on future work.

Chapter [A] A documentation of the code, implemented to produce most of the
numerical results, is given in the appendix. I will present the structure of the code,
describe its main routines and explain the general technical implementation ideas.
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2 Fundamentals and Preliminaries

At the very beginning we introduce the mathematical background which is indispens-
able for the theoretical treatments in this thesis. To this end, we need to give a few
definitions and recall some known, mostly functional analytical, results. We start with
general definitions, then we consider Sobolev spaces, Bochner spaces and dual spaces
in more detail and give useful properties of linear operator equations. Moreover, inter-
section spaces and the important Banach-Necas-Babuska Theorem as a generalization
of the well known Lax-Milgram theorem are introduced. In view of arbitrary regular-
ity results later, we also need interpolation spaces. Finally, some spline and B-spline
fundamentals are presented, which are required for the implementation of the code as
well as for the analysis of the numerical results.

2.1 General Definitions

In this section we want to recall some general vocabulary and notation, which will
be used throughout this work. The content of this section can be found for instance
in standard textbooks on functional analysis as, e.g., [Aub00, Rud91, [DL8S, D192,
Zei95al, [Zei95b] and also in textbooks on partial differential equations as, e.g., [Stel0),
Eval0, RR04, W1o82] just to name a few.

Definition 2.1.1. We call two norms || - || and ||-|| on a vector space X equivalent, if
there exist constants m, M € R with 0 < m < M < oo such that

mllz]| < flefl < Mzl for all x € X.

We will use the following shorthand notations:

o x| Szl if there exists a constant M > 0 such that ||z| < M||z||,
o ||| Z ||| if there exists a constant m > 0 such that ||| > m|z||,

o ||z|| ~ ||x|| if there exists constants m, M > 0 such that m||z|| < ||z| < M]|z||.

Definition 2.1.2. Let X and Y be two normed vector spaces with norm || - ||x and
| - ||y, respectively.

The set of all linear operators from X to Y with finite operator norm is denoted by
L(X,Y). The operator norm is defined by

Alx Y
Aoy = sup O a@)y
zeX\{0} ]| x HxHeX’l
z||x=

where one often omits the subscript if it is clear that the operator acts from X toY or
uses the notation || Al z(x,v)-
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Chapter 2. Fundamentals and Preliminaries

One generally simply writes Az instead of A(x) for linear operators.

In the remainder of this section, we will consider certain function spaces in more detail.
We start with the definition of dual spaces.

Definition 2.1.3. Let (X, |- ||x) be a Banach space. The set of all bounded and linear
mappings from X into R is called the dual space of X and will be denoted by

X' = L(X,R).

A norm of the dual space X' is given by the operator norm

T
lollx = sup 2@
sex\{oy 7] x

which is called dual norm. Moreover, we introduce the duality pairing on X' x X by
x{h)x: X' x X - R, x{v,z)x = v(x),

where we often omit the subscript and write (-, -), if the space is clear from the context.

The notation differs slightly in the literature. The dual space is sometimes denoted by
X* and the duality pairing by (-, ) x/xx. The following well-known Riesz representation
Theorem gives an important connection between Hilbert spaces and its dual space.

Theorem 2.1.4. Riesz representation theorem
Let X be a Hilbert space with inner product (-,-)x. Furthermore, assume that we have
a bounded linear functional z € X', then there exists a uniquely determined element
v, € X such that

z(w) = (v,,w)x  for allw € X.

Moreover, each element v € X induces a linear functional z, € X" with ||z,||x = ||v||x

by
zo(w) == (v,w)x  for allw € X.

The mapping
Ry: X = X', vz,

1$ an isometric isomorphism so that one can identify each Hilbert space X with its dual
X' and one writes X = X'. The operator Ry is called Riesz isomorphism or Riesz
mapping.

With the aid of the Riesz representation Theorem [2.1.4] we can formulate the definition
of a Gelfand triple, which is important for weak formulations of PDEs. Before we can

define such Gelfand triples, we need the following definition.
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Definition 2.1.5. Let X be a Banach space with norm || - ||x and Y C X a closed
subspace with norm || - ||y. ThenY is continuously embedded in X if

lolx S llvlly  forallvey,

and one writes Y — X. Furthermore, one says that Y is densely embedded in X if
i addition Y is dense in X.

Definition 2.1.6. Let X be a Hilbert space and Y — X a reflexive Banach space
which 1s densely and continuously embedded in X . Identifying the pivot space X with

its dual X' by the Riesz representation Theorem yields the Gelfand triple

Y 5> X=X Y.

Note that if the embedding Y < X is dense and continuous, the embedding X’ < Y’
is dense and continuous as well. Moreover, notice that in a Gelfand triple the space
Y is not identified with its dual Y, but the inner product on X is used to define the
duality pairing y/(-, -)y, that is,

Y’<Z)y>Y:X’<Z7y>X ::(zay)Xa if ZGX%’X’CY’, yEY

where (+,-)x denotes the inner product on X. Typical choices are Y = H™(D) and
X = Ly(D) with respect to an open domain D C R™ with possibly additional boundary
conditions. We conclude with an extension of the well-known Holder inequality, which
is used frequently in chapter [5| to prove existence of moments of solutions of random
PDEs.

Theorem 2.1.7. Assume that f1,..., f, are functions on domain D C R™ such that
1 1 1 1
fiELm(D), 1<i<m, with —=—+—+---—<1.
p P11 P2 Pm

Then the product f = fifa--- fm belongs to L,(D) with
12,00 < N filley, ol f2llz,y o) - ([ finll 2y, (D)

Proof. A prove of this general form can be found in [Brelll Th. 4.6/Remark 2]. H

2.2 Sobolev and Bochner Spaces

This section introduces Sobolev spaces and their dual spaces as well as Bochner spaces.
The solution and test spaces for partial differential equations in variational formulation
are typically Sobolev spaces. Usually, operators implied by the variational formulation
are arranged to map from one Sobolev space into a dual Sobolev space. Suitable solu-
tion and test spaces of space-time weak formulations of parabolic evolution problems
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Chapter 2. Fundamentals and Preliminaries

are Bochner spaces or intersections of them. Bochner spaces can be interpreted as
generalized Sobolev spaces in some sense or as tensor product Sobolev spaces as we
will illustrate in this section. Since Sobolev spaces are very standard in the present
framework of variational problems, we will only give their definition here. A very
substantial treatment of Sobolev spaces is given in [AF03]. For more details and

further properties of Bochner spaces and vector valued Sobolev spaces we refer to
[Aub00, DL, ABHNOT, W1oR2).

Definition 2.2.1. Let f € Lyo(D) with D C R™ open and o € Njj. Suppose that there
is an element g € Lo(D) such that

|ex]
[ at00(x) dx = (07! [ 60520 dx for all o€ CR(D)

where the integrals are considered as Lebesque integrals, then g is the a-th weak deriva-
tive of f in the Ly(D) sense and one defines % =g € Ly(D). We denote by C5°(D)
the space of infinitely often differentiable functions with compact support in D. Here
we have used the multiindex notation

olel olel
%f(x) = mf(x)7

with x == (1,...,%,), @ := (ar,...,a,) and |of :==>"" | a;.

Definition 2.2.2. The Hilbert space of elements f € Ly(D) for which the weak deriva-
tives DOf = 22 f ¢ Lo(D) according to Definition |2.2.1| exist for all |of < m € N

ox

is called Sobolev space of order m and will be denoted by H™(D). The Sobolev space
H™(D) is equipped with the inner product

a|a| a|a‘
(fs@)mm(p) = Z (@f’ @9>L2<D>

|laj<m

= 3 [ (5 (5o ax

laj<m

and the induced norm

olal 2
Aoy = A (s Damy = | D p
ja|<m L2(D)
A seminorm is given by
ol |2
ey =] D |5
aimm 119% )

The dual space (H™(D))' of a Sobolev space H™(D) is usually denoted by H=™(D).
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2.2. Sobolev and Bochner Spaces

The Sobolev space HJ'(D) with zero boundary conditions is defined as the closure of
C5°(D) with respect to the norm || - || gm(py on H™(D), i.e.,

H™(D) = G2 (D) ™ (2.2.3)

The dual space (HJ*(D))' is denoted by H~™(D). The definition of Sobolev spaces ac-
cording to Definition is only meaningful for integer exponents m € N, respectively
m € Z due to the notation of its dual spaces. But Sobolev spaces can also be extended
to a scale of spaces with real valued smoothness indices, which will be important later.
We will state the definition along the lines of [AF03, Ch. VII] and [Pabl5l sec. 1] at
this point and explain the role of fractional Sobolev spaces later, when we deal with
interpolation spaces.

Definition 2.2.4. For f € Ly(R™) the Fourier transform F(f) can be defined with a
density argument as

F()(x) = lim (&) exp(=2mix - ) d¢,

B=%0 J)itllgy@ny<R

i the Lo-sense, with imaginary unit i and inner product x - £. For every s € R we
define the Sobolev space of order s as

H*(R") = {v: (L+]-[*)"F(v) € Lo(R")},
with inner product

(. 0)mro(rny = (L4 )P F (), (L4 |- [7)2F (0)) agn)-

These spaces are sometimes called Bessel potential function spaces, cf. [Stel(Q) sec. 2.4].
Due to the Plancherel theorem, the Fourier transform F: Ly(R™) — Lo(R") is a unitary
operator, i.e.,

IF Ol La@my = 11 Moy

Moreover, it can be shown that
F(Df) (x) = (2mi) x> F(f), aeR" xeR"

and also that the two characterizations (-)*F(f) € Lo(R"™) and (1 4+ | - [2)*2F(f) €
Ly(R™) are equivalent for |a| < s with integer s € N, so that Definition is
consistent with Definition [2.2.2]for integer orders s = m € N. There are several different
ways to define fractional order Sobolev spaces which are not necessarily equivalent on
bounded domains, as ,e.g., Sobolev-Slobodeckij spaces, see [Stel(l sec. 2.3].

Sobolev spaces form the basis for Bochner spaces which come into play when dealing,
e.g., with evolution problems due to the additional time variable.
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Chapter 2. Fundamentals and Preliminaries

Definition 2.2.5. For a given Banach space X with norm || - ||x, the Bochner space
Lo(I; X) on a domain I C R™ is the space of all strongly measurable functions f: I —
X such that the norm

112, ) = / L)% dt (2.2.6)

is finite. Analogously, we define the vector valued Sobolev space H™(I; X) with m > 0
as the space of all functions f € Lo(I; X) with weak derivatives D*f € Lo(1; X) for
all |a| <m. A norm on H™(I; X) is given by

[F Lz ) = 1D FIIZ, (1)
(

laf<m

The weak derivatives D®f are defined similar as in the Sobolev case from Definition
2.2.1} as the element g € Lo(I; X) such that

olal
/Ig(t)<b(t) dt = (~1) /If(t)%gzﬁ(t) dte X forall ¢ € C(I).

Typically, the Banach space X in Definition [2.2.5]is a Sobolev space X = H™(D), with
m € R and domain D C R". Due to the definition of Bochner spaces, the elements
f € Lo(I; H™(D)) are functions defined on the domain I with values in H™(D), what
means that f(¢): D — R are functions itself for all £ € I, now defined on the domain
D. Considering a function g: I x D — R which is m-times weak differentiable with
respect to the coordinates on D, then g(t,-) € H™(D) for t € I. Due to this connection
we define ¢(t,x) := g(t)(x), for t € I and x € D. The denotation Bochner space is
often used synonymously also for vector valued Sobolev spaces. For Hilbert spaces X
with inner product (-,-)x an inner product inducing the norm ([2.2.6)) on the Bochner
space is given by

(f+ 9 Lar:x) = /I(f(t),g(t))x dt,  f,ge€ Ly(I; X) (2.2.7)

and similar for vector valued Sobolev spaces. Vector valued Sobolev spaces as well
as Bochner spaces are Hilbert spaces with respect to this inner product , see
[LM72, Rem. 1.5] or [Wlo82 Prop. 24.5]. As already mentioned before, vector valued
Sobolev spaces and Bochner spaces can be identified via Hilbert tensor products.

Proposition 2.2.8. For a separable Hilbert space X, we can identify H™(I; X) =
H™(I) ® X isometrically.

Proof. See [Aub00, Th. 12.7.1]. O
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2.2. Sobolev and Bochner Spaces

For fi € X and f, € Y, we define f := f1® fo € X @Y, with f(¢t)(z) := f(t,z) ==
f1(t) fo(x), and equip the tensor product space X ® Y with the inner product

(fl ® fo,01 ® 92)X®Y = (fl,gl)X(fQ,QQ)y- (2.2.9)

It is not hard to see that the inner product defined in (2.2.7) coincides with the inner
product defined in (2.2.9) for fi ® fo, g1 ® g2 € Lo(I) @ X = Lo(I; X):

<ﬁ®nm®@mmm=:[mmﬁo L(B)ga()x dt

= ([ £i0n0 @) (e

(f1791)L2(I)(f2,92)X
= (1® f2, 91 ® 92) Lo (Dex-

The mathematically precise treatment of Hilbert tensor products via Hilbert-Schmidt
operators is rather technical. We refer to [Aub00, [Pis03| for a detailed description.

In the context of, e.g., parabolic problems, one additionally considers intersections of
Hilbert spaces.

Definition 2.2.10. Let X and Y be two Hilbert spaces with norms || - [|x and || - ||y
Then, the intersection space is defined as

XY = {fe X,V : [ flkny = IfI% + IfI5 < oo} (2.2.11)

The denotation intersection is reasonable, since the definition of the norm im-
plies that elements from the intersection space X NY are contained in both component
spaces, X and Y, and vice versa. Moreover, the intersection space is continuously em-
bedded in both component spaces and also defines a Hilbert space with inner product

(fag)XﬂY = (fag)X+(f7g)Y7 fagEmea

where (-,-)x and (-,-)y are inner products on X and Y, respectively, cf. [AF03, sec.
7.7] for an equivalent norm. A very prominent example of intersection spaces is of the
form Ly(I; V)N H'(I; V) on an interval I with two separable Hilbert spaces V and V,
where one often considers V := V’. These type of function spaces are used in chapter 3 I
in order to state well-posed parabolic PDEs in an appropriate way.

Before we can give an important embedding theorem, which is crucial for well-posedness
of parabolic PDEs in space-time weak formulations, we briefly introduce interpolation
spaces or intermediate spaces. As the name already suggests, interpolation spaces
describe spaces which lie “in between” two spaces in a certain manner, which has to be
defined properly. Since the mathematically precise definition of these spaces is rather
technical, we first want to give an important example of interpolation spaces of Sobolev
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spaces. For two Sobolev spaces H*(R") C H?(R"), the interpolation space of order %
coincides with s
Hz (R") = [H*(R"), H*(R™)]1 2. (2.2.12)

The spaces are well defined for Q—;B € Z according to Definition but also
for fractional orders via Definition [2.2.4 We see that, for instance, the interpolation of
order % between a Sobolev space and its dual is the pivot space Ls(R™), which agrees
with the suggestion that pivot spaces lie “exactly between” pairs of primal and dual
Sobolev spaces. We orientate ourselves at [DLI0, Ch. VIII, §3, Def. 8| and give a
precise but not too technical description.

Definition 2.2.13. Let V < V be separable Hilbert spaces with dense and continuous
embedding equipped with inner products (-,-)y and (-, ~)‘7,~respectively. Then the inner
product (-, )y defines a unique unbounded operator A in V with domain

D(A) ={u €V v (u,v)y is continuous on V for the topology on V}, (2.2.14)
satisfying
(Au,u)y = (u,u)yv, for all u € D(A),

cf. also [DL8S, Ch. VI/VII]. Using the spectral decomposition of A in V. one can define
roots of A and we set A := AY2. For 6 € [0,1] we can now define the interpolation of
order 0 between V and V as

[V, V]y == D(A),

with inner product

(u,v)p = (u,v)5 + (A u, A%0)p.
It can be seen that we obtain in particular

V,Vlp=V and [V,V],=V.

Note that (2.2.14)) comes into play in order to ensure that the composition of Riesz
mappings .
A= R‘T/IRV: D(A) =V,

is well-defined, where Ry: V — V' and Ry : V — V' are the Riesz mappings with
respect to V and V, respectively, according to the Riesz representation Theorem .
This is the case for the set {u € V : Ryu € V' € V'} = R,;*(V"), which is equivalent to
the set . One can relate the interpolation spaces between two Sobolev spaces
with other (fractional order) Sobolev spaces as in example (2.2.12)).

Theorem 2.2.15. Let 6 € [0,1], o, 8 € RT, a # 3. Then the following identity holds
[H*(R™), H?(R")]g = H1~DaH+05(R)., (2.2.16)
Proof. See [BS88, Ch. 5, Theorem 4.17] and [BL76, 6.4.5. Theorem]. O
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One can also use ([2.2.16)) directly to define Sobolev spaces of fractional order instead
of using Definition In order to cover also Sobolev spaces on arbitrary domains,
we define

H(D) := [H™(D), Ly(D)]y, s=(1—0)m, meN, 0<0<1,  (22.17)

according to [DLI0, Example 4]. Due to Theorem we deduce that definition
(2.2.17)) is consistent with Definition on R™. Moreover, it is not hard to show
that yields the same Sobolev spaces as Definition when s € Nt. Tt is
worth mentioning that Theorem stays also true for sufficiently regular domains
D C R", when we define the Sobolev spaces of fractional order according to Definition
restricted to D, cf. [AF03 Ch VII, 7.66 |. With the previous Definition we
can formulate the important embedding theorem from [DL92, Ch. XVIII, §1, Th. 1
and Sec. 3.

Theorem 2.2.18. For every interval I C R and separable Hilbert spaces V < V with
dense and continuous embedding, every v € Ly(I; V) N HY(I; V) is almost everywhere
equal to a continuous function of I in H := [V, V]y/5. Further, we have

Loy(I; VYN HYI; V) — C%I; H),
with continuous embedding.

In particular, Theorem implies that point evaluations on the interval I exist for
functions from the intersection space Lo(1; V) N H'(I1; V). This fact will turn out to
allow point evaluations at given initial times in the context of parabolic PDEs, which
is crucial for the well-posedness of its full space-time weak formulation.

2.3 Operator Equations and Properties

In this section we briefly introduce some operator theoretical aspects, which will be
needed in the present work.

First, we will introduce the concept of dual operators.

Definition 2.3.1. Let X,Y be two Banach spaces and A € L(X,Y). Then the dual
operator A" Y — X' is defined via

x{(A'D,w)x ==y (0, Aw)y for allw e X, 0 €Y.
It is well known that dual operators fulfill
AT e L(Y', X')  with [|A']] = [|A]],
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see, e.g., [Wlo82 sec. 12.1]. Assuming X and Y to be reflexive Banach spaces, the
dual operator of A € L(X,Y”) is consequently given by

A e LY, X'), x(Av,w)x =y (v, Aw)y: forallw e X v €Y,

where Y and its bidual Y” are isometrically isomorph and we identify Y” = Y.
Bounded bilinear forms a(-,-) on Hilbert spaces X and Y uniquely define operators
Ae L(X,Y') by

vy (Av, w)y == a(v,w), ve X, wey, (2.3.2)

cf. [Wlo82l Prop. 17.8].

The following Theorem gives a general criterion for the existence and uniqueness of
solutions of linear operator equations. It is well-known (see, e.g., [Bab71, Th 2.1],
INSV09, Th. 2.1]) that an operator A € L(X,Y”) is boundedly invertible if and only
if the operator is bounded, surjective and if an inf-sup condition is fulfilled. This is
formulated in the following Theorem [2.3.3

Theorem 2.3.3. Let X and Y be two Hilbert spaces with norm || - ||x and || - ||y,
respectively. A linear operator A € L(X,Y") is boundedly invertible if and only if

A
sup  sup 1{Av, w)] <00 (boundedness) (2.3.4)
vex\{op wer\{o} [Vl x [lwlly
A
inf  sup Av, w)] >0 (inf-sup condition) (2.3.5)
veX\ {0} wevyfop [l x [lwlly
sup [(Av,w)| >0 Yw €Y \ {0} (surjectivity). (2.3.6)

veX\{0}

Obviously, the boundedness is already incorporated in the Definition of
L(X,Y"). Notice that linear operators on Hilbert spaces are bounded if and only if they
are continuous. To this end, the constant is usually referred to as continuity
constant. The formulation in [Bab71, Th. 2.1] differs slightly from our formulation,
but by taking trivial reformulations of the assumptions, linear forms and dual spaces,
one can straightforwardly derive Theorem from [Bab7l, Th. 2.1]. Theorem
is often called Babuska Theorem, Babuska-Lax-Milgram Theorem, Banach-Necas-
Babuska (BNB) Theorem or generalized Lax-Milgram Theorem. This BNB Theorem
is the building block for our analysis of well-posedness of parabolic PDEs in space-time
weak formulations and is therefore also important for the results on the existence of
moments of solutions of random PDEs in chapter [5| It can be shown that the following
equivalence holds.

Proposition 2.3.7. Let A € L(X,Y"). Then the following conditions are equivalent:

(i)
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A
mf sup AW
veX\{0} yev\{or [vllx l|wlly

sup [(Av,w)| >0 VYweY \{0}.
vex\{0}

A
(ii) inf  sup Av,w)] > 0,
we\{0hyex\joy [[vllx lwlly

sup [(Av,w)| >0 VYve X\ {0}.

weY\{0}

A A
vexX\{0} wey\(oy [Vl xllwlly  wey\{o} vexoy [Vl x[lwlly

Proof. The equivalence between (i) and (ii7) is proven in [NSV09, Theorem 2.2] and

is a consequence of the fact that ||(A")7!|| = ||A~"], with Y” 2 Y since Hilbert spaces

are reflexive. The equivalence between (i7) and (iii) follows by considering the dual

A" e L(Y, X"). (iit) is obviously equivalent to
| (v, A'w)]

' . [(v, Aw)|
inf sup ——————— = inf sup —————,
weY\{0} ye x\ {0} |lvllxl|wl|ly — vex\{o} weY'\{0} vl x l|lwlly

which in turn is equivalent to (i) with respect to the dual operator A’, i.e.,

A/
o v, A'w)|
weY\{0} ye x\ {0} vl x [lwlly

sup |(v,A'w)| >0 Voe X\ {0}.
weY\{0}

> 0,

]

This property is very useful, since it allows to swap the arguments of the infimum and
supremum. The next corollary associates the operator norms of A and A~! with the
continuity and inf-sup constants form Theorem [2.3.3]

Corollary 2.3.8. Let X and Y be two Hilbert-spaces with norm || - ||x and || - ||y,
respectively, and assume that A € L(X,Y") fulfills the three conditions ([2.3.4), (2.3.5))
and (2.3.6) of the Babuska Theorem|2.3.5. Then, besides the bounded invertibility, the

operator norms are given by

Av,w
Moy = sup s LEmL g
veX\{0} weY\{0} vl x[Jwlly
—1
A
A sy = (b sp AR (g50)
veX\{0} wevigoy 1Vl xlwlly
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Proof. These identities follow directly from the definition of the operator norm

A ,_ [Av|ly [(Av, w)|
[Allxyr = sup = sup SUp o,
vex\{oy IVlIx  vex\{oy wevioy lvllx llwlly
and
Al @l \~"
A Yy x = sup H~—: inf ———
A5 b= ey Tl \ee®lio TAalx
-1
Avlly\ 7! A
= ( inf H UHY) = inf sup —’< v, w)| ,
Avey\{o} ||v]|x veX\{0} wevy {0y [0l x[lwlly
where we have exploited the surjectivity. O

Another important consequence is a stability result for the solution of the corresponding
operator equation.

Corollary 2.3.10. Let X and Y be two Hilbert-spaces with norm || - ||x and || - ||y,
respectively, and assume that A € L(X,Y") fulfills the three conditions (12.3.4), (2.3.5))
and (2.3.6) of the Babuska Theorem[2.3.5. Considering the operator equation

Au = f, ve X, feY’,

the solution u is bounded by
lullx < Agi 11y,
with inf-sup constant

A
Apin := inf  sup —|< v,w>|‘
vex \{0} wey\ (o} [Vl x[lwlly

Proof. The proof follows directly by equality (2.3.9) and BNB Theorem [2.3.3] O]

2.4 B-Splines

We conclude this chapter with some essential properties on splines and B-splines. We
refer to [dBOL, [Sch07, HO3, Sch15] for a detailed treatment of splines. In connection
with [Sch15] there is also a program package called SplinePak for spline interpolation
available.

The code implemented for this thesis relies heavily on B-splines and is used for most of
the numerical results in chapter [0 It is designed for Petrov-Galerkin approximations
of PDESs, respectively minimal residual Petrov-Galerkin approximations, and does not
focus on interpolations of given functions itself. First of all, we need to specify how we
define splines.
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2.4. B-Splines

Definition 2.4.1. Let A := {z;}i—0.. m+1 be a (not necessarily uniform) grid on the
interval [a, b] with pairwise disjoint knots such that

a=:x9g<T1<...<xpy1:=D0.
Then we define the space of splines of order k& € N with respect to A as

SPay = {S € C"*([a,b]) : S

[xi,xit1) S Hk, = O, ey _2\4}7

where Il denotes the space of polynomials of order k € N, i.e., of degree at most k—1.

That means that we define the spline space as the space of piecewise polynomials
of order k with global smoothness k — 2. It is the smoothest space with piecewise
polynomials of order k without degenerating to a single polynomial. One could also
require another global smoothness, even vary the smoothness at each knot, but we
restrict ourselves here to this particular situation. The splines defined in the way of
Definition are sometimes called the splines of order k with simple knots, cf. [Sch07,
Example 4.3]. We can see by counting the degrees of freedom that dim SPa = k+ M.

There are different bases for the space SPa j, but since we are using them as ansatz
functions in a Petrov-Galerkin discretization, we would like to have bases functions
with local support. To this end, we consider B-splines.

Proposition 2.4.2. Let T := {6;},=1._n+r be the extended sequence of knots with fized
k € N such that

91:...:9k:a<6k+1<...<9N<b:9N+1:...:0N+k.

Then we define the B-splines N;y(x) of order k with respect to 6;,...,0,4y for i =
1,..., N recursively as

NZI(J]) L {1 fO’l” T € [67;,9“_1)

| 0 else (2.4.3)
Niw(e) = g N (@) + 5ot Nov e (),

for Oipi—1 # 0; and 0,4y, # 0;41. Since N;yx = 0 if 0, = 0,41, we set the quotients in
to zero when the knots in the denominator coincide. The set of B-splines is a
basis for

SPas i =span{N;p:i=1,...,N},

with respect to the pairwise disjoint inner knots of T, i.e., Ap := {0; }ick.. . Ny1-
These bases obviously have local support, are non-negative and are piecewise polyno-

mial of order k. It is worth mentioning that one can control the global smoothness,
respectively the smoothness at each knot, by inserting additional coinciding inner knots.

31



Chapter 2. Fundamentals and Preliminaries

In this way, one can also construct bases with local support for more general spaces
of splines as pointed out above. These B-spline bases serve as the centerpiece of the
program code developed for this thesis. In the following, we will state some very useful
basic properties which are also inevitable for an efficient implementation. Since we deal
with piecewise polynomials which are given recursively, one can express the derivative
also recursively and with respect to piecewise polynomials of less degree.

Corollary 2.4.4. Let N;j, be a B-spline with i € {1,...,N}, k € N with respect to
the extended sequence of knots as in Proposition |2.4.4. Then the derivatives are given
recursively by

Ni k—l(x) Ni+1 k—l(x)
"(x)=(k—1 7 - 7 ’
k(@) = ( ) Oivi1—0; O — 011

where we again set the quotients to zero when there are two coinciding knots in the
denominator.

Due to the recursive definition based on the characteristic function N;; and the local
support, point evaluations of a given spline expressed with respect to B-splines can be
computed very efficiently with the following scheme, cf. [Sch07, Th. 5.7].

Theorem 2.4.5. Let
S(z) = ZciNi,k(x), x € [a,b),

with respect to an extended sequence of knots as in Proposition|2.4.2. Then the spline
can be expressed equivalently as

N
S() =Y @) N (@),
i=r+1
for0<r <k-—1, where
Ci ifr =0,
T z—0; r—1 Oit—r—x [r—1 .
M) = § g2t dr () + St a) ifr>0,
0 Zf ei-i-k—r = 6‘1

In particular, if 0; < T < 0,1, then
S@) = V(@)
The calculation can be performed with a triangle, Neville-like, scheme

32



2.4. B-Splines

Cj—k+1
N\
Ciohiz = O ()
N\
G = ls(e) = dl)
\
c; — cg.”(x) — c£-2](x) e = cg-k*l](:c).

The scheme described in the previous Theorem is also called de Boor algorithm
and is implemented in the routine Nev, see appendix [A] Due to Corollary one
can also derive a similar scheme for efficient point evaluations of the derivatives of a
B-spline, cf. [DRO8, (9.20)]. The scheme holds also true for coinciding inner knots.

Let us consider a hierarchy of spline spaces on uniform grids now. First of all, we define
the space of splines on [0, 1] of order k£ € N on a dyadic uniform mesh of grid size 277,
Jj €N, as SP; ;. That means

SP;j =span{N;,:i=1,...,N}, (2.4.6)
with respect to an extended sequence of knots {6;};=1. . ny4x such that
91:'-~:9k:0<8k+1 <~-<6)N<1:‘9N+1:~-:9N+k7

where N := 2/ + k — 1 with ;1 — 6; = 277 for inner knots with i = %k, ..., N. We call
the index j the level of resolution, refinement level or simply level. It is not hard to
see that the spaces are nested SPj, C SPjy16 C SPjiok ... since each set of nodes is
contained in the sets of nodes on the higher levels.Moreover, the B-splines are refinable.

Proposition 2.4.7. The uniform B-splines N;, € SP;r, 7€ N, ke N, i=1,... N
are refinable. Moreover, for the (inner) B-splines the refinement relation

k
k
Miale) = X2 PN ), = b N

m=0

holds, where N;fk € SPj;1 denote the B-splines with respect to the next finer grid.

Proof. See [H03, 3.9] adapted to our notation. O

One can use Proposition to express a spline on SP;;, represented with respect to
a B-spline basis, also in terms of B-splines on the refined space SP;;1 . That is, there
exists a matrix M € RV*CN+1=k) guch that

N, = MN},
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with Ny, := (N, ..., Nyg)" and N7 = (N, .o, Ny )"~ By Proposition m
M takes the form

0
M 0
Qo
ai
az Qo
M - . )
ap ao
ap—1 - aq
aj
ay
0 M
0
where a,, := 2'7F (TIZ), m = 0,...,k and M}*, M} are boundary adaptations. This

transformation is done in the implementation with the routine RefineMat, cf. ap-
pendix [Al The refinement coefficients for the boundary functions are calculated via
interpolation. In addition to this practically useful transformation, one can also prove
Bernstein inequalities for classes of refinable functions.

Since the code implemented in connection with this thesis and most of the stability
analyses rely on multivariate tensor product functions, we introduce tensor product
spaces before we state some smoothness and approximation results. Let Az, be se-
quences of knots as in Proposition for j =1,...,n with dimension n € N. Define
the space of tensor-product spline as

Pk = &) Par k- (2.4.8)
j=1

In analogy to the shorthand notation (2.4.6) on uniform grids, we define the multi-
dimensional pendant as SP;y in an obvious way. One can extend the considerations
above straightforwardly to tensor products in most cases by introducing a Kronecker
product. The scheme from Theorem [2.4.5 can also be extended. To this end, we
consider a tensor product spline

Ny Np,
S(@1es @) =Y Y i Nivp (1) - Niy o () € PR, s

i1=1 in=1
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2.4. B-Splines

with given expansion coefficients ¢;, ;.. This sum is reducible to the one-dimensional
case by the following reordering

= iN“(Iﬂ( < Z o1 xn 1 (,NZnCi Nzn(a’;n)) )7 (2_4.9)

i1=1 in—1=1 =

where x := (21,...,2,) and i := (41,...,4,). The evaluation at a given point in R”
can now be calculated by recursively applying the scheme from Theorem [2.4.5] starting
with the inner term in ZN"_I ¢ N;, (x,) for fixed remaining indices i1, ..., %, 1.
This yields the new expansion coefficients for the remaining coordinate directions and
so on. To illustrate the rather technical description in arbitrary dimensions, we consider
a two-dimensional example now, i.e.,

N1 Nz Ny
) =D D N (@) Nig(y Z Ni () ( D s Nigs (y)) -
i=1 j=1 j=1
Let us define the inner part as
N»
d;(y) = Zcm N;k,(y), such that S(z,y) Zd Nig, (z
j=1

So one can apply the scheme from Theorem to S(x,y) with expansion coefficients
d;(y) if d;(y) is known for all ¢ = 1,..., Ny at a given evaluation point. This in turn
can be done by applying the scheme from Theorem [2.4.5(to d;(y) := Z?]jl ¢ij Nk, ()
for each index ¢+ = 1,..., N;. In this way one obtains successively the value of the
two-dimensional spline at a given evaluation point.

