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Abstract

The first part of this thesis deals with the numerical solution of semilinear parabolic stochastic
partial differential equations on general two-dimensional €?-bounded domains. The existing
exponential Euler time stepping scheme is used on two-dimensional domains, using a
spectral approximation in space. Since the base functions are not given analytically, they
are numerically approximated using a boundary element method combined with a contour
integral method to solve nonlinear eigenvalue problems. An error analysis is given, and
numerical experiments conclude the investigation of the method.

The second part of the thesis compares the performance of non-intrusive and intrusive
polynomial chaos expansion methods based on exponential time differencing schemes for a
range of random ordinary and partial differential equations. It is shown in comprehensive
numerical experiments that the two approaches are competitive for a range of different
equations, but intrusive polynomial chaos becomes less efficient for polynomial nonlinearities
of degree greater than two and breaks down for a reaction-diffusion equation exhibiting

complex pattern formation behavior.

Zusammenfassung

Im ersten Teil der vorliegenden Arbeit wird die numerische Losung semilinearer parabolis-
cher stochastischer Differentialgleichungen auf zweidimensionalen €>-berandeten Gebieten
untersucht. Das exponential Euler-Verfahren aus der Literatur wird auf zweidimensionale
Gebiete angewandt, wobei eine spektrale Approximation im Raum benutzt wird. Da die Basis-
funktionen nicht analytisch gegeben sind, miissen sie numerisch approximiert werden, wofiir
eine Randelementmethode in Kombination mit einer Konturintegralmethode zur Losung
nichtlinearer Eigenwertprobleme benutzt wird. Nach der Durchfiihrung einer Fehleranal-
yse wird die Untersuchung dieser Methode mit numerischen Experimenten abgeschlossen.
Der zweite Teil der Arbeit vergleicht die Leistungsfihigkeit nicht-intrusiver und intrusiver
polynomieller Chaos-Methoden unter Benutzung exponentieller Integratoren fiir eine Reihe
zufilliger ordindrer und partieller Differentialgleichungen. Es wird in umfangreichen nu-
merischen Experimenten demonstriert, dass die zwei Methoden fiir die Losung verschiedener
Gleichungen vergleichbar performant sind. Die intrusive polynomielle Chaos-Methode ist
jedoch weniger effizient fiir polynomielle Nichtlinearititen vom Grad groB3er als zwei und
liefert keine korrekten Ergebnisse fiir Reaktions-Diffusionsgleichungen, deren Losungen

komplexe Musterbildung aufweisen.
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Chapter 1
Scope of the thesis

This thesis will be concerned with two different kinds of partial differential equations (PDEs)
which involve randomness: Stochastic partial differential equations (SPDEs) in the first part
and initial value problems with random coefficients in the second part.

The first part of the thesis comprises Chapters 2 and 3. Parts of the chapters make up the paper
[21] which has been accepted for publication. In this part, we deal with a stochastic PDE
(SPDE) which contains a noise term defined as a Hilbert space-valued Wiener process. The
novelty in this work is the numerical solution of an SPDE on a two-dimensional domain with
a general > boundary. Most works in the literature on SPDEs assume simple spatial domains
such as one-dimensional intervals or two-dimensional rectangles. In other theoretical works,
a general domain in a Euclidean space is assumed with Dirichlet boundary conditions (see for
example [12, 31, 32]). However, there are few works actually numerically solving an SPDE
on a spatial domain which is more complicated than an interval or a rectangle using a spectral
approach. The numerical solution of SPDEs on complicated domains was pointed out in [86]
as a topic for future research. Two- or higherdimensional spatial domains have barely been
investigated because they require more strict assumptions on the smoothness of the Wiener
process to guarantee existence and uniqueness of a solution. Also, they combine difficulties
arising in one spatial dimension, such as irregularity of the solutions and high or infinite
dimension of the noise, with problems related to the curse of dimensionality, i.e. massively
increased computational effort for higher dimensions. While recent works (see [22, 69]) deal
with solving stochastic wave and heat equations on a two-dimensional sphere, we focus in
this work on general two-dimensional planar domains which have a € boundary.

The necessary mathematical preliminaries on SPDEs are provided in Chapter 2. In Chapter
3, we demonstrate how to apply a spectral approach for SPDEs to €%-bounded domains by
numerically approximating the necessary base functions using a boundary element method.

We show how the accuracy of the approximated base functions depends on the number

9



of used boundary elements. The numerical approximation of the base functions poses an
additional error source for the used time stepping scheme. An error bound is also derived,
and it is shown that it depends critically on the accuracy of the base function, reiterating the
need for a highly accurate set of numerically approximated base functions.

The second part of the thesis consists of Chapters 4 and 5. The main results of the chapters
have been submitted for publication, see also the preprint [20]. This part is concerned with the
use of exponential time differencing schemes for non-intrusive and intrusive polynomial chaos
methods. Exponential time differencing (ETD) schemes have turned out to be highly efficient
and stable for solving a wide range of initial value problems such as reaction-diffusion
problems — for an overview, see [54]. We investigate in this work to what extent these
benefits also apply to random initial value problems, and a reaction-diffusion system with a
random parameter. Both non-intrusive PCE (niPCE) and intrusive PCE (iPCE) have been
applied to a variety of problems in fluid dynamics [79], sensitivity analysis [93], modeling of
transport in porous media [43], reacting flow simulations [87] and many others. Intrusive
polynomial chaos requires a significant modification of the underlying program code, since
the PCE is inserted into the governing equation. Non-intrusive, sampling-based polynomial
chaos methods rely on using deterministic solvers to repeatedly solve the deterministic
problem resulting from sampling the input random variables. Given the program code of
solvers for deterministic problems, niPCE is straightforward to implement. Its performance
has been compared favorably to Monte Carlo methods [93]. Direct comparisons between
an iPCE and niPCE can be found in [83, 92], indicating that intrusive methods can compete
with non-intrusive methods as long as no strong nonlinearities and no long-term integration
is involved. These problems with intrusive methods, as well as difficulties dealing with sharp
dependencies in the stochastic parameter space, have also been noted in [34, p. 1] and [65,
pp- 11, as well as in [42, 70, 100].

The necessary mathematical preliminaries on PCE are given in Chapter 4. In Chapter 5,
we develop and implement niPCE and iPCE schemes based on three different schemes:
A simple explicit Euler scheme and two ETD schemes. We compare the performance of
iPCE and niPCE, for which naive Monte Carlo sampling, Quasi-Monte Carlo sampling and
Gaussian quadrature is used. It is seen that niPCE and iPCE yield similar errors for random
ordinary and partial differential equations involving a random linear or quadratic function.
For a cubic random nonlinear function, however, iPCE becomes unstable, and for a random
reaction-diffusion system only niPCE is viable. This reiterates the aforementioned problems
of iPCE dealing with sharp dependencies in the stochastic parameter space and with complex

behavior in random dynamical systems.
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Chapter 2

Stochastic partial differential equations -
Mathematical preliminaries

This chapter provides the theoretical framework for the first work of this thesis in Chapter 3,

where we solve stochastic partial differential equations of the form
dU (1) = [AU (¢) + F (U (¢))]dz 4+ dW<(z) (2.0.1)

(see also (2.2.7)). In the course of this chapter, we explain the components of this equation
part by part, we then define what a mild solution of the equation is and we then show
existence and uniqueness of a mild solution.

The structure of this chapter is as follows. Firstly, we will recall in Section 2.1 normal
distributions, Wiener processes and stochastic integrals in a Hilbert space setting. Gaussian
measures and Q-Wiener processes W€ are introduced in Sections 2.1.1 and 2.1.2 and the
Hilbert space-valued stochastic integral is recalled in Section 2.1.3. The linear operator A
in (2.0.1) is required to be a generator of a %y-semigroup as well as an analytic semigroup.
We give an introduction to semigroup theory and mild solutions in Section 2.2 and recall
the concepts of 6(-semigroups (Section 2.2.1) and analytic semigroups (Section 2.2.2). It is
then explained in Section 2.2.3 what a mild solution of equation (2.0.1) is and the existence
and uniqueness of a mild solution is discussed under suitable assumptions on the operator
A and the nonlinearity F'. We then give an overview in Section 2.3 on how to numerically
approximate solutions for the SPDE. An overview of the literature is given in 2.3.1 and in
2.3.2 we recall the exponential Euler scheme which we are going to use. Finally, in Section
2.4 it is explained how to numerically compute Dirichlet eigenvalues and eigenfunctions for
a given domain. This is a necessary prerequisite for applying the exponential Euler scheme

to a general two-dimensional domain, which we will do in Chapter 3.
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2.1 Wiener processes and stochastic analysis on Hilbert

spaces

It is well-known that the distribution of a real-valued, normally distributed random variable
X is uniquely determined by its mean p € R and its variance 6> > 0. In this case we write
X ~ ¥ (1,0?). Generalizing this to a vector-valued setting, the distribution of a normally
distributed, R?-valued random variable is uniquely determined by its mean p € R? and
its covariance matrix £ € RY*?. If we want to generalize normally distributed random
variables to take values in a Hilbert space H, we would therefore expect their distribution to
be determined by a mean u € H and a covariance operator Q : H — H. This is exactly the

case and will be made precise in Section 2.1.1.

2.1.1 Normal distributions on Hilbert spaces

First, we define Gaussian measures on a separable Hilbert space H, which will lead us to a
generalization of the real-valued normal distribution. We denote by L(H) the space of linear,
bounded operators on H.

Definition 2.1.1 [72, 2.1.1]. Let H be a Hilbert space and % (H) the Borel c-algebra on
H. A probability measure p on (H,%(H)) is called Gaussian if for all u € H, the linear

mapping

vV :H—=R

u— <M,V>H

has a Gaussian law: For all v € H, there are m = m(v) and ¢ = ¢(v) > 0 such that, if 6 > 0,

(o 0 A =0 €4) = A [e ' ax
V2no?Ja

forall A € B(R).
Theorem 2.1.2 [72, Theorem 2.1.2] Let {e, },en be an orthonormal basis of H and let L(H )

be the space of linear, bounded operators on H. A measure on (H,%(H)) is Gaussian if and

only if

‘a(u) ::/ ei<u7v>Hu(dV) _ ei(m,um—%(Qu,u)H7 ueH,
H

12



where m € H and Q € L(H) is nonnegative, self-adjoint, and has finite trace
tr(Q) = Y (Qex,ex)n. 2.1.1)
k=1

Remark 2.1.3 The trace (2.1.1) is independent of the chosen orthonormal basis {e, }nen.
Note that since Q is a nonnegative and self-adjoint operator, the condition tr(Q) < oo is
equivalent to Q being a trace class operator. An operator Q is a trance class operator if
tr(|Q|) < oo, where |Q| is the unique bounded positive operator on H such that |Q| o |Q| =
0" 0.

We denote the measure  in Theorem 2.1.2 by .4"(m, Q) where m is called the mean and Q is
called the covariance operator. The following proposition shows how the normal distribution

on a Hilbert space and its mean and covariance relate to their finite-dimensional counterparts.

Proposition 2.1.4 [72, Proposition 2.1.4] Let X be an H-valued Gaussian random variable
on a probability space (Q,.F,P), i.e. there exist m € H and Q € L(H) nonnegative, self-
adjoint and with finite trace such that Po X! = 4 (m,Q). Then (X,u)y is normally
distributed for all u € H and the following hold:

* E((X,u)n) = (m,u)n
e E((X —muyg - (X —m,v)g) = (Qu,v)n

forallu,ve H.

We now use the normal distribution on a Hilbert space H to define the H-valued Wiener
process.

2.1.2 Hilbert space valued Wiener processes

Definition 2.1.5 [72, Definition 2.1.9]. Let H be a Hilbert space and let Q : H — H be an
operator with finite trace. A H-valued stochastic process W2(t), ¢ € [0, T], on a probability
space (Q,.7,P) is called a (standard) Q-Wiener process if

« W(0) =0,
« W2 has P-a.s. (almost surely) continuous trajectories
» W< has independent increments

* The increments are normally distributed:
-1
Po (WO(1)=W2(s)) = AH(0,(t=5)Q)
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forall0 <s<t<T.