We conclude this chapter with approximation and smoothness properties of B-splines,
namely so called direct and inverse estimates, also known as Bernstein and Jackson
estimates.

Theorem 2.4.10. The splines S € SPjx, j,k € N, satisfy the Bernstein inequality

151

we(o.nm) S 29S| Lao.m)s (2.4.11)

for all 0 < s <~ with v :=sup{s € R: SPjx C H*((0,1)")}.
Proof. The proof follows with [Urb09, Lemma 5.11] and Proposition m ]

The spline spaces SPjx with Kmyin := min{k, ..., k,} are by construction (Kmm — 2)-
times differentiable. ~ Therefore, since they are piecewise polynomial, it holds
SPix C  H™n=1((0,1)"), such that the Bernstein estimate is satisfied
at least with v > ki, — 1. It can be shown that one generally obtains an even higher
Sobolev smoothness of certain fractional order, cf. [DKU99, sec. 3.4].
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Theorem 2.4.12. The approzimation error with respect to tensor-product splines of
an arbitrary function f € H*(D) with r; < k; on uniform grids with grid sizes h; for
j=1,...,n s given by

o
6;1:;7 fHLg(D)’

inf [|f = SllL.p) <C Y B}
j=1

SePR

on a rectangular domain D := ®;‘:1(aj,bj) given by the boundary points of T with a
constant C' only depending on r,k,n. We denoted the tensor Sobolev space by

olel

H*(D) := {f: 2 feLz(D>,05a§r,j=1,...,n},
XO[

with multiindex notation as in Definition and 0 < a<r:&0<a; <r; for all

jg=1...,n.

Proof. The theorem is a direct consequence of [Sch07, Th.12.7] applied to the particular
setting. O

The previous theorem not only gives a Jackson inequality, which needs to be assumed
later in our stability analysis in section but also states (optimal) approximation
rates with tensor product B-splines. One can also extend the measure on the left hand
side to mixed Sobolev norms with decreased powers in the right hand side correspond-
ingly, i.e.,

]

2.4.13
ax; ( )

Ly(D)’

inf ||f = S|y £ Y 07"
j=1

SeP,

with ¢; <r; <k; for j =1,...,n, ct. [Sch07, Th. 13.20].
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3 Full Space-Time Weak Formulation for Parabolic
Problems

In this chapter, we introduce full weak formulations of PDEs in space and time. The
idea of formulating a PDE weakly in space and time is not new, see, e.g., [DL92], but
was revisited by Schwab and Stevenson in [SS09] for numerical purposes in the context
of adaptive wavelet methods. A full space-time weak formulation was essentially also
used before in [BJ89, BJ90] for h-p finite element methods. The basic idea is to
multiply a parabolic PDE with a space-time test function and to integrate over space
and time. In this way one obtains a single operator equation in both variables. From a
numerical point of view, one can eliminate the explicit time dependency, as it appears
in classical semi-discretizations, and discretize in space and time simultaneously when
considering a full space and time weak formulation. That means, one does not need
any time stepping, but can calculate, for instance, the Petrov-Galerkin solution directly
in space and time. We refer to chapter {4 for a detailed description of Petrov-Galerkin
approaches and in particular their stability. Classical approaches to solve parabolic
evolution problems are the method of lines or Rothe’s method. Both methods are
applied to operator equations of the form

du(t)
dt

+A@u(t) = g(t),  w(0) = uo,

with a spatial differential operator A(t). The idea of the method of lines is to solve a
coupled system of ordinary differential equations (ODEs) obtained by a spatial semidis-
cretization, see [Sch91l, Tho06], and Rothe’s method is based on a time semidiscretiza-
tion, see [Lan01) [Kac86]. That is, these two methods as well as, e.g., the discontinuous
Galerkin method (see, e.g., [EG04]), which has become more and more popular in
the last years, are based on semidiscretizations and are time marching methods. The
stability of explicit methods with time marching generally requires a CFL condition,
that is, a restriction on the time step size. It can be shown that the classical time-
stepping methods as, for example, Euler method or Crank-Nicolson method, but also
the discontinuous Galerkin method, can be interpreted as a Petrov-Galerkin approach
of a space-time weak formulation with respect to certain ansatz functions. That means,
Petrov-Galerkin discretizations of full space-time formulations cover suitable time step-
ping methods in some sense, but are much more flexible in the choice of ansatz func-
tions. To this end, theoretically, one can derive numerical methods of arbitrary order
in space and time. We focus on the stability of these discretizations in section [4.2]

In view of adaptive solution methods, a space-time weak formulation has the advan-
tage that one obtains adaptivity directly in space and time simultaneously, and does
not need an adaptive time stepping combined with adaptive spatial discretizations.
Nevertheless, for smooth solutions, a uniform grid provides an approximation with
optimal error rates. We will see that one obtains a well-posed equation on Hilbert
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

spaces defined on the whole space-time cylinder under rather mild conditions. More-
over, the corresponding operator can be shown to be boundedly invertible with, in
many cases, explicitly predictable bounds. These bounds play an important role for the
(quasi-optimal) approximation error and the well-posedness of the problem, cf. Theo-
rem [4.1.8] Having explicit bounds is also mandatory for deriving the results of chapter
for random PDEs. There are basically two reasonable, slightly different formula-
tions, which are referred to as first and second formulation following the denotation in

[LMM16, [LMI6H).

For parabolic PDEs, an approach using space-time sparse grid multilevel methods was
introduced in [GOQ7]. The authors interpreted space-time sparse grid discretization
schemes as the sparse counterparts of the Crank-Nicolson scheme and the discontinu-
ous Galerkin scheme with piecewise constant or linear functions in time. It was shown
that the additional temporal dimension in the complexity estimates can be avoided
with these constructions. The interpretation of essentially time-stepping methods via
a space-time formulation with suitable ansatz functions was also exploited for reduced
basis approximations [UP12] [UP14] as well as for (quantized) tensor train (QTT) low
rank tensor approximations [DKO12], just to mention a few. In that regard, we would
like to mention [UP12, [UP14] in the context of the Crank-Nicolson method and [MB97]
in the context of the discontinuous Galerkin method for the heat equation. A space-
time finite element approach in full weak formulation was considered in [Stel5]. The
author also provides stability and a priori error estimates. A space-time weak for-
mulation for stochastic PDEs, namely the stochastic heat equation, was considered in
[LM16b]. Moreover, in [GK11l [KM15] the full space-time weak formulation was consid-
ered for the constraints of control problems. It is very well suited for these problems,
since they lead to systems of PDEs which are coupled in space and time, so that one has
to store the information for all time steps anyway. Another different approach using
half derivatives was introduced in [LW13] [LS15, [KM15]. Using half derivatives yields
a “symmetricification” of the space-time operator in a certain sense. In this respect,
we also want to mention [SS16], where fractional derivatives are used for space-time
formulations of Navier-Stokes equations.

A rather detailed analysis of the first formulation, its homogenization and the second
formulation are presented. Moreover, two different types of coercive spatial differential
operators are discussed, first the most general case, then a restriction to self-adjoint and
time-independent operators. The considerations are not restricted to coercive spatial
differential operators, but also include spatial differential operators which only satisfy
a Garding inequality. The general coercive case can basically be found in [Tan13], [SS09)
for the first form and in [Tanl3, [CS11, [LM16a)] for the second form. We worked out
improved estimates for coercive, self-adjoint, as well as time-independent spatial differ-
ential operators in second form in our very recent work [LMMI6]. A homogenization
was introduced in [Stall], for which the explicit bounds are derived in this thesis. A
Garding inequality was also part of [SS09]. The remaining cases with respect to the
homogenization mentioned above, with a regularity result on more general spaces, are
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worked out for this thesis to have a completed overview.

3.1 First Formulation

We start with the first space-time weak formulation. This formulation was already con-
sidered, e.g., in [SS09, [Steldl, Tan13| [And13, [And12, [UP12] [UP14]. Let (V,(-,-)y) and
(H, (-,-)m) be two separable Hilbert spaces with scalar product (-, -)y and (-, -) g, respec-
tively, with V' — H assumed to be densly embedded in H. Taking H as the pivot space
by identifying H with its dual H', we obtain the Gelfand triple V. — H = H' <« V'’
with corresponding duality pairing on V' x V' denoted by v (-, ). We often drop the
indices and simply write (-, -) if the spaces are clear from the context.

Consider the time interval I := (0,7), 0 < T < oo and, for ¢ € I almost everywhere
(a.e.), a bilinear form a(¢;-,-): V x V. — R, where the mapping t — a(t;u,v) is
measurable on [ for any u,v € V. A.e. is a shorthand notation for “almost everywhere”
and means that the set of elements for which a property does not hold is a set of measure
zero, where we consider the Lebesgue measure here. Moreover, we assume boundedness
and coercivity for t € I a.e., that is, there exists constants 0 < Ay < Apax < 00 such
that for t € I a.e.,

la(t; v, w)| < Amax||v|lv]|w||v for all v,w € V' (boundedness),
a(t;v,v) > Apllv|3 for all v € V' (coercivity). (3.1.1)

It is worth mentioning that one can prove well-posedness when we only require a
Garding inequality for ¢t € I a.e.

a(t; v, v) + M]3 > Apial|v]|3 forallv eV, (3.1.2)

with a A > 0, instead of the coercivity, see [SS09]. Notice that the denotation is not
always consistent in the literature. The coercivity is sometimes referred to as
ellipticity, whereas the Garding inequality is also referred to as coercivity. We
will consistently use the denotation introduced above in this thesis. Unless specified
differently, we restrict ourselves to the truely coercive case first and refer to
Corollary [3.1.16} |3.2.16], [3.3.16| for the inf-sup and continuity constants of non-coercive
bilinear forms. Moreover, we are able to show improved constants in the coercive case.

This bilinear form a(t; -, -) defines, for ¢ € I a.e., a unique operator A(t) € L(V, V'), cf.

£339). via
(A(t)u,v) := a(t;u,v), u,v € V. (3.1.3)

Now the corresponding evolution problem is formulated as

L)+ Altulr) = o(t) V', 1€ (0.7] ae

u(0) =uy in H,

(3.1.4)
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for a given right hand side g € Lo(I; V') and initial value (function) uy € H. This is the
standard weak formulation with respect to space, formulated as a generic evolutionary
equation with bounded and linear spatial differential operator A(t) € L(V,V'). A
classical approach would be to test equation (3.1.4)) with spatial test functions and to
discretize the corresponding problem:

d
» <d_1;(t) + A(t)U(t),v1> =yi{g(t),v1)y forallv, €V, t € (0,T] a.e.
v

(u(0), v2) i = (U0, v2)m for all v, € H.

Instead of considering a spatial semidiscretization of (3.1.4) with, e.g., finite elements
or wavelets, and to solve the resulting system of ordinary differential equations (ODEs)
by time-stepping methods, we want to find a full space-time weak formulation.

First, we test the operator equation (3.1.4)) with space-time test functions vy € Lo(I; V)
and integrate over t € I. In this way we arrive at the variational formulation

/(w(it(t), vi(®)v + v (A)u(t), v (t))v) dt = /w(g(t)wl(t))v dt, (3.1.5)

1 1

for all v; € Ly(1; V), where we have used the usual shorthand notation @(t) := Su(t)
for time derivatives. In order to ensure the initial condition, we additionally need to
add the condition tested by another test function vy € H which yields the first full
space-time variational formulation:

Find a solution u € X such that
b(u,v) = F(v) for all v := (vy,v2) € Y, (3.1.6)
where the test space is given by
YV:=Ly(I;V) x H, (3.1.7)
and the solution space by
X = Ly(L, V)N HY(I; V), (3.1.8)

with bilinear form b(-,-): X x Y — R defined by

b, (01, v2)) 1= /I (v at), o1 (O + vl AEu(t), o1 (D)) dt + (w(0), )y (3.19)
and right hand side F(-): Y — R given by
Fv) = /va<g(t),vl(t)>v dt + (10, v) 1. (3.1.10)
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We equip the spaces X and ) with norms

[01% = ol aay + 1002wy 0I5 = ol g + o2l

Recall that point evaluations of u € X" are well-defined with «(0) € H by the embedding
Theorem [2.2.18, We define an operator B € L(X,)’) by

y(Bu, w)y = b(u, w) (3.1.11)

in analogy to (3.1.3)). The following theorem from [SS09] ensures existence and unique-
ness of a solution of the full weak formulation (3.1.6]).

Theorem 3.1.12. The operator B € L(X,Y') from (3.1.11)) with X and Y from (3.1.8))
and (3.1.7) is boundedly invertible.

A proof was essentially already given in [DL92, Ch. 13, §3] and [Wlo82, Ch. IV, §26],
but not in this particular form and without error bounds for operator B. A closer
inspection of the alternative proof in [SS09, Appendix A] yields the error bounds

B
sup  sup 1By, w)] < /2max{l, A2 }+p?=:Cp (3.1.13)
vea\ (o} wen (o} 0]l llwlly
as well as
f su (B, W)| _ min{ApinAn Amin) —

ve\(0} wey\(o} lVllallwlly — v2max{all n-p2

with constant p defined as
p = sup %, (3.1.14)
0Awey
which is finite due to Theorem [2.2.18 That is, operator B and its inverse B~! are
bounded by

|Bllzxyy < Cp, 1B 20,2y < 5

see Corollary [2.3.8 so that we have a well-conditioned problem with (spectral) condi-
tion o
K(B) < =2

CB
Problem is well-defined for g € Lo(I; V') and ug € H, since it implies F € ).
Improved error bounds were proven in [Tanl13| [UP12, [UP14]. In [Tanl3l Prop. 2.2] a
slightly modified norm was used, but it is not hard to see that one also obtains

|(Bv,w)| min{ Apin, Azl ApinAL

inf  sup > L maxs (3.1.15)
veX\{0} wey\(oy [[v]|x[lwlly 2

Notice, that the previous continuity and inf-sup constants are derived with respect to
the standard Sobolev norms, and, different from, e.g., [And13|, [UP12, [UP14], do not
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use norms induced by the spatial differential operator. That is, there is no “hidden”
operator dependence involved. This will be essential when dealing with (stochastic)
parameter dependent operators later in chapter [f

As already mentioned before, one can relax the condition to have a coercive spatial
differential operator and only assume a Garding inequality (3.1.2)).

Corollary 3.1.16. The operator B € L(X,Y') from (3.1.11) is still boundedly invert-

ible, when we assume a Garding inequality (3.1.2)) instead of coercivity (3.1.1) with
respect to A(t) fort € I a.e. In that case, the operator can be bounded as

[(Bv, w)|
sup sup ———————
veX\{0} wel\{0} ||U||X||w||y

<M max{\/1+ 2X%¢%, V2}y/2max{1, (Amax + A)?} + 02

as well as

" (Bo,w)
in sup ————
veX\{0} wey\ (o} [[v]|x[lwlly
_N\T min{Amm, (Amax + >\)71; Amin(AmaX + A)il}

2max{+/1+ 2X2p%,1/2} 7

where o := sup it genotes the embedding constant of V — H.
ozvey 1M1V

> e

Proof. The proof is basically already given without emphasizing the bounds explicitly
in [SS09, Appendix A] and with bounds, but for slightly different norms and spaces,
in [UP14, Cor. 2.7]. But, an examination of the proof in [SS09, Appendix A] reveled
that there might be a problem with two relevant estimates, which would consequently
leads to incorrect bounds in [UP14, Cor. 2.7]. To this end, we go similar lines as in
[SS09, Appendix A] and derive the final estimates carefully in detail, just to be on the
safe side and to obtain explicit bounds.

Defining a(t) := e *u(t), 91(t) := eMvi(t) and §(t) := e Mg(t), one can immediately
observe that the problem

(B, 0) = /I (v Lat), on(E)y + v (A)a(E), on(E))y) dt

for all v := (01,v9) € ), is equivalent to (3.1.6]).
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3.1. First Formulation

Next, we want to estimate the ratios ||w| x/|w|x and ||v|y/||0||y for all w € X and
v € Y, with @ := e Mw and 0 := (e*Mvy, v9).

One can estimate for v € Y \ {0}

[oll3 = lle ™M 0117,y + No2llE < 01117,y + o2l
and

loll3 = lle™*2 2

W Zary + 2l = e (o100 + llv2llE).

since A > 0 by assumption (3.1.2)), so that
e < lly/lIolly < 1,

by the definition of 0. The other ratio is more technical but also straightforward. For
w € X\ {0}, using Cauchy-Schwarz, we can estimate

lwll}% = XD,y + €MD + N ED17, 10
< M (Hwniz([;\/) + 2()\2“@”%2(1;\//) + ”awuiz([;v')))
< (L4 20" M)D[|7, 1y + 2052017, 001)
< e max{1 4 20'\*, 2} |03,
since
el = sup G < g CB oy gy E ey,
oteev ||Z]lv ozeev ||Z]la oxeer ||7||m

forany z € V.C H = H' C V'. For the lower bound we similar obtain
)3 = ||6_/\tw||%2(1;\/) + || _e_/\t/\w+€_)\tw||%2(1;w)

||7~U||%2(1;V) + 2()‘2”1””%2(1;\/') + ||w||%2(1;v'))

(1+ 204)\2>HWH?:2(1;V) + QHw”%Q(I;V')

max{1 + 20" \?, 2}||w|%.

ININ TN

Using these estimates one can easily derive

. (Bw,v)| (B, 0)]
P sup = sup sup
weX\{0} ve\{0} |wl|x|v]y weX\{0} veY\{0} w2 lv]ly

BA ~
< M max{\/1+2X20%,V2} sup sup —’<A w’f}>|,
weX\{0} veP\{0} || x|y
and
B B,
inf  su —’< w, )| = inf su —|< , 0)]
weX\{0} yeyr (o} lwl|xl[vlly  wex\{o} weyvioy [[wllxllvlly

BA ~
> e’)‘Tmax{\/l+2)\2Q4,\/§}’1 inf  sup M

weX\{0} yeyr oy [0 2|0y
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

Now the proof follows with (3.1.13) and (3.1.15)), since the spatial part of B, ie.,
vi{A(t)-, )v + A(+, )i, is obviously coercive on V' with

v (A z, vy + AN, y)a| < (Amax + A)||z]|v]|y|lyv, forall z,y € V.
Il

Notice that the lower and upper bounds decrease or increase, respectively, exponentially
in the final time 7. That is, the estimates become very bad and unsuitable for long-
term integration. Nevertheless, it proves existence and uniqueness of a solution in the
first place, but also yields worst case scenarios. The bounds are also suitable to derive
existence of moments of solutions of spatial differential random operators, as we will
see later in section [

Especially from a computational point of view, it is quite uneconomical to have the
additional Cartesian product included in the test space Y = Lo(I; V) x H stemming
from the initial condition. We will present two possibilities to get rid of this product.
One idea is to go one step back and to reformulate the equation in a slighty
different way, such that the initial condition is incorporated naturally by using integra-
tion by parts, cf. [CS11], [Tan13, LMMI6]. Another idea is to consider a homogenized
problem with zero initial conditions as done in the next section.

3.2 Homogenization

A homogenization of the first formulation (3.1.6)) was, to my knowledge, first described
in [Stall]. The idea is to eliminate the initial condition in the operator from ({3.1.6)).
This in turn would also lead to a slightly different test space ) without Cartesian
product.

To this end, assume that we have available a function uj € X such that
ug(0) = wo.
We redefine the solution and test space as
Xo = Lo(I; V) N Hy oy (I; V') :={u € Lo(L; V)N HY (L V') s u(0) = 0}, (3.2.1)

and
Vo = Lo(I; V), (3.2.2)

since we want to incorporate zero initial conditions. Recall that (3.2.1)) is well defined
by the embedding Theorem [2.2.18]

Now we can formulate the homogenized problem as follows:
Find a solution u* € X such that

bo(u*,v) = Fo(v), forall ve )y, (3.2.3)
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3.2. Homogenization

where by(+,): Xy X Yo — R is now defined by

bmumz/wwww@W+wmmmmwmwa (3.2.4)

I

and the right hand side Fy: Jy — R by

ﬂmwzzw@mm@ww, (3.2.5)

with
g (1) = glt) — (1) + A@Yy() € Lo(L, V"), t€ T ae.
The bilinear form by(-,-) defines an operator By: Xy — ) in the same way as in

B111)
v (Bou, w)y, := bo(u, w). (3.2.6)

The next proposition, essentially from [Stalll, Prop 3.15], yields the equivalence of this
homogenized problem ((3.2.3) and the original problem (3.1.6)).

Proposition 3.2.7. u* € Xy solves the homogenized problem (3.2.3)) if and only if
u = u*+u; € X solves problem (3.1.6)).

Proof. 1t is assumed in [Stalll Prop. 3.15] that H = Ly(D) on a bounded domain
D C R"™, but it is not hard to show that it stays true for more general H. Choosing
test functions (0,v9) € Lo(I; V) x H in (3.1.6) with arbitrary vo € H, one obtains

(u(0) — ug,v9)g = 0 for all v € H. In particular, with vy := u(0) — up we have
|4(0) — up||% = 0 and therefore u(0) = uy in H. Now the proof follows along the same
lines as in [Stalll Prop 3.15]. O

Let us focus now on the assumption of having a function u§ € X with u{(0) = ug. Since
obviously H'(I; V) C Lo(I; V)N HY(I; V'), we can easily specify a suitable choice of
uy when we assume vy € V' C H. With this little drawback, we can immediately see
that u$ := 1 ® ug meets the assumptions ug(0) = ug and uf, € X for any given initial
value ug € V.

Straightforward calculations along the lines of [Tan13, Prop. 2.2 and Prop. 2.3] show
that the inf-sup condition as well as boundedness hold with the following constants

B
sup  sup {Bov, )| < V2max{1, Apax} (boundedness)
vexo\ {0y wevo\ (0} V]| [l

as well as

: —1
nf sup |(Bov, w)]| SA min{l, Al

> (inf-sup condition).
veXp\{0} weYo\{0} ||U||X0 ||U}||y0 \/§
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

We can eliminate the factor A_! in the inf-sup condition on more general spaces

for time independent spatial differential operators A. To this end, we generalize the
previous setting to shifted spaces

Xy = Ly(;Wo)n Hé’{o}(f; W_),

Yo = L*(I;W) (3.2.8)
with continuous and densely embedded separable Hilbert spaces W, — Wy — W_ and
interpolation space Wy := [W_, W] /5. See for the definition of interpolation
spaces. Considering the operator By € L(Xj, )70/) on these redefined spaces (3.2.8)), we

can prove the inf-sup and continuity condition for time-independent spatial differential
operators A € L(W,,W_) even with improved estimates.

Theorem 3.2.9. Let W, — W_ be separable Hilbert spaces with scalar products (-, -)w,
and (-, -)w_, respectively, and Wy := [W_, W]y, the interpolation space endowed with
scalar product (-, )w,. Assume that the operator A is time-independent and self-adjoint
with

Amin S ||AHW+ﬁW, S Ama)m (3210>
with constants 0 < Apin < Amax < 00. Then By: Xy — )70, 15 boundedly invertible with
B
sup  sup {Bov, w)| < V2max{1, Apax }, (3.2.11)
vEXL\{0} wedo\{0} ||U||2?o||w||5)o

as well as B (1A
inf sup (B0l min{l Awin} (3.2.12)

veX\{0} weyo\foy 101l w3, V2

Proof. The proof is splitted mainly into three parts. First, we prove the explicit bounds
(3.2.11)) and (3.2.12). Then, we briefly recall modified parts of the proof [Tanl3, Prop.
2.2] to show surjectivity (2.3.6]) of the operator Bj.

The proof of the continuity estimate follows with Cauchy-Schwarz inequality, bound-
edness of the spatial differential operator and Hélder inequality.

T
[(Box,y)| < /0(Ili’Hw||y||w¢+||f4w||w||y||w¢)dt

T
< /O(III'ElelyIIWf_ + Amaxllzllw lyllw: ) dt

T
- / Il (1w + Amallllw, ) dt

T 1/2 T

< (/ Il dt) (/ il + Amasllelhws )? dt)
T 1/2 T

< (/ wliZ dt) (/ 2<|\a'cu%V_+Afmxr|wH%V+>dt)

S \/imax{17AmaX}HyHJ}oHIHXW

1/2

1/2
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3.2. Homogenization

Next we prove the inf-sup condition. For arbitrary x € X, choose y, := Rw_(Ax +
t) € Y, with Riesz isomorphism Ry,_: W_ — W' according to Riesz representation
Theorem 2.1.4 With this choice we obtain

T
5 (Bot, Yo )y, = /0 (W,@,RW,A@W'_ +W,<$',Rw,i>vv'_)dt
T
+/ (W_<A.’13,Rw_z4x>wi + (W_<A$,Rw_S'C>W17) dt
0
T
= [ (@ Aohw + il + WAzl + (Ao, ) de
0
T T
= [ Gl + el e+ 2 [ (At
0 0

Therefore, by the embedding Theorem [2.2.18 Xy — C°([0,7T]; W,) and the self-

adjointness, we can estimate

T . T d
5 (BoT, Yn)y = (1215 + [|Az|fy )dt + [ —(Az(t), z(t))w_dt
Yo Vo 0 0 dt

= [ R+ el )a + (A () 2T
= R+ Al )at + AT

T
> / Ul + Azl )dt, (32.13)

since A is assumed to be independent of time, where we considered (-, -)y._ as its unique
extension by continuity. This can further be estimated as

T T
/0 Ul + Azl )dt > / (U3 + A2 llzl3y, )t > min{L, A%, Y],
(3.2.14)

Combining (3.2.13)) and (3.2.14]) with

T T
Iy, :/0 [Rw_(Az + )| dt <2 (/0 (A5 + ||fi"||3v)dt>

yields
min{1, Amin }
/BT ye)y, > — 5 19|55 1] %

Finally, we mimic the proof of the non-degeneracy from [Tan13, Prop. 2.2] and adept
it to our generalized situation by carefully tracking the appearing spaces. We also refer

to [LM16Db, Ch. 5] and section for a slightly different approach including fractional
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

powers of A and to [CS11), Th. 2.4] for a semigroup approach. To this end, we assume
that there is a y* € Yy \ {0} satisfying

3—,6<Box, y*)yo =0 for all z € AXj.

We follow that
/ (g dt = — / Az, y g dt < / el [l e d < o0
I I I

for all z € X)), where we drop the constants since they are not important at this stage.
Therefore, we have that, additionally, y* € Lo(I; W”) N Hy(I; W) by the definition of
weak derivatives and since

/W_<Ax,y*)wl_ dt = /W+<337A/y*>wf+ dt.

1 1

We keep the notation of the dual A’, though A is assumed to be self-adjoint, since this
part of the proof also holds for spatial differential operators which are not necessarily
self-adjoint. Due to this regularity, we can integrate by parts and obtain

/I(m(a:,—y*)m +/]W+<x7A’y*>er) &t + 4D,y (T = 0

for all z € Xy. We arrive at the problem —gy*(t)+ A'y*(t) = 0 in W/ for t € I a.e. with
y*(T) = 0 in W by testing with appropriate test functions. The affine transformation
g () = y(T — ) yields, for t € I a.e.,

TV O+ Ay =0, g (0)=0. (3.2.15)

Interchanging to role W <+ W’ and W_ « W/ in the proof of the inf-sup condition
before, we arrive at

0= LQ(I;WJ'r)<Bog*7 Z>L2(I;W+) z Hg*||%2(I;WL)ﬂH1(I;WJ’r)J

for appropriately chosen z € Ly(I; W,) and B, defined as space-time weak operator
according to (3.2.15). So we can follow that y* = 0, what is a contradiction and
therefore finishes the proof by the BNB-Theorem [2.3.3] O

It is not hard to see that the lower bound in (3.2.10)) is indeed given by the inf-sup
condition on W, and W’. By Corollary one can express the inf-sup constant
with respect to the norm of the inverse A~!. Therefore, we can conclude

1= ||A_1A||W+—>W+ S ||A_1||W7—>W+||A||W+—>W77
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3.2. Homogenization

such that

1 | [(Av,w)]
Al > ———— = inf  sup e
W S ATy e e W) e oy 0w T

The considered spatial spaces in the previous Theorem [3.2.9| are rather abstract. Rea-
sonable choices for spatial differential operators A of order 2m on a bounded domain
D C R™ are Sobolev spaces of the form

W, = H™*(D) < W, = H*(D) — W_ := H ™"(D),

with suitable regularity shift a € R and possibly some boundary conditions. Without
regularity shift o := 0, we arrive at the initial problem with A: H™(D) — H~"(D).
We also arrive at the case considered in [CS11] when choosing W, := W, W_ .= H
according to the notation from [CS11], but additionally with explicitly determined
bounds in Theorem [3.2.9

We can also prove existence and uniqueness of a solution, when only a Garding-
inequality is assumed together with error bounds in the very same way as
in the previous chapter 3.1} Indeed, the proof of Corollary applies also for the
homogenization and yields explicit constants together with the boundedness and inf-
sup estimates in this chapter. For the sake of completeness, we collect the results in
the following corollary.

Corollary 3.2.16. The operator By € L(Xo, Y}) from is still boundedly invert-
ible, when we assume a Garding inequality (3.1.2) instead of a coercivity (3.1.1)). The

operator can be bounded as

B
sup  sup [ Bov, w)| < e max{y/1 + 2220, V2}vV2 max{1, Apax + A},

veXH\{0} weIp\{0} ||U||XO ||w||y0

as well as

. i -1
inf sup M > o= AT Amln mm{l, (Amax + /\) }

=€ s
veXo\{0} weyo\ {0} 1|V a0l V2max{/1+ 2X\20% /2}

where p := sup HZHH the embedding constant of V. — H.
0£vey Y

Proof. The proof follows in the same way as the proof of Corollary [3.1.16|together with
the relevant continuity and inf-sup estimates from this chapter. O

By combining Corollary with Theorem [3.2.9] one can derive improved estimates
in the setting of Corollary for self-adjoint and time-independent spatial differ-
ential operators. Solving the homogenization instead of the standard first formulation,
has the advantage, that there is no need to deal with the Cartesian product in the
solution space any more. This in turn also simplifies the implementation. Another
advantage is that we are able to improve our error estimates, since we do not have to
consider the additional term in the norm of the solution space.
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

3.3 Second Formulation

The idea of the following second formulation aims at incorporating the initial condition
in a natural way by using integration by parts. In this way, one also needs to require
less smoothness of the solution. This is, in particular, essential to derive a well posed
space-time weak formulation for the stochastic heat equation, see [LMI16D], since the
Wiener process is not weakly differentiable. This reformulation was basically also
used in [CS11), LMNT5| [Tan13l, LM16a, BJ8I, BJ90]. Consider again the variational
formulation . Instead of adding the initial condition as in section , one uses

integration by parts and arrives at

/w(it(t)»v(t))v dt = —/V<U(t),®(t)>w di + (u(T),v(T)) g — (u(0),v(0))#-

1 1

:_/}Mmumwa—m@m®m, (3.3.1)

I

for test functions v € Lyo(;V) N H&{T}(I; V"), where H}

o.4ry({) denotes the set of

functions in H*(I) which vanish at final time T, i.e.,
Lo(I; V)NV Hy oy (I; V') i= {u € Lo(L; V)N HY(I; V') w(T) = 0} (3.3.2)

similar to (3.2.1). Therefore, we define our solution and test spaces as

Xo=Lo(;V), V= Lo(I;V) NV Hy gy (I V) (3.3.3)

and arrive at the second full space-time weak formulation:

Find a solution u € X such that
b(u,v) = F(v) for all v € Y, (3.3.4)

where the bilinear form b(-,-): X x Y — R is defined as
bu0) = [ (@) o0+ vlADu o) e (335)

and the right hand side F(-): Y — R is given by

ﬁ@yzlwmmmmva+mwmmf (3.3.6)

Indeed, with (3.3.1]) we immediately obtain

b(u,v) = /((u(t), v(t)) + (At)u(t), v(t))) dt + (u(0),v(0))u

1

— /(g(t),v(lf)) dt + (ug,v(0)) g,

1
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3.3. Second Formulation

for sufficiently smooth functions, so that the initial condition is naturally incorporated
in the variational formulation (3.3.4)) and only the test space is restricted. This second
formulation is therefore also called natural formulation, e.g., in [Tanl3]. The advantage
is that the additional Cartesian product in the test space is eliminated. On the other
hand, we need to restrict our test space to functions which vanish at the final time T,
in order to obtain this formulation. If we think of a Petrov-Galerkin discretization, the
ansatz functions of the test space need to satisfy other boundary conditions than the
ansatz functions of the solution space in this formulation. This circumstance could lead
to an under-determined system of equations due to the restriction of the test space. In
this case, one would need to introduce additional ansatz functions for the test space,
which generally destroy the structure of the system matrix. For instance, if we think
of a hierarchical basis, one would need to add additional linear independent functions,
e.g., with respect to finer levels. Nevertheless, it is not really a drawback, since one
needs to choose a finer discretization for the test space anyway in order to stabilize our
discrete problem according to section (4.2

The existence and uniqueness of a solution is directly implied by the first formulation
and the explicit bounds can be calculated along similar lines as the proof in [SS09,
Appendix A], see also [CS11, Th. 2.2]. Again, there are improved bounds in [Tanl3,
Prop. 2.3], namely

B
sup  sup 1(Bv, w)] < V2max{1, Apax} (3.3.7)
veX\{0} weP\{0} ||U||;2||w|’5;
as well as ~ )
B in{l, A
inf  sup M > Amin—mm{ _max_ (3.3.8)

V2

where B € £(X,)) is the unique operator defined by b(-,-): X x Y — R analog to
(3.1.11). So we obtain the same bounds as for the homogenized first version from
section 3.2

e\ {0} ey qoy [Vl llwlly —

Moreover, we can prove a similar regularity result to Theorem [3.2.9| with improved
estimates for time-independent spatial differential operators. To this end, we consider
the spaces

= Lo(I; W),

with continuous and dense embedding W, — W, — W_ of separable Hilbert spaces
and interpolation space Wy := [W_,W,]y/s, recalling for the definition of
interpolation spaces. The following corollary is the counterpart of Theorem for
the second formulation.

; (3.3.9)

Corollary 3.3.10. Let W, — W_ be separable Hilbert spaces with scalar products
(-, )w, and (-,-)w_, respectively, and Wy := [W_,W,]i,2 the interpolation space en-
dowed with scalar product (-, -)w,. Assume that the operator A is time-independent and

o1



Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

self-adjoint with
Amin S ||A||W+—>W7 S Amax>

with constants 0 < Apin < Apax < 00. Then B: /':V — 5/' 15 boundedly invertible with

B
sup  sup M < ﬂmax{l,AmaX}, (3.3.11)
veinoy wengoy 1Pl & Nwll5
as well as _
inf sup ol mingl Awin} (3.3.12)
ve\(0} e goy VN5 V2

Proof. The proof of the continuity estimate follows in the same way as in the proof
of Proposition [3.2.9] Next we prove the inf-sup condition, but with swapped solution
and test spaces first. Although A is assumed to be self-adjoint, it is convenient to keep
the notation A’ to make clear that A naturally maps from W’ to W in this setting,
such that consequently A" maps from W, to W_. Different from the proof of Theorem

3.2.9, we choose x, := Ry_(A'y —y) € X (solution space), with Riesz isomorphism

Rw_: W_ — W', according to Riesz representation Theorem [2.1.4! for arbitrary y € )
(test space). With this choice we obtain

3 (Bxy, y)

T
):} = / (—W/_ <RW,A/y7 y>W7 + W’ <RW7y7y>W,) dt
0

T
+/ (W;<ARW,A/?J>?J>W+ —w, <ARWJJ’:U>W+) de
0
T
= [ i+ Ll + 1R — G A de
0

T T
- / U9lBe + | A'yl3 )dt — 2 / (Aly, ).

Therefore, by the embedding Theorem [2.2.18 Y - C°([0,T); W) and the self-

adjointness, we can estimate
T ) ) T d
By = [ (il + 1Rt~ [ A0 d
0 0
T
= /0(H@JII%V_+||A’y|!%v_)dt+IIA”Q?/(O)H%V_

T
> / W3l3 + A e, (33.13)

This can further be estimated as

T T
/0(||y’|124/+||14/y”12/v)dt2/0 (9l + Amally iy, )

> min{1, A2, Hly, (33.14)
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3.3. Second Formulation

Combining (3.3.13)) and (3.3.14]) with

T T
|@N§:L;wmwAw—mmwwsz([;mAmm-+vam0

yields
min{1, Ay}
(B )y > TS .
Now we have proven that
wf sup |(Bv,w)| > min{1, Amin}.
w0y vy Tolglloll; V2

What remains to show is the surjectivity from Theorem [2.3.3] with swapped solution
and test space, see Proposition [2.3.7 Again we prove it along the lines of the proof of
Proposition relying itself on [Tanl3, Prop. 2.2 and Prop. 2.3].

To this end, we assume that there is a 2* € X \ {0} satistying
3:;,<B$ ,y)):} =0 forallye ).
We follow that

[t dt= [nta A at 5 [ el Lo de < oc
1 1 1

for all y € 57, where we drop the constants since they are not important at this stage.
Therefore, we have that, additionally, 2* € Lo(1; W') N Hy(1; W) by the definition of
weak derivatives and since

/W’_<33*,A/Z/>W_ dt = /W4<A$*,y>w+ dt.
I I

Due to this regularity, we can integrate by parts and obtain

/] (W'+<jc*,y>w+ + /Iw'+<Aw*,y>W+> At + y,(2*(0), y(0))yy, = 0

for all y € V. So we see that i*(t) + Az*(t) = 0 in W’ for t € I a.e. with 2*(0) = 0
in W{. This is exactly the homogenization from subsection , where the invertibility
was already proven. To this end, we can conclude immediately that x* = 0, what is a
contradiction and therefore yields surjectivity.

Putting everything together, we have proven the second condition from Proposition
2.3.7, so that we are allowed to swap the spaces in the inf-sup conditions. Therefore,
we obtain

B B I 1 Amin
inf sup M — inf — |(Bv, w)]| > min{1, }’
ve\ 10} wengop 101E1WI5 wemnioy vednoy 0l 1wll5 V2
what finishes the proof. -
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

Reasonable choices for W_ and W, are already mentioned at the end of subsection [3.2]

In [LM16a] the second formulation was also given in a slightly different form

/(—(ul(t),@(t» + (A@)ur(t),v())) dt + (uz, v(T))

I

(3.3.15)
:/<g(t),v(t)) dt + (o, v(0))u,

I
with (u1,us) € Lo(I; V) x H and v € Lo(I[; V) N HY(I; V’). That means, the authors,
different from our formulation, do not assume zero final time conditions in the test
space. This formulation is very similar to the first formulation since it contains a
Cartesien product and treat the initial condition essentially. It can be shown, that
u1(T) = ug for sufficiently smooth right hand side. Otherwise, one can interpret usy as
a continuous version of u; evaluated at final time ¢ = T. It can be convenient to keep
the additional element vy in order to prove different error estimates in L (/; H) also
containing point wise defined norms as done in [LM16a].

Again, we also want to state the counterpart of Corollary and for non-

coercive spatial differential operators.

Corollary 3.3.16. The operator B € L(X,)') defined via (m is still boundedly
invertible, when we assume a Garding inequality (3.1.2)) instead of coercivity (3.1.1)).

The operator can be bounded as

B
sup  sup M < M max{y/1 4+ 2X20%, V2}V2max{1, Apax + A},
veX\{0} weP\{0} ||U||;2||w||5z

as well as

. ; 1
inf sup |<BU7 w>’ > —T Amln mm{l, (Amax + )\) }

— = e 5
veX\{0} we\ {0} vl gllwlly V2max{\/1+ 2)\2g* \/2}

where o := sup it genotes the embedding constant of V — H.
ozvey 11V

Proof. The proof follows in a similar way as the proof of Corollary [3.1.16|together with
the relevant continuity and inf-sup estimates from this chapter. O

We conclude this chapter with some remarks about the connection between the different
formulations introduced in the present chapter. Considering the second formulation,
we have that for h € X’ and u € Y

)?/<B/u’ U>)E' = 5)<U, BU>5), = /[vl<—u(t) —+ A/(t)u(t), U(t))v dt = h(v)
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3.3. Second Formulation

for all v € X, is the full weak formulation of the dual problem of finding, for t € I a.e.,
a solution u(t) € V' such that

—at)+ A =h wm V',  u(T)=0.

With the affine transformations @ := u(T — -), A := A(T —-) and h := h(T — -) it is
equivalent to
d

&a(t) + At)u(t) =h inV’, u(0) = 0,

which is the homogenized problem of sectionwith spatial differential operator A and
right hand side h. This means that the second formulation (3.3.4)) is connected with
the homogenization of the first formulation (3.2.3) via its dual problem. The same
holds for the first formulation (3.1.6) and the modified second formulation (3.3.15]).

Nevertheless, note that neither 13.2.3D coincides with the dual problem of (3.3.4) nor
is (3.3.15)) the dual problem of (3.1.6)), but closely related.

We have summarized the particular estimates of the continuity and inf-sup constants
of the different formulations above in Table 3.3.17
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Chapter 3. Full Space-Time Weak Formulation for Parabolic Problems

Table 3.3.17: Continuity and inf-sup estimates for different formulations.
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4 Petrov-Galerkin Approach

This chapter deals with the discretization of generic PDEs as given in the previous
section for instance. The descriptions are kept rather general first, but are also applied
to the results concerning parabolic problems in space-time formulation introduced in
chapter [3] A Petrov-Galerkin approach is known to be quasi-optimal provided that cer-
tain stability assumptions are fulfilled, as we will see in this chapter. After introducing
Petrov-Galerkin approaches and, more precisely, minimal residual Petrov-Galerkin ap-
proaches, we focus on the stability of such a discretization. This is by no means trivial
when dealing with different solution and test spaces as they appear in parabolic prob-
lems and it needs to be elaborated very precisely. This difficulty appears since the
operator induced by the PDE only satisfies an inf-sup condition ([2.3.5)), which is not
inherited to its Petrov-Galerkin discretization in general. The stability results stem
from [Mol13b], revised and described in more detail for this thesis.

4.1 General Setting

Definition 4.1.1. Considering a generic operator equation
Bu)=f, weX, feY' (4.1.2)

with unknown solution uw € X, given right hand side f € Y’ and boundedly invertible
operator B: X — Y’ mapping from a Hilbert space X into a dual Hilbert space Y'. The
Petrov-Galerkin solution u; € S; is given as the solution of the variational problem

vi(B(u;),qe)y = vy {f,qe)y  forall ¢ € Qy, (4.1.3)

with respect to discrete subspaces S; C X and Q, C Y.

For X # Y the test functions ¢, € @), are generally different from the ansatz functions
in S;. If the solution and test spaces X =Y are equal, one usually chooses @y = S
and calls (4.1.3) Galerkin discretization and Ritz-Galerkin discretization if additionally

(B(+),) is symmetric and coercive.

In order to arrive at our stability results in section [.2] we allow discrete test spaces of
higher dimension than that of the solution space. That means, that (4.1.3) is generally
not solvable exactly, so we need to introduce a least-square like approach, cf. [And13].

Definition 4.1.4. The minimal residual Petrov-Galerkin solution w; of an operator
equation (4.1.2)) is given as the minimizer of the functional residual

Blv.) —
Uj 1= arg min sup |< (UJ) /s QK>|‘

(4.1.5)
v;€S;  qeeQe\{0} ||QZ||Y
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Chapter 4. Petrov-Galerkin Approach

It can be easily seen that the minimizer (4.1.5)) is equivalent to

u; = argmin || f — B(Uj)”Q'g’

UjESj

where -
gy == swp HIddl g g

aweQ{oy llaelly
defines a dual norm on @, O Y’. Although the minimizer also depends on
the level ¢ of the test space, we only index it by the level j of the solution space in
order to point out that u; € S;. In case of linear operators, the computation typically
leads to solving an overdetermined linear system of equation, so that the numerical
solution can be obtained by solving the associated least squares problem respectively
the modified Gauss normal equation, see . A Petrov-Galerkin solution of
obviously also solves the minimal residual approach but not necessarily vice
versa. Nevertheless, we usually also call the minimal residual Petrov-Galerkin solution
simply Petrov-Galerkin solution for convenience.

For linear operators, the stability of a (minimal residual) Petrov-Galerkin approach is
characterized by the discrete inf-sup condition

Bu,
inf sup RICUROIE =: B0 > 0. (4.1.6)

v;€59;\{0} g,eQ,\{0} ||Uj||X||QK||Y B

Even if a linear operator B from (4.1.2) satisfies the inf-sup condition (2.3.5)) according
to the BNB Theorem [2.3.3] it generally does not imply its discrete counterpart (4.1.6]).
The continuity ([2.3.4]), on the other hand, is inherited to the discrete subspaces

Bu; B
sup sup M < sup sup M < Bax < 00. (4.1.7)

e\ {0} aec@e\ {0y 1Vjllx llgelly ™ vexvioy gevvioy Il xllally

It is of particular importance for the uniform stability, that the constants §;, can
be bounded uniformly from below by a constant § > 0 which is independent of the
discretization represented by j and /. Otherwise, a stability problem appears for de-
creasing f3;¢, when j,¢ — 00. So the discrete inf-sup condition (4.1.6) plays an impor-
tant role for quasi-optimality of Petrov-Galerkin solutions respectively minimal residual
Petrov-Galerkin solutions, since the quasi-optimality constant depends reciprocally on
the discrete inf-sup constant as shown below. This follows from the following theorem,
see [And13, Th. 3.1].

Theorem 4.1.8. Let B € L(X,Y’) and assume that the discrete inf-sup condition
(4.1.6) is satisfied with respect to S; C X and Qy C Y. Then for any u € X there
exists a unique u; € S; which satisfies

Bv;, — B
Ri(uy) = inf Ra(vy),  Rloy)i= sup D% = Dual
v 4€Qe\{0} llgelly
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4.1. General Setting

Moreover, there holds the quasi-optimality estimate

Brax .
lu —u;||x < 2 inf |lw — vl x, (4.1.9)
0 V€S

with discrete inf-sup constant B, given by (4.1.6) and continuity constant By.x given

by (L9,

Estimate in Theorem is strongly connected to the Céa-Lemma, which
yields essentially the same quasi-optimality result for bounded and coercive bilinear
forms, cf. [Bra07, Lem. 4.2], and also [Bab71, Th. 2.2] or [XZ03, Th. 2]. Thus, if the
discrete inf-sup condition (4.1.6)) is satisfied uniformly, i.e., inf;, 3;, > 8 > 0 for some
B independent of j and ¢, then u; is the quasi-optimal approximation of u with

Bmax .

inf [lu — o).
J J

lu = ujllx <

Bmax

Otherwise, if 3;, tends to zero for j,¢ — oo, the quasi-optimality constants " in
Jy

(4.1.9) blows up.

Finally, we will present how a (minimal residual) Petrov-Galerkin solution can be
computed. Let ® := {¢y,...,¢n,} be a basis of S; with dimension dim S; = N; and
© = {by,...,0n,} a basis of @, with dimension dim @, = N,. In order to highlight
the difference between a standard Petrov-Galerkin approach and the minimal
residual Petrov-Galerkin approach , we first want to consider the case (4.1.3))
with N; = N,.

We can write the solution u; € S; as a linear combination

Nj

U; = E Ciqbi, cl,...,chG]R.

=1

Since equation (|4.1.3]) holds for all basis functions we obtain
<B<uj)7 61) = <f7 91>

<B(uj)7 9Ne> = <f7 9Ne>7

with Petrov-Galerkin solution u; € S;. So we have to solve the equation
Bj(uy) := ((B(w;), 0:));%) = ((B(u]®),0,))i, = ((f,0:))iy = £, € R, (4.1.10)

with u; = u] ¢ := S ¢ ¢ and vy = (cq, ... ,cn,)", where we used the shorthand
notation of ® synonymously also for the vector of basis functions (¢1, . .. ,ngj)T. For
linear operators B € L(X,Y”’), we can simplify

Nj
<Bu]7q€ ch qbl q€ Zci <B¢i7q€>a qr € Qfa
=1
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Chapter 4. Petrov-Galerkin Approach

so that (4.1.10) can be written as a matrix-vector equation
B, =f,  with B;, € RV, (4.1.11)

where (B; /) := (Boy,0;) fork=1,...,Njandi =1,..., N;. The solution of
or can be computed by various methods from numerical linear algebra as, e.g.,
Newton’s method or conjugate gradient method, depending on the properties of the
operator. As already mentioned before, we restrict ourselves to linear problems. To this
end, the subsequent considerations are for linear equations, i.e., . Nevertheless,
the following description can be extended to non-linear operators straightforwardly.

Next we want to derive an algebraic residual minimization problem connected with
. In this regard, notice first that we want to minimize the residual with respect
to the dual norm || - ||g,. Therefore, we introduce the Riesz-map Ry : Y — Y defined
via the Riesz representation theorem by

v (Ryv,w)y = (v,w)y, v,weY. (4.1.12)
Using this Riesz-map, we can express the norm of an element v € Y by
|v]|2- = y+( Ryv,v)y, so that we obtain
_ : [(Bvj — f, )|
uj = argmin  sup ——————.
veS;  aeQ\{0r /(Ry e, qe)
An analog discretization as in the standard Petrov-Galerkin case yields
a; (Bjev; — ) = (B(v;) = foa), o Ryae = (Ryae ), (4.1.13)

with B, v;, q¢, fr and Ry defined analogously as in (4.1.10). The equality follows
indeed directly by inserting the definition of the coefficients. The discretized Riesz
operator Ry is the Gram matrix with respect to the bilinear form (-, -)y and (4.1.12]).
Now it can be deduced that

u; = argmin ||B;v; — fZ”R;l’
VjGRNj

_1
with ||Wg||§{;1 = wiRy'w, = ||RY2Wg||?2(RNZ), for w, € R™ so that the minimizer
u; € RY is given as the unique solution of the (modified) Gauss normal equation

BT, R,'B;u; = B/ ,Ry'f,. (4.1.14)
This can be seen by noting that
~ T —1/2
@ Ry (Byv; — )]

—1/2
IBjev; — fillgr = IRy (Bjev; — f0) vy = sup _
04§ €RNe ||QE||52(RNe)
—1/2 ~
B (Ry"*q0)"(Byov; — )| af (Bj(v;) — £)|
= sup “1/2- = sup
07, €RNe IRy "“aellry 0£qe€RNE laellry
|af (Bjv; — £)| |(Bv; — f,q)]

= sup = sup o1l
0£qeRNe /4 Ryqe 2eQ\{0} \/ (Ry e, qo)

60



4.2. Stability

where we have used that Ry is symmetric positive definite, induced by a Riesz-
map. Comparing with , we observe that we have to deal additionally
with the discretized Riesz-map Ry, when solving the minimal residual Petrov-
Galerkin approach with N, > N;. It is sometimes helpful to replace the norm
| <112 := (Ry-,-) in the denominator of by a spectrally equivalent norm, say
|- 113 == (N+,-) ~ || -||#. The minimum obviously stays the same due the equivalence,
but the discretization of the Riesz-map can be replaced by any other spectrally equiv-
alent operator. Using, for instance, a wavelet discretization, one can replace Ry by a
diagonal scaling.

4.2 Stability

Remark that the best approximation u} € S; of the solution u := B71f is given by

u; = argmin [|u — vj||x = argmin || f — Bvj|ly-,
v; €S} vj €S}

since B is boundedly invertible and linear. To this end, the best approximation is given
by the normal equation

(Ry'(f — Bu}), Bu;) =0, forall v; € S},

with Riesz-map Ry defined via (4.1.12]). Moreover, it is not hard to see that this is

equivalent to the Petrov-Galerkin approach
(Buj,w) = (f,w), forallwe Ry'B(S;),

where R;lB (S;) is the optimal test space associated with S;. The general idea now is
to replace the optimal test space by a numerically feasible sufficiently large test space
()¢. This motivates the approach to enrich the test space (), in order to stabilize the

discrete problem. Different stabilization techniques with a similar starting point are
considered in [DHSW12].

Instead of recursively stabilizing the bases, one constructs fixed standard bases such
as spline functions or wavelets, where the regularity is also controlled by the number
of extra layers in the test space. The test spaces constructed in this way yield a-prior:
fized stable bases.

The aim of the construction in [Mol13b] is to construct suitable families of subspaces
{S;}i>jo and {Qy}e>g, which uniformly satisfy the discrete inf-sup condition (4.1.6)) a-
priori with strict lower bound 0 < 8 < 3, , independent of the discretization parameters
j and £. More precisely, we will give a general criterion for choosing suitable subspaces
a-priori under classical Jackson and Bernstein conditions. This general result will be
applied later in section to the second space-time weak formulation of parabolic
evolution problems from section as an important model example. To this end, we

61



Chapter 4. Petrov-Galerkin Approach

follow the lines of [Moll3b]. A brief overview can also be found in [Moll3c|. The
basic idea how to enrich the test spaces was inspired by [DKO01] dealing with the
Ladyzenkaja-Babuska-Brezzi condition (LBB-condition) of saddle point problems. The
LBB-condition, as it appears in saddle point problems, is closely related to the inf-sup
condition from the BNB-Theorem [2.3.3] As in [DKOI] essential boundary conditions
can be enforced with the aid of Lagrange multipliers leading to saddle point problems.
For instance in [JK16] the authors presented a different approach to treat essential
boundary conditions with Lagrange multipliers, but avoiding a saddle point formulation
and therefore the LBB-condition.

We start with some assumptions on the operator B from (4.1.2). Besides the bound-
edness

|Bullyr < Bmax|[vllx, ve€ X and [[B7'qllx < Bylldlly, qeY’, (42.1)
with constants 0 < By < Bpax < 00, we require a slightly shifted regularity
(B) 'e(x,Yy), with [[(B) e vi) < O, (4.2.2)

with a constant 0 < C, < oo and continuously and densely embedded separable
Hilbert subspaces X’ < X’ and Y, < Y, where B’ denotes the dual operator of
B, see Definition 2.3.I] Note that the notation is meaningful since X C X_ implies
X" C X’ and vice versa. It is different from the notation in [Mol13b] but in accordance
with the one in, e.g., Corollary It is well known, that B € L£(X,Y”’) implies
B’ e L(Y, X') with

|B'ly=x = |Bllx»y: and [[(B) xsy = B y-x,

see, e.g., [Aub00, Prop. 3.3.1]. That means, the regularity assumption could
equivalently be stated for the primal operator B instead of B’, but since we need to
consider the dual operator in order to prove Lemma and Theorem we di-
rectly formulated in this form. So the two bounds Bl and C are related. This
assumption is very similar to the shift theorem in [Ver95, (A1)]. The next assumptions
are Jackson and Bernstein estimates as well as an often called reverse Cauchy-Schwarz
inequality with respect to sequences of subspaces of X and Y representing the discrete
solution and test spaces. Let {S;}52; C X, {5;} C X' and {Q/}32,, C Y, such
that for some v > 1 the Bernstein estimate

|5l x: < Cox?||Uillx, ¥ €85; (4.2.3)

Sl
J=Jo

as well as the Jackson estimate
inf [lg — qelly < Cryv™(lqlly,, qgeyYy (4.2.4)
qe€Qye

are satisfied with constants Cp x/,Cjy > 0. Moreover, we assume that the reverse
Cauchy-Schwarz inequality holds on X: )
For every v; € 5; there exists an element 0} € Sj, depending on v;, such that

vl x 175 lx < Ces x (v, 05) x7, (4.2.5)
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4.2. Stability

with a constant Cog > 0. The reverse Cauchy-Schwarz inequality (4.2.5) can be
formulated equivalently as
inf  sup ESUIIETNN (Ces) ™t > 0. (4.2.6)
v €5 \{0} 5, €5,\ {0} vl x 119 || x

That is, the reverse Cauchy-Schwarz inequality can be seen as a stability property of
S; and S; with respect to the duality pairing x (-, -) x.

Of course, the previous assumptions are somewhat abstract and seem to be quite
restrictive. But as we will see later, even for intersections of tensor product Hilbert
spaces, as they appear in space-time weak formulations from chapter [3, we can easily
state families of spaces which satisfy the assumptions. Moreover, assumption
on the operator is a rather standard regularity result for many operators, cf. also
Corollary [3.3.10] Before we formulate the abstract main result, we need the following
lemma.

Lemma 4.2.7. Assume that (4.2.2) as well as (4.2.3), (4.2.4) and (4.2.6) are fulfilled.

Then, for arbitrary v; € S; there exists an element q; € Qq, depending on v;, such that

15 — B'g; |l xr < Crxrv™ D3] 5, (4.2.8)
with a constant Cjx/ := Bnax C4 Cyy Cp x» and
gilly < Bt (Crxv™ 9 +1) |94 x- (4.2.9)

Proof. Given v; € gj choose ¢; € (), such that

B/ 71~— * p— 1 B/ 71~'_ .
1(B) 1% = ailly = min ()15, — ally

With this choice it follows

I(B) 05 — i lly > Brallt; — B'g; |l x,

m.

by using the boundedness (4.2.1). By the Jackson estimate (4.2.4]), the regularity
(4.2.2)), and the Bernstein estimate (4.2.3)) it follows

15, = B'gilxr < BumaxCoyv “(B) '95lly, < BumaxCy Coyv |10l xr
< BmaxC+CJ,YCB,X/V_(€_j)||77j||X’a

proving (4.2.8). Similar, we can prove (4.2.9) by

llgz = (B ylly + (B) " 0jlly < BoinllB'a; — 0jllxr + Bl

larlly <
< B (Coxv™ ) +1) |15 x .
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Chapter 4. Petrov-Galerkin Approach

Finally, we can state our stability result.

Theorem 4.2.10. Assume that (4.2.2)) as well as (4.2.3), (4.2.4) and (4.2.6) are ful-
filled. Choose L € N such that

CosCrxv™ <1, (4.2.11)

with constants Cjx: and Ces as in Lemma |4.2.7 and (4.2.5) and set

(>j+1L, (4.2.12)
for any refinement level j. Then the discrete inf-sup condition

Buv.:

v €5\{0} geqo\ 0y 101l x Nl gelly

15 satisfied with a constant B uniformly bounded away from 0 as j — oco. In particular,
B is given by
Cos — Coxv™*

7 Boin(Coxv=t+1)

(4.2.13)

Proof. Let v; € S; be arbitrary, then by (4.2.5) there exists an element v} € Sj such
that
villx 97l < Cosx (s, 05) xr
= Cos (x(v), (0] — B'ae))xr + x(vj, B'ge) x7)
< Ces (lvillxl1o} — B'aellx + v(Bvj, qe)y)
for arbitrary ¢, € @y. Next, we choose ¢ := ¢; € ), according to Lemma such

that .
155 — B'q; || xr < Coxv™ |57 x0.

Then it follows
(Cos = Coxv™ N 1575 lvjllx < v (Buj, qf)y-
Using (4.2.9) directly yields

Cos — Coxv
Boin(Coxv==9 4 1)

lazllyllvillx < v (Bvj, q)y,

where . ‘ .
Cos — Coxv™ 9 Cos = Coxv™

B Cox T4 1) © DG b1 1)
with the choice (4.2.12)) of level ¢. Finally with the definition (4.2.11]) of L we obtain
B > 0 what finishes the proof. O]
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4.3. Stability of Parabolic PDEs in Space-Time Weak Formulation

This theorem shows how to choose level ¢ on the test space depending on the choice
of level j on the solution space in order to obtain a uniform discrete inf-sup condition.
Obviously, (4.2.11)) is satisfied when choosing L € N with

L > HOgu(CCSCJ,X’ﬂ . (4214)

Note that it is crucial to have explicit values of L and g given by (4.2.14) and (4.2.13])
in order to ensure existence of moments of solutions of random PDEs in chapter [5

4.3 Stability of Parabolic PDEs in Space-Time Weak Formu-
lation

The next step is to apply the result of Theorem to the space-time weak for-
mulations introduced in chapter [} To be more precise, we will verify the regularity
assumption (4.2.2)) and specify suitable families of discrete subspaces {S;}32; C X,

{gj}}?‘;jo C X" and {Q¢}2,, C Yy, which satisfy (4.2.3)), (4.2.4) and (4.2.6). Following
the lines of [Mol13b], we will consider the second space-time weak form from section
with a spatial differential operator of order 2m. That is, we consider

X ==X = Ly(I; H™(D)),
Y =)= Ly(I; H™(D)) N H&{T}(I;H_m(D)),

where I := (0,T) with finite 0 < 7' < oo as in chapter 3] The regularity
can be ensured for time-independent operators by Corollary where the inf-sup
condition (3.3.12)) gives the required constant C',. Recalling the considerations at the
end of section [3.2] a reasonable choice would be

X' = X' = Ly(I; H™ (D)),

Yy =Y = Ly(I; H™(D)) N Hy 7 (1; H (D)),

with regularity shift o determined by the spatial regularity. In the particular case of
shifting the spatial regularity in the test spaces by a :=m, i.e.,

X! = Ly(I; Lo(D)),

(4.3.1)
Yy = Ly(I; H*™(D)) N H} 1y (1; La(D)),

we have the regularity result from [CS11, Th. 2.4] which is known to hold also for
time-dependent operators but without explicit bounds.

In view of (£.2.2) recall that B~' € L£(Y], X_) is equivalent to (B')~! € L(X",Y,).
Due to the definition of X_, we have to construct dual bases with higher regularity
since X’ C X'. We will restrict ourselves first to spaces defined in (4.3.1]), where the
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Chapter 4. Petrov-Galerkin Approach

regularity can also be proven for time-dependent spatial differential operators, but will
give summarized results for more general spaces in Corollary 4.3.28|

In order to verify the assumptions (4.2.3), (4.2.4) and (4.2.6)) on the discrete subspaces,
we need to specify their choices. We choose S7 € H™(D), St C Ly(I), Qf € H*™(D)

and Q) C Hg (1) and define

Sj = S;@ij C Lg([; Hm(D)) =X,

4.3.2
Q= Qe Q; C L™ (D) N By iy (LL(D) =Y., %)

We arrange the spaces in such a way that they form sequences of nested subspaces

ShCcSi,Cc--CcSycSi,, - C H™(D), (4.3.3)

with (72 SxH I = H™(D) and similar for S, Qf and Q.

Jj=Jjo

Next we need to make some general assumptions on the discrete subspaces. We consider

a possibly different sequence {S’jx 2, of nested and closed subspaces of Ly(D) with

dim S'f = dim S such that there exists a constant cgf) > 0 so that

inf sup (v, U>L3(D)| > cfgx), for all j > 7. (4.3.4)

veST\{0} 557\ {0} HUHL2 HUHL2(D) B

This condition is often referred to as Lo(D)-stability relation. This assumption is

obviously fulfilled with ng) = 1 when choosing Sf = S%, but using (4.3.4) allows to
use biorthogonal bases, for instance, cf. [DKU99]. That is, we have more flexibility
in the choice of discretization spaces. We consider sequences {St 5o {Qz}g’igo and

{Qe 1224, in a similar way. It is important to note that the dual subspaces 5;, S}” , Qz

and @f are only needed for the analysis of the discrete inf-sup condition, but do not
enter the implementation concerning the discrete operator discretization. The next
lemma shows that the Ls(D)-stability is inherited to the tensor product space in space
and time.

Lemma 4.3.5. The sequence {Sj};";jo

= {5 ® S}

52, satisfies

inf  sup (G > cg, for all § > jo, (4.3.6)

veS;\0} 5e 5,0\ {0} ”UHL2(I Lz(D)) HUHL2 (I;L2(D))

where cg = cf;)ch). The same holds for the sequence {Q@}Z’igo ={Q!® Qf}g‘ieo with

cQ = cg)cg”).

Proof. See, for example, [And13, Cor. 5.3]. ]
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4.3. Stability of Parabolic PDEs in Space-Time Weak Formulation

An important consequence is the existence of uniformly bounded biorthogonal projec-
tors according to the following proposition [DS99, Th. 2.1].