We will make use of a series representation of the O-Wiener process given in the following
proposition.

Proposition 2.1.6 [72, Proposition 2.1.10] Let {ey,},cn, be an orthonormal basis of U
consisting of eigenvectors of Q with corresponding eigenvalues Ay, k € N. Then a U-valued

stochastic process (WQ(I)),E[(),T} is a Q-Wiener process if and only if

ZWTkﬁk e, 1€[0,7] (2.1.2)

with equality in distribution, where By, k € N, are independent real-valued Brownian motions
on a probability space (Q, .7 ,P). The series converges in L*(Q,.% ;€ ([0,T],U)) (where
% (]0,T],U) is equipped with the sup norm) and thus always has a P-a.s. continuous version.
In particular, for every self-adjoint, nonnegative Q € L(U) with finite trace there exists a

Q-Wiener process on U.

The series (2.1.2) will be crucial in the numerical treatment of SPDEs, for which the Q-

Wiener process is simulated by the truncated series (2.1.2).

2.1.3 The stochastic integral on Hilbert spaces

For real-valued Wiener processes, a definition of the stochastic (It0) integral can for example
be found in [82, Chapter II1.]. Since we work exclusively with stochastic processes taking
values in a Banach space E, we will need the stochastic integral with respect to a Banach
space-valued O-Wiener process introduced in Section 2.1.2. We will define the stochastic
integral in this section, leaning on [72, Section 2.3].

Let U and H be separable Hilbert spaces, Q € L(U) a symmetric, nonnegative covariance
operator with finite trace, and (W2(z)) refo,7) @ Q-Wiener process with respect to a normal

filtration (.%;) refo,r]- The construction of the stochastic integral proceeds in four steps:

1. Aclass & of L(U,H)-valued elementary processes (P(t));c[o,r] is considered and a
mapping

Int:& — M} (H)

® / s) dwW9(s), r€][0,T]

is defined, where ,///TZ (H) denotes the Banach space of all H-valued, continuous,

square-integrable martingales (M (t)),c[o.7-
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2. It is shown that there exists a certain norm on & such that the mapping Int is an isom-
etry. The mapping Int can then be uniquely extended to the (sequential) completion

&, and the extension is also an isometry.
3. An explicit representation of & is given.
4. The definition of the stochastic integral is extended by a process called localization.

Step 1: The definition of elementary processes and the mapping Int.

Definition 2.1.7 [72, Definition 2.3.1]. An L(U, H)-valued stochastic process (P(?));c(o,7]
on a probability space (€,.#,P) with normal filtration (7 ),c[o,r] is said to be elementary if
thereexist 0 =ty < --- <t;, =T, k € N, such that

k=1
D(t) = Z @yl 0] (t), €[0T,
m=0
where &, : Q — L(U,H) is .%;, -measurable w.r.t. the Borel c-algebra on L(U,H), and ®,,
only takes a finite number of values in L(U,H),0 <m <k—1.

Now we define

t k—1
Int(®)(r) := / D(s) dWC(s) := Y. Du(We(tm1 A1) =W (tm A1), 1€[0,T]
0 m=0
for all ® € &. Then it follows (see [72, Proposition 2.3.2]) that for ® € & the stochastic
integral [j®(s) dW<(s), ¢ € [0,T], is a square integrable martingale.
Step 2: Verifying that Int is an isometry.

Definition 2.1.8 . Let {¢;}rcry be a orthonormal basis of U. An operator A € L(U,H) is
called Hilbert—Schmidt if

Y (Aer,Ae)n < oo
keN

For an orthonormal base {e; }xcn, we can define the Hilbert—Schmidt norm

1/2
1Allz, = (Z ||A€k||2> ) (2.1.3)

keN

which is independent of the choice of the orthonormal base {e; }xcny, and we denote
Ly(U,H):={A € L(U,H) | ||A||L, < °}.
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(Note the difference to L? spaces of square-integrable functions, which we denote with
a superscript.) It is a fact (see [72, Proposition 2.3.4]) that for Q € L(U) nonnegative
and symmetric, there is exactly one nonnegative and symmetric operator 0'/% ¢ L(U)
such that Q'/2 0 Q'/2 = Q. If Q has finite trace, then in addition for any A € L(U,H),
LoQ'? € I,(U,H).

With that, we can define a norm on & with the following Proposition:

Proposition 2.1.9 [72, Proposition 2.3.5] Let ® = Y5 { &1
L(U,H)-valued process. Then we have the Ito isometry for Q-Wiener processes:

As defined above, || - ||7 is only a seminorm, but becomes a norm after we consider &” to be

tmims1] D€ an elementary

2

/ B(s) dW2(s)
0

T
([ 126001, ) = @],

M

the space of equivalence classes in & with respect to || - ||7. We will in the following keep the
notation unchanged, i.e. we denote & := &”.

Step 3: Providing an explicit representation of &. We introduce the subspace Uy := o'/ 2(U)

with the inner product

(o, v0)o := (O 2ug, 0wy,

ug, vo € Uy, where in case Q is not one-to-one, Q_l/2

[72, Definition C.0.1]. Then, (Uy,(-,-)o) is again a separable Hilbert space. We denote
Ly(Up,H) =: LY with the norm ||A||Lg = A0 Q'/?||;2 for A € LY.
It can then be shown (see [72, p. 33]) that an explicit representation of & is given by

is the pseudo inverse as defined in

NF(0,T:H) :={®:[0,T] x Q@ — LY | ® is predictable and ||®||; < oo}

Step 4: Generalization of the stochastic integral. The stochastic integral is extended to the

linear space
T
Nw(0,T;H) := {CI) :[0,7] x @ — LY | @ is predictable with P (/ H(I)(S)Hio ds) = 1} )
0 2
which is called the class of stochastically integrable processes on [0,7]. From this point

onward, all processes in stochastic integrals will be of this nature. For details on this extension

process called localization, we refer to [72, pp. 36-37].
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2.2 Analytic semigroups and parabolic SPDEs

When dealing with SPDE:s, there are different kinds of solutions in the literature: Strong
(or classical) solutions, weak solutions and mild solutions. Strong solutions are, in many
cases, nonexistent, while weak solutions require a variational setting and are more frequently
employed for elliptic and hyperbolic equations (see e.g. [72, 75]). The kind of solution we
want to focus on here are mild solutions, which are used frequently to treat parabolic SPDEs.
For a rigorous understanding of mild solutions, we will have to introduce concepts from
semigroup theory.

The semigroup method is a powerful tool for solving evolution equations, and has been
developed and widely used to show the existence of solutions on a range of differential
equations on Banach spaces (for an overview, see e.g. [103, 36]). Likewise, for parabolic
SPDEs the semigroup method has been of vital importance (see e.g. [19, 26, 27, 39, 41, 95]).
Since classical solutions are often not available, using the notions of %j-semigroups and
analytical semigroups it is possible to define the weaker notion of mild solutions, which we
recall in this chapter and which we use later in Chapter 3.

To give a motivation on why semigroups are a useful tool, consider that the initial value
problem [36, Problem 1.1]

for a constant a € C is uniquely solved by the function S(r) := e'®. At the same time,
this family of exponential functions is unique up to the constant a in its property that
S(t+s)=S(¢)S(s) and S(0) = 1 for all 5,7 > 0.

Likewise, the differential equation [36, Proposition 2.8]

for S(z) € C"™", the identity matrix I, € C"" and a matrix A € C"*" is (among all dif-

ferentiable functions) uniquely solved by S(t) := e

, 1.e. the matrix exponential of 7A,
and again these functions are unique in their property of satisfying the functional equation
S(t+s)=S8(t)S(s), S(0) =1 for s, > 0.

In the setting of a Banach space E with a linear operator A € L(E), there exists an associated

one-parameter semigroup (S(z));>o which is generated by A (for details, see [36, Chapter
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1.3]) and satisfies S(r +s) = S(¢)S(s) for s,z > 0. Then, the E-valued initial value problem

is uniquely solved by u(t) = S(¢)x [36, p. 145].

These Banach space-valued one-parameter semigroups can, if they are %y-semigroups (see
Section 2.2.1) also be defined for unbounded operators A defined on a dense subset D(A) C E
(see [36, p. 47 ff.]). The operator A will, in our case, be the Laplacian A on D(A) =
H}(D)NH?(D) C E = L?(D) with Dirichlet boundary conditions for a domain D C R? with
a ¢ boundary. We will see that the collection (S(t));>0 generated by A can be formalized as
an analytic semigroup (see Section 2.2.2.

In the case where A is bounded, the family of operators (S(z)),>0 making up a semigroup
can be given as the series expansion of the exponential function [36, p. 52]. Juxtaposing the

exponential series for real numbers x and for a bounded operator A, it is

ex:ix—n S(t):Z r>0
=l -

In the general case where A is unbounded, for example for the Laplace operator A = A, this
series need not converge, so a different way to generalize the exponential function has to be
found. Another approach is to make use of Cauchy’s integral formula. Let f; be a scalar
holomorphic function and let f, be a operator-valued holomorphic function on U C C. Let y
be a closed contour in U and let A be an operator such that 6(A) is contained in the interior
of 7. There is a generalization of Cauchy’s integral formula to the operator-valued function
/> (see [33, p. 568]). Juxtaposing the traditional Cauchy’s formula and the operator-valued
Cauchy’s formula, we have for some point a in the interior of 7y that

(o) =57 | 2 ez B = 5 [ADRGAA @20
with the resolvent operator R(A4;A) = (Al —A)~! (for details and well-definedness, see
Section 2.2.2). Using f>(x) = e later gives rise to the definition of an analytic semigroup
(see (2.2.3)).

In the following, for a Banach space E, integrals of E-valued functions will denote the
so-called Bochner integral, which is a generalization of the Lebesgue integral to E-valued

functions. For an introduction, see [36, Appendix C].
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2.2.1 %p-semigroups

As explained above, initial value problems (scalar as well as Banach space-valued) can be
solved by a family of functions or operators (S()),>¢ satisfying the property S(r +s) =
S(t)S(s), S(0) known as the semigroup property. The idea being that families (S(z));>o might
solve many more different evolution equations, this gives rise to the following definition of a
%o-semigroup.
Definition 2.2.1 [26, p. 406-407]. A %p-semigroup is a family (S(¢));>o of bounded opera-
tors on a Banach or Hilbert space H satisfying

1. S(0) =1, the identity operator.

2. S(t+s)=S(t)S(s) for all s, > 0.

3. S(-)u is continuous in [0,o0) for all u € H.

The infinitesimal generator A of S(-) is defined as

Au = lim M
INO

for all u € H where this limit exists.

3(z) 3(z)

©, \

“@\‘ R(z) | R(z)

N /
Q
6:19 ‘\‘b"

Figure 2.2.1: For a given @ € R, 6 € (0,7) and € > 0, the curves }/:9, Y, o and 7309 and the
sector g ¢ (left-hand side). In this work, it is assumed that 6 € (%, m)and p(A) C Sg 6 or,
equivalently, 6(A) C C\Sy ¢ (right-hand side).
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Definition 2.2.2 . The resolvent set p(L) of the operator L is the set of complex numbers 4
for which AT — L is bijective. For A € p(L), the operator

R(A,L)=(AI—L)"!

is called the resolvent operator of L. The complement of p(L) in C is called the spectrum
o(L) of L.
For an w € R and 6 € (0,7), we denote by S, ¢ the sector in C (see also Figure 2.2.1)

Sw.o={A € C\{w} | |arg(A —w)| < 6}.