Proposition 4.3.7. The stability implies the existence of sequences {PS;}JQ(;]-O
of biorthogonal projectors Pgs : Ly(D) — S§ such that for j > jo, range(l — PS;) =
(gf)i@(m, while the adjoints Péjg,»: Ly(D) — 5’; satisfy range(l — ng) = (57) "2,
The projectors are uniformly bounded with respect to Lo(D) with

|Pssollzaiy < (€57) M oliawy,  forj = jo, v € Ly(D). (4.3.8)
Furthermore, one has

The same holds for projectors PS;, P, Pog, Py Pét and Pé;c defined in a similar fashion
4 5 ¢ ]
and also for the tensor products due to Lemma[4.3.9

In particular in view of the Bernstein and Jackson estimates on the subspaces
gj C X' and Q, C Y., respectively, we have to arrange the spatial and temporal
spaces {55152, 197152, 1Q0}e2,, and {Q7}72,, as well as its dual spaces such that
they satisfy suitable approximation and smoothness properties. The aim is to give
standard approximation and smoothness assumptions on the temporal and spatial
subspaces separately, so that the tensor products satisfy the desired properties
and with respect to the Hilbert spaces on the whole space-time cylinder. To
this end, for fixed p > 1 consider the generic Jackson inequality with respect to a

sequence of spaces {Fj,}32, on a domain D' C R%:

;nf 1f = Filloony S = I fllasry,  feHY(D), 0<s<dp  (43.10)
k k

and the generic Bernstein estimate with respect to a sequence of spaces {Fk}zozko on a
domain D’ C R%

/5]

The parameter dr characterizes the approximation order and g the smoothness of the
space Fj. In view of the required Bernstein and Jackson estimate and ,
we arrange the spaces {132, {S7}32, , {Qi}2,, and {Q7}2,, as well as its dual
versions, such that they fulfill the Bernstein and Jackson estimates with parameters
listed in Table £.3.12] Although it is not trivial to prove that the choices according
to Table yield the desired properties and for the tensor product
spaces, one can, heuristically, intuitively explain the required parameters. Namely,
since the solution space X := Lo(I; H™(D)) can be identified isometrically by the

tensor product space Lo(1)® H™ (D), cf. Proposition [2.2.8, we require that yg¢, dgt > 0

w0y S N filliapn,  fe € Fry 0< s <p. (4.3.11)
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Chapter 4. Petrov-Galerkin Approach

Table 4.3.12: Approximation and smoothness parameters according to (4.3.10)) and

(#.3.11).

space primal dual

S;f g, dgt > 0 Yae,dge >0
Sf Yse,dge > M Vgo,dge >0
Q) Yo, dot > 1 Yge,dg: >0
QF Ve, dos >2m Ype,dg. > m

due to Lo(I) and that vse, dge > m due to H™(D). Similar, according to the test space
Y & (LQ(I)®Hm(D))ﬁ(H{lT}(I)®H*m(D)), we choose ygt, dgt > 1 and yge, dgs > m
as well as 7., dg. > m. Moreover, due to the choice of Y, = (Ly(I) ® H*™(D)) N
(H{lT}(]) ® Lo(D)), we have to enlarge g, dg= > 2m.

Remark 4.3.13. The approzimation and smoothness properties given in Table[{.3.19
are known to hold for hierarchical spline spaces on uniform grids, see Theorem |2.4.10
and [2.4.12 In particular, it also holds for finite element as well as for spline-wavelet
spaces, where we also have in mind space-time sparse grid spaces [GOO7] instead of
uniform full grid spaces. Using spline discretizations, the smoothness is determined by
the global smoothness of the elements and the approximation property by the piecewise
polynomial degree of the elements, see section [2.4 In a dyadic partitioning of the
domain, the parameter generally can be chosen as = 2. For more details on splines,
finite elements and wavelets we refer to [dB01], [Bra07] and [Dah97], respectively.

In order to give a mathematically rigorous proof of the three assumptions (4.2.3)),
(4.2.4) and (4.2.6]), we will make extensive use of the following Theorem from [DS99,
Th. 2.1] respectively [Dah96, Th. 3.2].

Theorem 4.3.14. Assume stability property (4.3.4)) for all involved spaces as well as
the Jackson and Bernstein inequalities (4.3.10) and (4.3.11) with associated approz-
imation and smoothness parameters from Table . Then, with Psfofl = 0, the

following norm equivalence holds:

- 1/2
<Z 127 (Pss — PS;'I)UH%Q(D)) ~ [|v]

Jj=jo

H#*(D), 'UEHS(D),

for all s € (—min{vg.,dg. }, min{vs:,ds=}). Analog equivalences hold for the sequence
of spaces {85120, {QU 2y, and {QF}2,,, as well as for {SE}32., {57132, {Q1 %,
and {QF }32,, with interchanged roles of (Vg.,dg.) and (yse,ds=).
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4.3. Stability of Parabolic PDEs in Space-Time Weak Formulation

Similar equivalences also hold for tensor products of temporal and spatial projectors as
they will be used, e.g., to prove Proposition £.3.17 First, we will verify the Bernstein
estimate (4.2.3)).

Proposition 4.3.15. The Bernstein estimate
15l x: < Coxo™(5llx, ¥ €5 (4.3.16)

holds for spaces S’j constructed according to Table and X' defined in (4.3.1).

Proof. For every v; € Sj there holds

T T
195112, 1:L00)) = / 19; ()17, (py dt Z/ sup |<17j(t),PSfU>|2 de
0 0

lull Ly (py=1

T
< / N O e LT e

[ull Lo (p)=1

T
< / SUp 135 (8) |2 2| P2,
0

HuIILQ(D):l
. T j
S “2jm/0 15[l er-m(py dt = 1™ 105]12,(1,51-m (D))

since yg= > m by the choice of parameters in Table [4.3.12 where we have used Lq(D)-
stability (4.3.8). O

A more rigorous tracking of the involved constants would yield C'z x/ < Cg?s (i,

where cg:) denotes the Lo-stability constant from (4.3.4) and C’g}s the constant in the
Bernstein estimate (4.3.11)) for S} as well as v = p™.

The next proposition verifies the Jackson estimate (4.2.4]).

Proposition 4.3.17. The Jackson estimate

inf [lg —aelly < Coyp"llally,,  a€Yy (4.3.18)
qe€Qe

holds for spaces @y constructed according to Table and Y, defined in (4.3.1)).

Proof. Due to Theorem [4.3.14] with Bernstein and Jackson parameters from Table
4.3.12| and by using [GO95, Prop. 1 and Prop. 2] the splittings

{Y5( v}

= Z Z{range(DQ,k,i); (/’LQmZ + /szi%m)('? '>L2(I) ® ('7 '>L2(D)}7

k={y i={g
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and
{Y+; ('; ')Y+}
= > ) A{range(Dauwa); (1™ + 1) (-, ) oy @ () ooy
k=Vlo i=4g

are stable. Here we have used the abbreviation Dg ; := (PQi — PQ}Ll) ® (Pgz — Pgr ),
with projectors defined in Proposition and PQE  =0as well as PQZ) . = 0. That
o _

means, we have the norm equivalences

0o 0 1/2
<ZZ(W+u?k-%m)||DQ,k,iq||ig<I)®L2<D)) ~lgly, g€y,  (4.3.19)

k=£y i={g

as well as

0o 00 1/2
(Z Z(MQ(Zm)Z +quk)“DQ,k,iQH%Q(D@LQ(D)) ~ llqllv,, qgeyY,. (4.3.20)

k={g i=V{g

For more details about tensor product subspace splittings we refer to [GO95]. Using
these equivalences, we can conclude

V4 l 00 00
auf =gl < o= Dowsdl =1 Y Y Dowal}

k={y i={g k=0+1i=0+1

ST @ 4 i Dol sy
k=041 i=0+1

o0 [e.e]
_ Z Z [<u2(2m)i+M2k)71(,u/2im+lu2kf2im)

k=0+1i=0+1

A

2(2m)i

X(,u )i _|_MQk)||DQ,k,iQ||%2(I)®L2(D)}

< I?EEX{M—%m} Z Z [(H2(2m)i+u2k)
k=0+1i=0+1

X ||DQJ€,Z'QH%2(I)®L2(D)}

< w7 aly
for g € Y,. O

Again, we can explicitly bound the constant C;y by tracking the involved constants.
One obtains Cy < (cy, ) 'Cy, where Cy denotes the upper bound in (4.3.19) and ¢y,
the lower bound in (4.3.20) as well as v = p™.
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4.3. Stability of Parabolic PDEs in Space-Time Weak Formulation

Finally, we verify the reverse Cauchy-Schwarz inequality (4.2.5)).

Proposition 4.3.21. Assume that the spaces S; and S*j are constructed according to
Table . Then for every v; € S; there exists an element v; € S;, depending on vj,
such that

0j | x |05 | x» < Ces(vy, 05) o), (4.3.22)
with a constant 0 < Cog < 0.

Proof. Let k < i < j and v € Sj, then Dgy,;v € S;, by the nestedness (4.3.3) with
Dgy, = <PSZ — Pst ) ® (Psz — Pg= ), with PS§ . =0 as well as PS@O =0, and due
—1 @ i—1 0— Jjo—1

to the stability (4.3.6) there exists an element o; € S; \ {0} such that
(DsikiV Uk i) LoD La(D) = €5 1Ds kvl La(neLa(n) |10kl La(noLan).

omill1Ps,k,ivl| Ly (@Ly(D) ~
10k,ill Loy (@ Lo (D)

Defining o ; := 1 U, yields

(Ds k.0 Uy 1) Lo(DoLa(0) = €5 12" 1 Ds it |7, (0o na()-

Setting o := 37 _. DY .0 € Sj yields

k=jo £~i=jo

(U,@ )L2 (N®L2(D) = Z Z DS’“U Ukz La(I)®Lo(D)

k=jo i=jo
(4.3.23)
> Cs Z ZMZWHDSMUHLQ N®Lay(D
k=jo i=jo
Due to the construction of S; and gj, we have the norm equivalence
1/2
cx <Z ZNQWHDSM’UJHLQ(I ®La(D )
k=jo i=jo
(4.3.24)

o - 1/2
<|lvjllx < Cx (Z ZM2mlHDS,k,inH%Q(I)QQLQ(D)) ;

k=jo0 i=Jo

for any v; € S; and constants C'x > c¢x > 0. Furthermore for the dual norm we obtain

1/2
||Uj||X’ SCX (Z ZMQWHDSM%HLQ ®L2(D)> . (4.3.25)

k=3jo i=jo
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Chapter 4. Petrov-Galerkin Approach

Using norm equivalence (4.3.24)) as well as (4.3.25)), we obtain

i
lollx 17 ]lxr < deg'w DY ™ [ Dsavllansram)s (4.3.26)

k=jo i=jo
with k := CC—;, where we have used that

D 1. i0" || Lo(D @ L2(D)
mi“DS,k,iUHL I®La(D ~
= W . 208D D il Lo (DeLa)
Hvk,iHL2(1)®L2(D)

< ,u2mi HDS,k,iv ||L2(I)®L2(D) 4C§1 )

since Dy, ; is stable according to (4.3.8) with
|(Py — Py ) ® (Phs — Py )

< (1Pl 1Py 1) (1P -+ 125, 1)
< dcgh.

Combining (4.3.23)) and (4.3.26|) finishes the proof. ]

That means, the reverse Cauchy-Schwarz inequality (4.2.6) holds with
Cos < 4cgcy'Cx, with Lo-stability constant cg = cg)cg from (4.3.6), and
the lower and upper bound cx and C'x, respectively, in (4.3.24)).

Finally, the previous Propositions [£.3.15], [.3.17] and [£.3.21] together with the regularity
result of Corollary , respectively [CS11, Theorem 2.4] without explicit bounds,
but also for time dependent spatial differential operators, prove that the assumptions
as well as , and are satisfied for an operator B defined
via and for the families of spaces introduced here. That means that Theorem
4.2.10| can be applied to this situation. So the discrete inf-sup condition holds with
a constant which does not dependent on the discretization when choosing the levels j
and ¢ according to Theorem [£.2.10f An overview of all relevant constants is given in
Table

To some extent, the following corollary generalizes our previous results. The choices
of parameters we made (Table as well as the corresponding results are only
restricted due to the choices of subspaces X/, C X" and Y| C Y according to (4.3.1]).
As already mentioned before, one can derive similar results in an analog fashion for

more general spaces by Corollary (3.3.10]
Corollary 4.3.28. Assuming generally that the regularity (4.2.2)) holds for subspaces

X' = H*(I;H*"™(D)),

Vi = HU(LHS D) 0 G (1 HS (D)),
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4.3. Stability of Parabolic PDEs in Space-Time Weak Formulation

Table 4.3.27: Relevant constants

constant value description and reference
L W number of extra layers,
b B:i%c_*f;’,j#;j:) stability constant,
Cyxr BnaxC1C5yCp x» auxiliary constant from Lemma
Ces 405_20}1CX constant in reverse Cauchy-Schwarz inequality,
32
Cpxr C’gg(cg))*l constant in Bernstein estimate,
Cry (ey, ) 'Cy constant in Jackson estimate,
Biin see (|3.3.8) inf-sup constant,
Birax cf. continuity constant,
Cy cf. (3.3.12) constant for shifted regularity, (4.2.2))
Cs e Ly-stability constant,
cx, Cx - lower and upper bound in norm equivalence,
(4.3.24)
C'](;g - constant in Bernstein estimate for S7,
cg), c(Sx) - Lo-stability constant,
Cy, - lower bound in norm equivalence,
Cy - upper bound in norm equivalence,

with d; > 0, d,, > 0, then Theorem holds with L € N such that

- log, (CcsCx)
d, + d; ’

when choosing the parameters according to Table[4.5.29

The spaces in Corollary |3.3.10| would imply d; := 0 and d, := a.

We conclude this chapter with a brief outlook. The recipe for obtaining stable subspaces
for the first space-time formulation may be developed along the same lines. Further-
more, the spaces S; 1= S;f ® 57 and Qg = Q} ® QF, respectively, are constructed such
that the spatial and temporal resolutions are equal. Obviously, one could also choose
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Chapter 4. Petrov-Galerkin Approach

Table 4.3.29: Approximation and smoothness parameters (general setting).

space primal dual
S§ Vst,dse >0 Vg, dge > dy
ST Ysz,dge >m,  Ygu,dg. > max{0,d, —m}
Qr o der > di+1 Vg dge > 0
Q7  Yge,dge >dy+m Yoes dge > M

different resolutions and replace S; by S(;, j,) = 57, ®5%, and Q; by Qs ¢, := @), ®Q¥,,
respectively. It is most likely that considering such more general spaces would yield
a sharper estimate for the number of extra layers L and, therefore, would
improve the result given by Theorem for such particular situations. Moreover,
one obtains a sharper estimate for L the larger we can choose parameter v in .
Assuming higher shift of regularity of the operator B allows larger values for v if we
choose discrete subspaces with corresponding stronger approximation and smoothness
properties.

Related results concerning the stability of Petrov-Galerkin discretizations for parabolic
evolution equations can be found in [And13|[And12]. Moreover, in this regard, we would
also like to mention [GOO0T, MB97, [UP12, [UP14, DKO12|] exploiting the fact that time-
stepping methods such as, for example, Crank-Nicolson and discontinuous Galerkin
methods, can be interpreted as space-time discretizations. We refer to [Moll3b] for
a careful comparison of the quoted works. Stability results for the first formulation
described in section are given in [And13]. In particular, it was proven that only one
extra layer in the temporal test space suffices to ensure stability for piecewise linear
and continuous splines, see [And13] Prop. 6.1 and 6.3].

We apply the previous stability results pathwisely to parabolic problems with random
coefficients in chapter [5], in particular section [5.3] It will turn out that the number of
extra layers L will depend on the stochastic parameter. This is not very surprising,
since our previous results are very general and depend highly on the operator under
consideration. To this end, a more convenient choice is to restrict ourselves to the first
formulation and modify the results from Andreev [And13] to the particular situation
with random coefficients. Moreover, we can combine ideas on subspace dependent
norms from [UP14] and [And12] to obtain satisfactory stability results also for parabolic
PDEs with random coefficients. A detailed description will be given in section [5.3]
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5 Random PDEs in Space-Time Weak Formulation

Chapter [3| was devoted to deterministic generic parabolic PDEs of the form

du(t)
dt

+ A(t)u(t) = g(t), u(0) = up, telae.,

with (possibly time dependent) spatial differential operators A(t) and time interval
I := (0,T). These problems are extended in the way that the right hand side, the
initial condition, and the spatial differential operator are allowed to depend on an
additional random parameter w. That is, a generic parabolic evolution problem with
random coefficients
% + A(t,w)U(t,w) = g(t,w), U(0,w) = Up(w), telae, P-as.

will be considered. The notation P-a.s. is an abbreviation of almost surely with respect
to the measure PP, where “almost surely” means “almost everywhere” and is used when
dealing with probability measures. That is, an event occurs P-almost surely, if it
happens with probability one with respect to the probability measure IP. Therefore, IP-
a.s. is the same as w €  a.s. (respectively a.e.), where we use both denotations in the
following. The equation is defined on a probability space to treat the random parameter
properly. The solution of stochastic partial differential equations are commonly denoted
by capital letters, and we do the same here for the random PDEs in order to distinguish
between deterministic and random PDEs. The uncertainty enters the PDE in form of
the random parameter w. The initial value Uy as well as the right hand side g are not
deterministic functions, but random fields or random functions. The solution U is also
arandom field. The L,-regularity of the solution with respect to the random parameter
w classifies the existence of moments and vice versa. A random PDE can be seen as
a parameter dependent PDE, where the parameter itself is an element of a sample
space 2. The present random PDE differs from a “true” stochastic partial differential
equation (SDE) by the way how the stochastic influence enters the equation. An SDE
is of the form

dU(t,w) + A(t,w)U(t,w)dt + C(t,w)dW (t,w) = g(t,w)dt,
U(0,w) = Up(w),

with Wiener process or Brownian motion W(¢,w) as an additional (additive) noise
term. A space-time weak formulation of stochastic PDEs was introduced in [LM16b],
where it was shown that the stochastic counterpart of the w-wise second space-time
weak formulation from section yields existence and uniqueness of a solution.

The precise stochastic details would go much beyond the scope of this thesis. So we
focus on the required assumptions only and try to keep the probability theory on a
moderate level as far as possible. Since we are dealing exclusively with random PDEs
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and not with SDEs, no Ito calculus is required and the parameter w could also be
interpreted as an infinitely dimensional deterministic parameter via a Karhunen-Loeve
expansion. Moreover, since we are interested in the number of existing moments of the
solution, it is basically sufficient to work with Lebesgue spaces L, (€2) on a sample space
Q2 and refrain from very deep pure stochastic treatments. We refer to, e.g., [Bau9s]
for a rigorous stochastic introduction and to [AT07, [GS91] for details in particular on
random PDEs, random fields, Karhunen-Loeve expansion, etc.

A random PDE is, due to the lack of noise, a simplification of a stochastic PDE, so
that existence and uniqueness is obtained in the same way. Nevertheless, in order
to prove existence and uniqueness of a solution of a SDE, one needs to assume that
the spatial differential operator A(t,w) is bounded from above and below uniformly
in w. In our approach, we allow the bounds of A(¢,w) to be random variables itself
Apin = Amin(w) and Ay = Amax(w), where A,y and Ay, denote an upper and lower
bound for A, respectively, see chapter [3] This is, of course, an essential improvement,
since it will be sufficient that the bounds, respectively its reciprocal, are only in L,(€2)
for certain p € RT with p > 1 and herewith allow A(t,w) to tend to infinity and
zero. This means, in particular, one may allow Ay, ﬁ ¢ L (). Therefore, one
can treat relevant cases not covered so far by preceding papers on the same topic, cf.
[GAS14] for instance. A similar idea for elliptic random PDEs was already considered
in [Tec13| [Chal2].

The basic ideas in this chapter are based on our novel work [LMMI16]. Section [5.1| deals
with the existence of moments of the solution of the continuous, non-discrete problem
in space-time formulation from chapter [3| The focus is placed on the second formu-
lation with the sharpest estimates, but also results concerning the other formulations
are summarized in Table and [5.1.23] Section proceeds along the lines of
[LMM16, ch. 3], where we detail the explanations and additionally give precise results
for different kinds of coercive spatial differential operators as well as operators which
satisfy a Garding-inequality only. After having considered the existence of moments for
the continuous problems, we are facing the semidiscrete and fully-discrete case. First,
we present the results from [LMMI6, sec 4.1] for the semi-discrete case in section [5.2]
Then we focus on the quasi-optimality in L,(€2; X) in section . We go a different
way for the fully discrete case, as done in [LMM16]. It was already observed in chapter
[] that the deterministic Petrov-Galerkin approach is unstable in general, but can be
stabilized by enriching the dimension of the test space and considering a minimal resid-
ual Petrov-Galerkin approach instead. This applies to each trajectory of the random
counterpart almost surely. In contrary to [LMMI16], we exploit this behavior in this
thesis and do not need to assume a CFL-condition.
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5.1 Existence of p-Moments

We recall the formulation of parabolic PDEs from chapter [3] but equip it with an
additional stochastic parameter w. Given two separable Hilbert spaces V' — H with
continuous and dense embedding, arranged in a Gelfand triple V C H = H' C V', we
consider a linear parabolic random PDE

dU(taw) +A(t,w)U(taw) = g(tyw) tel ae., P-as. (5.1.1)

dt
U0,w) = Up(w), P-a.s.,

specified as follows. Let I := (0,7") C R be a finite interval with 0 < 7' < oo and
(Q,%,P) a complete probability space with normal filtration ¥ = (¥;)c;. We con-
sider a progressively measurable random function with Bochner integrable trajectories
g(-,w) € Ly(I; V') almost surely and a progressively measurable initial data Uy(w) € H
almost surely. Moreover, we assume that A(t,w): I x Q — L(V, V') is progressively
measurable, coercive and bounded uniformly in I, but not necessarily in 2. That means

(At w)u, v)| < Apim(w)||ul|v||v]ly  for all u,v € V) ¢ € I a.e. (boundedness),
(A(t,w)u, u) > Apax (W) ||ullf forallu € V, t € I a.e. (coercivity),

for w € € a.s., such that the lower and upper bounds A,.;, and A, are P-a.s. positive
and P-a.s. finite random variables, respectively. These are exactly the same assump-
tions as in section [3] except that we have introduced an additional random parameter
w € 2 and allow our bounds of A to be random variables too. Random fields can
be seen as function valued random variables, in this way generalizing the concept of
stochastic processes. More precisely, U, is a H-valued random variable and U and g are
X and )'-valued random variables, respectively. A random function F' is a collection
of random variables F'(x) with values x from the function domain. Stochastic processes
for instances are random functions in time. In this context, Uy is a random function
on the spatial variable x € D, where U and ¢ are random functions on (¢,x) € I x D,
with D denoting the spatial domain. That means, we can see Uy, g and U as random
fields and also as random functions. One should keep that in mind, since there are
both concepts used in the literature. As in chapter , we assume that A(t) is bounded
and coercive for the whole chapter, but also treat the non-coercive case explicitly at
the end.

Considering the random PDE ([5.1.1)) w-wise, we arrive at the second weak formulation
by (U(-,w),v) = Fu(v) for all v € Y, P-ass. (5.1.2)

where the (parameter dependent) bilinear form b,(-,-): X x ¥ — R is defined as

b1, v) = /1 (o u(t), 5y + v (A )u(t), o())y) dt, Pas.  (5.1.3)
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and the (parameter dependent) right hand side F,,(-): Y — R is given by

Folv) = /I(g(t,w),v(t)> dt + (Up(w),v(0)), P-as., (5.1.4)

in the same way as done in section|3.3| The solution and test spaces for fixed trajectories
are given as

X=Ly(L;V), Y= Lo(L; V)N Hy oy (I; V).

We conclude from section that the operator B,: X — )’ defined by

3 (Bou,v)y = b, (u, v) weX, vey

is boundedly invertible P-a.s. since A, Amax are P-a.s. positive and finite. We can
deduce weak space-time formulations in the first form, as well as the homogenization of
the first form, in the same way. We restrict ourselves here illustratively to the second
formulation, since we can derive the sharpest results and have naturally incorporated
initial conditions. The coercivity constant A,;, and the continuity constant A..
are very important in the parameter dependent case. Indeed, since we do not assume
uniform boundedness in €2, but only finiteness almost surely and consider the bounds as
random variables, the existence of p-moments for the solution depends on the existence
of possibly higher moments for A,,;, and Ap.., aside from similar requests on Uy and
g. Therefore, having the sharpest possible bounds is crucial for the existence of higher
moments of the solution. To this end, we recall here the sharpest bounds derived in
section [3.3] In the general setting, we have proven for w € Q a.s.

By,

< V2max{1, Apax(w)} (5.1.5)
veX\{0} weP\{0} ||UH;EHUJ||3>

as well as

max

(B,v, w) S min{ Awin (W), Amin (W) Aa (w)} (5.1.6)

inf  sup >
veX\{0} yein oy V]2 llwlly V2

In Proposition [3.3.10] an improved inf-sup estimate was proven for time-independent
spatial differential operators, such that

for w € 2 a.s.

in sup (B,v,w) me{l,Amin(a})}’
ve\{0} ey (o3 [1V[2llwlly V2

without the factor A_! (w), where we do not consider the generalized test and solution

max

spaces here for simplicity. With g(-,w) € Lo(I; V') and Up(w) € H P-a.s., we obtain
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F, ey P-a.s., since

Fu(w)l = | [ laft.),0(0) dt + Waleo), o0

< \/ (t,w), v(t)) dt] + [|Uo(w) | [0 (0)]] 2
< g Doy lvll vy + 1Uo(@)lzllvlly
< (lgC, @)l + [1Uo(@)lar) 10]] - (5.1.7)

since ) < C°(I; H) and therefore ||]}w||5,, < |lg(-,w)|| 3 + [|Uo(w)| g P-a.s. We can
easily conclude

HU(vw)H)? < min{Amm( ) ﬁm( ) (w)}(Hg("w)”X’ + HUO(W))HH)

= VEmax{ Az, (), Auax () Ak @)} (190 @)l &+ [Vo(@))ller). (5.1.8)

P-a.s., for the solution U of the random PDE in second space-time weak for-
mulatlon. Assuming uniform bounds A,;, and Amax as well as g € L, (Q,y’ ) and
Up € Loo(2; H), the right hand side of would be independent of w € €, or
at least there would exist an upper bound independent of w € 2, so that nothing is
left to show for the existence of moments of the solution. To this end, we are mainly
interested in the “non-trivial” case of non-uniform bounds. Notice that we arrange the
functions, or random field to be precise, such that, exemplarily, g(w) € Y’ for w € Q
a.s., whereas g(w)(t) := g(t,w) for w € Q a.s. and t € [ a.e., cf. discussion after
Proposition ([2.2.§]).

Provided the almost sure existence of a solution to (5.1.2), we want to give some
sufficient conditions on the existence of moments of the data and of the two random
variables A, .« and A, bounding the operator A, such that p-moments of the solutions
exist, for some p € [1, 00].

Theorem 5.1.9. Assume that there ezist parameters a, 3,y € [1, 00] with

afy > af + ay+ By. (5.1.10)

Let the data g and Uy, and the random variables Ay, and Anax are such that:
(i) F., belongs to LQ(Q;)}’), that is, g € Lo (; /\Ni") and Uy € Lo(Q; H),
(ZZ) Amax € Lﬁ(Q),

(i) 7— € L,().
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Chapter 5. Random PDEs in Space-Time Weak Formulation

Then the solution U to problem (5.1.2) belongs to L,(S;X), for p == —221__ o

T . _aftay+py
consequently its limit value if any o, B,y equal oo. Moreover, we can estimate

1
Amin

100y < VE|

Amax 1 ﬁw Py
s o Amesllza@ + DIl o)

with norms measured in its respective function spaces (i), (i), (iii).

Proof. We notice preliminary that

I af+ay+py 1 1 1

p apy a B

by the definition of p and that the consistency condition ((5.1.10f) implies p > 1. There-
fore, this choice allows to apply a generalization of Holder’s inequality and one
can directly estimate

1 -
||UHLP(Q;)€) S \/§ A ||max{laAmax}HLﬁ(Q)|’fw||La(Q;5)/)

min || 2., (@)
1 -

< V2 T 11+ [Amax [l @)1 Feoll ., i3
min {12, ()
1 -

< \/5 A (1 + HAmaXHLB(Q))||‘7:W||LQ(Q;)7/)7
min |2, (@)

by the deterministic estimate ([5.1.8)), which proves the claim. O

The previous Theorem [5.1.9| guarantees existence of p-moments of the solution U of
the random PDE (5.1.2) depending on the existence of moments for A_!  A..., g and

min?
Uy, whose regularity or number of moments is classified by the parameters o, [ and
~. Indeed, under the consistency condition ([5.1.10) on the parameters, it was proven
that the solution has at least p := % > 1 moments. Notice, that one has the
embedding L,(2) C Ly () for 1 < ¢’ < ¢ < oo, since the probability measure is per
definition finite. This justifies to speak of the existence of p moments instead of the

p-th moment only.

Due to the embedding L,(€2) C L, (€2) for 1 < ¢ < ¢ < oo, one could also replace p by
any p' < p with p’ € [1,00] and each «, 8,7 by any o/, 5,9 with o/ > «, §/ > 5 and
v >~ with o/, 5,7 € [1, 00].

In order to get a clearer insight, we give a simple example. Having Al A € L3(Q)
and F, € L3(€%;)'), ie., if the third moments exist, then the consistency condition
(5.1.10) is satisfied and we obtain U € Li(92; X). That means, that U has finite

expectation E(|U]| ¢) := [, U]l dP < oo for these choices.

Next, we want to discuss some limit cases, meaning uniform boundedness. In the “triv-
ial” case of only uniformly bounded mappings «, 3,7 = oo, we immediately obtain the
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5.1. Existence of p-Moments

existence of arbitrary moments of U, as already discussed earlier. Since Theorem [5.1.9
also holds true for arbitrary permutations of («, 5,7), we only have to consider two
further limit cases in order to cover all possible ones. To this end, assume without
loss of generality first that 5 = v = oo. Then we can immediately conclude that
Anax, Ar;lln € LOO(Q) yields

U1l @) < V2 [l max{ AL (@), Anax(@) A (@)} 2@ L foll, @)

or the limit case of Theorem [£.1.9]

1 ~
Ul @) < V2 17—l Amallzoci@ + Dl foll 2, 09

m

Therefore, the finiteness of the p-moments of the solution U coincides with the one
of the p-moments of F,,, that is, of the initial data U, and of the right hand side g.
Finally, for uniformly bounded initial condition Uy and right hand side g with respect
to €2, that is, & = 0o, we can conclude

1
Amin

101l iy < V2 H max{1, A}

1foll 23
Lp()

So the existence of p-moments of the solution U coincides with the one of the p-moments

of the quotient 22{LAms} By yging Holder’s inequality, we arrive at 1 = % + %Y, such

Amin p
that U has p = % moments. This is consistent with Theorem |5.1.9] since

: apy By : afy _
lim = , lim =
amoaff+ay+ Py B+ Bareaf+ay+ Oy

&,

. By _
1m = 0
aBy—oc aff + ary + By

An overview of all combinations are summarized in Table [5.1.11]

Table 5.1.11: Parameters according to Theorem without permutations.

a 15} vy D
; . : aBy
finite | finite | finite | — BtariB7
00 finite | finite =
finite 00 00 «Q
o0 o0 o0 o0

81



Chapter 5. Random PDEs in Space-Time Weak Formulation

As in section we can improve the result of Theorem for time-independent
spatial differential operators. To see this, we recall the inf-sup estimates (3.3.12)

Bw ’ 1 Amin
inf  sup [(Bov, w)| > min{1, (w)}’ weNas.,
veX\{0} e\ {0} o] 2llwlly V2

from Proposition |3.3.10] adapted to the context of random PDEs. We formulate the
result in the following Corollary.

Corollary 5.1.12. Let )?, ;):) as well as W_, Wy, Wy be as in Proposition |3.5.10.

Assume that the operator A is time-independent and self-adjoint with
Apin(w) < A |w, v < Apax(w),  w € Q a.s.,

with random variables A_! € L,(Q) and Apax < oo P-a.s..  Moreover, let

Fu € Lo(Q; J:)’) with parameters a,y € [1,00] arranged such that

ay > a+7,
then the solution U to problem ([5.1.2)) belongs to L,(§2; /'\if) forp = % and there holds
10l < V2 (1 =, ) 15l 0
LP(Q§X) - Amin L'Y(Q) w La(QQ}/).