Assumption 2.2.3 1. There exist ® € R and 0y € (5, 7) such that p(A) D Se g,

2. There exists M > 0 such that

IR(A,A)| < VA € 80,6,

M
A — o

An operator A € L(H) satisfying Assumption 2.2.3 is called sectorial operator.
The first part of Assumption 2.2.3 is illustrated in Figure 2.2.1, along with the definitions of

Sw.0 y;fe and yg’e.
The following theorem by Hille and Yosida gives a characterization of %6p-semigroups in
terms of so-called Yosida approximations, which will be needed in Section 2.2.3 on the

existence of solutions of the treated SPDEs.

Theorem 2.2.4 (Hille-Yosida) [26, Theorem A.4] Let A : D(A) C E — E be a linear closed

operator on the Banach space E. The following statements are equivalent:

(i) A is the infinitesimal generator of a 6y-semigroup S(-) such that
1S@)|| < Me®  forallt > 0.
(ii) D(A) is dense in E, p(A) D (@, +o0) and it is

IR¥(A,A)| < forall k € N.

M
(A — o)

Moreover, if either (i) or (ii) holds, then

R(A,A)x = / T MS(t)xdr forallx € D(A), A > .
0
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Also, for all x € E, S(t)x = lim,,_,e.e™x and

wnt

e < Men-a. (2.2.2)

where A, = nAR(n,A). The operators A,, n > @, are called the Yosida approximations of A.

2.2.2 Analytic semigroups

Suppose that A € L(E) is sectorial, i.e. Assumption 2.2.3 holds. In the beginning of Section
2.2.1, we remarked that the formal series expansion of the exponential function need not
converge when applied to unbounded operators. Another possible way is to make use of the
contour integral expression (2.2.1), which is done to define analytic semigroups.

For ¢ >0 and 6 € (%, 6p), we denote by ¥; ¢ the path (see also Figure 2.2.1)

Ye,0 :YJGUY;QU .0
Yoo ={z€Clz=0+re"" r>e},

Ro={zeC|lz=w+ec®, b€ (-6,0)}.

Then, we define a semigroup S(-) of bounded linear operators in E by setting S(0) = I and
1
S(1) = — / HMR(A,A)dA, 1>0. (2.2.3)
271 Ye.0

This integral converges absolutely and uniformly in L(E), so the operators S(¢) are well-
defined (for details, see [36, pp. 97-98]). Then the following theorem gives rise to the

definition of an analytic semigroup:

Theorem 2.2.5 [26, Theorem A.9] (i) The mapping

S:(0,00) = L(E)
t—S(t)

with S(t) given in (2.2.3) is analytic. Moreover, for any x € E, t > 0 and n € N,
S(t)x € D(A") and

§"()x = A"S(t)x.

(ii) We have S(t +s) = S(¢)S(s) for all s,t > 0.
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(iii) S(-)x is continuous at 0 if and only if x € D(A).
(iv) There exist M,N > O such that for allt > 0
IS(@)| < Me™,

N
|AS(2)]| <e® (7 + a)M)

(v) S(-) can be extended to an analytic L(E)-valued function in Sy g, z.
The semigroup defined by (2.2.3) and having these properties is called analytic semigroup.

(S(1))>0

Ax = lim~ o S22 S(1) = 57 Jy, o €R(A,A) dA (A,A) = [5eMS(r) dr

A=AI—-R(A,A)7!
(A,D(A)) (R(A,A))aep(a)
R(A,A) = (A1 —A)~!

Figure 2.2.2: Diagram from [36, p. 108] showing the relations between a sectorial operator
A with domain D(A), its resolvent R(A,A) and its generated analytic semigroup (S(¢));>o0-

In Section 2.2.3 and Chapter 3, we will use the Dirichlet Laplacian A on %2-bounded
domains. It is therefore important to mention that A generates a 6p-semigroup and an
analytic semigroup, which we explain in the following remarks.

Remark 2.2.6 (The Dirichlet Laplacian on a ©?-bounded domain generates an analytic
semigroup) It is shown in [74, Theorem 2.5.1] that if D C RY has a €* boundary, then the
Laplace operator on D(A) = H} (D) N\ H?(D) is sectorial in L*(D) and that D(A) is dense in
L? (Q). Hence, the Laplace operator generates an analytic semigroup (S(t));>0.

Remark 2.2.7 (Dirichlet Laplacian on a €>-bounded domain generates a -semigroup) An
analytic semigroup is a 6y-semigroup if and only if the domain D(A) is dense in the Banach
space E (see e.g. [90]). Given that 65°(Q) C H} (Q) NH?(Q) C L*(Q) and 6 (Q) is dense
in L*(Q), so is D(A) and therefore A generates a 6y-semigroup in L*(Q) as well.
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2.2.3 Existence and uniqueness of mild solutions

In the introduction of this chapter, we noted that exponential functions can be generalized to
a semigroup setting in Banach spaces to solve Banach space-valued initial value problems.

We recall the initial value problem
(2.2.4)

for u an E-valued function, A € L(E) and f € E the initial value. If A generates a %p-
semigroup (S(¢));>0, then u(r) = S(¢)x is the unique classical solution for this initial value
problem [36, Proposition I1.6.2]. In general, classical solutions might not exist and especially
in the case where the solution is not differentiable, it is useful to introduce a different, more

general concept of a solution called the mild solution.

Definition 2.2.8 [36, Definition I1.6.3]. A continuous function u : R, — FE is called a mild
solution of (2.2.4) if [ u(s) ds € D(A) for all > 0 and

t
u(t) :A/ u(s) ds+x.
0
Similarly, we consider the inhomogeneous abstract initial value problem

Gu() = Aut) + F(1), 1>0,
u(0) = x.

(2.2.5)

If a function u : R, — E is continuously differentiable with u(r) € D(A) and satisfies (2.2.5),
it is called a classical solution.

Definition 2.2.9 [36, Definition VI.7.2]. Let (A,D(A)) be the generator of a p-semigroup
(S(t))r>0 on E and let x € E and f € L' (R, , E). Then the function u defined by

u(t) :=S(t)x+ /OtS(t —s)f(s)ds (2.2.6)

is called the mild solution of (2.2.5).

Every classical solution is also a mild solution. We now turn our attention to stochastic

evolution equations with additive noise. For a Hilbert space H, consider the nonlinear
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stochastic differential equation

dU(t) =[AU(t)+ F(U(¢t))] dt +dW (z).
UQ0)=uy€E

(2.2.7)

for linear operators A : D(A) C H — H, F an H-valued stochastic process and § an %-
measurable H-valued random variable. It is assumed again that A generates a 6p-semigroup.

Definition 2.2.10 . An H-valued stochastic process (U (t))c[o,r] is called a mild solution of

2.2.7if
T
IP(/O |U(s)|ds<°<>> =1

and forr € [0,T],

Ut) = S(1)E + /0 'St )F(s) ds + /0 S —s) dw(s). (2.2.8)

For this equation, U, A and F are defined in a Banach space E C H which is continuously
and densely embedded in H as a Borel subset. We denote by Ag the restriction of A to E and

introduce the following assumption:

Assumption 2.2.11 [26, Hypothesis 7.3] Either
(i) Ag generates a 6y-semigroup S(-) on E or
(ii) A generates an analytic semigroup Sg(-) on E.

Moreover, the stochastic convolution Wy has an E-continuous version.

Before we specify assumptions on the nonlinear function F' in Assumption 2.2.13, we need
to introduce subdifferentials.

Definition 2.2.12 [26, Section D.1]. Suppose that E is a Banach space and x,y € E. The
mapping

R\{0} =R, h—= ¢(h) = [|x+hy]|

is convex and nondecreasing and, for any y € E, has the limits

[+ Ay[| — ]

eyl = I
Dy = tim PRI |

, D_||x||-y:= lim
lim ol -y o= lim
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The subdifferential d||x|| of ||x|| is defined as:
x| ={x" € E* [ D_|lx|| -y < (y,x")Exp+ < D+|lx|| -y forally € E}

where E* is the dual of E and (y,x*)g«g+ := x*(y) the dual pairing. The set d|x|| C E* is

nonempty, closed and convex and can be shown to be given by
Al = {x" € E¥ | (o,x) = [|x]], [lx"[| = 1}

Now, the assumptions for Theorem 2.2.14 on existence and uniqueness of mild solutions can
be stated.

Assumption 2.2.13 [26, Hypothesis 7.4] (i) D(F) D E, F(E) C E and the restriction
Fg := F|g is locally Lipschitz continuous and bounded on bounded subsets of E.

(ii) There is an increasing function a : Rﬁ_ — Rﬁ_ such that
(Apnx+F(x+y),x ) exes < a(|lylle)(1+ |xl£) (2.2.9)

forallx,y € E, x* € d||x||g, n € N, and Ag,, denote the Yosida approximations of A,
(-,-)YExE* is the duality form on E x E* and 0 ||x||g is the subdifferential of the E-norm
|-||£ atx € E.

We now state the existence and uniqueness theorem for mild solutions.

Theorem 2.2.14 [26, Theorem 7.7] Suppose that A generates a 6y-semigroup and Assump-
tion 2.2.13 holds.

(i) If Assumption 2.2.11 (i) holds, then equation (2.2.7) has a unique mild solution in
C([0,0); E).

(ii) If Assumption 2.2.11 (ii) holds, then equation (2.2.7) has a unique mild solution in
C([0,00); E) N L (0,00: E).

In order to show that (2.2.7) has a solution by using Theorem 2.2.14, we follow [26, Example
7.8], and show that Assumption 2.2.11 (i) as well as Assumption 2.2.13 both hold.

We start with Assumption 2.2.11 (i): Let the operator A be the Dirichlet Laplacian on a
domain D C R%, i.e. Ay = Ay fory € D(A) = H*(D) N H} (D), and let E = ¢'(D) equipped
wit hthe supremum norm || - ||g. As we noted in Section 2.2.2, A is the infinitesimal generator

of an analytic semigroup S(-) which is also of class %p.
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For the restriction Ag, we note that the Laplacian is understood in the weak sense, so that
[ (@u(@)0(®) at = [ u(ding () ai

for any test function ¢ € €;°(D) provided thatu € L] (D), i.e. u is integrable on any compact
subset of D (see e.g. [38, §5.2]). Since € (D) C L{.(D) (on a compact subset, any continuous
function must be bounded and therefore integrable), the domain of the restricted Laplacian

can be given as
D(Ag)={y€ % (D) |Aye¢(D)andy=00ndD}, Agy=Ay, y€ D(Ag).

In Remark 2.2.6, we noted that the Dirichlet Laplacian generates an analytic semigroup on
L?(D). It is easily checked that by restricting to E = %'(D), it also generates an analytic
semigroup on E, so Assumption 2.2.11 (1) is satisfied (after restricting to a subspace, it can
easily be verified that the conditions in Assumption 2.2.3 for a sectorial operator still hold).
We noted in Remark 2.2.7 that the semigroup S(-) is of class %y if and only if D(Ag) is dense
in E. However, since D(Ag) C {y € (D) | y = 0on dD} (the limit y of any convergent
sequence (y,)nen in D(Ag) must satisfy y = 0 on dD since y, = 0 on dD for all n € N),
D(AEg) cannot be dense in E and Assumption 2.2.11 (ii) is not satisfied. We therefore rely on
point (i) in Theorem 2.2.14.

We now continue with Assumption 2.2.13: We first note that ||S(¢)||z < 1 for t > 0 (see [26,
inequality (A.53)]). By (2.2.2) with M = 1 and @ = 0, it follows that ||etAE»" |l <1 and (see
[26, Example D.8]) that (Ag ,x,x*)gx g+ < 0 for all x € E, x* € d|x||. Hence, in order to
prove that inequality (2.2.9) holds, it is sufficient to show

(F(x+y),x)exes <a([lyle)(1+|lxl[g), forallx,y € E, x" €dx.  (2.2.10)

In Proposition 2.2.18, which shows under which assumption (2.2.10) holds and equation
(2.2.7) has a unique mild solution, we will make use of a representation of the dual space

(¢ (D))* which uses Radon measures, the definition of which we recall now.

Definition 2.2.15 . Let D be a Hausdorff topological space and let ./ be a -algebra on D
(for example, the Borel c-algebra). A measure i on (D,.o/) is called inner regular if for any
openset U € <7,
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A measure y is called locally finite if every point in E has a neighborhood U for which p(U)

is finite. The measure u is called Radon measure if it is inner regular and locally finite.

We also need a special case of the following theorem (see e.g. [88, Theorem 2.14]) which

identifies functionals on ¥’(D) with Radon measures:

Theorem 2.2.16 (Riesz-Markov-Kakutani representation theorem.) Let D be a compact
Hausdorff space and let ¥ be a positive linear functional on € (D). Then there exists a Borel

o-algebra </ on E and a unique Radon measure L with the identification

W):/Dx(g)du(g), x€%(E), & €D. 2.2.11)

Conversely, every Radon measure defines a linear functional on € (E) via the identification
(2.2.11), so the dual space (¢(D))* can be identified with .# (D), the space of Radon
measures on D.

For the subdifferential d||x|| C E*, we have the following, more specific characterization
given in [26, p. 441]:

Remark 2.2.17 Let E = 9 and x be a nonzero element of E. Set

My ={& €D x(S) = [lxll£}

and let (D) be the Borel 6-algebra on D. Then, in the sense of the identification (2.2.11),
u € d|x|| if and only if

(i) The Radon measure | on D satisfies ||| := |u|(D) = 1,
(ii) The support of W is included in My,
(iii) [ysgn(x(X)) u(X) >0, VA€ AB(D)

where sgn denotes the sign function.

The nonlinear operator F' in many SPDE:s in the literature can be thought of as concatenation
operators with an associated real-valued function; for example, one might want the nonlinear
operator F to map every function x(£) € €'(D) to its squared function (x(%))2. This kind of

operator is called Nemytskii operator.

Proposition 2.2.18 Let F' = Fy be a Nemytskii operator defined as

Fy(x)(X) = ¢(x(%X)), x€E,xeD,
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with an associated function ¢ € €' (R). If there exists an increasing function a: R, — R
such that

9(&+n)sgn(S) <a(In)(1+[&]) forallg,n eR. (2.2.12)

Then inequality (2.2.10) and therefore Assumption 2.2.13 (ii) holds.

Proof. Following Remark 2.2.17, the element x* € d||x|| can be identified with a Radon mea-
sure y for which p(D) = 1 holds, using the identification (2.2.11). Using this identification,

we have

(Fp(x+), X" )Exps =x" (¢ o (x+y))

—/ ¢(x ) du (%)
< /D a(ly(@®)(1 + (7)) dp(2)

<a([lyle)(1+[x[|£),

where in the last step it was used that ¢ (D) = 1 and hence, with the supremum norm || - ||,

[ atb@D) au ) < [ alvl) @ = alyl).

The other term involving x is treated analogously. This proves that inequality (2.2.10)
holds. 0

2.3 Numerical solution of parabolic SPDEs

2.3.1 Different schemes in the literature

The numerical solution of SPDEs has attracted much attention, and many different methods
for temporal as well as spatial discretization have been developed (for a comprehensive
overview, see e.g. [86, Section 1.2]). However, due to the irregular behavior of SPDEs,
strong regularity conditions have to be imposed on either the noise or the spatial domain.
Some publications focused on a one-dimensional spatial domain and potentially space-time
white noise [2, 3, 11, 14, 28, 47, 60, 59, 64, 98], while others have worked with trace-class or
smooth noise and a potentially two-dimensional domain [19, p. 43][49, 52, 57, 58, 73]. We

intend to use the latter approach by considering additive noise that has sufficiently quickly
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decaying modes, but in exchange being able to consider a much larger class of general
two-dimensional domains D C R? with a %2 boundary. This broadening of the class of
spatial domains has been pointed out in [86, p. 260] as a subject of future research. Also,
while there has been some theoretical treatment of SPDEs on domains with a € boundary
of dimension two or more with homogeneous Dirichlet boundary conditions [12, 31, 32], to
our knowledge no solutions of SPDEs have been numerically approximated in such domains.
Spectral methods have been widely used for the solution of semilinear parabolic SPDEs
[11, 49, 60, 89] and are straightforward to implement in cases where the base functions
are known explicitly. If this is not the case, the spectrum of the linear differential operator
as well as its eigenfunctions have to be numerically approximated. This can be achieved
using boundary element methods (BEM) resulting in a nonlinear eigenvalue problem. The
advantage of this method is that any bounded domain with a € boundary can be considered,
and the eigenfunction can be computed pointwise at any desired point in the interior of the
domain, making it possible to store the functions on a uniform grid. Another possibility
to compute the base functions are finite element methods (FEM), and for the Dirichlet
Laplacian this has been done in [94]. The difference to BEM is that instead of domains with
a € boundary, FEM can deal with polygons with a Lipschitz boundary in R?. Since FEM
requires the triangulation of the domain, if the functions are to be stored on a uniform grid,
an additional error would be introduced by evaluating the functions on the triangularization
at the required grid points. In this work, we focus on BEM and domains with > boundaries.
We specify in Section 2.3.2 a precise mathematical framework, including the conditions
placed on each component of the equations which can be solved. We also discuss in Section
2.3.2 the discretization in space and time of the mild solutions which are given as a Galerkin
projection in space and the exponential Euler scheme in time as described by Jentzen and
Kloeden [59]. The boundary integral equation method is recalled in Section 2.4, including
the necessary discretization steps turning the Helmholtz equation into a nonlinear eigenvalue
problem. The algorithm developed by Beyn [9], which allows for the solution of nonlinear
eigenvalue problems, is also recalled in Section 2.4, also sketching the discretization steps
necessary for the implementation. We will make some remarks on assembling the first
elements of an orthonormal basis and it is shown how many boundary elements are needed
to compute the eigenfunctions to a given accuracy. In Section 3.3, we prove a result on
the strong error of the spectral Galerkin-exponential Euler scheme with eigenvalues and
eigenfunctions which are approximated to a given accuracy. In Section 3.4, we demonstrate
the convergence on an asymmetric shape and present a few solutions for different nonlinear
functions. The MATLAB program code, including the data and programs to generate the
plots shown in the figures, is available at GitHub https://github.com/JulianSPDE/2D-SPDE.
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2.3.2 The exponential Euler scheme

The exponential Euler scheme was developed by Jentzen and Kloeden in [59]. It is a spectral
scheme which allows for the solution of general H-valued SPDEs for a Hilbert space H
under certain conditions. In the following, we will specify those conditions and derive the
numerical scheme.

Let D C R? be a bounded domain whose boundary is of class €’ and can be described by a
parametrization Y such that ||y ()|, > 0, ¢ € [0,27), ¥(0) = y(27) and ¥ is nonintersecting,
i.e. y(s) # y(¢) for distinct 5,7 € [0,27). Let T > 0 be fixed. We consider SPDEs of the form

dU(t) = [AU(t) + F(U(2))]dr +dW2(r), U(0)=ug, t€]0,T)] (2.3.1)

where (U(t));c[0,7) is a stochastic process taking values in a Hilbert space H, up € H,
A :D(A) C H— H is a linear sectorial operator, i.e. it generates an analytic semigroup
(et )ieo,7)> and F : H — H is a nonlinear operator. The process (WQ(t)),e[oﬂ is a cylindri-
cal O-Wiener process taking values in H, where Q : H — H is a trace-class operator. We
will consider the Laplacian A = A : D(A) C H — H with homogeneous Dirichlet boundary
conditions on the domain D, so that we have H = L*(D) and D(A) = H} (D) N H?*(D). It is
also assumed that A and the covariance operator Q commute, so that they have a complete
set consisting of the same orthonormal eigenfunctions e;, i € N.

The SPDE (2.3.1) can be rigorously understood as an integral equation involving a stochastic
dW¢ integral [26, Chapter 4]. It is interpreted in the mild sense [26, p. 161], meaning that an
H-valued process (U (t));c[o,r] is a solution of (2.3.1) if

t t
Ut) = Mg + / AT (U (s5)) ds + / A=) qwe(s). (2.32)
0 0

We now give some details on the properties of each component of the SPDE (2.3.1).

The linear sectorial operator A = A.

It is known that for Dirichlet, Neumann and mixed boundary conditions, the Laplacian has a
complete set of orthonormal smooth eigenfunctions e;, i € N. Also, the eigenvalues —A; are
all negative and real having exactly one accumulation point at —oo (see e.g. [8, Appendix W];

we use a notation where A; > 0, i € N). Hence, it is possible to give a spectral representation

Af(x) =YX7Z —Ailf ey nei(x)

for f € D(A). We assume Dirichlet boundary conditions, so we call the A4; Dirichlet eigenval-
ues and the e; Dirichlet eigenfunctions.

30



The nonlinear operator F'.

In our setting, the operator F' on H is a Nemytskii operator, i.e. there is an associated function
ur : R — R such that the operator F can be defined as [F(g)](x) = ur(g(x)) for g € H. For
F, we adopt the assumption from [59, Assumption 2.4] and require that F' be two times

continuously Fréchet differentiable, and that its derivatives satisfy

1F'(u) = F' )l < Lllu—vlla, (2.3.3)
I(=2)""F'(u)(—=A) wllu < Lijwl|x (234

for all u,v € H and w € D((—A)") for r € {0, 1/2, 1} and
A7 F" ) (v w) [l < LI (=8) " 2vllgr - [ (=8) " 2wl (2.3.5)

for all u,v,w € H and L > 0 a constant.

Furthermore, to ensure existence and uniqueness of a mild solution, we require that the
associated function ur satisfies the inequality (2.2.12) discussed in Section 2.2.3.

The Wiener process W2.

The process W< = (WQ(t))te[Oﬂ is a Q-cylindrical Wiener process [26, §4.1.2][75, §3.2.35],
i.e. a collection

{(WE(t), ueH, t€[0,T]}
of zero-mean Gaussian random variables that satisfy
E(W2(t)WE(s)) = (Qu,v)y - min(t,s)

for s, € [0,T], u,v € H. Then, for an orthonormal basis {e,?},,eN of eigenfunctions of Q
with corresponding eigenvalues {gy }ren, the process W€ has the series expansion in H (see
Proposition 2.1.6)

WO(t) = Yo i /@nBu(1)el, (2.3.6)

where f3;, i € N, are independent real-valued standard Brownian motions. We assume that
Q and the operator A both have a joint eigenbasis consisting of the same functions. The
stochastic integral with respect to the cylindrical Q-Wiener process is defined in a similar
way to the classical It0 integral (for details, see [72, 2.5]).
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2.3.2.1 Approximation in space.

For the spectral approximation in space, we use a projection
Py :H — Hy :=span(ey,...,ey)

f:

||Mg

<f7el HelHZ f7 Hel

with the inner product

(freih = /D F(x)-ei(x) d

and denote UY := PyU, Fy := PyF, Ay := PyA, u}) := Pyuo and

WS = PyW = i JaeiBi(r)
f
The projected SPDE
dU™ (1) = (ANUN (1) + Fy (UM (1)))de 4+ dW2 (1)
has the mild solution satisfying for ¢ € [0, 7]

UM () = et N+/ ANy (U () ds+/ AN W2 (s). (2.3.7)

2.3.2.2 Approximation in time.

We introduce the equidistant time steps ; = h-i, i =0,...,M, with h = T /M, and denote

ivM =yuVN (tx). Equation (2.3.7) can be rewritten in one time step from #; to ;| as

Tk+1 Tt
Wy NM+/ Wtk =) By (M ds+/ w1 =9) gw ().