Proof. The proof follows by Theorem |5.1.9 combined with Proposition [3.3.10, Propo-
sition [3.3.10| yields

(B, w)] S min{1, Apin(w)}

inf  sup > , we€Qas.,
veX\{0} e\ {0} HUHXHU’H); \/5
such that
1 -
”UHL,,(Q;)?) <2 Hmax{l, A—}fw ]
min Lp(;7)

Using Holder’s inequality with Il) = i + % proves the claim in the same way as in
the proof of Theorem [5.1.9] O

It is important to note that, other than in Theorem the existence of moments for
solution U in Corollary does not depend on A,.«. This means that the spatial
differential operator may tend to infinity arbitrary fast, as long as only Ap.x < oo
almost surely. We are able to prove such results independent of A,., also for time-
dependent spatial differential operators.
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5.1. Existence of p-Moments

To this end, we first introduce w-dependent norms on X and Y, namely
T 1
ol = [ AR wld Pas,
0

[wll3, = [lw(O)% +/0 (142 (¢, w)w (@7 + A2 (1 w)ib(0)][F) de, - P-as.,

(5.1.13)
which are well-defined under the assumption that A(t,w) is self-adjoint, cf. also Defi-
nition . These are indeed equivalent norms on X and ), respectively, with equiv-
alence constants which will be derived later. In this way we move the w-dependence
into the norms. Now we can derive optimal bounds with respect to these norms and
examine the w-dependence afterwards. The following lemma will be useful to arrive at
these optimal bounds.

Lemma 5.1.14. The norm | - |y_, defined by
T
wf?, = /0 |43t wyw(t) — At w)i )| b, Peas.
is equal to the norm || - ||y, defined in (5.1.13).
Proof. A straightforward calculation shows
T
1 _1 N
|w|§~)w :/0 HA2(t,w)w(t) —A 2(t,w)w(t)HHdt
T
1 _1 . .
=/ (A2 (t, wyw(@®)||F + A2 (t w)o ()17 — 2v (w(t), w(t))y) dt
0

= [[w(0)% + / (A2 (t, w)yw(t) |13 + A2 (8, w)i(t) %) dt

= Hw||§~;w, P-a.s.,

v (t), wt))v + v(w(t), wt))y = %(w(t), w(t))m,

cf. [SS09, Appx. Al. O

Using this lemma, we can prove the following theorem.

Theorem 5.1.15. The bilinear form b, (-,-): X x Y — R defined in (5.1.3) satisfies

BUJ )
sup  sup M =1, P-a.s.,
veX\{0} weP\{0} vl 2, [[wlly,
b
inf  sup (ww) 1, P-a.s.,

v\ (0} weyjop 1002, Iwlly,
with norms defined in (5.1.13)).
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Chapter 5. Random PDEs in Space-Time Weak Formulation

Proof. The proof is based on the same idea as used in [UP14]. We first notice that the
following inequality holds P-a.s.:

|&mwnsl|mmm—mw+Awa@WMt

_ /O T)(Aé(t,w)v(t),—A—%(t,w)w@e)+A%(t,w)w(t)) (dt

H
T

< [ QAR kOl 1= AHEw)ilt) + A}t )

< ellg ey, = ol 2, ol

by Lemma [5.1.14] and Cauchy-Schwarz/Holder inequality in the last inequality. In
order to prove the inf-sup condition, we swap the test and solution spaces according to

Proposition We choose

By the choice of v,, there holds P-a.s.
1 _ :
lvull%, = 142 (-, w)(w = A7 w)d) 12, 1y = (w5, = (1wl

such that

b (v, w) = [Jvull 5, [wly,, P-as.
Having a lower inf-sup bound of one as well as an upper sup-sup bound of one implies
equality. O]

The upper and lower bound in Theorem [5.1.15|are optimal since they are obviously the
best possible bounds and in particular independent of w. Having these optimal inf-sup
bound, we also obtain an optimal estimate of the solution in the w-dependent norms,
namely

U5, < IFolly,, P-as.,

where || - [|5, denotes the dual norm with respect to the modified primal norm | - ||5;_.
Now we can estimate both sides directly with respect to the standard norms by “pulling
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5.1. Existence of p-Moments

out” the w-dependence again. The right hand side can be calculated similar to ([5.1.7))

|—M& (), w(®))y At + (Uo(w), w(0)) ]
ﬂA(mw@mA%wmwmm+wwmmwm

< A7 ) () g | AS )l agrsmy + 1 Uo(@)lallw(0)1
< (1473 (. w)gCo ) oy + 1Uo(@) ) [,

1
< (=lat-)lle + 0@ ) ol Pas.

for arbitrary w € Y and the left hand side as
T
U, = [ AV O, U@t > AU, s,
where we have used that

A Cdgodlinan = [ vAAG@) glt.0), 6 )

1 2
< —llgCow)l3, Pas
min
Putting these estimates together, we end up with

U] 5 < P-a.s. (5.1.16)

1

EHQ(UC‘))HX’ m"UO( >HH7
Again we can see that the inequality does not depend on A,,... Moreover, we have
slightly tmproved estimates and, in particular, no maximum involved but different
factors in front of both terms g and U,. Notice that the same approach would not
be directly applicable to the first formulation, since we exploit that we only have to
estimate the norm on X and not on an intersection space. The norm on the intersection
space is directly calculated for our particular right hand side F,, here. We can also give
a pendent of Theorem for this improved result for self-adjoint spatial differential
operators.

Corollary 5.1.17. Assume that A(t) is self-adjoint fort € I a.e. and that there exist
parameters «, 3,y € [1, 00] with

ay>a+y, 20y >[4+ 2. (5.1.18)

Let the data g and Uy, and the random variable A, are such that:
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Chapter 5. Random PDEs in Space-Time Weak Formulation

(i) 9 € La(2 X),
(ii) Uy € Ly(; H),
(i1) 51— € L,(Q).

Then the solution U to problem (5.1.2) belongs to Ly(S2), for p := min{ 2, BQf;} or

consequently its limit value if any o, 3,7 equal co. Moreover, we can estimate

1Uolls0:m).

01y < [| g, o 90 it + | =

min L'Y(Q) min L’Y (Q

with norms measured in its respective function spaces (i), (ii), (iii).

Proof. With (5.1.16)) and Minkowski’s inequality we can estimate

ity < 50l 0+ | 0
|| ||LP & X Amln LP Q Xl m1n LP(Q H

For the first term we have by Holder’s inequality:

HgHLQ(Q;A?’)?

H"4ming LP(Q;‘)EV) o HAAmin Ly(2)

dug to the consistency condition ([5.1.18)) implying % > i + %y The second term can be
estimated analogously as

U, )
L%(Q)H ol s,

1 1
A= = | 7
H Amin ‘ Lp(H) Amin

again due to the consistency condition ([5.1.18)) implying % > % + % By

1 1 2
H\/Amin Loy () — HAmm L (Q)
we finally obtain
101,08 < || 5. o Moeatstr * || g ol

[]

It is worth stressing that the assumptions for the existence of moments in Theorem
b.1.9] Corollary and Corollary are quite weak and general, but sufficient
and not a necessary condition. If we have more knowledge how w enters explicitly, we
can often expect better estimates.
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5.1. Existence of p-Moments

Example 5.1.19. Let V := H}(D), H := Ly(D), D := (0,1), no # m € (0,1),
€ (0,1) and P the Lebesque measure, Q [ 1] and Borel o-algebra ¥. Define the
spatial differential operator as

At,w) == —|w — no|* Ay,
with spatial Laplacian A, and the right hand side as

~ ) gt ),

|W—771|

g(t,x,w) = (

for some g € Lo(I; H (D)) and zero initial condition Uy = 0. We have that
g € Ly( Lo(I; HY(D)) and — € L,(Q) for any p < . For each trajectory, that
18, for fized w € (), one can show "that

1 o 1 o
Ulsmyon £ (=) (=) 19l

Since ny # m, there are two singularities at different points, such that U €
L,(Q% Lo(I; Hy (D)) for any p < é as well With Corollary m we could only
conclude U € Lq(S%; Lo(1; Hy (D)) for q < 52

Finally, we consider also non-coercive spatial differential operators, which only satisfy
a Garding inequality, cf. (3.1.2). Recalling Corollary we can go similar lines as
before to derive existence of moments for the solution. Assuming a fixed parameter A
independent of w would result in a very similar behavior as elaborated in Theorem5.1.9]
but with worse (true) constants. However, since we assume the spatial differential
operator A(t,w) to be a random operator bounded by random variables, it is more
meaningful to also consider A = A(w) as a random variable. Again we are mainly
interested in the case of not uniformly bounded A ¢ L., (€2). Combining the ideas of
this chapter, in particular of Theorem with Corollary [3.3.16, one obtains the
following corollary in a straightforward manner.

Corollary 5.1.20. Assume that A satisfies a Garding-inequality (3.1.2)) P-a.s. and is
not necessarily coercive. Let the data g and Uy, and the random wvariables Ay and
Anax as well as A are such that:

(i) F., belongs to La, ("), that is, g € La, (Q;Y") and Uy € Ly, (Q; H),
(1) Amax € La,(€2),
(1) 51— € Loy (),

(iv) e’ € La, (),

(V) X E La. () N Ly, (),
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Chapter 5. Random PDEs in Space-Time Weak Formulation

where «; € [1,00] for alli=1,...,5, such that
5 5 5
Jj=1 Jj=1 ;

Then the solution U to problem (5.1.2)) belongs to L,(2), for

5
Hj:l Q;j
5 5 :
Zj:l Hf;; o

pi=

Moreover, we can estimate

101y 0 <VZ 1 2yt (V2 Ay + V2 +1)
X ([ Amax zay@) + 1M Loy @ + DAl Loy @ 1 Foll,, @i

with norms measured in its respective function spaces (i) — (v).

Proof. The proof follows in a similar way as the proof of Theorem [5.1.9 We first obtain

U5 < v2e* max{/1 + 2)2¢* \f}

according to Corollary [3.3.16] Applying a generalized Holder-inequality with

1 Z] IHzIOéZ 25:1
1 Q;

p H] 14y

max{1, Amax + M} Fo ly, P-as.,

min

yields

1
101208 SV ay o | max{ V1 + 20205 V2 Lo |l
X || max{1, Amax + AH|zo, 00 1P|, 257)-

Estimating the maximums similar as done in the proof of Theorem together with
Minkowski’s inequality and

Imax{y/1+2)2¢%, V2}|z,, o, < lmax{l +v2X0* V2}|z,,

proves the claim. O

We need to ensure that e’“)T has at least finite expectation, that is, e € L;(Q).
Such kind of random variables are closely connected with moment-generating functions.
In probability theory, the moment-generating function of a random variable X is given
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5.2. Quasi Optimality of Spatial Semidiscretization

as My(T) := E[em} for T' € R. Even though moment-generating functions are used to
determine moments of random variables A, one can make use of the well known results
and knowledge of them here. One very prominent example, for instance, is the log-norm
distribution e*, with normally distributed A ~ N'(u,0?). It is well known that log-
normal random variables have arbitrary many moments with £ [epj‘} = exp(pp + ’%),
so they are suitable for our present representation. It is worth mentioning that, for
example, for normal distributed A, meaning log-normal e, no strict uniform upper
bound exists and takes values arbitrary close to zero. This is consistent with the obser-
vation that all moments of e’ exist, but ||’ 1, ) = E[e!™?] - exp(T'p + #)
tends to infinity for higher order moments p — oo, that is, eI* ¢ L. (). In the
“trivial” case of A € L () one directly obtains e € L,(Q) for arbitrary p > 1,
since a probability measure is finite and also T' < oo. We refer to chapter [6] for further
examples.

We could proceed in a similar manner to prove also sufficient conditions for existence
of moments of the solution for the first formulation and its homogenization from sec-
tion[3.Iland 3.2l But since each of the other formulations under consideration in section
Bl and its continuity and inf-sup constants, fit perfectly into the context of Theorem
[(.1.9, or Corollary respectively, we omit an ongoing detailed description, but
collect the results in Table and 5.1.23] A treatment like in Corollary
cannot be adapted straightforwardly to the first formulation or its homogenization as
already mentioned before.

A summary of the results above for different operators A(t) (“arbitrary”, self-adjoint
or time-independent) is given in Table [5.1.21] Moreover, the results extended to the
other formulations introduced in chapter [3| are illustrated in Table [5.1.22 and [5.1.23]

5.2 Quasi Optimality of Spatial Semidiscretization

Next, we want to make a first attempt to analyze existence and uniqueness of (semi-)
discrete solutions and also their quasi-optimality measured in a suitable L,(€2;-)-norm.
To this end, we introduce a proper spatial (finite) subspace S C V| where its dual S’
can be equipped with two different norms

sl := sup v (s,v)y and |s||s:= sup g(s,v)g.
veV veES
[lvlly =1 [lvlly =1
The norm || - ||s is obviously weaker then || - ||y». The reversed estimate || - ||y» < || - || s

is classified by a subspace dependent constant

o sl
5 = sup

52.1
S0 Tslls (5:2.1)
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Table 5.1.21: Existence of moments for different A(¢) in second form, cf. section .

Property of A(t) Input # finite moments p
bounded, coercive F, € Lo (€2 A ),
AIB?X € LB(Q)7 afy
Al € Ly(2) aBtay+By
bounded, coercive, g € Lo(; 2?’),
self-adjoint Up e Lg(Q H), oy 28y
Ah € L4(9) MG By )

bounded, coercive,

self-adjoint, F. € Lo ($2; 5),), ay.

time-independent A;liln e L,(Q) aty

bounded, Fu € Lo, (2; 5)/),

Garding-inequality Apax € Lo, (), T o,
Apin € Lag(9), T

5 5
S e
i#]

Table 5.1.22: Existence of moments for different A(t) in first form, cf. section .

Property of A(t) Input # finite moments p
bounded, coercive Fu € Lo (),

Axiulzx € Lﬁ(Q)a afy

A € Ly(Q) af+ay+By
bounded, Fu € Lo, (1),
Garding-inequality Apax € La, (), s

Al €L 3(Q) SRR j:15aj

min @ ) Zj: IT5=1 o
M € Ly, (), A
A€ Lo, (2) N Lo, (2)

and will play an important role in the upcoming considerations. By [Tanl3) Prop. 3.2]
and [XZ03], we have the identity

cs = | Psllcovrvny = I = Psllzovrvny = 1T = Psll ey = |Psllevvy,
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Table 5.1.23: Existence of moments for different A(¢) in homogenized form, cf. sec-

tion @

Property of A(t) Input # finite moments p
bounded, coercive Fu € Lo(2;)),
Amax € Lg(Q), By
Al € L(Q) aftay+By
bounded, coercive, Fo€L (Q V),
self-adjoint, Al € L(Q) ay
time-independent oty
bounded, Fu € Lo (5,
Garding-inequality Amax € Lo, (9), 5
Al € Lo, (Q), e
min o S ITim @i
e € Lo, (), N
A€ Lo, (2) N Lo, (2)

where Ps denotes the extension to V'’ of the H-orthogonal projection onto S. The
H-orthogonal projector Ps: H — S is defined as

Psv € S with (P, w)g = (v,w)y forallve Hyw e S, (5.2.2)

which can be extended to V', since S C V. Now we consider problem (5.1.2)) with
respect to the semidiscrete spaces

Xg = Ly(I; S) and Vg := Ly(I;S)N H&{T}(]; S, (5.2.3)

with ||v||2~ = fo (lo@)I¥ + [|[0(8)||Z/) dt equipped with the weaker norm || - ||s on S".
Moreover7 we replace the spatial differential operator A by its discrete counterpart Ag

defined by
s (As(w, v, w)g := v (A(w, )v,w)y for v,w € S, P-as.

Collecting the definitions above, we can state our semidiscrete problem.
Find a solution ug € X such that

bsw(Us,v) = Fou(v) for all v € Vg, P-as., (5.2.4)

where BS,W(-, -) is defined as with V' replaced by S, V' replaced by S’ and A
replaced by Ag and F,, defined by with the approximation Uy s := PsUy € S of
the initial value Uy. A proof of existence and uniqueness of the deterministic pendant
similar to section was also given for this semidiscrete problem in [Tanl3,
Prop. 3.8].
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Lemma 5.2.5. The operator 35w € E(XS, ys) defined via the bilinear form in
as (ngv w) = bsw(v w) forv € Xs and w € Vs is boundedly invertible P-a.s. on
the semidiscrete subspaces XS and yg with

<BS,w'U7 w)
sup sup @ ———————

< ﬂmax{l,Amax}, P-a.s.,
veEX\{0} wePs\{0} ||U||;2||w||5zs

and

—mln{l A P-a.s.,

v2 oo
where Apin and Anax are the random variables bounding the spatial differential operator

A.

By,
inf sup M Z Amm

ves\[0} wegs\fo} V]2l

Proof. Although the proof is already given pathwise in [Tanl3, Prop 3.8], we want
to point out some facts for a better understanding and therefore sketch the proof.
First notice, that even though Xs and Vg are subspaces of X and ), respectively, the
continuity estimate does not follow immediately, since Vg is endowed with a weaker
norm. But by replacing || - ||y consequently by || - ||s» and since the spatial part of the
solution space is also restricted to the subspace S C V one obtains

[bs.(v, w)] < /I(IlvllsllwIISf + [ As@)vllv-[lwllv) dt

< /I [ollv (l@lls + Amaxllwllv) dt

1/2 1/2
< ( / ol dt) ( / 2l + A2, lw]2) dt) at

< V2max{L, Aua}llvl gllwlly,, P-as.,

for v € Xg and w € Vg with || - ||s := || - ||[y. That is, considering the weaker norm
|| - ||s is compensated by having test functions with spatial part in S C V.

Since
[wlls < | As(t) ']y < A

Aol min |5

and
(D, Ag(t)70) > Apin||As(t) 0|13,

[P-a.s., one obtains the desired estimate by choosing
Uy = w — A ()i,
for arbitrary w € Vg and interchanged arguments according to Proposition m

The proof of the non-degeneracy, i.e., the surjectivity with swapped spaces, follows
along the same lines as in the non-discrete situation. O]
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The bounds in the previous lemma are exactly the same as in the non-discrete formu-
lation from section |3.3] To this end, we can derive the existence of moments of the
semidiscrete solution exactly as for the continuous counterpart Theorem [5.1.9]

The next step is to show quasi-optimality measured with respect to a suitable
probability space depending on the regularity of the input data. It was shown in
[XZ03| Th. 2] that one can also prove a Céa-like result for non-coercive bilinear forms,
provided that the BNB-conditions from Theorem [2.3.3 are fulfilled with respect to the
discrete subspaces. Unfortunately, we cannot apply this result directly, since we deal
with different norms || - ||s» # || - ||+ for the discrete and non-discrete space. At this
point, the constant cg defined above , which connects both norms, comes into
play. It was shown in [LMMI6, Th. 7] and (in the deterministic setting) in [Tanl3,
Th. 3.9], based on [Hac81, Th. 3.4], that the following quasi-optimality result holds.

Lemma 5.2.6. The semidiscrete Galerkin-solution Ug of (5.2.4) is quasi-optimal with

Amax .
HU—USH)gch(l—i—A ) inf |U—vllg,  P-as.,

min 7/ vEXg

where U denotes the solution of problem (5.1.2)).

It is worth mentioning that since cg = || Ps||z(v,v) with H-orthogonal projection Ps,
one needs to ensure V-stability of the projection. Moreover, it can even be shown,
that the stability of Pg is also necessary for the quasi-optimality of the semidiscrete
Galerkin-solution, see [Tan13 Th. 3.10]. It is important to mention that the orthogonal
projection and therefore the constant cg does obviously not depend on the stochastic
parameter w.

The result of the previous Lemma allows a similar analysis for the L,(€2;-)-
boundedness as the one made in section 5.1} Indeed, instead of considering the quasi-
optimality almost surely, one can consider its restriction to some space L,(€2;-) of
suitable order p € [1,00], which has to be elaborated in the following. First, one
obviously still obtains

AmaX .
WU —Usl|ls <cs(1+ ) inf U —v| 3, P-as., (5.2.7)
Amin vEL (4 Xs)

but we can also classify a suitable measure for the norms on the left hand side, which
is done in the following theorem.

Theorem 5.2.8. Assume there exist parameters o, 3,7 € [1, 00| such that

afy > 2a(f + ) + By (5.2.9)

Let the data g and ug, and the random variables Ayax and Ay are such that:
(i) g belongs to La(Q;Y") and Uy to Lo (% H)
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(11) Amax € Lg(Q2),
(i1) 51— € L,(Q).

Then the error between the semidiscrete Galerkin-solution Ug of ((5.2.4) and the solu-
tion U of problem (5.1.2) can be measured in L;(€2; X), i.e.,

afy
By +2a(B+7)

U —=Uslz € Lp(),  withp:=

Moreover, the approrimation is quasi-optimal with

1
Amin

I = Usll oyt < 2|

Lﬂ/(ﬂ)”AmaxHLg(Q)) inf ) HU - UHL,,(Q;)\?):

UELP(Q;XS

with p := 3 B 45 in Theorem|5.1.9,

Bt

Proof. Notice first that condition (5.2.9) implies in particular that the solution U to the
Problem as well as its semidiscrete solution U, belongs to L,(€2; X') by Theorem

and Lemma since
afy = 2a(B+7) + By > aB +ay + By

That is, we can measure the solution U in Ly (2; X ). The remaining of the proof follows
in a similar way as the proof of Theorem |5.1.9)by interchange the right hand side || F, |5

with (infveLp(Q;)gs) U — v|])g> € L,(Q). In order to do so, we first conclude from the

choice of parameters 3, and p that
11 1 1 2 2 1

o=+ =
By p a B v D
so that we can apply a generalization of Holder’s inequality Theorem [2.1.7, By Lemma

or better (5.2.7), we can estimate

A p P
U = us|l 1,2 < csE Kl + maX) inf |lu— UHZ}

Amin ’UGLp(Q;-)ES)
< 2 ]E |:(Amax>p . f H ||P:|1/p
c in u— vl ,
- ° Amin UELP(Q;)ZS) X
since f‘méx > 1. Applying Holder’s inequality yields

1 .
10 = Usll ) < 265 (|7l @ | Amallzo@)  inf

U—-wv P
— mp;@” 2, 0.%)

what finishes the proof. O]
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5.2. Quasi Optimality of Spatial Semidiscretization

We notice that in case of A, and AIA uniformly bounded in €2, we can easily achieve

that p = p = a. In the general case, we have instead that p > p, and in particular
the following representation might help to understand how the two parameters are
connected to each other. The discrepancy between p and p can be measured by the
quotient

— Y
p 1+
where r = _gi' It is thus clear that the quasi-optimality result is not given in the

standard sense, that is, the norm on the right-hand side and on the left-hand side do
not match. In order to have a quasi-optimality result that involves a p-norm on 2,
we need to require the existence of further moments for the solution, up to a certain
p = 0p. For example, if we assume that a = § = =, the consistency condition
requires that @ > 5, and we obtain that

> > 5
UeLa(QX)=>U€La(X), 0= 3

1
10 = Usllzy @ty < 205 (15—l za@ll Amas oo

min

x inf U =L, @)
vELg (%Xs) ?

which means that, in order to have a least-square estimate, we need o = 10, thus
obtaining

- - 5

U e ngio(Q;X) =Ue€ Ly(X), 0= 3

1
10 = Uslaqaty < 265 (I zaoten [ Amanllzaoie) )
X inf U—w
et i 10~ Vot

It is worth mentioning that the error rate in ([5.2.7)) does only depend on the ratio ﬁma".

This ratio is uniformly bounded in many applications, that is, ﬁm?" € Loo(92). This
gives the following important remark.

Remark 5.2.10. Let the quotient ﬁmf"‘ < C be bounded uniformly with a constant

C < oo independent of w. Then the error is controlled by

U - USHL,,(Q;;E) <2sC inf U - UHLP(Q;)?)?
vELL (4 Xs)

provided that U € L,(Q; X) and Ug € L,(€; Xs).
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The ratio is uniformly bounded for instance if we consider random coefficients having
A(t,w) = a(w)A(t) with deterministic spatial differential operator A(t) and random
variable a(w), meaning that the stochastic parameter decouples with the deterministic
part. Such kind of coefficients were basically considered for instance in the disorder
potential from [MKMI13].

5.3 Quasi Optimality of Petrov-Galerkin Approach

In this section, we want to discuss general Petrov-Galerkin approaches for random
PDEs and in particular their stability and approximation quality. We proceed similar
to the previous sections and reuse the known deterministic behavior w-wise.

A Petrov-Galerkin discretization was introduced in chapter {4| for deterministic prob-
lems. We restate this approach briefly here already in the framework of full space-time
formulated parabolic problems with random coefficients. A Petrov-Galerkin approach
of the random PDE in the second formulation is to find a solution u; € S; of
the fully discrete equation

bo(Uj,q0) = (Fu,qe)  forall g € Qp, P-as,

with respect to discrete subspaces S; C X and Q, C Y as well as b, and F,, defined
in and . For stability reasons, recall the observations from chapter .
In particular, the discretization can be stabilized by enriching the test space and no
CFL-condition is required as assumed in [LMMI6]. We are interested in the minimal
residual Petrov-Galerkin solution given by

P-a.s. (5.3.1)

Bw ] fwa
U; :=argmin  sup (B, )|
0ES;  qeQo\{o} llgelly

Although the minimal residual Petrov-Galerkin approach can be seen as a generaliza-
tion of a Petrov-Galerkin approach, they are closely connected and we often denote
both simply by Petrov-Galerkin approach. Recall from Theorem that one can
prove quasi-optimality for the minimal residual Petrov-Galerkin solution

Bmax .
f U —=vi||ls, P-as.
6j,£ ’Ui}l‘Iele’j H UJHX? a.s.,

IU=Ujlle <

with continuity constant

. b (v,
Bpax(w) :== sup  sup M, we Nas.,
veX\{0} weP\{0} HUH/\?H’LUH)}
and discrete inf-sup constant
Bw j )
Bje(w) == inf sup M w € N as..

v;€8\{0} geqe\ oy 11V) ] ellaells
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5.3. Quasi Optimality of Petrov-Galerkin Approach

We can see that the quasi-optimality depends on the discrete inf-sup constant, respec-
tively random variable, which does not coincide with its continuous counterpart. To this
end, if we want to follow the lines of the previous sections, we have to specify the random
variable f;,(w) and in particular have to track the dependency on the spatial differen-
tial operator A(t,w) carefully. We have already shown that B, < v2max{l, Apax}

P-a.s., cf. (3.3.7).

In section [4.2| we have applied a general stability result to the second space-time weak
formulation of parabolic PDEs, so that we can derive a result similar to Theorem [5.2.8
for fully discrete Petrov-Galerkin solutions. Theorem yields explicit constants,
which turn into random variables. An overview of all appearing constants is given by
Table [£.3.27] It is important to mention that the number of extra layers L needs to
satisfy estimate (4.2.11)) in order to guarantee uniform stability. Different from the
subspace dependent constant cg in , L does not only depend on the subspaces,
but also on properties of the operator, and therefore on the random parameter w.
Nevertheless, the ansatz functions itself can stay w-independent but only its level of
refinement depend on the random parameter. In analogy to Corollary we can
derive the following.

Corollary 5.3.2. Let the assumptions from Corollary[4.3.28 hold with the same bounds
(5.1.5) and (5.1.6]) also for the shifted problem and define L € N with

C + IOgV ( maxiA?nax(w),l} )

min (UJ)

L
(w) > 4 +d, !

w € Q ae.,

where C' := log, (2CcsCyyCp x/) is a constant independent of w with notations from

Corollary [{.5.28, respectively Table[4.3.27 Then the discrete inf-sup condition

B,
inf sup M > [(w) >0, P-a.s.

v;€59;\{0} g,eQ,\{0} ||Uj||X||Qe||Y N

is satisfied with a random variable 5(w) independent of j and ¢, w € Q a.s.

Proof. We have to specify the constants given in Corollary and Table
in view of the dependency on w. According to Table [£.3.27, we obtain that Ceg is
independent of the particular equation and only depends on the choice of subspaces.
Moreover, we see that Cj x» = Bmax(w)gr;iln (w)CjyCp x: by assumption on the bounds

of B, with (non-discrete) inf-sup constant

. b
B, = inf sup —| o (v, w)]

1 , P-a.s.,
veX\{0} wey\ (o IVl 2 llwllp

where the constants C;y and Cp x/ stem from Jackson and Bernstein estimates, re-
spectively, and are thus independent of w € €. The choice of L(w) now follows from
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(9.1.5) and ((5.1.6)), since

log, (2CcsCny Crpxt Bunax() B (w)) < D + log, (

max{ Apax(w), 1} >
Amin (Cd)

for w €  a.s., where we assumed the same bounds also for the shifted problem by
assumption, meaning that C'y = B_! . The proof of the discrete inf-sup condition now

follows directly from Corollary O

Note that the assumption to have the same bounds and also for the
shifted spaces from Corollary is rather natural. Indeed, it even holds with
improved bounds for time-independent spatial differential operators A(w) according to
Corollary One could, of course, also specify the discrete inf-sup bound [5(w)
according to Table [£.3.27] but, although it would be straightforward, we decided to
keep it on this technical level since we are not using this approach in the following.

The fact that the number of extra layers depends on the explicit realization, that is,
on w, is clearly a drawback, but this is the price one has to pay for the generality
of the stability result of Theorem [£.2.10] To this end, one could try to construct
w-independent stable subspaces which are more tailored to the particular situation.

To our knowledge there is no construction of unconditionally stable subspaces for this
particular second space-time weak formulation. But a very detailed treatment of the
construction of stable subspaces for parabolic problems in the first space-time weak for-
mulation for self-adjoint spatial differential operators is given in [And13] and [And12].
It will turn out that, indeed, one can construct stable subspaces along these lines with
some modifications and a careful tracking of the hidden constants.

Therefore, we consider the minimal residual Petrov-Galerkin solution
Bw'U' - Fw;
Uj ;= argmin  sup [(Bovy 0l
v;i€S;  qr€Qe\{0} lqelly

with respect to the first formulation and pathwise operator (3.1.11). That
means, we consider in the following the bilinear form b(-, ), the right hand side F and
the spaces X, Y from section [3.1] equipped with additional random parameter w and
S; C X and y C V. To be more precise, we consider the problem

Ul,w)eX: by(U(,w),v)=F,(v) forallve )Y, weQ as., (5.3.4)

. Pas, (5.3.3)

where the (parameter dependent) bilinear form b,,(-,+): & x Y — R is defined as

by (u, v) = /l(w@(t%v(t»v+w<A(t,W)U(t)7v(t)>v) dt + (u(0),v2)nr, P-as.,

and the (parameter dependent) right hand side F,(-): ) — R is given by
]:w(v) = /V’<g(t7w)) ’U(t))v dt + (UO(W)7 UQ)H? IP’—a.s.,
I

98



5.3. Quasi Optimality of Petrov-Galerkin Approach

where v = (v1,v2), in the same way as done in section 3.3 In the subsequent, we
will make use of the ideas in [And13] to construct stable bases for the first space-time
weak formulation independent of w € 2. The parameter independent construction
is inspired by [And13, Th. 4.1], modified and adapted to our present situation with
explicitly tracked parameter dependency and improved bounds with respect to the
natural norms on X and ).

Theorem 5.3.5. Let A(t) be self adjoint for t € I a.e. Then for any pair of closed
subspaces S; C X and Q= Q} X Q3 C YV :=Y1 x Vo := Lo(I;V) X H, such that

Sj X {UJ(O) 1U; € Sj} C Qy, (536)

g v (05,4 )

. S : —— >k >0 for some k > 0, (5.3.7)
;€005\ {0} gle@l\ {0} 19511y laz [

the discrete inf-sup constant is bounded by

A B, v; 1
inf sup M—”qm > min {Afnin
0;€5\{0} gpeqi\(0y N1vsllllgelly

P-a.s. We have defined

1 A\ 3 1
K, Amgxx"iy (ﬁ) R, Afninv Amin} ’
8t5j = {@vj NS Sj} C LQ(I; V/) (538)
as the space of time derivatives of S;.

Proof. We consider w € 2 to be fixed. Since A(t,w) is self-adjoint, bounded and
coercive for ¢t € I a.e., the bilinear mapping

(w, %) 4 ::/0 A @Yy (8), 01 () dt -+ (s, T2,

for w := (wy,wy), W := (W, ws) € Y, defines a scalar product on ) and also

T
(w1, 1) a1 1:/ vi(A(t,w)wy (L), 71 (t))v dt,  for wy,w € I
0

is a scalar product on ). Notice that these norm are very similar to the w-dependent
norm introduced in section [B.1] for the second formulation. Define

Fi— it v (05, a4 )

| , : (5.3.9)
03€005,\{0} e\ 0} 1|05l w1 [l el 4

for ¢ := (¢7,q}) € Qu. Additionally, we introduce the embedding I: X — Y as
v ITv:= (v,v(0)) as well as the unique operator S, € L(X, Q) defined by

(Swv,qe)a = y(Buv, @)y for all (v, q/) € X x Q.
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Notice that although the operator has its range in ), it also depends on its codomain
@¢. The existence and uniqueness of such an operator S is ensured by the Riesz
representation Theorem on the Hilbert space ), endowed with the modified scalar
product (-,-)4. Indeed, having B,v € V' C Q) for v € X, there is a unique isometry
S, := R;'B,: X — Q, with Riesz mapping R4: Q, — Q) with respect to the modified
norm (-, ) 4.