We now make the approximation Fy (uV"¥ (s)) ~ Fy(u"M (1;)). Let UV be the process after
this approximation and let viv’M := UN(;). We denote the inner products by

N.M N.M j N.M\ . N.M
Vi .z(vk L€V H, FAJ,(vk ) = (Fn (v, ).€j)H-

32



Taking the inner product with e; on both sides and applying the above approximation, we
obtain for the approximate Fourier-Galerkin coefficients

Tk4+1
N.M Anh N.M A — N.M
Vit = (e e g+ z e (i1 Y)FN(vk )ds,ej)n
k
L A (=) Ay Q
+ e NS AW (s), ej)m
Ik
; Tk+1
P 72411 N7M J NvM 7), 1 —S
=e M vk,j +FN(vk ) /tk e (ter1—5) ds
T+1 . _
+ e (tir S)\/C]—jdﬁj(s),
Ik
using linearity of the inner product and the fact that Ayhe; = —A;he; and hence eAVe; =
g y p

e "¢, for h > 0. The df (s) integral is normally distributed with mean zero and its variance
can be computed using the Itd isometry Proposition 2.1.9 (which holds not only for elementary
processes, but for general stochastically integrable processes). With this, we finally obtain
the exponential Euler scheme shown in Algorithm 2.1 and first developed in [59, Section
3]. The random variables R,’; are independently and identically distributed with a standard
normal distribution.

Algorithm 2.1: Exponential Euler scheme

1— —Ajh

1/2
NM _ _—2h NM ¢ J( NM 4qj —2A;h J
Vit =€ Ve +—lj Fy(vi, ™)+ <2—)Lj(l—e j )) Ry,

j=1,....,N,k=0,....M—1.

2.4 Numerically approximating Dirichlet eigenvalues and
eigenfunctions: The boundary integral method and

Beyn’s contour integral algorithm

Let D C R? be a bounded domain which has a € boundary. In this section, we explain how

the eigenvalue problem for the Helmholtz equation
—Au+x*u=0 inD, u=0 onadD, (2.4.1)
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with ¥ € R+ and homogeneous Dirichlet boundary conditions can be solved by rewriting it
in terms of boundary integral layer operators, discretizing the resulting boundary integral
equation and solving the resulting nonlinear eigenvalue problem with Beyn’s contour integral
algorithm.

Let @ (x,y), for x,y € R? and x # y be the fundamental solution

By (x,y) = iH (k|x—y|) /4

of the Helmholtz operator A + k2l in two dimensions, where Hél) denotes the first-kind
Hankel function of order zero (see [23, p. 66]) and let k¥ € C\{0} be fixed. For a point y
on the boundary dD, we denote the exterior normal by v(y) and we use the double layer
potential

DLAY)() = | W)y @uley) dsy), x € RA\ID, (242)

where y € C(dD) is the unknown density function. We also define

Di[y](x) = /a Y0)- 9y Pr(xy) ds(y), x€aD.

For x € dD, it is known [23, Theorem 3.1] that the so-called jump relations

}lli_r}})/y/ () P AV (x),y) ds(y) =

1 (2.4.3)
[ W09y @xr.y) ds(y) £ 3 w()

hold. Since the fundamental solution @ satisfies the Helmholtz equation (2.4.1), so does
the double-layer potential (2.4.2). Conversely, every solution of (2.4.1) can be written as a

double-layer potential [23, p. 39]. We use the double layer ansatz
u(x) =DLk[y](x), x€D (2.4.4)
which, after letting x tend towards the boundary dD, with the jump relation (2.4.3) becomes
—%l]/(x) +DY](x) =0, xcaD. (2.45)

Writing M(k) := — 31+ Dy, (2.4.5) becomes M(k)y = 0, which is a nonlinear eigenvalue

problem. First, the boundary is subdivided into ny curved elements called Ay, ...,A,,, and

nf,
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(2.4.5) becomes

1
W)+ / (6,y) ds(y) =0, xe€aD. (2.4.6)
Letm;:[0,1] = A;j, j=1,...,ny, be bijective, continuous maps. With a change of variables,
(2.4.6) becomes
"f
—-1,/ / W(m5(5)) Dy o)) D (5,5 (5)) | O ()] ds(s) =0, x€ID. (2.4.7)

We now denote by L;(s) the quadratic Lagrange polynomials and by L;(s) the generalized
Lagrange basis functions, i = 1,2, 3:

Li(s) = (1—s)(1—2s), Ly(s) =4s(1 —ys), L3(s) =s(2s— 1),

~ l—s—o 1—2s ~ s—o 1l—s—0o ~ s 2s—1
Li(s) = IA(s) = [(s) =

) =T Toa =0 To2a 0 BY =150 12a

and we fix a parameter
€ (0,1/2). (2.4.8)

Each m;(s) is approximated by a quadratic interpolation polynomial

3 .
mj(s) ~ mj(s) = ;vﬁ%i(s),

()

where v;

()

, i = 1,3 are the end points of the j-th boundary element and v;"’ is its midpoint.
We define the collocation nodes v :=;(qx) for j=1,...,np,k=1,2,3and g1 = «, g2 =
1/2, g3 = 1 — o.. The unknown function (77 (s)) is approximated on each piece A; by a
quadratic interpolation polynomial

3 3
Z v (mj(qr)) Z

Equation (2.4.7) then becomes

1 ny 3 1 .
W)+ Y Z/O Ay (i (s)) Prc (x, 771 (5)) || 957t (5) | Lie (5) ds(s) (P k) = r(x),

j=lk=1
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with a residue r(x) which results from the various approximations. For the boundary element
collocation method, we require r(v; ) = 0 [7, p. 50] and obtain the linear system of size

Snf X 3l’lf

ng 3

__1,, oy —|—ZZa,]kgl[/ 7ix) =0 (2.4.9)
j=lk=

withi=1,...,nz, £ =1,2,3 and with the integrals

Qi jkt = / vy (s)) P (T 37(5)) |0t (5) | Li (s) dis(s)

which are approximated using a Gaul3-Kronrod quadrature. We write (2.4.9) abstractly as the

nonlinear eigenvalue problem M (k)¢ = 0, where

0= (W), W2), W), w(va), - W(va,3) (2.4.10)

This leaves us with a nonlinear eigenvalue problem that needs to be solved, which is done
using Beyn’s contour integral algorithm [9, p. 3849], which makes use of Keldysh’s theorem
and is based on complex contour integrals of the resolvent M~!(x), whose poles are the

Dirichlet eigenvalues.

Theorem 2.4.1 (Keldysh’s Theorem. [66]) Let D C C be a domain, and let v* = vT denote
the conjugate transpose of a vector or matrix. Suppose that C C D is a compact subset

containing only simple eigenvalues A,, n = 1,...,n(y) with eigenvectors v,, wy satisfying
M(A)v, =0, w:M(A,) =0, wiM'(A,)v,=1.

Then there exists some neighborhood U of C in D and a holomorphic function R : U —
C3"73f such that

=
=

1
Z_)Ln

M(z)"" = vawn +R(z), 2€U\{A1,..., Ay }- (2.4.11)

—_

n

Let 6(M) denote the spectrum of M and let ¥ C D be a contour which satisfies yN (M) =0
and containing n(y) eigenvalues A1, ..., Ay(y). Let f: D — C be holomorphic. Then, applying

the residue theorem to (2.4.11) we have
1 . n(y) i}
ey LGOI WICHTAT
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Algorithm 2.2: Beyn contour integral algorithm

For a specified contour ¥(¢) = u 4+ Rcos(¢) +iRsin(t), p € R,z € [0,27), R€ R>o
and the number n(y) of eigenvalues enclosed in y (with multiplicity), we pick a
random matrix V € C¥/* with 3n #> (> n(y). We compute the contour integrals

2r
A= 5 [ 007 ) = 5 [T ()07 ) dst)
n(y)

=Y vwiV =VvW*V,
n=1
1 2n

Ay =2LM/YKM_1(K)V ds(r) =55 |, YOy~ (y(0))VY (1) ds(2)

n(y) ) .
=Y ALyvw,V=VAW*V,

n=1
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Algorithm 2.3: Beyn contour integral algorithm (continued)

with A = diag(44,... ,ln(y)). These integrals are approximated using the trapezoidal
rule:
1 K—1
Aok = K Z M (y(e))VY (t)), Ak = Z Ye)H)M ™ (Y))VY (1)),
j=0
(2.4.12)

with#; = 2};’ j=0,...,K. Next, we compute a singular value decomposition
Aok =VEW* withV € C3nrxl y e CCand W € CYL. For
Y =diag(01,07,...,0¢) and a given tolerance &g, We find n(y) such that

The singular values 0,,(;),1 > - -+ > 0y which are below the tolerance are likely to
be different from zero only due to rounding errors and are discarded. With the

matrices Vo := (Vij)1<i<m,1<j<n(y)» 20 = (Zij)1<i<n(y),1<j<n(y) @S Well as
Wo := (Wij)1<i<r,1< j<n(y) there is a regular matrix S € C(M>n(Y) such that
V = VS, and after rewriting some matrices, we have that

SAS™! = ViAIWoE, !
The matrix on the right-hand side therefore has the same eigenvalues and
eigenvectors as A. We compute the n(7y) eigenvalues and eigenvectors s; of the

matrix VyA; yWoX, I'e C"M*n(V) | The i-th eigenfunction u; is then approximated
by inserting ¢ = Vps; (see (2.4.10)) into

3
uj(x) = DLy [y](x) = Z Z v(¥ik),
o

where

35000 = [ Buin o @561 1 S ) (),

which again are approximated using a Gauf3-Kronrod quadrature.
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Chapter 3

Solving semilinear parabolic SPDESs on
two-dimensional domains with a €~
boundary

This chapter deals with solving SPDEs of the type shown in (2.2.7) on general bounded
two-dimensional domains with a €’> boundary and with Dirichlet boundary conditions. For
this, the exponential Euler scheme recalled in Section 2.3.2 as well as Beyn’s algorithm to
numerically approximate Dirichlet eigenvalues and eigenfunctions, recalled in Section 2.4,

are used. Most of this chapter can also be found in the paper [21].

3.1 The exponential Euler scheme for two-dimensional do-

mains

In the literature on SPDEs, at least one of the two constraints have to be made: Either
a one-dimensional spatial domain is considered, where white noise as well as trace-class
noise can be considered, or the covariance operator Q cannot be allowed to be Q =1, i.e.
space-time white noise cannot be considered. This is due to the fact that a solution of an
SPDE on a multidimensional domain (i.e. D C R", n > 2) with space-time white noise (i.e.
W is a cylindrical Wiener process with Q = I) does not exist even for F = 0, since vital

regularity properties of the stochastic convolution

WR(r) = [t awe(s), 1 €[0,T),
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in (2.3.2) are violated. See [26, Example 5.7] [97, p. 329] for discussions of these failures
in spatial dimensions of two and higher. The deciding factor is the asymptotic behavior
of Dirichlet eigenvalues, which has been described by Weyl’s law [48, 4.1]: If 0 < 4; <
A < A3 < ... are the Dirichlet eigenvalues of the negative Laplacian for an arbitrary domain
D C RY, then
o« 4m ___,2/d oo

n > oo n — oo, (3.1.1)

where u;(D) is the d-dimensional Lebesgue measure of D and @y is the volume of the

d-dimensional unit ball. The regularity condition [59, Assumption 2.2] for the exponential

Euler scheme which we will use requires
Y (Mn)? g < oo (3.1.2)
n=1

for some y € (0, 1), which for space-time white noise, i.e. g, = 1 for all n € N, is not fulfilled
in two dimensions. Instead, we assume that g, = &'(n~%) for some o > 0, in which case
(3.1.2) holds if ¥ < c/2. In our numerical experiments, we will use g, = n~2 so that ¥ can

be arbitrarily close to 1.

3.2 Preprocessing: Computation of the orthonormal basis

The analytical expressions of the Dirichlet eigenfunctions are known for some shapes. In
the following, we will consider a shape which we call the Peanut shape (see Figure 3.2.2),
whose Dirichlet eigenvalues and eigenfunctions are not known analytically and whose
parametrization for 7 € [0,27) is given by

0.06- ((cos(r) +2) - (cos(t+0.6) +2) - (0.1 -cos(3t) +2)) — 0.1
0.06 - (sin() 4-2) - (sin(t — 0.5) 4+2) - (0.4 - cos(2t) +2) - (0.1 -sin(4¢) + 1)) —0.06 |

For the boundary element collocation method as described in Section 2.4, we choose
o = (1—+/3/5)/2 (see (2.4.8)). Note that while any o € (0, %) ensures at least cubic
convergence, empirically it was seen [67, Section 4.6] that the choice & = (1 —+/3/5)/2
yielded superconvergence for domains with a 4 boundary. Whenever the Beyn integral al-
gorithm is used to compute its Dirichlet eigenvalues and eigenfunctions, we use &ne = 10~*
as singular value tolerance (see (2.4.13)) and K = 24 for the periodic trapezoidal rule (see
(2.4.12)).
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3.2.1 Convergence and accuracy of base functions.

In previous work, the Beyn integral algorithm was used to compute Neumann eigenvalues,
and a convergence with rates up to three for a fixed wavenumber could be observed [67].
However, the eigenvalues and eigenfunctions become less accurate for higher wavenumbers,
so that more boundary elements are needed for higher wavenumbers. Previous publications
from high-frequency scattering theory using boundary element collocation methods to solve
the Helmholtz equation have pointed out that this effort rises linearly with the wavenumber
[16, 18], which we could confirm for the case of the Dirichlet eigenfunctions and eigenvalues
(see Figure 3.2.5). For the Peanut shape, we have conducted a convergence analysis for the
first 200 eigenfunctions. For each wavenumber, we computed a reference function for 600
boundary elements which we compare to functions with lower accuracy (computed with 500,
400, 300, 200, 150, 100, 75 and 50 boundary elements, respectively). For speeding up the
computations, these functions were stored only on an equidistant 81 x 81 grid inside [0, 1]?,
while the final functions making up the ONB are stored on a 301 x 301 grid to obtain results
with better resolution (for the error analysis in Section 3.3, we will denote the grid resolution
as R and will use R = 301). The pointwise storage on the equidistant grid means that the inner
products, i.e. the integrals in the scheme (2.1) can be approximated numerically. As it is easy
to implement and has a convergence order of four [37, p. 21 f.] (and hence, a convergence
order of two for two-dimensional functions), we use the composite two-dimensional Simpson
rule and set the numerically integrated function to be zero outside the boundary, so that
the Simpson rule can be applied on the unit square. The application of the Simpson rule is
possible since eigenfunctions of the Laplacian are always smooth [48, §2.(1)].

Suppose that we use ngf) boundary elements for eigenfunction number i, i = 1,...,N. We fix
error tolerances

2) (600)

= max A= e = max ||l&;" —&""|u,
1= ?

8( l ’ l
N i=1,...N

where the tilde denotes approximation and the superscript denotes that the approximation is
done with ngf) boundary elements. Depending on which e and M we choose, different
wavenumber dependent amounts of boundary elements are needed (see Figure 3.2.5). We
will later observe (see Example 1) that for the error bound derived in Theorem 3.3.4 it is

crucial to reduce €*) and £(") as much as possible.
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3.2.2 Computation of the orthonormal basis.

After precomputing the necessary numbers of boundary elements for each function (see
Section 3.2.1) and the spectrum of —A on D is known up to a few digits, the eigenvalues
and eigenfunctions can be computed by applying the Beyn algorithm to each eigenvalue by
enclosing it by a contour which does not enclose any other eigenvalue (see Figure 3.2.1). The
Peanut shape analyzed here is asymmetric and does not appear to have any multiple Dirichlet
eigenvalues. If multiple eigenvalues occur, it can happen that the different eigenfunctions
belonging to one eigenvalue are not returned by the algorithm as orthogonal functions, but as
linear combinations of them. This would necessitate an additional orthogonalization routine
applied to those eigenfunctions, which would pose another error source.

Based on the convergence results for the Peanut shape, our base functions for the Peanut
have been computed such that the error to a reference function with n;ef = 600 boundary

elements stays below the tolerances €*) =2-.10~* and €™ = 5.107°. In addition, we have

T RNEN L A N
N AN AN AN

P B T n iz 7

Figure 3.2.1: In the first step, the eigenvalues are still unknown, so the real axis up to a certain
point is covered with contours § which cover the real axis up to the point where the desired
number N of eigenvalues has been found. For the subsequent, more precise computation,
contours %, i = 1,...,N around the found eigenvalues are chosen.

computed some errors to even more accurate wavenumbers and eigenfunctions computed
with n;ef = 1,200 boundary elements. A comparison of the reference errors is shown in
Figure 3.2.2 for two wavenumbers. It can be seen that there is a slight discrepancy for the
wavenumber error at ny = 500, but the reference error for the eigenfunctions is almost the
same for both reference functions, so it can be assumed that the reference functions are
sufficiently accurate.

On the computational cost, we note that for an orthonormal basis of a certain number N of
eigenvalues and eigenfunctions the computational time with our implementation behaved
asymptotically as & (Nz). In more detail, it is shown in Figure 3.2.3 that, with growing
number 77 of used boundary elements, the computation times for an eigenvalue rises as & (n?)
and for an eigenfunction as & (ns) (although it is more costly for low n). The computation
time is very similar for different eigenvalues and the corresponding eigenfunctions, and

neither increases nor decreases as the eigenvalue increases. Figure 3.2.4 shows an estimate
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of the total computational cost to compute an orthonormal basis of N eigenvalues and

eigenfunctions, i.e. the sum

=

ev(nf(li)) —I—ef(nf(l,-)), (3.2.1)
1

where n7(A) is the needed number of boundary elements for a given set of error tolerances,
and ev(ny) and ef(ny) are the computation times for eigenvalue and eigenfunction using n ¢
boundary elements. Based on empirical tests such as shown in Figure 3.2.3, we assumed
that ev(ny) = 0.15- n% and ef(ns) = 50 -ns. Since A; ~ i, ny(i) ~ /i (see Figure 3.2.5),
ev(i) ~ i and ef(i) ~ i, the sum (3.2.1) contains a term behaving as i and one behaving as /i,
so that the whole sum is made up of two terms (one each for eigenvalues and eigenfunctions)
behaving as @(N?) + O(N3/?).
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Figure 3.2.2: Convergence results for two eigenfunctions of the Peanut shape (on the left, the
first one, on the right, the 56th one), in red, the error is measured with respect to reference
eigenvalues and eigenfunctions computed for nS?f = 600 boundary elements, in green, the

reference data is computed for n;?f = 1200 boundary elements.
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Absolute errors

; < 6 -10*
-+- Eigenvalue
107, Eigenfunction K
\\K // ,;)\
2 | \ , <
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‘ 4/’1{/ T T T — T
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nf

Figure 3.2.3: This plot shows, for different numbers of boundary elements n ¢, absolute errors
for the 300th eigenvalue and its corresponding eigenfunction in green (left axis) as well as
CPU time for their computation in seconds (right axis). It can be seen that the CPU time
for the eigenvalues behaves like & (n%), while the time for the eigenfunctions is &'(ns). The
computing times are very similar for other eigenvalues and eigenfunctions.

-107
- - Scenario 3
--- Scenario 2
‘2 6 - |----Scenario 1
Q
£
= 4
W
Q
E
£ 2

0

T
200

T T T
300 400 500

N

Figure 3.2.4: The total computation time on our machine for an orthonormal basis consisting
of N eigenvalues and eigenfunctions. Scenarios 1 to 3 correspond, from top to bottom, to the
three pairs of error tolerances shown in Figure 3.2.5.
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Figure 3.2.5: The number of boundary elements to approximate wavenumbers and their
respective eigenfunctions to stay below certain error tolerances e and M. For
each base function, we computed a reference solution with n}ef = 600 boundary ele-
ments and compared the same function with less boundary elements to it, with ny €
{50,75,100,150,200,300,400,500} boundary elements used. The plots on the left show
raw data, with the least number of required boundary elements. The plots on the right show
linearly interpolated numbers of needed boundary elements based off the data from the plots
on the left. We can observe the linear relationship between wavenumber and needed boundary
elements ny, and that the needed ny increases as the error tolerances decrease (in red are the
values which exceed the error tolerance for every tested ny). The blue reference slopes are
functions f(x) = mx+b, form € {7,8.5,10}, b € {80,65,70}, from top to bottom.
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3.3 Error analysis

We present an error analysis for the strong error in the Galerkin exponential Euler scheme
from [59] with approximated eigenfunctions and eigenvalues. We denote (-,-) := (-,-)y and
|1l :== || - ||z, and the exact solution at time ¢ by U (t).

Its approximation by the spectral Galerkin exponential Euler scheme is denoted by Vk(l) .
The approximation of Vk(l) by computing the inner products as numerical integrals over D
is denoted by Vk(z). The approximation of Vk(z) using approximate eigenvalues is denoted

by Vk( 3)- Finally, the approximation of Vk(3)

v,

Throughout the section, let L = || /|| be the optimal Lipschitz constant of the Nemytskii

using approximate eigenfunctions is denoted by

function f of the nonlinearity in the SPDE (i.e. the infimum of all Lipschitz constants,
yielding the best estimate). Also, we denote with R the resolution of the spatial grid along
each spatial dimension, used for computing the numerical integrals whose error is dealt with
in Lemma 3.3.1.

We denote

ViD= (vep), i=1234, g =EV Y-Vl i=234,

with k =0,...,M (time step) and j = 1,...,N (eigenfunction number). First, error estimates
for ||Vk(i) — Vk(H—l) || are given for i = 1,2,3 in Lemmas 3.3.1, 3.3.2 and 3.3.3 which are then
combined to give a general result on the error ||U (#) — Vk(4) || in Theorem 3.3.4. Note that
Vk(4) is the output of the computer programs, so the error estimate in Theorem 3.3.4 contains
Fourier-Galerkin coefficients of Vk(4) which can then either be inserted for a run-specific
bound, or be bounded by an empirically found constant which is generally found to be an

upper bound (which we have done in Example 1).

Lemma 3.3.1 We have

DERRC TR L)
ElV,' =V.7II<Y & (3.3.1)
j=1

and, for a constant C > (),

e

L . (33.2)

1— —Ajh
o g e
J i=1
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Proof. We compute, distinguishing fJ{',(Vk(z)) computed as an integral and fI(}(Vk(z)) computed
as a numerical integral,
(1) _y@ )., vy SPRORRTC
E|lv,”-V,”| =E i -e,-—kavj cej|| =E Z(Vk’j —Vij) e
= = (33.3)

™=
B T
=

™=

and

2 _ y l—eMh q _ 12
8,54_)1’] =Ele )“Jth(J)—f— V) (_27Zj(1 e 2t h)) R/

Ay, 2 1—e qj am )
—Ah 4qj 22k j

C lf vy _ @
< e e+ 1 R ) - )
j

I () = ) <EIE M) = O +EIE 0 - A2
<E [ [V @) (v )+ mee)] (0 de+ €& 2

1/2
<E|[cLmwPar oRP =L eR

where the Holder inequality and the Lipschitz continuity of fy were used. In total, we have

1— —ljh N
ot e e+ s e
Lemma 3.3.2 We have
@ Gy - v .0)
E|V,” =V, HSZ%J- (3.3.4)

~
I
—
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and

()
e <e M 8(3?+e—7wh|1—e—8j "N (e +EWV)) (3.3.5)
1 I—e"
+L Z 8kj
L [e®) 4 jo=Rip, _ohih] e LR
+ +le j—¢ ill- Z &t ‘fN( )|
A 7L =l
. , A
NN - ———
24 2(Aj+¢)
Proof. Suppose that we have approximate eigenvalues ij =1+ ej(-l), j=1,...,N. Then by
the same steps as in (3.3.3), the resulting error of the whole function is
Q) _ B < ¥ 0
E|lV,” =V < Zsk]
j=1
The coefficient errors after the next time step are given by
—A:h 1/2
() _gletmy@ L2 @) qj Ajh J
&1, = Ele TV +TfN(Vk )+(2—;Lj(1—e / )> R;
5 1/2
—Ajh
Ay @ 1= ) dj —24;h J
V. +—= v (V) + <T(1 )) Ry
Aj 2
Ajhy () _ o=Aihy, (3)
< Ele™ Vij—e Vk,j|
1_efljh . 5 1_efijh . 3
FE[ RV - R0
j