Let v; € S; \ {0} be arbitrary. By assumption we have Jv; C @, so that

S.v; — Tv;,
||Sij . I"UjHA — sup ( U U q0)a
40€Q\{0} lIgella

by using Riesz representation Theorem on (), again. Since
(Swvj = Ivj,q0)a = y(Buvj,q0)y — (1vj,q0)a

- /0 (105, gL (D)) + v (At )y (8), g (1)) dt

00 ) = [ vt (0.ak O}y

—(v;(0), ;)
= <i)j7 Qz}>y17
we obtain

g 1

(U,
1Su, — Toglla= sup ALn@n
aconioy  laella

by definition (5.3.9). Moreover, we have

> Rallvjllyr,

||Swvj||i = (Swvj — IUj, Swvj — IUj)A + (Swvj — Ivj, IUj)A + (Ivj, Swvj)A
= [ISwv; — Tvy|% + 2(Swv;, Tvg) a — [1Twj]%
> [[Swvy = Tvgll% + vl

by using that the operator A(t) is assumed to be self-adjoint and
2(Swvj, 1vj)a = 2 y(Buvj, [vj)y

T
= 2/0 (v (05(8), 05 (E))v + v (AL, w)v;(t), v;(E))v) di
+2/|v;(0) 17
= vl + 11l + llos (D)1
In the last equality, we exploited that 2 v/ (9;(t),v;(t))y = &|jv;(¢)||3;. Combining the
equations and estimates above yields
1SwvillZ = &Allol15, + vl

> min{#%, Amin(w) H|v; || %
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since
o521 > Amin(w)l|v5]13,,

due to the coercivity of A(t,w). Similar we can derive

B 4 Bw j )
sup y/{ UaaQHy > min{1, \/T} Sup v Uj q0)y

€0 0} ||C]€||y 2€Q\{0} ||C]e||A
= min{1, v/ Apin (W)} Swv;l 4

and, by assumption

_1 (0,
Fa > min{lAoh(@)  inf  sup SHURE
2;€0:5,\{0} g\ {0} 1051l ||Qe||y

_1 U"
0;€0:5\{0} gle@i\ {0} 19511y, ¢ 11,

> min{l, A;éx(w)} K.

Combing the previous estimates and sorting and simplifying yields

! Bw j ) Amm
sup v (Buvj, qe)y > min {Aﬁlmfi Amaxlﬁ ( ) Afmn,Amin} vl -
we@ oy laelly Aax

This finishes the proof since v; € S; \ {0} was chosen arbitrary. O

It is important to note that the two assumption (5 and ( are independent of
the equation under consideration, that is, 1ndependent of B or A(t w) and therefore
in particular independent of w € €2, but only depend on the particular discretization.

In order to obtain a uniformly bounded discrete inf-sup constant, the discrete spaces S}
and @y need to be constructed in a way that the two conditions (5.3.6) and (5.3.7)) are
fulfilled with a constant x which does not depend on the mesh parameter j and /. A
possible guideline for constructing suitable families of spaces is given by the following
proposition from [And13] Prop. 4.2].

Proposition 5.3.10. Let S!, C H'(I) and Q!, C Ly(I), m € Ny, be sequences of
closed, nested subspaces S!, C St ., and QF, C Q! ., such that

e 3 : (®m7Qm>L2(I)
7 := inf inf u -
meNo 0 €0:55,\{0} ¢,,, €@t \{0} ||Vl Lo(1) |G || Lo ()

> 0. (5.3.11)

Further, let ST C V' and QF C V, i € Ny, be sequences of closed, nested subspaces
S¢ C SPy and QF C QF,, such that

n:= inf inf sup Vel di)v > 0. (5.3.12)
ieNo vieST\0} g,eqe oy [villv llgillv
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Let L € Ny be fized, and define

Spi= Y SLeS and Q= >  QL,eQIxQi

0<m+i<L 0<m+i<L
Then o
. Vi <UL7 QL>y1
~inf sup T 2
0,€0:SL\{0} g1 €Qi\{0} ||'UL||)7{ ||QL||311
with the notation from Theorem [5.3.5 Moreover, if St, C Q!, and Sf C QF then
Sr X {UL(O) 1 xr € XL} C QL.

n >0,

As already mentioned above, we see that the particular construction of subspaces
can be done independently of w € 2. The previous proposition yields a guideline
how to construct suitable subspaces, namely by constructing them in such a way the
assumptions are met. The easiest choice for temporal subspaces is obviously Qf, :=
St +0,St . But a more important example is given by the following construction based
on spline spaces, see [And13, Prop. 6.1 and 6.3].

As temporal solution and test space choose the space of continuous and piecewise linear
functions (splines) on 2™, respectively 2! uniform subintervals of I, i.e.,

S;n = {’U S CO(I) : U|[(2—kT)i,(2—kT)(i+l)) S H2 for all 1 = 0, ce ,Qk - 1},
Qin = an—&—h
where 11; denotes the space of polynomials of order j € N. That is, we set
St = SPma, QL = SPui12,

according to notation (2.4.6). Notice that we choose a finer level for the discrete
test space as also predicted in the general setting in section [} so that one has to
solve a least square problem. It was shown in [And13, Prop. 6.1] that this choice of
temporal subspaces satisfies assumption . It is worth mentioning that the proof
does not seem to be adaptable to arbitrary spline spaces in a straightforward fashion.
There are also other examples as for instance polynomials (not splines), trigonometric
polynomials and exponentials given in [And12, Example 5.2.16 and Sec. 7.3].

Concerning the spatial discretization, we choose U, := V,. This implies that
is met when the H-orthogonal projection onto V; is V-stable, cf. also [And13, Lemma
6.2]. These stability can be concluded by Bernstein and Jackson estimates and is known
for many finite element, wavelet or general spline spaces, cf. Theorem [2.4.10|and [2.4.12]
Similarly, we can argue for biorthogonal spaces and a corresponding biorthogonal pro-
jection, see also Proposition |4.3.7] and 4.3.21] Indeed, assumption (5.3.12) coincides

with the reverse Cauchy-Schwarz inequality (4.2.6)), so we refer to chapter [4f for details.

By probably reindexing the subspaces, Proposition [5.3.10[ also holds true, e.g., for full
tensor product spaces and for sparse-grid tensor product spaces.
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5.3. Quasi Optimality of Petrov-Galerkin Approach

Now we are in the position to formulate the main result concerning quasi-optimality
along the lines of Theorem [5.2.8 To this end, recall again from Theorem that we
have quasi-optimality with respect to the deterministic spaces S; and X. The previous
Theorem [5.3.5| now implies a uniform quasi-optimality, independent of the mesh size
indexed by j and ¢. Combining all ingredients, we can formulate the following theorem.

Theorem 5.3.13. Assume that the subspaces S; C X and Qo C Y are constructed
such that the assumptions (5.3.6) and (5.3.7)) are satisfied. Moreover, let a,y € [1, 0]
and € [%, oo} be parameters such that

208y > 4af + bay + 267 (5.3.14)

and let the data f and Uy, and the random variables Apnax and Ami, are such that:

(i) F., belongs to Lo(;Y') and Uy to Lo (S); H)
(i) Amax € Ls(Q),
(i) 17— € L,(Q).

Then the error between the Petrov-Galerkin solution U; (5.3.3) and the solution U of
problem (5.3.4) can be measured in L;($2; X) and is quasi optimal with

U—Ujllpon S inf  ||U- ),
|| ]||LP(Q7X) Y ”UGL;I(]-Q;S]-) || U”Lp(QvX)

with p = % and p := aﬂfa—% as in Table |5.1.22, and a constant that does

not depend on the particular discretization.

Proof. Notice first that condition ([5.3.14]) implies in particular that the solution U to
the Problem in second space-time weak form belongs to L,(£2; X') according to

Table [5.1.22] since
afy > 208 + 2oy + By > af + ay + By

and thus U € L;(Q; X) as well. That is, we can measure the solution U in L,(€; X).

3
Moreover, Apax € Lg(§2) implies Adax € Lg(2), with ' := %B > 1. We conclude from
the choice of parameters that

1 1

+1+1 +5—+ L
gy p oa 28 v P
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so that we can apply a generalization of Holder’s inequality [2.1.7, By Theorem |5.3.5

and (3.1.13) combined with m we can estimate

L A
U = Ujll Ly 0 < H(maX{Ammf@' Ak, (AL) Az ALY

< VEma AL ) int - u vl

Ls(9;X)
-1 L Amax
< H (Amfnn 4 A+ (B Yo Amm)
X (V2Amax + (V24 0)) _inf U = ollx >
’UELP(Q;SJ') Lﬁ(Q;X)

since all appearing random variables and constants are positive almost surely.

Multiplying out each term, one gets a sum where the largest appearing exponent with
respect to Apax is 5 3 and with respect to — is 1. Applying a generalization of Holder’s
inequality [2.1.7] snnllar to the proof of Theorem 5.2.8| as well as Minkowsi’s inequality

proves the claim since HAmaXH L@ = ||Amax|| Ly(0) With the definition of B' above,
ﬁ,

and since the Lebesgue spaces are nested L,(2) C Ly (§2) for 1 < ¢ < ¢ < co. In the
same way, we can see that in particular ||Uj| 1, ) is finite, ie., U; € Ly(2; X') due to

Theorem and Corollary [2.3.10] O

We could also calculate an explicit bound for ||U — Ujl|1,@;x), but the explicit value
would be rather long. It would follow directly by writing out each term in the proof
explicitly.

We conclude the section with a pendent of Theorem [5.3.5] and Theorem [5.3.13] for a
homogenized version according to section 3.2l One can basically treat the homogeniza-
tion as a particular case of the first formulatlon. But one does not need to deal with
the Cartesian product in the test spaces, so it does not apply directly to the homog-
enization. We define by, (+,-) for w € Q a.s. as the w dependent pendant of in
the course of (5.1.3). Therefore, we give the following two corollaries [5.3.15 and [5.3.16]
following the lines of Theorem [5.3.5( and Theorem [5.3.13

Corollary 5.3.15. Let A(t) be self adjoint for t € I a.e. Then for any pair of closed
subspaces S; C Xy and Q; C Yo, such that

S' C Qf?
f p y’ <v.]7 q£>y0
v]@?ts M0} goe@,\{0} ||Ug||y0||CIé||yo
the discrete inf-sup constant is bounded by

b w\Vj Amin %
inf sup M > min { (£> K, Amm(w)} , P-a.s..
v;€5;\{0} ¢,eQ,\{0} HUJ“Xqunyo AmaX(w>

>k >0 for some k > 0,
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5.3. Quasi Optimality of Petrov-Galerkin Approach

We have defined
0tSj = {0tvj NS Sj} C LQ(I; V/)

as the space of time derwatives of S; and X, and Yy are defined as in section .

Proof. The claim follows along the lines of the proof of Theorem [5.3.5l The inner
product (-,-)a1 and (-,-)4 coincide, @} becomes @, = and I is exchanged simply by
the identity id. With this resetting and exploiting zero initial condition, the proof
follows as in Theorem [5.3.5, where

/ Bw E
sup m2\/Amin(w)HSijHAa P-as.,

2:€Q\{0} HWHJ/

as well as )
Fa > Amix(w) K, P-as.,
with denotations from the proof of Theorem [5.3.5] since (-,-)4 equals (-,-)41. O

One can see that considering a homogenization simplifies the result, but improves the
estimate only slightly. Proposition [5.3.10] applies to the homogenization in an obvious
fashion as well. In the same regard, we can prove quasi-optimality in certain L, ($2; Ap)
spaces with exactly the same requirements. We state the result in the following corol-
lary for sake of completeness.

Corollary 5.3.16. Assume that the subspaces S; C Xy and Qy C Yy are constructed
according to the assumptions of Corollary |5.5.15.  Moreover, let a,y € [1,00] and

B e [%, oo] be parameters such that
208y > 4af + bary + 25
and let the data f and Uy, and the random variables Apnax and Ay, are such that:
(i) F., belongs to L, (S Y)) and Uy to L, (2 H)
(11) Amax € Lg(Q2),
(ii1) 57— € L,(Q).

Then the error between the solution U of the homogenization of problem (5.3.4)) and its
Petrov-Galerkin solution U; can be measured in L;(€; Xo) and is quasi optimal with

U = Uil Ly S veLipf(lgthj) U — ||z, :x0)

with p = % and p := aﬁfa—% as 1 Table|5.1.25, and a constant that does

not depend on the particular discretization.
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Chapter 5. Random PDEs in Space-Time Weak Formulation

Proof. The proof follows as the proof of its pendant Theorem |5.3.13 since the largest
appearing exponents for A% and A .x in the inf-sup estimate of Theorem are the

same as in Corollary [5.3.15 as well as the largest exponents for A, in the continuity
constant for the first formulationd and its homogenization according to Table [3.3.17]
O
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6 Numerical Results and Examples

After presenting the theoretical results in the previous chapters, the aim of this chapter
is to illustrate them by some numerical results. In order to do so, we focus first on
the stability of deterministic parabolic problems presented in chapter [d, respectively
section to be precise. Afterwards, we discuss the numerical behavior of solutions of
parabolic random PDEs and their Petrov-Galerkin approximation with regard to chap-
ter p} Finally, further results are shown which are beyond the scope of the theoretical
part, but demonstrate the functionality of the developed Matlab package for B-spline
Petrov-Galerkin methods.

6.1 Stability Examples

We start with considering numerical examples concerning our general stability results
of Petrov-Galerkin approaches discussed in chapter [l The aim is to illustrate the
theoretically proven stability of Petrov-Galerkin discretizations of space-time weak for-
mulated parabolic PDEs from section [4.3] which essentially means to check for a uni-
formly bounded discrete inf-sup constant. We will analyze, in particular, how many
extra layers L for the test spaces are practically necessary in order to obtain stabil-
ity, since the theoretical value is hard to estimate, see Table £.3.27 It was shown
in [And13] that already one extra layer in time is sufficient for the first formulation
(cf. section , when choosing continuous and piecewise linear polynomials for time
discretization. Although we considered the second formulation in section |4.3| and do
not restrict ourselves to the ansatz functions in [And13], we would expect to observe
a similar behavior for spline ansatz functions. It is worth mentioning again that our
stability analysis is designed for very general operator equations and worked out for
the second formulation of full space-time weak formulations of parabolic PDEs as a
model example, which is of particular interest in this thesis. We will use the notation
from chapter {4 for consistency. The examples in this section with wavelet discretiza-
tion are taken from my former work [MolI13h] and the other examples using B-spline
discretization are calculated with the Matlab program implemented in connection with
this thesis.

Wavelet discretization

Before we give first numerical results, we need to consider some algebraic properties
in order to work out how to calculate the discrete inf-sup constant and the
(discrete) continuity constant in a wavelet setting. For details on wavelets for
PDEs we refer to [Urb09] and the references therein.

We choose a hierachical Riesz basis ot = {yf t A€ Vy}of X with infinite index
set Vi = V5 UVY U..., where we define VE‘;) = Vi U---UV{. That means
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Chapter 6. Numerical Results and Examples

that each element in X has a unique expansion in terms of U* and that there exist
Riesz-constants 0 < r3 < Ry < oo such that

relviiew < llvlle < Bellviiew,), (6.1.1)

for each function v = ) eV vp¥ and v := {v,} ev - Analogously, we choose a Riesz
basis UY = {@Df\] A€ Vj,} for 37 with Riesz-constants 0 < ry < Ry < 0o. Moreover,
let the discrete spaces S; := span W with W7 := {4f : X € VE’;)} C U, Analogously,
we choose () := span \Ifgi with \IJ%) = {1&3\; tAE V)Z } C WY for the discrete test space.

It is well known that the Riesz basis property (6.1.1)) implies the existence of another
Ly-stable biorthogonal Riesz basis according to (4.3.4) respectively (4.3.6]), see [Dah94]

§3].

Using these bases, we end up with the system matrix

Bj,e = {<Bw;f7 gbi))}/\evi)huevé)' (612)

Due to the Riesz stability and the definition of the system matrix (6.1.2]), we
obtain the equivalence

min max U Bjev; ~ inf su M
Vjeez(vfj))\{o} qgeeZ(v{;))\{o} ||QZ||52(V%Z))”Vngz(v(??)) v;€5;\{0} g,eQ,\{0} ||CIe||5z||Uj||;2

(6.1.3)

of the discrete inf-sup condition (4.1.6) with constants that do not dependent on the

levels j and ¢. That is, using Riesz bases, we can analyze the qualitative behavior of

the discrete inf-sup condition (4.1.6)) via the norm equivalence . Moreover, the

equivalent representation has a simple algebraic interpretation. We rewrite the left

hand side of (6.1.3)) as

min max q; Bjv;
Vjezz(vfg))\{o} qeeeg(v(%))\{o} ||QZ||52(V<52)) ||Vj||g2(v(»§))

6.1.4
1B30%l 5. (6.1.4)
min @ = Amin(BjT,ij,Z)

v;EL(VE\{0} ”VngQ(v(?i))

N

= Omin (Bj,f)a

where )\mm(BjT?KBM) denotes the smallest eigenvalue of BjTgBj,g, that is, ouin(Bje) is
the smallest singular value of B; .

For the subsequent examples we use B-spline wavelets of primal order d = 2 and dual
order d = 4 (2-4 DKU wavelets) in space for S5 as well as for (f and B-spline wavelets

with d = 2 and d = 2 (2-2 DKU wavelets) in time for S} as well as for Q5. These are both
piecewise linear and globally continuous (primal) functions, see [DKU99] for details.

108



6.1. Stability Examples

The tensor space-time bases are thus given as S; := Sj- ® 57 and Q1= Q) ® Q. The
dimension of the spaces S;», 57, Q%, QF spanned by these wavelet bases is proportional
to 27 respectively 2¢ and are known to meet the Jackson- and Bernstein estimates
according to Table with m = 1 for u = 2 except the condition for vg«, dg-, see
[DKU99, esp. Cor. 3.6 and Prop 3.7]. Nevertheless, one can show that yge, dg= > %
(see [DKU99, sec. 3.4]), which is truly larger than m = 1, such that the statement of
Theorem 4.2.10| stays true by Corollary with d, := % To this end, according to
Theorem 4.2.10) we have uniformly bounded discrete inf-sup constants when choosing
levels ¢ > j + L as in (4.2.12)) with a constant L defined in , provided that
the operator is sufficiently regular according to . The regularity can be deduced
from Corollary [3.3.10] For a detailed description of biorthogonal spline-wavelets we
refer again to [DKU99]. After a suitable renormalization, it can be shown that the
tensor product of these bases are Riesz bases for X and ), see [GO95, Prop.1 and
Prop. 2] and [SS09, Ch. 6]. This in turn means that the smallest singular value of
the stiffness matrix B;, is uniformly bounded from below for ¢ > j + L due to the
equality and the equivalence . Moreover, using these wavelet bases yields
an optimally preconditioned sequence of matrices {B;&Bj’g}gzj_i_[/, since the largest
singular values are uniformly bounded as well. To this regard, recall that the continuity
of an operator is inherited by the subspaces, so that the discrete operator is still
bounded independently of the discretization, cf. (4.1.7).

The computations were performed using the adaptive wavelet C++ package written by
Roland Pabel ([Pabl5]) and Matlab (R2012a). The assembling of system matrices was
implemented with the aid of the adaptive wavelet C++ package and imported to Mat-
lab, where the eigenvalues were computed by the standard Matlab routine eigs. For
the computations, a computer with four Intel(R) Xeon(TM) CPU 2.00GHz processors
and 16GB Ram on a 64-Bit Linux system was employed.

First, we want to consider the easiest case

%? — o), te(01]
u(0) = 0,

with given right hand side g. That means, we consider the following second variational
problem.

Example 6.1.5. Find a solution u € X such that

(Bu,w) = F(w)  Ywe, (6.1.6)
with ) )
(Bu,w) ::—/ u(t)w(t) dt, F(w) :=/ g(t)w(t) dt
0 0
and the spaces X = L,(0,1), Y = H&{l}(o,l) and given right hand side
9 € Hyy(0,1) == (Hj1,(0,1))"
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Chapter 6. Numerical Results and Examples

Due to and we have calculated the smallest singular values of B;, for
different levels j and £ as an indicator for the discrete inf-sup constants /3, ,. Since we are
interested in the discrete inf-sup and continuity constant of the operator, the particular
value of the right hand side does not need to be specified. Notice that, although the
test spaces are restricted to zero final-time condition, the system of equation is not
underdetermined for j = /, since we can choose ansatz functions with zero initial
conditions for the solution space.

The results for Example [6.1.5] are presented in Figure where we have plotted the
slope of the smallest and largest singular values of B, for a fixed level ¢ = 12 and for
the same levels ¢ = j.

— .
V)
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—ts,
1)

|
IS
T

I
&
o

8
Level j

Figure 6.1.7: Plot of the smallest singular values of B;, according to Example m
and of the largest singular values for same levels j = ¢ and for fixed level ¢ = 12.

It shows that oumin(B;;) and, therefore, the discrete inf-sup constants f; ; decrease with
increasing level j. Moreover, we can observe, that the values of 0y, (B, ¢) and therefore
the discrete inf-sup constants stay approximately constant, i.e., omin(Bj¢) ~ 1, if £ > j
and is much smaller if ¢ = j. This behavior confirms that a uniformly bounded sequence
of discrete inf-sup constants can be guaranteed if we choose a higher resolution for the
test space, and that otherwise, indeed, stability problems occur. Such a behavior was
suggested by Theorem Recall that the stability result of Theorem says
that the sequence of discrete inf-sup constants is uniformly bounded away from zero
as long as ¢ > j + L with L defined in . Moreover, we see that the largest
singular values omax(B;¢) are asymptotically constant, so that the sequence of system
matrices {B],Bj¢}¢>j is optimally preconditioned. Both values of ouax(Bjy) for
¢ = j and fixed ¢ = 12 are almost equal, such that they are hard to distinguish in
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6.1. Stability Examples

the figure. Concerning the results in [And13], although given for the first formulation,
it is not too surprising that already L = 1 yields a very satisfactory stable behavior
of 3, bounded away from zero. This observation is also underlined by Figure [6.1.8
One cannot transfer the stability results from [And13|] straightforwardly to the second
formulation since one has to enrich the test space having derivatives involved in the
second form, whereas the derivatives in the first form appear in the solution space.
That means, nevertheless, it was not clear that already one extra layer in time seems
to be sufficient also in the second form. In Figure we have plotted the slope of

1
10 r T T T T T T
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:
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f emmmmmo [}
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e
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Figure 6.1.8: Plot of the smallest singular values of B, as an indicator for the slope of
the discrete inf-sup constants 3;, and of the largest singular values for £ = j + 1 w.r.t
to (6.1.6)).

the smallest and largest singular values for a fixed number of extra layers L =1, i.e.,
for increasing j and ¢ with £ = 7 + 1. One can observe that both, the smallest and
largest singular values, stay asymptotically constant for increasing levels. For the sake
of completeness, we also provide the error of the minimal Petrov-Galerkin solution in
the natural norm || - |3 = || - |£,(0,1) on the solution space, see Figure [6.1.91 To this

end, we choose a right hand side f(t) := ¢?, with exact solution u(t) = 3¢°.

We compute the approximate solution u; respectively its expansion coefficients u; by
using the mldivide operation of Matlab. Due to the Riesz basis property, the X-
norm of the error can be estimated by the f>-norm of its expansion coefficients. As
reference solution we took the best approximation of the exact solution on level j = 12.
By Theorem [2.4.12| the best approximation rate for the used piecewise linear spline
wavelets measured in || - [ = || - |lz.(0,1) is of order two. As expected due to quasi
optimality , the optimal rate of convergence is attained.

We have deliberately chosen an ODE example, since one already observes stability
problems even in this comparatively simple example. In principle, all theoretical pre-
dictions were already confirmed by the ODE example. Nevertheless, in view of "true”
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Chapter 6. Numerical Results and Examples

7 8
Level j

Figure 6.1.9: Estimated errors of the minimal residual Petrov-Galerkin solutions u;

w.r.t. the norm [Ju; — Wetlleyvy) ~ It — el 5 for (6.1.6) with f(¢) := ¢* and
(=j+1.

space-time weak formulations with tensor products and intersections of them, we would
like to underline our numerical results also with an example of a PDE, where truly mul-
tidimensional spaces are involved.

As a model example, we consider the parabolic evolution problem in strong form

ou(t,z)  O*u(t, ) B
ot Ox2 ut,z) = g(t @), te (0,1, z €(0,1)

ou(t, )
Ox

= 0, te[0,1]

z=0,1
u(0,z) = 0, z e (0,1),
with given right hand side g. The second space-time weak form reads as follows.

Example 6.1.10. Find a solution u € X, such that
(Bu,w) = F(w) Ywe), (6.1.11)

(9w Oou Ow
Buw //( %%+uw> dz dt,
// (t,x)w(t,z) dz dt,

and the spaces X = Ly(0,1) ® H'(0,1); Y = (L5(0,T7) ® H'(0,1)) N (H[}{l}((),l) ®
H- ~(0, 1)). We have dropped the dependency ont and x of u and w in the definition
of B for a better readability.

with

112



6.1. Stability Examples

We are only interested in the discrete inf-sup constants of the corresponding stiffness
matrices, so again we do not need to specify the right hand side F € )’. It can be
easily seen that the assumptions of Corollary are fulfilled with A = A time-
independent and spaces W, = H%(Q) < Wy = H'(Q) — W_ = Ly(Q). That is, the
regularity property is satisfied.

Again, we use the smallest singular values of B; ¢ as an indicator for the discrete inf-sup
constants. The results are illustrated in Figure |6.1.12}

Level ¢

Figure 6.1.12: Plot of the smallest singular values of B, and of the largest singular

values for fixed level j =4 w.r.t to (6.1.11]).

Different from Figure [6.1.7] we fixed the minimum level j = 4 and successively increase
the level ¢ of the trial space in Figure to stabilize the pair of subspaces. For this
PDE Example [6.1.10] we see qualitatively the same behavior as in the ODE Example
[6.1.5] We can observe that for a level difference of one or more levels, the smallest
singular values stay almost equal. This confirms also in this case that a level difference
of one already seems to be sufficient for §;, being uniformly bounded away from zero.
For the same level j = ¢ we can clearly see, that the value is much smaller than
for different levels. As in Figure the largest singular values are asymptotically
constant.

B-Splines of higher order

We have considered globally continuous, piecewise linear functions for discretization so
far. Now we will analyze the stability, in particular in view of the number of required
extra layers L, for discretizations with smoother ansatz functions. To this end, we
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Chapter 6. Numerical Results and Examples

use B-splines of higher order, cf. section [2.4, Since B-spline bases do not provide
Riesz-stability for a scale of Sobolev spaces, we cannot compute the inf-sup
constants as done before in . Nevertheless, we can derive a similar expression
with an approach as in section [4.1] by introducing Riesz isomorphisms respectively
Gram matrices. Let S} := 57, := SP;, C Ly(0,1) be the set spanned by B-splines of
order k € Non a umform grid of size 277, j € N, according to Proposition [2.4.2 “ and
(2.4.6). That means

Sip=span{N;,:i=1,...,N}, (6.1.13)
with respect to an extended sequence of knots {6;};—1, y+ such that
01:---:9k:0<9k+1 <-~~<9N<1:9N+1:~-:9N+k:7
where 03, — 6; = 277 for inner knots i = k,..., N. We arrange the spaces S7;, Qf,

and ()7, in a similar way, where the order and spacing of the B-splines may vary in

each space. Finally, our discrete subspaces of X and ) are tensor product spaces of
these spaces on one-dimensional domains, i.e.,

Sk =5, ®8%, CX, Qup= Q5 ®Q; 5, C Y, (6.1.14)

with sufficiently high order ki, ks, k1, ko € N, level ji, jo, £1,¢s € N and possibly bound-
ary adaptations. For spatial domains of dimension larger than one, the spaces 57,
and sz,l?:z are constructed also as tensor products, where js, fs, ko, ks become vectors
accordingly. An adaptation to zero boundary condition can be done easily be omitting
the very first and/or very last B-spline from the set of B-splines spanning the spline
space. That means,

(S 7k)(){()} = span{NM, 1= 2,...,N},

(Six)oqy =span{Niy, i=1,...,N =1}, (6.1.15)
( j’,k)() :=span{N;y, i =2,...,N — 1},

exemplarily for the temporal discretization, depending on the boundary conditions.
Notice that the stability analysis of chapter [4] is restricted to have the same level for
the temporal and spatial part. This would mean j = (4,7,...,7) and £ = (¢,¢,... ()
and we denote those spaces simply as Sjx and Q, respectively. With these bases we
can arrange system matrices in a similar way as in . Although the notation might
look overloaded, we expect it to be more convenient. Nevertheless, we usually omit the
particular indication of the boundary adaptation in the discrete spaces from ((6.1.15]),
when it is clear from the context which boundary conditions are required. Moreover
let Ry and Ry be the Riesz mappings on X and ), respectively. Its discretizations

are Gram matrices RX and Rg] , where we refer to section again. Having these
discretized Riesz mappings at hand, we can see that

a/Bev;  _ (Bujae)
Villgselaelgy — llvsll ellaells”
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6.1. Stability Examples

for vj := 3", ¢, , vidi and q¢ 1= Z(gierquq_ﬁﬁ with [[vy[[3 ¢ := viR{v;. Since there
: : :
holds

1Villnelaelss IR)2v, e |(RY)2q

B v, (RY)2a0)"(RY) 2B (RF)3)((RF)3v;)
% ||€2

we can conclude

af (RY) 2By (R}) 2V,

, . (Bvj, wy)
min max = inf sup @ ——
v, € RN\ {0} Geela (RY9)\{0} 15 lez Nl Qelle, v;€850M0} goeq, p\ 0} | ell5llvjll &

Therefore, the discrete inf-sup constant is given exactly by the smallest singular value
of
(RY) "By, (R}) 2, (6.1.16)

similar to (6.1.4]), where we have to compute square roots of inverse matrices. From a
practical point of view, we see that a basis of wavelet type has a big advantage since
one does not need to compute these inversions and square roots, because of the norm
equivalence on Sobolev spaces . Our interest here is mainly of theoretical nature,
that is, analyzing the stability. For a practically more efficient and preconditioned
approach with piecewise linear functions for the first formulation we refer to [And14l,
And16]. Using tensor B-splines of high order is of crucial importance in isogeometric
analysis. It connects computer aided design and finite element methods. The area of
research is comparably new and was mainly introduced in [BCHO5, BCH09] and the
reader is referred to it for details. There is also a recent work [LMN15] on isogeometric
analysis for parabolic problems in space-time variational form. For a finite element
approach without tensor product structure we refer to [Stel5].

Recall that Y = Lo(I;V) N H} qry(; V') with given interval I := (0,7). In order
to assemble the corresponding Gram matrix induced by the Riesz isomorphism Wlth
respect to ), one needs, in particular, to determme the discrete Riesz mapping Re on
the dual space. It is worth mentioning that R}” # (R})™" as one might expect. But
since H is the pivot space, one can deduce that

R, = RE(R}))'RE, (6.1.17)

due to the fact that R} is the exact canonical embedding according to v — Rpv =
(v, -)g of a function v € Q. 7, C H. Indeed,

(v,w)V/ = V<R‘7—1RHU, RHU)>V/ = (RHR‘;lRHU,w)H

for all v,w € QfQ x

Another possibility to circumvent this problem would be to shift the regularity of
the spaces and consider the problem with respect to Y, 1= Ly(I; W) N H'(I; H) and
X_ = Lo(I; H) with W C V such that [W, H]% =V, provided that the problem is
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Chapter 6. Numerical Results and Examples

sufficiently smooth. These are also conform spaces according to Theorem [3.3.10] and
the consideration from section applies also for these slightly shifted spaces in a
straightforward way. Since the prototype spaces are tensor product spline
spaces, the conditions from Table [4.3.12] respectively Table [4.3.29] are satisfied with
Theorem [2.4.10] and [2.4.12], where one can simply set the dual spaces as the primal

spaces, see remark after (4.3.4]).