Going through this term by term, we have that

E’efﬂ,jhvk(i) . e*ijhvk(:j)

J (1 a—2Ah . J 1 a—2Ah i
+E (_211-(1 e Y )> <_25L‘(1 e M )) R

< E,e—xjhvk(i) _e—ajhvlc(i)| +E|e—ajhv(3') _ —ijhv(})l

— e MR v )| 4 et et kv
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()
S e—ljhelgj’j) _I_e—ljh|1 _e*&'j h’ ]E‘Vk(i)‘
(3)
k,j
(4) (4)
J TEV D,

(2)
S e—ljhglgi.) _’_e—ljh“ _e—Ej h| . ( »

Y _eW 3 4 4
e Mt —eF h|-(E]Vk(,].)—Vk(J)|+E]Vk(7j)|)

S e*;{,jhg
(3.3.6)

where we have made the last estimate since unlike E[Vk(3)], E[Vk(4)] can be approximated

from the numerical implementation. Next, we have

1 _ e*),jh . 1 _ e*ijh .
E|—— AV ——=S—R )
J lj
1—e M 1—e M
<E|~—— W) - wa,f%‘
J J
1—eMh . 1— e’ifh ;
B R = — A
J
| —e Ah 1 —e Al e A :
= BRI RV | = | Bl )
J J J
l1—e Aih N 3)
<L- 7 : Z &
J j=1
1 i - - :
o e e —e M |- [BIR 0 ~ RV HEIR O] 63
J7%]
1 e—l]h N 3
<L———-Y &) (3.3.8)
J j=1
Lor. ) =i “Ah5 () J (v @)
tor [e +le b —e M /1,”. LY e v EH VY
Jhj j=1

Finally, we have (using that E|X| < [E|X|?]'/?)

_ . 12 " i 1/2
J (1 .—2Ajh _ J (1 a—2Ah J
£ (uj(l © ])) <2}1,-(1 © J)> R

| JAL g ey 4 20 Ry rI212, (33.9)
\/ 22, 24+ S
O

and E|(R))2| = Var(R)) = 1. Summing (3.3.6), (3.3.8) and (3.3.9), we obtain (3.3.5).
k k

Lemma 3.3.3 We have
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o) S @
E|v® - Z[sk]+£ DEVY| (33.10)

and

e <e tihg) e hiteWEvY)|

k+1,j
| —e—Aih N (3.3.11)
e lzek,+e B (V] >||]
] :

Aj

Proof. Suppose that we have approximate eigenfunctions

gi=ej+my il <"

(4)

Then, the Fourier-Galerkin expansion of V' also involves the approximate eigenfunctions,

ie. Vk( =y (ej+m;) k(j) and the error for the function is

j=1
BV v
Ze, k, f‘, (ej+m,)V, ) =E ZleJ(Vk(i) V;ff})) im";ﬁ)
j=1 j= j=
- ieéi?+-21£(n)'E|V"(y| _ i[glgfj>+g<n>E|V$>|]
j= j= j=

The error for the next coefficient errors is (with the wide tilde denoting inner products with
ej+1; instead of with ¢;)

5 1/2
—Ajh .
4 3 (3 1—e %" . 3 qi 9. i
el =Ele M+ —— — R+ (—zf (1—e Wl)) R]

o — 1 efijh q . 1/2
iy 4 - j 4 i —2A; j
e %’”‘V,fyj)+—~. AV + (—2J (1-e Wl)) R]

—ih
y —e ‘
=E|e "V~ v+ —— R - v
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Dealing with these terms separately, we have
gy ® _y @ oAby @ @
e 1E|Vk7j —Vk7j|+e JE|Vk7j —V,w.]
3. (4 _3. 4 4
<e AJh&';E}-l—e lfhEl(Vk( ),€j>—<Vk( ),6j+nj>|
Ak (4 "y 4
= Mgl v MBI, )|

< e Mhe®) e e M|y (33.12)
and
L—e M [ B i@ i v @\ i @)
(BRI — R+ B OE) — 0)
] L
1—e b e B @ 4) 4)
ST Elfy (V™) = VO FE[(N (V) ei) — vV ) ej+15)]
P
L—eXhr B @) (4)
<~ [ERO) = RV B, ) |
|
l_e—l]‘h I N
< L-Ze,ﬁf‘j?%fm-EHfN(v,f‘”)H]. (3.3.13)
T =
Summing (3.3.12) and (3.3.13), we obtain (3.3.11). ]

Theorem 3.3.4 Suppose that we have fixed parameters T, N eigenfunctions, M time steps,

a grid resolution R, Dirichlet eigenvalues 0 < A} < Ay < A3 < --- < A, eigenvalue error

tolerance €M)

(4)
Ve

the matrices V = (Vk(j'))’ W) = (f]{}(V,((4))), k=1,....M, j=1,...,N. Then, for any

€ € (0,1), we have a bound for the strong error of the complete scheme at time T

, and eigenfunction error tolerance eM). We denote the Fourier coefficients

of the approximated solution Vk(4) and the Fourier coefficients f,{}(Vk(L‘)) of fn(Uy,) in

E|U(T) V|| < 5 (T.N.M,R,L A, Ay, e, M7, fiy(7)) = 5314
& (TN M) +ET (TNM R LA Ay, €™ eV, (7)), -
where, for a constant Ct > 0,
(T N.M, ) < Cr (/1;31 + %) (3.3.15)

and
&PV (T N MR LA ,e™ €MV, fy(V))
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1—aM 3 —aM 4 l—ﬁM
<M. ® p,. 2 M B) 2 M Wy 2 1 p
Sap & +b2 1_a2—|—a2 0 T03 1_a2+a2 0 T b4 1—672+5
(3.3.16)
by b3 . L
— + + — +bsas M — oo, ifay < 1 (since dy < az).
l—ay 1—a 1—ap
where, for some constant C > 0,
1— —Mh = 1— 711/’1
m=e My NS g —ehhy N S
A1 ),1
1 —e Mh
by=—— .N-C-R 2
2 A,l )
) AN 4
by=e M1 sup | Y (e +EVY))
k=0,...M | j=1 "/
1 A ~qh Ah
+—~[8()+ell e'l]
My e !
SECER @)
sup |N-L ZekJ+ZE|f](Vk )|
k=0,....M j=1 j=1
1 A
Ny —(1 —e2Mh) — —e—2(A+eM)h
20 ( ) 2(A +€W) ( )
by=N- sup {(1+E|VA(,;17)].\)
j=1,..N
- —Ayh
_ 4 I—e™™ 4
[ e sup BV e sup Bl (V] >>||”,
k=0,...M A k=0,....M

S
bs :s(">-ZIE|VMJ|.
j:

Remark 3.3.5 For the case of the simpler error bound with M — oo, the condition ay < 1 is
equivalent to L- N < Ay. This turns out to be a rather strict condition (see Section 3.4). The
error bound (3.3.14) requires very strict conditions on the parameters in order to be usable,
we address this in Example 1. This strictness stems from some crude estimates in the proofs
to simplify expressions, for example the step of replacing all A,, by A in the proof of Theorem
3.3.4.

Proof. The error of the scheme can be split up as

E(|U(t) - V)
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<E(|U @) - v D+ BNV = v+ BNV v D +EQv v

= B(U@) -V +eP+e® 16 <V 6@ 464 6@ k=1,...M,

(1)

where the error bound &), in (3.3.15) is from [59]. The other terms relate to the second
error term above as

62(234) 5()+5()+§1§4)> k=1,...,.M.

The error bounds (fk(i), i =2,3,4, are established in Lemmas 3.3.1, 3.3.2 and 3.3.3 as
N N N
2) (2) _. »(2) 3) (3) _. (4) 4)
S.lekJ =&, g S.Zle’w' —. &%) Z 1+|Vk )E =&
J= Jj= j=1

Furthermore, the inequalities (3.3.2), (3.3.5) and (3.3.11) establish relations between 8,51; and

8,5?_1 j fork=0,....M—1,j=1,...,Nand i = 2,3,4. First, we consider in each time step
the sum of all errors (summing over index j) and their bounds given by

N —Ajh N
, l—e™% -
%hglgfjbr}:—% [L-E:elgi.)vLD-R 2
j= J i=1

[V]z

N
Z 8(2)
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T_'l\ﬂz
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h
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fmf.:

~.
I
—_
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=
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>
h
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ng,, +E|fN )‘]

i=1

KTy VA 4gj _ a2(A+eM)h
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e—lihg(n)E”Vk(“)”

~
ﬂ‘
R
\}) !

+
M=

Y

~.
|
—_

(4)
8k+1,]

M=
A

™=
M=

.
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Since the terms in the above expressions involving A4; like e ", “—5—,
]

A+ |e*ifh7l,j - e*’lfhij@ and

72)Lh qj —2(A;+€MNh
W )=\ a1 =)

are monotone decreasing in A;, we can bound all the above terms from above by replacing
all A; by A;. We obtain

1
AjAj

N 2) A l]h N 2 1—e~ Mh
ngﬂ <e” thekJ+NL Z —-N-D-R*2
Jj=1 J= =
1_ 7)L]h N 1_ —l]
- lell’“+N~L-+] -281572].)+;—'N~D-R’2, (3.3.17)
1 j=1 1
- .0) Juh by e PRy R ) )
ngﬂ <e” Zekj—l—e 11— |Z<8k7j+E|Vk,j|)
j=1 j= Jj=1
1_efllh N 3)
+N~L-}L—1-Ze,w.
j=l1
4 (3.3.18)
A) 2 h3 @) LN i @)
-[e< ) eMhp e lw]- N-L-Y e+ Y EIH VY
=1 j=1
+N- \/L(l_e—%h)_ ;(l_e—z(xﬁs(w))
20 2(A + 8(1))
1— —Ah N
< e—’“h+N-L-+1]-Ze,§?} (3.3.19)
i=1

aahyy  a—e®h L) o)
+e Ml —e |- sup Z(gk.j +EWV: 71
k=0,...M | j=1 ’

o e e R e

Ay
& (@)
su N-L &+ E
k 0,.].?,M ; ki ;1 i )
1
Nl /= (1 —e-2Mh (A+eMn)
TNy gz (e - \/z(xl+g< 3% )
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N
Ah Ah 4
Zekﬂ,ﬁe 'Zewe N e EvY)

j=1
| —e M A
N |- Y ) + e Bl ()|
M =
1_ ~Mh]| N
< lehhyy.p. 178 Zglgf*j) (3.3.20)
1 j=1
k=0,....M
1_e—ilh
+N-eM. . qup E||fN<Vk(4)>||'
M k=0,...M

We can now see that the error sum at #;,; can be bounded by an expression which is the

image of the affine map
lI/a,b R— R7 ll/a,b(x> =ax+b

for a > 0, b € R. For a given start value, the behavior of the iteration l//g”b (x0), M > 0,
depends on whether a < 1, @ =1 or @ > 1. We have the following cases:

(
w b
axo+b Z ad=ua x0~|-b —a” Mi> a<l, (3.3.22)
= l—a l—a
ngz‘:[b(XO): Xo+Mb, a=1,
b b

a" ( xo+ — : a>1. (3.3.23)

L a—1 a—1

For our three error sums, the constant a is given by a; and d;, and the constant b is given by
by, b3 and by, respectively. Applying the behavior of the iterated affine map y, ;, as shown in
(3.3.22) to (3.3.23) to the maps (3.3.17), (3.3.19) and (3.3.20) with the constants ay, @, b2,
b3 and by, as well as the bounds (3.3.1), (3.3.4) and (3.3.10) shown in the three lemmas, we
obtain the terms shown in (3.3.16). ]

3.4 Numerical experiments

For the case where the function f associated to the operator F' in equation 2.3.1 is linear
and given by f(x) = x, we can compute an exact solution by taking the function inside the
linear operator A, so that we consider the eigenvalues of the operator A 4 I which are given

—Aj+1, j € N. For the linear function fj(x) = x, we present convergence plots in Figure
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3.4.1 and compare the approximated solution to the exact solution. For the nonlinear function
fa(x) = Tlxz’ we additionally compare the approximate solution to a reference solution
with N =400 and M = 100 and show the convergence with respect to N in the second plot.
Since the constant for the noise term scales nonlinearly with the step size (see the final term
in (2.1)), we cannot compute a reference solution to compare the other approximations to,
as we cannot sensibly merge the finer random increments into more rough ones. For the
convergence plots with f = f], the error was averaged over 100 independent realizations,
while for f = f>, 10 independent realizations were computed. We can see in all cases that the
convergence with respect to M and N is of order one. We note at this point that we were not
able to verify that the nonlinear function f; indeed satisfies the conditions (2.3.3) to (2.3.5),
but convergence to a reference solution is observed nevertheless. We also remark that if
strictly nonlinear f is used, the computational effort is substantially higher since in every
time step N two-dimensional numerical integrals have to be computed.