All the following examples are calculated with the Matlab code for Petrov-Galerkin
discretizations with B-splines implemented in the course of this thesis. We used the
Matlab routine svd to calculate a singular value decomposition and, therefore, the
singular values. The program was running on different computers and with Matlab
versions Matlab 8.5 (R2015a), Matlab 8.6 (R2015b), and Matlab 9.0 (R2016a). Since
the explicit evaluation times are not of interest in any of the subsequent results, we will
refrain from their specification for each calculation. A detailed overview of all involved
routines is given in appendix [A] and in the comments in the code itself.

We consider the following heat equation in second space-time weak form and its Petrov-
Galerkin solution.

Example 6.1.18. Let I := (0,1) and D := (0,1). Findu € X = Ly(I; H} (D)) such
that

b(u, w) = F(w) forallw € Y = Ly(I; HL(D)) N H&,{1}([5 H™Y(D)),

with

where again g € V' does not need to be specified here.

Now we want to analyze the behavior of the discrete inf-sup constant in the way

explained in (6.1.16)) by calculating the smallest singular value of

v 1

(R%)_%Bj,z(Rf)_ﬁ
for different B-spline bases.
Recalling the discrete subspaces from (|6.1.14)), we start with a B-spline basis of fixed

level and order in both, solution and test space and in each coordinate direction. That
means

Sia =Sk ® ik, Qjx = Qi ® Qjps

for different order of splines k = 3,...,7. Then we increase the resolution in the test
space by one extra level, i.e.,
Sj,k = S;,k ® ij,lm Qj+1,k = Q§'+1,k & Qf’ﬂ,k- (6-1-19)
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Figure 6.1.20: Discrete inf-sup constants for S = S}, ® 57, and Q;x = Q% ® Q7
(top), Sjk = S5, ® 57, and Qjy1x = Q%41 ® QF,, . (bottom), according to example

(6.1.13).

The corresponding slope of the inf-sup constants are presented in Figure [6.1.20]

One can observe that the Petrov-Galerkin discretization is extremely unstable for a
usual discretization with equal level of refinement in solution and test space. The
inf-sup constant even seems to decrease double exponentially. But as we have already
observed in the piecewise linear example above, the discretization is stabilized, when
we enrich the test space with one extra layer. Therefore, one can observe qualitatively
the same behavior also for splines of higher order.

Next we want to see how the inf-sup constant behaves when we increase the order of
B-splines in the test space, but keep the order in the solution space as low as possible.
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Therefore, we consider first

_Qqt T _ Nt T
Sike = 551 © 57s, Qi = @ @ Qi

and second
_ qt 7 . _ Nt x
Sjk = Sj,l ® Sj,27 Qj+1x = Qj—',—l,k ® Qj+1,k

with increasing order k = 3,...,7. The results are illustrated in Figure |6.1.21
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Figure 6.1.21: Discrete inf-sup constants for Sji = S5, ® S§, and Q;x = Qf;, ® Q7
(top), Sjk = S5, ® Sfy and Qjr1x = QY ® Qf41y (bottom), according to example

(6.1.13).

We can see that, indeed, increasing the order of splines in the test space improves
the stability quantitatively. Nevertheless, the inf-sup constant still seems to decrease
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6.2. Existence of Moments for Parabolic Random PDEs

exponentially, but not double exponentially as before. For the sake of completeness,
we have also plotted the slope with one extra layer in the test space. One can see that
this stabilizes the discretization also for this case.

Finally, we would like to investigate how sensible the stability is under perturbations
of the diffusion operator. To this end, we modify Example|6.1.18|in the following way.

Example 6.1.22. Let [ := (0,1) and D := (0,1). Find u € X = Ly(I; HX(D)) such
that

b(u,w) = F(w)  forallw €Y = Ly(I; Hy(D)) N Hy 1y (1; H (D)),

with

S
—~
<

S
~—

I

/(—(v(t),zb(t)) +e(Vo(t), Vw(t))) dt

1

for any g € V' with e € R*.

This is also a first attempt into the direction of random PDEs as discussed in the next
section. We scale the diffusion by successively decreasing e, which in turn scales the
coercivity constant A, of the spatial differential operator. In this way, the continuous
(non-discrete) problem gets more and more ill-conditioned, but still well-conditioned
for each fixed value of ¢ > 0. Figure [6.1.23| shows the inf-sup constants according to

Example |6.1.22| with respect to the subspaces (6.1.19)) and fixed order k = 3.

One can observe that the discrete inf-sup constant gets worse when e gets smaller,
but stays asymptotically bounded. The fact that the inf-sup constants get worse is
simply due to the fact that the underlying non-discrete problem becomes more and
more ill-conditioned. That means that one extra layer in the test space seems to suffice
in order to obtain a stable discretization even for ill-conditioned problems.

6.2 Existence of Moments for Parabolic Random PDEs

This section is devoted to illustrating the results for parabolic random PDEs from
chapter )] We will demonstrate the existence of moments of the solution depending on
the moments of the lower and upper bounds A,.;, and A, of the spatial differential
operator as well as of the right hand side F,, and initial value Uy. The following numer-
ical examples are intended to underline mainly Theorem [5.1.9| respectively Corollary

or rather Corollary |5.1.12] and Corollary [5.1.20| numerically. We refer to Table
[5.1.2] for an overview.

First, we will present some numerical examples to illustrate the existence of moments.
In order to do so, we calculate reference solutions for each sample point given by
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Figure 6.1.23: Discrete inf-sup constants for S;i = Sj; ® S75 and Qj11x = Q%13 ®
Q7,13 (bottom), according to example (6.1.22).

the random parameter w, which is very expensive computationally. We consider the
following problem:

Example 6.2.1. Let I := (0,1) and D := (0,1)2. Find U, = U(,w) € X =
Ly(I; H} (D)) P-a.s. such that for w € Q a.s.
bo(Us,w) = Fu(w)  for allw € Y = Ly(I; H)(D)) N Hy y(1; H (D)),

with

by(v,w) = /I(—(v(t),w(t» + a(w)(Vo(t), Vw(t))) dt
Fulw) i= @) [ loft),w(t)
for g(t,x,y) = sin(wt) sin(7x) sin(my) and random variables a(w) and c(w).

The previous Example [6.2.1]is the second space-time weak formulation of the parabolic
random heat equation with random diffusion and right hand side. In the following, we
will analyze how the moments of the solutions of Example depend on the param-
eters a(w) and c(w). These results were calculated by Matteo Molten{] and are taken
from [LMMI6]. For the discretization it was used globally continuous B-splines of order

!Chalmers University of Technology, Gothenburg, Sweden
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6.2. Existence of Moments for Parabolic Random PDEs

two in time for the solution space, that is, Sj-,?, and globally discontinuous B-splines of
order one in time with the same refinement, that is, Q§1 For the spatial discretiza-
tion piecewise linear finite elements on a triangulation were used. The calculations are
performed in python with the software package FEniCS. Notice that solving an approx-
imation with this discretization is equivalent to a modified Crank-Nicolson scheme and
in this way a time stepping was applied. These discretizations from [LMMI16] differ
slightly from the ones introduced here in the context of the (deterministic) stability
of Petrov-Galerkin approaches of the second formulation of chapter [l Nevertheless,
the stability of the particular choice here can be guaranteed since a CFL condition is
met as proven in [LMMI16]. Beside the number of existing moments of the solution of
the continuous problems 7 it is also ensured that its approximation has the same
number of finite moments, see again [LMMI6, Th. 12]. Therefore, the discretization
is well suited for our purposes.

We want to analyze Example for different values of a(w) and b(w), such that

we control the number of moments p;, p» and p3 of A;nln, Aax and F , that means,
Al F

e L, (Q), Amax € Ly, (Q) and F € L,,(;Y"). To this end, we consider
1

=1+ 7, ci=1+X> (6.2.2)
a = |X|"% ci=1+X> (6.2.3)
1
a:=|X[", ci=—, (6.2.4)
| X]
1
a:=|X["% Ci=m— (6.2.5)

VX —04]

with uniformly distributed random variable X := X (w) ~ U(—0.5,0.5) for all exam-
ples. Having uniformly distributed X, one can identify P with the Lebesgue measure.
Moreover, one can specify the probability space as Q0 := [—0.5,0.5], its o-Algebra X
as the Borel o-Algebra on ) and Lebesgue measure P and set X: [-0.5,0.5] — R as
the identity X (w) := w. In this way we can formally treat w as a deterministic param-
eter. The moments, respectively the L,(Q; X)-norm of a function v € L,(€; X) with
v: I x D x§ — Ris given as

0.5

o1 ey = [ 2

—0.5

For the computation of the L,(§2;-)-norm we can, thus, use standard quadrature rules
and do not need to use Monte-Carlo methods which have a rather slow convergence.
A trapezoidal rule was used for the quadrature. The results are presented in Figure
0.2.0l

We have chosen the random variables such that
o (6:2.2): A7l € Loo(Q), Amax & L1(Q) and F,, € Loo(; X),
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Figure 6.2.6: L,(€2; X )-norms of the numerical solution of Example with varying
number of quadrature point N

o (6:2.3): AL € Li(Q)\ La(Q), Amax € Loo(Q) and F,, € Loo(2; X),

A
o (6:24): A7l € Li(Q)\ La(Q), Amax € Loo(Q) and F, € Ly (2 X) \ Ly(Q; X),
o (6:2.9): AL, € Li(2)\ La(2), A

As expected from Corollary [5.1.17], for instance, we see in Figure[6.2.6a]that the solution
has arbitrary many moments if A, is uniformly bounded away from zero and if the
right hand side is uniformly bounded from above, although the spatial differential
operator itself is unbounded with respect to w. The upper bound A,,., does not even
has a finite expectation. The second example has a uniformly bounded upper
bound for the spatial differential operator and right hand side, but only the expectation
of Al is finite whereas the second moment is infinite. By taking the limit in Theorem
5.1.9, we would expect the solution to have one finite moment. This is confirmed
by Figure [6.2.6D] One can even observe that the estimate is sharp since the second

max € Loo(Q) and F, € Ly(Q; &)\ Ly(Q; X).
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6.2. Existence of Moments for Parabolic Random PDEs

moment does not exist as the norm tends to infinity when increasing the number of
quadrature points N. The slope of the Li-norm is not perfect in this example because

E [IX\%} < oobut E [ﬁ] = 00, where E[Y] := [, Y (w)dP(w) denotes the expectation
value of a random variable Y € L;(£2). Moreover, all examples (6.2.3) — (6.2.5)) have
a singularity in zero, such that the convergence/divergence speed is expected to be
very slow. In the next example ([6.2.4) we additionally introduce an unbounded right
hand side with respect to w. Therefore, we would expect that the expectation of the
solution does not exist any more. Indeed, we can see in Figure that both, the
Ly-norm and the Lo-norm tend to infinity, when we increase the number of quadrature
points. This is in accordance with the fact that the consistency condition is not satisfied
for Theorem Corollary [5.1.12 or [5.1.17] For the last example ([6.2.5)), we have
shifted the singularity in the right hand side. In (6.2.4) the singularity in Al and
F., appeared at the same point X (w) = 0. Figure [6.2.6d| shows that the expectation
is finite but the second moment tends to infinity. This is neither covered by Theorem
5.1.9  nor by Corollary [5.1.12] or [5.1.17, but was analyzed explicitly in Example [5.1.19
before. As in Figure [6.2.6D] the slope of the L;-norm is not perfect, but in comparison
with Figure one can see the difference when the singularities do not coincide.

We conclude the analysis of the existence of moments in this section with an example
without uniformly distributed random parameters. Furthermore, we want to illustrate
the validity of Corollary with non-coercive spatial differential operators. There-
fore, we consider the following problem.

Example 6.2.7. Let I := (0,1) and D := (0,1). Find U, = U(,w) € X =
Ly(I; HY(D)) P-a.s. such that for w € Q a.s.

bo(Us,w) = Fu(w)  for allw € Y = Ly(I; Hy(D)) N Hy y(1; H (D)),

with

with g =1 and normally distributed random variable a ~ N (0, 16).

It is easy to see that the random variable a(w) now plays the role of the Garding shift
random variable \(w). A possible choice was already discussed after Corollary [5.1.20]
In compliance with the discussion, we choose a ~ A (0, 16) normally distributed. Recall
that a normally distributed random variable may take values on the whole real line
R, so that a can neither be bounded uniformly from below nor from above. But as
mentioned after Corollary it is feasible since the probability density function
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decays exponentially fast, meaning that exp(a) has finite moments. We set the variance
of the distribution to 16 in order to broaden the probability distribution function and
to have a stronger deviation. Contrary to the uniformly distributed parameters above,
we cannot express the random variable one to one as a deterministic parameter with
Lebesgue measure. Nevertheless, since we have a probability density function

1 o2
-2 () == e 22, xelR 6.2.8
fn.02)(2) Voro? (6.2.8)

for the normal distribution, one can arrange a probability space as ) := R, its Borel
o-Algebra ¥ and weighted Lebesgue measure according to dP := fyr(,2)(A)dA with
standard Lebesgue measure X\. The L,(€; X)-norm of a function v € L,(Q; X) with
v: I x D xQ — Ris given as

101y = [ T2 Foa (21
R

With a slight renormalization one could actually use Gauss-Hermite quadrature for
the calculation of the L,(€;-)-norm, but since we do not know anything about the
smoothness of the solution U, on a, we found it more convenient to use a Monte-Carlo
simulation. Contrary to a Gauss quadrature with Legendre points, one cannot sim-
ply split the interval into small subintervals and apply the Gauss-Hermite quadrature
piecewise. The accuracy can only be improved by increasing the order of the quadra-
ture. The numerical calculations are done with the B-spline Petrov-Galerkin developed
for this work. For the (deterministic) discretization we have chosen

t t
S50 = 55,2 ® S;za Qo2 = Qﬁ,z ® Qg,m

according to the notation (6.1.14). In order to calculate the energy norm || - || of the
approximate solution, we made use of the observation together with (£.1.12).
The corresponding Gram matrices are assembled by the function RieszGen or RieszMat
of the provided code and the system matrices by StiffGen or StiffMat. The numerical
results are plotted in Figure |6.2.9]

It shows the approximation of the L (£2; X ) and Lo (2; X ) norm, but also a higher order
Lso(€; X)-norm. As expected due to Corollary and the discussions afterwards,
we see that the norms stay asymptotically constant, meaning that all the norms are
finite and corresponding moments exist.

6.3 Quasi-Optimality of Petrov-Galerkin Discretizations

Next, we will take a closer look at the Petrov-Galerkin solution with respect to the
random parameter. We have already seen the stability for deterministic PDEs in space-
time form in practice in the previous section. Here, we focus on the quasi-optimality
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Figure 6.2.9: Numerical results of Example m

with respect to the stochastic parameter. We will investigate how the Petrov-Galerkin
solution converges not only pathwise for each sample, but in a L,(£2; -)-sense. Since we
have already observed results with increasing norms, that is, solutions which are not in
L,(€;-) for certain p, we restrict ourselves to examples with finite norm. Talking about
error convergence would be meaningless in these cases anyway. Recall our prototype
Examples[6.2.1] Although it was shown numerically in section [6.1]that we have stability
also for the second space-time formulation with only one extra layer, we will consider
the first (homogenized) space-time formulation in the following, because it was shown
in this form theoretically in Theorem [5.3.13] respectively Corollary [5.3.16, But we
want to underline that everything works for the second formulation too. Therefore, we
consider the prototype Example in the first (homogenized) formulation.

Example 6.3.1. Let I := (0,1) and D := (0,1). Find U, = U(-,w) € Xy =
Lo(I; Hy(D)) N Hy oy (I; H'(D)) P-a.s. such that for w € Q a.s.

bow(Uw, w) = Fou(w) for all w € Yy = Ly(I; Hy(D)),
with

bow(v, w) = /I(<v(t),w(t)> + a(w)(Vo(t), Vw(t))) dt
Fow(w) = c(w) /(g(t),w(t)) dt,

1
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Chapter 6. Numerical Results and Examples

for g =1 and random variables a(w) and c(w).

Since we only deal with zero initial conditions for simplicity here, we may consider
the canonical homogenization of the first formulation without additional Cartesian
product. We fix the discrete subspaces as

_qt x — Nt z
Sjk =952® 579, Qjrix=0C112® ] 12

for all problems concerning quasi-optimality in L, (€2; Xp)-spaces, where we have used
the notation from the previous section [6.1] again. As a reference solution we take the
solution on level J = 7. For the calculation we used the B-spline Petrov-Galerkin code.
The error in the energy norm || - ||y, is calculated with the aid of Gram matrices as
discrete Riesz mappings, see (4.1.12)) and (4.1.13]). Nevertheless, we cannot apply them
directly since the approximation and the reference solution are defined with respect to
different refinement levels. But since B-splines are refinable according to Proposition
[2.4.7] the splines on the coarser grid can be transfered successively to a representation
on the finest grid of the reference solution. This is done with the routine RefineMat
component-by-component. Having a representation on the same grid, we can simply
calculate the difference and apply the Gram matrices to obtain the value of the energy
norm.

In our first examples we choose the random variables in Example [6.3.1] as

a = |X|%’ C = |X‘_%’ (632)

a:= |X|%, ci=|X|7, (6.3.3)
1

a:=|X|"%, C= (6.3.4)

VIX —04]

with uniformly distributed random variable X := X (w) ~ U(—0.5,0.5) for all these
examples. Therefore, we can compute the | - ||z, q;)-norm with suitable quadrature
rules rather than with Monte-Carlo approximations. We have used a Gauss-Legendre
quadrature of order 4 on 64 subintervals in our simulations. Note that this means
that one has to calculate a reference solution, as well as all other approximations on
minor levels, for these different realizations given by the quadrature points. Although
we do not know how exactly the Petrov-Galerkin solution depends on the stochastic
parameter, the subsequent results suggest that the quadrature is accurate enough.
With these choices there holds

o (6:3:2): AL, € Le()\ L7 (), A
o (6:33): ALl € L)\ La(2), Amax € Loo() and F¢ € Le(Q; X)) \ L7(Q; &),
o (6:3.4): AL, € Li(2)\ La(2), A

max € LOO(Q) and .FGJ < LQ(Q, Xo) \ ng(Q, Xo),

max € LOO(Q) and .Féu S Ll(Q, Xo) \ L2<Q7 Xo)
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In addition to the examples above, we will also consider an example with non-uniformly
distributed coefficients. To this end, we set a ~ LAN(0, 1) log-normally distributed, that
is, a random variable with probability density function

1 exp(—@) ifx>0

fenon(x) = { mx

. . (6.3.5)
0 ifx <0

and ¢ = 1. This is equivalent to a = exp(Y’) with normally distributed Y ~ N (0,1). T

was already mentioned in chapter [5 that a log—normal random variable a ~ LN (0, 1)
has arbitrary many moments with E[ ] = exp ( ), s € Z. This even holds true for
negative values s < 0, so it also applies to the moments of % But, obviously, no strict
uniform upper bound and no strict lower bound away from zero exist for the values
of a(w). That means a,2 ¢ Lo(Q), but a,2 € L,(Q2) for arbitrary fixed p € RY.
The probability dIP can again not be identified directly with the Lebesgue measure as
before, so we cannot use the Gauss-Legendre quadrature in the way as done above. But
since we can express a with a normal distribution, we have for any random variable

v(a) € L1(Q)

E[v(a)] = /Qv(a(w)) dP(w) = /_OO v(2) feno)(2) dz = /OO v(e®) fao)(2) dz,

with probability density function of the normal distribution

1 22
z) = e 2z, zelkR
fxnon(2) Nors

By a suitable substitution we have

E[v(a)] = % /Zv (eﬁ””) e " duz,

which can be efficiently approximated with a Gauss-Hermite quadrature. We have
used a Gauss-Hermite quadrature of order 15 in our results. We have plotted the
approximation of the L;(£2; Xp)-error of the examples above in Figure m

We can see that the error decreases with optimal order in all cases, cf. Theorem [2.4.12
and (2.4.13). This was expected from Corollary |5.3. 16| for (6.3.2)), (|6 3.3) as well as for
the log—normal case, since limg_, a3 fgjv = 5 + = p in Corollary |5.3.16, But,
although the assumptions of Theorem ﬁl& respectlvely Corollary [5.3.16] are not
fulfilled for , we observe an optimal approximation rate as well. Note that we
have already seen in Figure that the L;(€; X)-norm of the solution (in second
form) itself exists. But this does not immediately imply that also the Petrov-Galerkin
solution is quasi-optimal with respect to the same norm. We cannot strictly prove why
we have optimality here, but it is very likely that it is due to the fact that although
Apin 18 not uniformly bounded, the ratio Amax jg uniformly bounded with this choice.
A first approach in this way was done in [Lﬁ/IInM16], see also Remark [5.2.10]
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Figure 6.3.7: Lo(£2; Xp)-error according to Example m

Additionally, we have calculated the error for the choices (6.3.2)) and the log-normally
distributed parameter in the Ly(Q2; X')-norm, illustrated in Figure As in the
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Figure [6.3.6] we observe an optimal decay of the error. This is in compliance with

Corollary |5.3.16}|

6.4 Further Examples

We conclude this chapter with some numerical results which further illustrate the func-
tionality of the B-spline code implemented for this work. First, we want to illustrate
the well-posedness of the homogenization of a random PDE in first formulation intro-
duced in section and also show in this way that the code can treat non-zero initial
conditions. To this end, consider the following problem in strong form.

Find a solution u: [0,1] x [0, 1] — R such that

u(0,z) = z(x — 1) for x € (0,1)
u(t,0) =u(t,1) =0 for t € (0,7.

The PDE is posed such that the exact solution is polynomial and explicitly given as
u(t,z) = (1 +t)(2* —z), for (t,x) €0,1] x [0,1].

Since the initial value is smooth enough, we can set uf := 1 ® uo in Proposition [3.2.7]
and obtain the following homogenized first formulation.

Example 6.4.1. Let I := (0,1) and D := (0,1). Find u € Xy = Lo(I; H}(D)) N

Hp oy (I; HY(D)) such that
bo(u, w) = Fo(w) for all w € Yy = Lo(I; Hy(D)),
with

bo(v,w) := /I(i)(t),w(t)> + (Vu(t), Vw(t)) dt
Fo(w) = // (x(x—1)=2(1+1t) + 2w(t,z) dz dt.

Apart from this homogenized form, we also consider the example in the second formu-
lation

Example 6.4.2. Let I := (0,1) and D := (0,1). Find u € X = Ly(I; H)(D)) such
that

b(u,w) = F(w) forallw e Y = Ly(I; HL(D)) N H&{l}(]; H™Y(D)),
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with
b(v, w) = / (w(t), (1)) + (Vo(t), Vu(t)) dt
// (x—1) = 2(1 +t)w(t,z) dz dt,

/D (z — Dw(0,2) de.

For the discretization we use B-splines of order two in time and space for the solution
and test space in both cases, Example[6.4.1| and [6.4.2] We increase the level in the test
space by one for stability reasons, i.e.,

_qt f _ Nt T
Sik =5j2® 579, Qjt1x = Q112 ® QF41 2

The results are shown in Figure |6.4.3]

10'1 T T T T T
—+— Homogenization |
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102
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Figure 6.4.3: Ly(I x D)-error for Example [6.4.1/ and |6.4.2]

First of all, one directly observes that the error decreases in both cases. Moreover, it
can be seen that the rate of convergence is optimal according to Theorem [2.4.12| and
that the particular error is also quantitatively almost the same.

Next, we also want to consider a three dimensional problem, that is, one dimensional
in time and two dimensional in space, and for different order of splines. To this end,
we consider the following problem in homogenized first formulation.
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Example 6.4.4. Let [ := (0,1) and D = (0,1)%. Find u € Xy = Lo(I; H}(D)) N
Hé,{o}(]? H~Y(D)) such that
bo(u, w) = Fo(w) for all w € Yoy = Lo(I; Hy(D)),

with
bo (v, ) = /[ (o(), w(t)) + (Vo(t), V(b)) dt
Fo(w) = /1/0 /0 (8%t + 1) sin(27z) sin(2my) w(t, z,y) do dy dt.

Problem is constructed such that the exact solution is given as
u(t, z,y) = tsin(2mx) sin(27y).

We discretized the PDE with tensor product B-splines in space and time, where we
fixed the minimum required order in the test space and successively increase the order
in the solution space, that means

_ t x Y o t x Yy
Sik =Sk ®57, @5 Qi1 =111 ® Q15 ® Q40

This choice also demonstrates the universality of the implemented B-spline code, since
we not only arranged the spaces in three dimensions, but also with different orders
and levels of splines within the test as well as solution spaces themselves. It is worth
mentioning that changing the order and levels of each part of the tensor products, can
be managed simply with parameters in the code and is, therefore, very user friendly,
see appendix [A] The results are illustrated in Figure [6.4.5]

We can see that also in the three dimensional case, the error decreases as expected.
Moreover, we can see that the approximation rate improves when increasing the order
k, with fixed order in the test space. We can indeed observe that the rate is optimal
according to Theorem [2.4.12

We conclude this chapter with two examples which go beyond the scope of this thesis.
The implementation is rather general such that it can also deal with different types of
PDEs. We choose exemplary a Schrodinger type equation. This type of equation needs
to handle complex values as well. Besides, the order of differentiation is the same as in
the parabolic case and the way to derive a full space and time weak formulation seems
to be straightforward. Although we are not able to prove existence and uniqueness
in a full space-time weak formulation explicitly, the corresponding operator should be
boundedly invertible at least when the existence and uniqueness of a strong solution
is known. To this end, we consider a Schrodinger equation derived from a well-known
physical problem, namely a free particle in an infinite potential well, where the solution
can be calculated exactly. The position wave function of a particle in the ground state
is given as the solution of the following Schrodinger equation.
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Figure 6.4.5: Ly(I x D)-error for Example [6.4.4]

Let I := (0,00) and D := R. Find a solution 1 such that

L0 h? 0?

Y(0,2) = V2sin(nz), =z € D,

where h is the reduced Planck constant, m the mass of the particle and i the imaginary
unit. The potential V' is defined as the infinite potential well

0, forO<z<l1
Viz):={ > AU STSS
oo, otherwise

Y(t, )+ V(z)(t,z), tel, €D

We restrict ourselves to electrons and restate the equation in atomic units, that is,
h:=1 and m, := 1, as it is usual in quantum physics. Then we obtain the equivalent
problem of finding ¢ in atomic units such that

.0 1 0%

¥(0,2) = V2sin(rz), x €D
P(t,0) =(t,1) =0, tel.

The exact solution of the previous problem is given as

ot ) V2 sin(rx) exp(—%it), fort >0, 0<z <1,
,T) = :
0, otherwise
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in SI units and

W(t,x) = {\@sin(ﬂx) exp(—“;it), fort >0, 0<z <1,

0, otherwise

in atomic units, respectively. We would like to note that the wave function of a free
particle in an infinite potential well is usually stated without an initial condition, but
is uniquely determined by the state of the particle and a normalization, since |¢|?
plays the role of a position density to locate the particle. With our (normalized) initial
wave function /2 sin(mx), we capture the ground state. If we restrict to a finite time
interval I := (0, 1), for instance, we can formulate the problem in a (homogenized) first
space-time weak formulation in a straightforward manner.

Example 6.4.6. Let I := (0,1) and D := (0,1). Find u € Xy = Lo(I; HY(D)) N

H; s H~Y(D)) such that
bo(u, w) = Fo(w) for all w € Yy = Lo(I; Hy(D)),
with

bo(v, w) = /i@(t) w(t)) — —<Vv( ); Vw(t)) dt

Fo(w) = —7T // sin(mz) ,x) dx.

We have chosen the same solution and test spaces as in the parabolic case, although
we might generally need to assume stronger smoothness assumptions to obtain ex-
istence and uniqueness. As done several times before, we discretize Problem [6.4.6]
with B-splines of fixed order two both in space and time, and for the solution as well
as test space. Moreover, we increase the resolution in the test space by one extra
level exactly as discussed for the parabolic setting. The Lo(I x D)-error is plotted in
Figure [6.4.7}

One can observe that, indeed, the optimal rate of convergence is achieved. Although
we are not able to prove it, we expected such a behavior due to the similarity to the
parabolic framework. Nevertheless, one should have in mind that the behavior of the
solution is different from the parabolic nature, since a wave function v behaves like
both, a particle and a wave and is of course also complex valued. This is due to the
wave-particle dualism in quantum physics. For basics on quantum mechanics we refer
to standard books on theoretical physics such as [Nol04l, Nol12].

The second and last example is a collocation method to numerically solve a PDE. It
should rather serve as an illustration of the broad functionality of the implementation,
than as a theoretical treatment. Collocation methods with splines of higher order have
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Figure 6.4.7: Ly(I x D)-error for Example [6.4.6]

become more and more relevant in the last years in isogeometric analysis. For (Petrov-
Galerkin) isogeometric analysis of parabolic problems in space-time weak formulation,
we would like to highlight [LMNT5] again.

As a model problem, we consider an example similar to Example[6.4.4] In strong form,

for given time interval I := (0, 1] and spatial domain D := (0, 1), we want to find a
solution u: I x D — R such that
0 (t,x) 82(t) (14 47°t) sin(2mz) =: g(t, x) (t,x)eIxD
—u(t,r) — =—u(t,x) = m°t) sin(27wz) =: x T
at Y axz Y g Y ) Y
u(0,2) =0, reD
u(t,0) = u(t,1) =0, tel.
The exact solution is given explicitly as
u(t, z) = tsin(2mx). (6.4.8)

Our collocation approach now reads as:

Example 6.4.9. Let I := (0,1] and D := (0,1). Find U;x € (S} ;)o,00y @ (S§)o such
that
LUj,k(timxiz) - g(tila xig)a ,L.S = 17 ey Misa s = 17 2a

for given collocation points (t;,,xz:,) € I x D and M;,, M,;, € N, with differential

operator L := % - aa—; and right hand side g(t,x) := (1 + 47?) sin(27x).
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6.4. Further Examples

As collocation points we set

Oipr + -+ 0ipp

t; = R , 1=2,...,N,
0; s O
O Tl Y S
k—1
where we have chosen, only for simplicity, dim S;-’k = dimSj, = N € N. These

collocation points are chosen in each coordinate direction as Greville abscissae from
[EHR*13| eq. (25)]. The solution of Example is calculated numerically by solving
the corresponding matrix vector equation of Kronecker products of matrices consisting
of point evaluation of derivatives of B-splines. This is done efficiently with the de Boor
scheme described in Theorem implemented in Nev. For our examples we have
chosen different orders of splines k = 3,...,7 and calculated the Ly(I x D)-error with
respect to the known exact solution . The error is illustrated in Figure

Ly(I x D)-Error

—%—k=7

1 1 1 1 1
1 2 3 4 5 6 7
Level j

10—14

Figure 6.4.10: Ly(I x D)-error for Example m

One can observe that the implemented code also works well for collocation methods.
Approximations with multidimensional collocation methods is still an open area of
research and go much beyond the scope of this thesis. Therefore, we will only give a
brief description of what can be seen in the plot. Other than in the Petrov-Galerkin
cases before, only even approximation orders appear. Precisely, splines of order 3 and 4
approximate with an order of 2, splines of order 5 and 6 with an order of 4 and splines
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of order 7 with an order of 6. So one approximation order seems to be skipped when
increasing the order of the splines. Moreover, one also does not reach the optimal
order of Theorem [2.4.12] Anyway, from a computational point of view, one should
have in mind that assembling a collocation matrix is much faster than assembling a
Petrov-Galerkin stiffness matrix consisting of inner products.
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7 Conclusion and Outlook

7.1 Conclusion

I have presented in this thesis a novel stability analysis of (minimal residual) Petrov-
Galerkin approaches for space-time formulations of parabolic PDEs as well as an exten-
sion to random PDEs with possibly non-coercive spatial differential operators. Starting
from a generic parabolic equation, two different space-time weak formulations were con-
sidered, as well as a homogenization. The basic idea was to treat the time variable in the
same way as the spatial variables and, consequently, choose space-time test functions in
order to derive a full weak formulation. With this approach, a single operator equation
was derived. With the Banach-Necas-Babuska Theorem as the main tool, existence
and uniqueness was ensured with explicit estimates of the space-time operator and its
inverse. These estimates have turned out to be crucial for the treatment of random
PDEs. A summary of all lower and upper estimates of the space-time operator for the
different types of formulations and for different types of spatial differential operators
was presented in Table[3.3.17} It was also shown in Theorem and Corollary
that the spatial regularity is transfered to full space-time weak parabolic problems, at
least for time-independent spatial differential operators.

After having ensured bounded invertibility of the space-time operator coming from full
weak formulations of parabolic PDEs, the next step was to consider their numerical
approximation. The main issue was to construct stable discretizations. To find such a
stable discretization is by no means a trivial task, since the inf-sup condition, which is
required in the Banach-Necas-Babuska Theorem, is not inherited by discrete subspaces.
This means, one has to prove the validity of a discrete inf-sup condition, even if the
inf-sup condition is known to hold for the non-discrete problem. A way to get uncon-
ditionally stable discretizations considered in this thesis, was to allow the test space to
have a higher resolution. In order to obtain stable spaces for preferably wide ranges
of functions, I kept the prerequisites on a rather moderate level. The main stability
result was given in Theorem [4.1.8 showing how to construct stable discretizations de-
pending mainly on approximation and regularity properties of the subspaces as well as
the regularity of the operator. An abstract but explicitly given number of additional
degrees of freedom in the test space was derived in order to ensure stability. This very
general statement was applied to the second space-time formulation of parabolic PDEs.
A construction rule for stable subspaces for such space-time formulations of parabolic
PDEs was derived. Indeed, a recipe only relying on standard Bernstein and Jackson
estimates on Sobolev spaces with respect to the temporal and spatial component was
given, allowing for rather broad discretizations.

The next step was to extend the parabolic problems considered so far to parabolic
problems with random coefficients. A similar space-time weak formulation was given,
which immediately led to almost sure existence and uniqueness of a solution by applying
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the deterministic results pathwise. The key idea in the context of the existence of
moments of solutions was to treat the lower and upper bound of the spatial differential
operator as random variables and not as strict uniform constants. By reusing the
estimates of the space-time operator worked out in the deterministic case, a regularity
result with respect to the random parameter was deduced. Indeed, it turned out that
the solution has a certain number of finite moments, even if the spatial differential
operator is not uniformly bounded from above or below. The number of existing
moments of the solution depending on the number of finite moments of the lower and
upper bounds of the spatial differential operator as well as the initial condition and right
hand side was derived for different types of spatial differential operators, summarized
in Table [5.1.21] [5.1.22] and [5.1.23]

In a similar fashion, quasi-optimality of Petrov-Galerkin approaches were shown for
a construction of subspaces independent of the random parameter itself. In Theorem
5.3.13| a possible error measure ensuring quasi-optimality with respect to both, the
deterministic variables as well as the random parameter, was given. Again, spatial
differential operators which are not necessarily uniformly bounded can be treated too.

All the theoretical results from the stability of Petrov-Galerkin discretizations of deter-
ministic parabolic PDEs, over the existence of moments of the solution of their random
counterparts, to the quasi-optimality of their Petrov-Galerkin approximation were also
illustrated numerically. The calculations were performed with a Matlab code imple-
mented for this thesis, designed for Petrov-Galerkin approaches with B-splines. I have
sketched the broad functionality of the implementation by two examples beyond the
scope of parabolic Petrov-Galerkin discretizations.

7.2 Outlook

Concerning the stability itself, one could try to construct more classes of suitable
subspaces in the spirit of [And13] treating also the second formulation. An adaptation
to the second form cannot be done straightforwardly, since, in contrast to the first
form, one has to enrich the test space Y, containing temporal derivatives. One can,
however, exploit the idea of subspace dependent norms from [And13], [UP12] to work
out stable subspaces for the second formulation. In this way, one can prove stability
with respect to the second formulation when a CFL condition is fulfilled, see [LMM16].

Motivated by the physical model of excitons in semiconductor quantum wires described
in [MKMI13] and detailed in [Mol11], one could formulate Schrodinger-type equations
in a full weak space-time formulation. This can be done heuristically, but I am not
aware of works proving bounded invertibility of the resulting space-time operator. Nev-
ertheless, I would expect a similar behavior at least under slightly changed regularity
assumptions. First simple numerical examples underline these expectations as shown

in Figure[6.4.7
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As the numerical results and Example [5.1.19] for instance, already suggest, the condi-
tions concerning the existence of moments are not sharp, but give general worst-case
conditions on A, and An.x as well as the input data. This is, of course, not surpris-
ing, but one could try to focus on operators A(t,w), where Ap;, and Ay, behave in a
way that Ama" < (' < oo with a constant C' which does not depend on w. That means,
one could try to analyze the particular behavior of spatial differential operators Wthh
are not necessarily uniformly bounded from above and below, but where the ratio Ama"
is uniformly bounded. There are first results in this direction which suggest that if D
moments exist for the solution and its approximation, that is, U, U; € L,(; X ), then
we also obtain quasi-optimality in the same metric without any further requirements.
I refer to [LMMTI6] and Remark for details.

The thesis is rather theoretically motivated and not focused on developing novel nu-
merical solution methods. Although I have implemented an efficient and very general
solution routine with B-splines, there are, of course, problem adapted numerical meth-
ods which are much more efficient for particular settings. A sparse-grid implementation
of parabolic problems in first form was described, for instance, in [And14]. Since the
code deals with hierarchical B-splines, one could make use of it and implement a multi-
grid solver for our particular problems, cf. [TOS01] for details on multigrid methods.
I have already implemented a very first attempt into this direction. Moreover, the
program could be expanded to spline wavelet methods as well. 1 refer to [DKU99| for
the construction of spline wavelets on the interval. The stability result from chapter
was worked out such that it can be applied to wavelet type bases. This was indeed
one of the main motivations to distinguish between primal and dual bases. Another
advantage would be that the inverse Gram matrix in can be replaced by a
simple diagonal scaling due to norm equivalences of wavelets. Moreover, beside, con-
structing different bases like wavelet type bases, one could also extend the utilities of
the existing implementation. For instance the user interface could be generalized to
treat other kinds of PDEs and, beside user specified right hand sides, also non-zero
initial conditions as well as parameter functions in the (spatial differential) operator
itself.

I also have adaptive wavelet methods in mind. Since most adaptive wavelet methods
are constructed as perturbed methods applied to an infinite equivalent problem, one
usually has a build-in stability inherited from the infinite dimensional spaces. Such
adaptive methods were considered, for example, by Cohen, Dahmen and DeVore in
[CDDO1, [CDD02, [CDD034a, ICDD03b] and also in [SS09] for linear problems in the
context of full space-time weak formulations. Having spline wavelets and also nonlinear
problems in mind, one has the efficient inexact operator application from [MP13] at
hand. Although the theoretical background was given in [SS09], to my knowledge,
there is no rigorous implementation available, at least for nonlinear problems. There is
a novel adaptive wavelet code written in C++ available, which can deal with nonlinear

problems in arbitrary dimensions using spline wavelets. The implementation is based
on the PhD thesis [Pabl5] of Roland Pabel.
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The methods mentioned before are solely deterministic methods which apply pathwise
to random PDEs. But there are more sophisticated methods to treat the parameter de-
pendence such as reduced basis methods, instead of only solving the equations pathwise
in combination with a Monte-Carlo or quadrature method, for instance. Parametric
PDEs would basically also fit into the context of operator equations with random co-
efficients, since the latter can be expressed as a deterministic parameter dependent
equation via an (infinite) Karhunen-Loéve expansion. An overview of approximation
methods for parameter dependent PDEs is given in [CD15]. I also refer to [UP14] for
reduced basis methods for parabolic problems in (first) space-time weak formulation.
In [DPW14] a stabilization of the subspaces was introduced, by connecting the path-
wise stability with the parameter dependent stability to some extend. One central
point in [DPW14] is to relate a Petrov-Galerkin scheme to an equivalent saddle-point
problem. This equivalent saddle-point problem gives rise to so called J-proximal (fi-
nite) test spaces ensuring discrete inf-sup stability. Similar to our general stability
result in Theorem the approximation is stabilized by enlarging the test space,
but the spaces are not a-priori fixed and are nonstandard spaces depending directly on
the operator. Nevertheless, one could try to develop a mutual stability analysis with
respect to both, the sample space and the deterministic space, instead of a pathwise
deterministic treatment.

The analysis of the influence of random parameters would also be interesting for other
types of problems like control problems. The well posedness of linear-quadratic control
problems with parabolic PDE constraints formulated in a full space-time weak form was
already proven, e.g., in [GK11, [KM15| [KS13| [KS15]. By introducing the Karush-Kuhn-
Tucker system, one can consider linear-quadratic control problems as one operator
equation. Therefore, one could try to work with such a formulation of control problems
with random parameters in a similar way as done in this thesis to prove existence of
moments of the solution of control problems.
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A Code Documentation

This chapter provides a brief overview of the structure of the Matlab-package, which
was implemented in connection with this thesis. We will present the main functionality
of the code and its structure. For details on the implementation of each routine, we
refer to the code itself, which is accompanied and includes detailed comments. For
the mathematical basics of the used properties, definitions, and schemes, we refer to
section [2.4, The implementation predominantly relies on the recursive definition of
B-splines, its definition of derivatives from Corollary [2.4.4] the point evaluation de
Boor scheme from Theorem in arbitrary dimensions, quadrature rules, and tensor
products. This means, section is completely sufficient in order to understand how
the code works. For more details we again refer to [Sch07, [dB01]. All implementations
are tested on Matlab versions 2015b and 2016a.

The implementation aims at having a rather broad functionality. It allows to discretize
with tensor product B-spline bases SPR, ) according to (2.4.8) with arbitrary order
in each coordinate direction k = (ky,...,k,) and array of extended knot sequences
T = (T,...,T,). Although section is restricted to simple knots as in Proposition
for simplicity, most implementations can handle more general non-uniform knot
sequences with coinciding inner knots as well. Moreover, the discretization in solution
and test space can be chosen independently of each other. This functionality is essential
in order to handle stable subspaces according to chapter 4l All bilinear forms of the
form
(0@ ¢B)Y with multiindices o = (v, ..., ), B = (B1,...,5)

can be discretized directly, where v(® and ¢/® denote the derivatives in several di-
mensions according to Definition 2.2.1 Due to the tensor product structure, the
discretization of such kind of bilinear forms decomposes into Kronecker products of
system matrices in one coordinate direction. Since B-splines are polynomial between
two knots, the entries are calculated exactly with piecewise Gauss-Legendre quadrature
of sufficiently high order, where the required point evaluations are performed with de
Boor’s algorithm from Theorem [2.4.5]

The main functions are implemented to be user friendly in a way that, for example, the
suitable quadrature order is chosen automatically and the assembly of the Kronecker
products only require the spline and derivative order. There is even a graphical user
interface implemented to treat parabolic problems in any of the three formulations
introduced in this thesis with arbitrary right hand side in tensor format. In addition to
the StiffGen routine which explicitly sets up the stiffness matrices, there are also some
more functions to simplify the handling of the code, as, for example, InitUniNodes
which generates a uniformly distributed extended knot sequence of arbitrary order and
grid size. The code is arranged to rely on cell arrays in order to treat the different
dimensions. In this way, the required knot sequences defining the B-splines in each
coordinate direction can be passed to the functions quite easily and component-wise.
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If no cells are necessary, but a vector suffices even for the most arbitrary consideration,
as it is the case for the different orders of B-splines, then vectors are used instead. The
data format of the input and output is specified for each function in this chapter.

We organize the documentation from top to bottom, orientating towards the functions
called by the example scripts collected in the subfolder /Examples as good as possible.
This does not necessarily mean that the most important routines are presented first.
But it is the most convenient way for a user to see how the code is structured and
how one could write own codes by making use of the routines from this package. The
precalculated data is collected in the /Examples/Data folder and its subfolders.

e Main UI: This script yields a graphical user interface (GUI) to construct and
solve parabolic problems in first formulation, its homogenization or second for-
mulation. The user can specify the following:

Dimension of the problem,

spatial boundary conditions for the test and solution space (the temporal
boundary conditions are specified automatically depending on the type of
formulation),

order of B-splines for test and solution space independent in each variable,
discretization level for test and solution space independent in each variable,
number of term of the PDE,

order of differentiation w.r.t. test and solution space of the spatial differen-
tial operator in each term,

regularity of the spatial operator,
arbitrary right hand side as tensor product,

plot resolution.

Depending on the user specified input, the script calls the corresponding sub-
routines automatically and solves the PDE numerically with a CG-method
Normal CG.

e Examples/ExampleName: The Examples used for the numerical results from
chapter [6] are collected in the subfolder Examples/. Similar to Main UI these
scripts call the routines specified in the particular example.

e InitUniNodes: Used to generate a uniformly distributed extended knot se-
quence for B-spline bases.
INPUT:

Refinement level j,

order of B-spline k.
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OvutrpuUT:
— Corresponding extended set of knots T.

e StiffGen: Helpfunction to initialize sums of Kronecker product matrices auto-
matically. It builds a multidimensional system matrix containing different sums
of Kronecker product matrices. The stiffness matrices w.r.t. one coordinate di-
rection are assembled with StiffMat. It can only assemble matrices without
coefficients/coefficient functions in this form.

INPUT:

Cell array Tsol of extended knots for B-spline bases with respect to solution
space; each component stands for the coordinate direction, e.g., Tsol{1} for
the knots of the B-spline basis in the first variable in the solution space,

cell array Ttest of extended knots for B-spline bases with respect to test
space test space,

vector of order ksol of B-splines in the solution space; each component
stands for the order of one-dimensional spline in a coordinate direction,

— vector of order ktest of B-splines in the test space,

— a cell matrix Matind which keeps the information about each stiffness ma-
trix; the information is encoded in a cell matrix with rows representing
each coordinate direction and columns representing the term in the sum
of matrices. The entries itself consist of two values, namely the order of
differentiation in the solution and test space, i.e., Matind(i,k)= (d;, d3) cor-
responds to (¢§f§1’, ¢§f122)>, the stiffness matrix in the i-th variable and the
k-th term in the sum,

— classification of boundary conditions of the solution space indicated by
offsetsol= (bsy, bss); first value classifies the left boundary offset and sec-
ond value the right boundary offset, where a value 1 means zero boundary
condition and a value of 0 naturally boundary condition,

— classification of boundary conditions of the test space indicated by
offsettest,

— an optional flag secForm to set up discretizations of parabolic PDEs in
second form; activated flag secForm= 1 includes a factor (—1) in the first
term.

OuTPUT:
— System matrix B arranged according to the inputs specified above.

e RieszGen: Function to automatically assemble discrete Riesz matrices, i.e.,
Gram matrices. It covers intersections of tensor product spaces.
INPUT:
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Cell array T of extended knots for B-spline bases,
— vector of order k of B-splines,
— classification of boundary conditions indicated by offset; cf. StiffGen,

— matrix Matind with information about the structure of spaces; Matind(d, t)
encodes the order of Sobolev space w.r.t. to d-th coordinate variable and

t-th intersection, e.g., Matind= (g (1)) , yields the Gram matrix w.r.t. Lo®
H?>NH'® L.
OuTPUT:
— Gram matrix R arranged according to the inputs as specified above.

Ndiff: Helpfunction for point evaluations of derivatives of B-splines. That
means, it calculates the value Ni(jc) (x;) for any order of derivative ¢ of a B-spline
N; 1 at given point ;.

INPUT:

— Expanded knot sequence T for the B-spline basis,
— order k of B-spline,

— order of differentiation diff,

— position index i of the B-spline,

— evaluation point t.
OuTpPUT:
— Point value Nx of NZ.%) ().

Normal _CG: Algorithm to solve the minimal residual Petrov-Galerkin problem
via the Gauss normal type equation (4.1.14) using conjugate gradient
(CG) method. This is a standard CG-method where the inverse Gram matrix
R;l is not calculated exactly, but a system of equation is solved in each step. In
this way one can save massively memory and also speed up the computation in
comarison with a naive implementation. Nevertheless, notice that the system is
not preconditioned and therefore it might be slow for high resolutions.

INPUT:

System matrix B,
— Gram matrix RY,

right hand side f,

— maximum number of iterations kmax,

desired tolerance tol of the relative residual measured in the />-norm,

144



— Initial vector x.
OUTPUT:

— Solution x,
— number of required iterations counter,

— relative residual of the final output res.

Plot_Spline: Routine for plotting a tensor product spline of the form

Ny Np,
5(561, S ,%) = Z T Z Cip,ooviin Niy i (551) o Niy ke ($n>7

i1=1 in=1

given by the expansion vector of coefficients ¢;, . ;, in lexicographical order and B-
spline bases Ny, y, for i; =1,..., N; with j = 1,...,n, for each coordinate. The
dimension n is restricted to maximum three in order to produce a reasonable
graphical output. Dimension one yields a two dimensional plot of the function,
dimension two a three dimensional plot and dimension three a movie, where its
first variable is taken as time variable. The routine makes use of the multidi-
mensional evaluation scheme, cf. Theorem and . The dimension does
not need to be specified, but will be determined by the routine automatically
depending on the input data. The plot resolution can be chosen independently
of the refinement level of the B-splines.

INPUT:

Expansion coefficient vector ¢ according to ¢;, . ;, in lexicographical order,

n

set of nodes T of B-splines in each coordinate given in a Matlab cell format,
— oder k=(ky, ..., k,) of B-splines in each coordinate,

— level lev= (Iy,...,l,) of uniform grid in each direction to set the plot reso-
lution; level, e.g., I; = 5 and Iy = 6 would result on a uniform grid of grid
size 27° in the first coordinate and 279 in the second coordinate.

OUTPUT:

— Function values Val as vector, matrix or movie frames depending on the
dimension.

StiffMat: Function to assemble system matrices of Petrov-Galerkin discretiza-
tion with B-splines on unit interval [0, 1]. Works for uniform or non-uniform grids
as well as for extended knot sequences with coinciding inner knots.

INPUT:

— Set of extended knots Tsol and Ttest for the B-spline basis with respect to
the solution and test space,
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— order ksol and ktest of B-splines in the solution and test space,

— classification diff of derivatives; diff= (dy, d2) yields system matrix corre-
sponding to ( §d1), ng)), e.g., diff=(0,0) for mass matrix and diff= (1,1)

for Laplacian,

— classification of boundary conditions indicated by offsetsol= (bsy,bss)
and offsettest= (bty,bty); first value classifies the left boundary offset
and second value the right boundary offset, where a value 1 means zero
boundary condition and a value of 0 naturally boundary condition.

OvuTtpUT:
— System matrix A according to the input, cf. diff.

ColMat: Function to set up system matrices of a collocation method with B-
splines on unit interval [0, 1].
INPUT:

— Extended knot sequence T for the B-spline basis,
— order k of B-spline,

— classification of boundary conditions indicated by offset= (bsy,bssy); first
value classifies the left boundary offset and second value the right boundary
offset, where a value 1 means zero boundary condition and a value of 0
naturally boundary condition,

— collocation points x,

— classification diff of derivatives; diff= (di, ds) yields system matrix corre-
sponding to <¢§d1), §d2)>, e.g., diff=(0,0) for mass matrix and diff= (1,1)
for Laplacian.

OuTPUT:
— Collocation matrix according to the input.

RieszMat: Function to set up discretizations of Riesz mappings. The function
can handle Riesz mappings Rym: H™ — H™™ (with possibly additional bound-
ary conditions) but also Ry n: H™™ — H™. Rpym results in a Gram matrix
according to (-,-)gm as a Petrov-Galerkin discretization with B-splines on unit
interval [0,1], whereas R;_. results in a discretization according to (6.1.17).
Since Gram matrices are particular system matrices, they are assembled by using
the routine StiffMat with specified input.

INPUT:

— Set of extended knots T for the B-spline basis,
— order k of B-splines,
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— classification of boundary conditions offset, see StiffMat,
— order order of Sobolev space; positive value yields corresponding Gram
matrix and negative value a matrix according to (6.1.17]).

OUTPUT:

— Gram matrix or matrix according to (6.1.17]), respectively, for the specified
basis and Riesz mapping Rporaer(g1): H°***(0,1) — (H°™°*(0,1))".

Nev: Performs a spline evaluation at a point x according to a multidimensional
version of the Neville-like de Boor scheme from Theorem [2.4.5| see also (2.4.9)
and the explanations there. That means, given a tensorized spline

N1 Nn,
Sx) =YY i Niska (1) - Nip g (),
=1 ig=1

the routine yields the value of S(X) at a given point X. This is one of the most
important schemes since almost everything relies on these point evaluations.
INPUT:

— Multidimensional vectorized expansion coefficient c in lexicographical order,

— cell array of expanded knot sequences T for the B-spline bases; each com-
ponent corresponds to one coordinate direction, e.g., T{1} is the expanded
knot sequence w.r.t. the B-spline basis in the first variable,

— vector k of B-spline order for each coordinate direction,

— evaluation point x= (z1,...,2,).
OuTPUT:

— Value Val of the given multidimensional spline classified by the inputs at
point x.

Utilities/Gaussq: Performs a Gauss-Legendre quadrature of arbitrary or-
der £ < 5. A Gauss quadrature is known to be exact for polynomials up to order
2k. It is used for, e.g., evaluating the inner products in the stiffness matrices
and right hand side. With smooth coefficient functions, stiffness matrices are as-
sembled ezactly for B-splines up to order ky and ky with k1ky < 10 by using this
routine piecewise, where k; denotes the order of B-spline in the solution space
and ks in the test space. But the Gauss-quadrature also yields a very accurate
approximation for kike > 10. It can also be called in higher space dimensions.
This is useful, e.g., for calculating norms of multidimensional splines.

INPUT:
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— Left integration limit (vector) a; e.g., a(1) corresponds to the first coordinate
direction,

— right integration limit (vector) b,

— integrand f given as a Matlab function handle; it needs to be in a nested
format, i.e., Q(y)Q(x)g,

— quadrature order k.
OuTpPUT:

— Gauss-Legendre approximation val of ff f(x)dx, with a=a, b=a and f given
by f.

RefineMat: Assembles a refinement matrix A; on level j according to Propo-
sition 2.4.7] Tt only works on a uniform grid.
INpPUT:

— Level 1lev of the B-spline basis set which shall be refined,

— order k of the B-spline basis,

— (optional) boundary conditions indicated by the vector offset; first value
classifies the left boundary offset and second value the right boundary offset,
where a value 1 means zero boundary condition and a value of 0 naturally
boundary condition.

OUTPUT:
— (Rectangular) refinement matrix M.

Utilities/GaussHermite: Helpfunction to calculate a Gauss-Hermite
quadrature of order 13, 14 or 15 for given evaluations at the corresponding Gauss
points. The quadrature is adapted to weight function w(z) := J%exp (_7962)
according to normal distribution.

INPUT:

— Values f given as a vector of function values at Gauss-Hermite points de-
pending on the order,

— order of quadrature order.
OuTtPUT:

— Gauss-Hermite approximation val via the weighted sum > % o, f;, with
(adapted) weights ;.
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e Utilities/GaussLegendre: Helpfunction to calculate a Gauss-Legendre
quadrature of order 4 for given evaluations at the corresponding Gauss points.
The quadrature is adapted to arbitrary finite intervals [a, b].

INPUT:

— Values f given as a vector of function values at Gauss-Legendre points of
order 4,

— left boundary a of the interval,

— right boundary b of the interval.

OUTPUT:

order

— Gauss-Legendre approximation val via the weighted sum ) °7™ o4 f;, with

(adapted) weights «;.

e Utilities/HelpLegendrePoints: Helpfunction to allocate Gauss-
Legendre points of order 4 on each subinterval of a uniform grid with given
grid size.

INPUT:

— Level of refinement ref corresponding to grid size 27*%%,

— left boundary 1 of the interval,
— right boundary r of the interval.

OUTPUT:

— Gauss-Legendre points points on all subintervals [1,277¢f1] U ...
Ulr— 27 1].

e Utilities/HelpGauss: Helpfunction to calculate a Gauss-Legendre quadra-
ture for given evaluations at corresponding Gauss points at all subintervals of the
form as in Utilities/HelpLegendrePoints.

INPUT:

— Values u given as a vector of function values at all Gauss-Legendre points
according to Utilities/HelpLegendrePoints,

— level of refinement ref of the underlying grid,

— left boundary of the interval 1,

— right boundary of the interval r.
OuTPUT:

— Gauss-Legedre approximation val via summation of all weighted sums
39 ayf,, with (adapted) weights a; on each subinterval given by 1, r
and ref.
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B Symbols

The following collection shall be seen a list of the most important and frequently used
notations throughout this thesis. It is separated according to the chapters in this thesis
where they were introduced.

B.1 General Notation

AN

Vv

2

v
vy
(- )u
- [z

| Al x -y

Rx
Do
Hg(D)

H™(I; X)

max

min

less/greater or equal to except for a positive constant independent
of all parameters, i.e., u < v < there exist a constant m > 0 such
that « < m v and analog for 2

if both < and 2 hold

dual space of a Hilbert space V'
duality pairing on V' x V
inner product on H

norm on H

operator norm of a linear operator A € L£(X,Y’) w.r.t. Hilbert
spaces X and Y, cf. Definition [2.1.2

Riesz isomorphism Ry: X — X, cf. Theorem [2.1.4]

o Ja
weak derivative D f := gx—aa

Sobolev space H™(D) on domain D with zero boundary conditions
(2.2.3))

Bochner space or vector valued Sobolev space on domain [ and
Banach space X, cf. Definition [2.2.5

intersection space of two Hilbert spaces X and Y, (2.2.11))

interpolation space of order 6 between separable Hilbert spaces
V — V, cf. Definition [2.2.13

dual operator A" € L(Y’, X') of a linear operator A € L(X,Y) on
reflexive Hilbert spaces X and Y, cf. Definition [2.3.1

boundedness/continuity constant of operator A, cf. Corollary
coercivity or also inf-sup constant of operator A, cf. Corollary

space of polynomials of order k € N
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Arp
SP Ak

SP; i

SPR i

SPj,k

HT(D)

inner knot sequence w.r.t. to extended knot sequence T, cf. Propo-
sition [2.4.2)

space of splines of order k € N w.r.t. knot sequence A, cf. Definition

.47l

space of splines of order k£ € N w.r.t. a uniform knot sequence on
0, 1] with grid size 277, (2.4.6))

B-spline of order k& € N with respect to knots 6;,...,60,.; of an

.....

space of tensor-product splines SPR, j = ®?:1 SPATj &; of order
(k1, ..., k) on knot sequence (A, ..., Az, ), (2.4.8)

space of tensor-product splines on uniform grid analog to SP;

tensor Sobolev space of order r € R™ on domain D C R", cf.

Theorem 2.4.19

B.2 Space-Time Weak Formulation

D
I:=(0,7)

spatial domain

temporal domain

space dimension

final time

spatial pivot space

spatial space on which A(t): V — V' is defined
shifted regularity spatial spaces, cf
solution space of first formulation, (3.1.8|)

test space of first formulation, (3.1.7)

spatial bilinear form, resp.
Garding shift,

spatial differential Operator,

right hand side of strong formulation,

initial value function, (|3.1.4))
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o

ST T v [N T D

<

space-time bilinear form of first formulation, (3.1.9))
space-time operator of first formulation, (3.1.11])
right hand side of first formulation, (3.1.10))
temporal derivative of v

constant according to ) < C(I; H), (3.1.14))
embedding constant of V «— H, cf.

auxiliary function for homogenization such that uf € X', u(0) = o,
cf. Theorem

solution space of homogenized first formulation, (3.2.1))

test space of homogenized first formulation, ((3.2.2))

Bochner space H(I; V') with zero initial condition, cf.
Bochner space H(I; V') with zero final time condition, cf.
space-time bilinear form of homogenized first formulation, (|3.2.4))
space-time operator of homogenized first formulation,
right hand side of homogenized first formulation, ([3.2.5))

shifted solution space of homogenized first formulation, (3.2.8|)
shifted test space of homogenized first formulation, (3.2.8|)
solution space of second formulation, (3.3.3))

test space of second formulation,

space-time bilinear form of second formulation, (3.3.5))
space-time operator of second formulation

right hand side of second formulation, (j3.3.6|)

shifted solution space of second formulation, ((3.3.9))

shifted test space of second formulation, ((3.3.9)
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B.3 Petrov-Galerkin Discretization

S;

Qe

La ﬁa C’J,X’7 CCS)

CB,X’7 CJ,Y7 C+7
()

Cs, CX, CX7 CB,S7

O @) Cy

Cs™, Cs ™, Cy,,

discrete subspaces of solution space with refinement level j, cf.

(4.1.3) and (4.3.2))

discrete subspaces of test space with refinement level ¢, cf. (4.1.3))
and ([L32)

discrete subspaces w.r.t. variable x of solution space with refinement

level j, (#3.2)

discrete subspaces w.r.t. variable x of test space with refinement

level (, (£3.2)
minimal residual Petrov-Galerkin solution, (4.1.5)

discrete inf-sup condition, (4.1.6)

system matrix w.r.t. B on S; and @, (4.1.10))

expansion coefficients of u; w.r.t. S;, cf. (4.1.10))

expansion coefficients of w, w.r.t. Q,

discrete right hand side, cf. (4.1.10)

all relevant constants according to Table

base of Bernstein and Jackson estimates on test and (dual) solution

space (T23)

(bi-)orthogonal projector from Ly(D) to S¥, cf. Proposition m

base of Bernstein and Jackson estimates w.r.t. Lo, (4.3.10)), (4.3.11))

range of Bernstein inequality (4.3.11)) on space F’

range of Jackson inequality (4.3.10]) on space F'

regularity shift in ¢ and x, respectively, cf. Table

154



B.4. Random PDEs

B.4 Random PDEs

Ul(t,w)
Uo((,u)

-1, - DI,
N, 0?)

LN (u,0?)
U(a,b)

Cs

Pg

Xs, Vs
bsw(+ ), Bsw
Us

Uj

9,5,

solution of parabolic random PDE, ([5.1.1))
initial value, cf. (5.1.1))
probability space

random parameter dependent pendants of its deterministic coun-

terparts, cf. e.g. ((5.1.2)
w-dependent norm on X, resp. Y, (5.1.13)

normal distribution with parameter p, o2
log-normal distribution p, o

uniform distribution on [a, 0]

subspace dependent constant || - ||+ < || - [|s, (5.2.1)

H-orthogonal projector onto S, (5.2.2)
semidiscrete solution and test spaces, ((5.2.3))

semidiscrete random bilinear form ([5.2.4)) and corresponding oper-
ator

semidiscrete Galerkin solution of (5.2.4)
Petrov-Galerkin solution of random PDE (5.3.1)) w.r.t. S;

space of time derivatives w.r.t. S;, (5.3.8)

B.5 Numerical Results

function

gr g
Ay

X
AG)

Tf,<Rj

-
L

typewriter fonts indicate functions or variables implemented in
Matlab as well as folders

Riesz basis of X resp. Y, cf. (6.1.1)
(infinite) index set of Riesz basis ¥ 3, cf. (6.1.1))

index set of Riesz basis W 3 up to level j, cf. after (6.1.1)
lower and upper Riesz constant w.r.t. ¥4, (6.1.1)

set of Riesz basis functions ¥~ up to level j, cf. after (6.1.1))
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Qex

(S )o,{0} s
(S%r)o.1ys (S5x)o

IN (o) JeN(uo?)

bO,w('u ')7 fO,w

absolute smallest and largest eigenvalue of matrix/operator B, cf.
(6.1.4)

smallest and largest singular value of matrix/operator B, (6.1.4])

abbreviation for spline spaces spanned by B-splines on uniform grid
with spacing 277 on [0,1] and order k in coordinate ¢ w.r.t. the

solution space, (6.1.13))

abbreviation for spline spaces spanned by B-splines on uniform grid
with spacing 27¢ on [0, 1] and order k in coordinate ¢ w.r.t. the test
space

and S?

ks W.I.t. the solution space,

Kronecker product of S]t-l,kl
(6.1.14)

Kronecker product of thkl and )7, ;, W.r.t. the test space, (6.1.14)

boundary adapted spline space spanned by B-splines, (6.1.15|)

probability density function of normal resp. log-normal distribution

with parameter p, o2, cf. (6.2.8) and (6.3.5)

homogenized random bilinear form and corresponding right hand
side, cf. Example [6.3.1
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