We now shed some light on how the error bound from Theorem 3.3.4 behaves here: We
first note that for the Peanut shape it is 4| ~ 6.5155, so in order for the condition a; < 1 to
be fulfilled we would need L-N < 6.5155. This is a very strict condition as either N or L
needs to be quite small; for instance, if N = 100, only nonlinearities with L < 0.065155 are
covered by the case M — o in Theorem 3.3.4. But as this is not a necessary condition to use

Theorem 3.3.4, we can still give bounds also if a, > 1.

Example 1 We give a concrete example for an error bound resulting from Theorem 3.3.4.
Suppose T = 0.1, N = 100, M = 50, R =301, L =0.01, A = 6.5155, V| <1 for all
k=0,....M, j=1,...,N (we have observed in practice that this has always been the

case). We also assume C =1 (as Simpson’s rule is very accurate for smooth functions)
and SIS? <1 forall k, j (which is a very loose assumption, but does not matter much as the
corresponding terms in bz are small anyway). We assume error tolerances e =2.107
and €M =5.107°. We also assume géz) = 63) = (()4) = 10~* (as the initial condition is
smooth, its approximation can be assumed to be accurate). With the above assumptions on
the parameters, we obtain ap ~ 0.98904 (with d,, b, ~ 2.19316- 1079, by ~ 1.96257-1074,
by ~ 1.83156-10~* and bs = 5- 107> and Theorem 3.3.4 yields a total error bound of
& 1&234) < 0.2234. While this is clearly not a satisfactory bound especially compared to &, (1),
we note that this bound depends critically on the error tolerances e and €M), For example,
for eM) =2.105and eM =5.10"7, leaving all other parameters unchanged, we obtain
5&234) < 0.02257. This shows that the error bound is usable in practice, but only with an as

yet infeasible effort of computation (see Figure 3.2.4).

In the plots in Figure 3.4.2, we give a visual impression of a solution of an SPDE (2.3.1) on

the Peanut shape by showing realizations of the approximated solution again for noise with

57



qn = n2,A=A, N =400, M = 100 on the asymmetric Peanut shape introduced in Section
3.2. For each simulation, the initial condition was picked to be the bump function

ew(~dn), R () -2 <,

Bxl7x27yl7y2 (x7y) = >
0, r->1

supported on an ellipse within the rectangle [xi,x;] X [y1,y2], where we picked [x1,x;] =
[0.4,0.6], [y1,y2] =[0.3,0.5]. The random input, i.e. the realizations of the Wiener increments
was also the same for each simulation. Only the nonlinear function was changed for the
different simulations: It was chosen to be a function

b,y (x) = exp(—10- (x — p)?), (3.4.1)

with one maximum at p € {—0.4,—0.2,0.2,0.4}.

1-1072
— N — AN Xf_fl
z . f=rnr
o0t S R
| N | U
=z, Sox E -3
3 \ £ 1-10
1EH l:b& C®
= 1075 | T
T T T TT1TT] = 2.1074 T T T 11T 3
10! 102 10! 10?
M N

Figure 3.4.1: Convergence tests for the Peanut shape. The first plot shows the convergence
with respect to M for the linear function fj(x) = x, the second plot shows the convergence
with respect to N for fi(x) = x as well as f>(x) = ; J:xz. The dashed lines in blue are reference
lines for an order of convergence equal to one.
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-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03

Figure 3.4.2: The approximated solution of the SPDE (2.3.1) on the Peanut shape for N =400,
T =0.1, M = 100 and the nonlinear functions (3.4.1) for p € {—0.4,—0.2,0.2,0.4} from
top-left to bottom-right. It appears that the process is ‘dimmed down’ from using nonlinear
functions with a peak of higher absolute value.
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Chapter 4

Polynomial chaos and exponential time
differencing - Mathematical preliminaries

The second part of the thesis will be about PDEs with random inputs, rather than SPDEs
which are driven by noise. More precisely, for a given probability space (Q,.%,P) and @ € Q,
we will not deal with SPDEs of the form

dU(t,w) =[AU(t,0)+F (U (t,w))]|+dW (¢, ®), (4.0.1)

but rather with random PDEs of the form

du(t, o)

S = Au(t,0) + F(0,u(t, 0)), (4.0.2)

so that F(w) is a (potentially nonlinear) function which has a random input. Hence, the
solution U of (4.0.1) as well as the solution u of (4.0.2) are stochastic processes, but the
randomness is introduced via the Wiener process W in (4.0.1) (see Chapter 2) and via a
random function F in (4.0.2), usually by introducing a random coefficient. For instance, the

Gray-Scott system

% = DyAu(x,t) — u(x,t)v(x,1)*> + F(1 —u(x,t)),

Iv(x,t)

) 4.0.3)
5 = DyAv(x,1) + u(x,t)v(x,t)> — (F +k)v(x,t),

with x € (—1,1)%, ¢ € (0,T] and with some initial conditions u(x,0) = uini, v(x,0) = Viny
constants F',k,D,,D, > 0 considered in Section 5.2.6 takes the form in (4.0.2) by making
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the constants £,k > 0 random variables F(®), k(®):

W :DMAM()C,I,CO) —u(x,t,w)v(x,t,w)2+ﬁ(w)(l —M(X,Z,CO)),

—av(g’;’w) = D,Av(x,t, ) +u(x,t,0)v(x,t,0)> — (F(0)+k(0))v(x,t, ®).

The method used in this work to deal with the random PDE:s is the polynomial chaos method,
which makes use of the polynomial chaos expansion (PCE). We give an introduction to
non-intrusive and intrusive PCE (niPCE and iPCE) and give an overview of the literature on
how PCE has been used for quantifying uncertainties in random PDEs like (4.0.2). Apart
from the random Gray-Scott model (4.0.3) with periodic boundary conditions, we will mostly
deal with random differential equations of the form

du(x,t,m)

5 = DAu(x,t,0) +F(0,u(x,t,m)), u(x,0,0) = ttinit(x), (4.0.4)

where x € (—1,1)%,d € {1,2},¢ € (0,T] for some T > 0, D = 0 (so that (4.0.4) is an ODE)
or D =1 (so that (4.0.4) is a PDE) and F(o,u(x,t,0)) = K(®)u*(x,t,®) where K is a
uniformly distributed constant and k¥ = 1 (Sections 5.2.1 and 5.2.4), ¥k = 2 (Section 5.2.2)
or kK = 3 (Section 5.2.3). We assume periodic boundary conditions for every differential

equation considered in Chapters 4 and 5.

4.1 The polynomial chaos expansion

The term chaos in polynomial chaos was first used by Norbert Wiener in 1938 to denote a
kind of random process. The general definition given in [101, §2] is that a chaos is a real- or
vector-valued function F(S; o), where S is taken from a sufficiently rich class of subsets of
R”, and o € [0, 1] is a representative point of an underlying probability space (see also [77,
p- 480]). The modern term chaos in the context of chaos theory, which has nothing to do
with polynomial chaos, came into use only in 1977 in a paper by mathematicians Tien-Yien
Li and James A. Yorke [71]. From that point onwards it became associated with the high
sensitivity of certain nonlinear dynamical systems to changes in their initial condition.

Wiener’s original work described a stochastic process, i.e. a collection of random variables
depending on a certain kind of random input. The PCE for a general second-order random
process u(®) for a Gaussian random vector € (@) = (£1(0),& (), .., &, (®)) of possibly
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infinite dimension 7 is given by (see [102, (3.1)])

u=apHy+ Z allHl 611 + Z Z aij,, 12H2 6117612) (4.1.1)

i1=1 i1=lip=1

+ Z Z Z @iy i,isH3(Giy s iy, Gi) + 4.1.2)

i1= 112 1i3=1

In—1

+ Z Z Z aiyi,..., z,, 51175127 éin)“f’--w (4.1.3)

i1=1i=1 ip=1

where the a;,, a;, j,, - .., ai,...;, are real coefficients and the H,(&;,...,&;,) are n-dimensional

Hermite polynomials. We pr0V1de more details on these polynomials below.

In the early 1990s, Roger Georges Ghanem and Pol Dimitrios Spanos used the PCE as an
alternative to Monte Carlo simulations and Karhunen-Logve expansions [44, 45], from where
research on PCE in numerical mathematics rapidly gained momentum.

While the original PCE is a spectral expansion of Gaussian random variables or random
fields in terms of Hermite polynomials, expansions for other probability distributions are
also possible. Dongbin Xiu and George Em Karniadakis showed in 2002 that this is the
case for a class of probability distributions associated with families of orthogonal polyno-
mials belonging to the Askey scheme of polynomials [6, 102]. Examples for continuous
distributions and their respective polynomials are the normal distributions with Hermite
polynomials, the uniform distribution with Legendre polynomials, the Gamma distribution
with Jacobi polynomials and the Beta distribution with Laguerre polynomials. An overview
of the different polynomial families and their corresponding distributions is given in Table
4.1.1. Each family {P,({) }nen,, € € S C R of orthogonal polynomials can be obtained by
applying Gram-Schmidt orthogonalization to the set of monomials {{"},cn, With respect to

the inner product

(f.8h = [ £©(Ow(E) L. @14)
on the probability space L?(S, 1,,), where w(x) is a weight function which is supported on

a subset S C R and ] is the o-algebra generated by a random variable & with the given

probability distribution (Gaussian, uniform, etc.). As a result, the orthogonality property

/P W(C) dE = K28, myne N,
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‘ Distribution & ‘ Polynomial P, ‘ Weight function w({) ‘ Support S ‘

Gaussian Hermite H, e ¢’ (—o0,00)

Uniform Legendre L, % [—1,1]

Gamma Jacobi Ji*P) (1-8)*(1+¢)P [—1,1]
Beta Laguerre La\¥ e 5L [0,0)

Table 4.1.1: Continuous probability distributions associated with families of orthogonal
polynomials, table from [102, Table 4.1], with o > —1, § > —1. Note that Legendre and
Jacobi polynomials can be linearly rescaled so that they are supported on an arbitrary closed
interval [a,b] C R (see also Section 4.1.1).

holds, where the A, are nonzero constants. Also, {P,({)}en, is a complete orthogonal
system in L% (S, u,,), which is a generalization of the Cameron-Martin theorem [17, Theorem

1]. Each family of orthogonal polynomials satisfies a recurrence relation

Pn+l(§) = (AnC +Bn)Pn71(C) _CnPan(C)a n>1, 4.1.5)

which, together with P_1({) := 0 and Py({) = 1 uniquely determines all polynomials P,({),
n > 1. Furthermore, {P,({)},cN, satisfies the generalized Rodriguez formula

1w
w(¢)dgr

where s({) is a polynomial of at most second degree which, together with a polynomial (&)

Pn(g) =

w(&)s"(L)], (4.1.6)

of at most first degree, satisfies the differential equation

SQ 4O+ Ay =0 A=Ay=n? — Ln(n— 1)

For d € N, we define the multiindex set
Iy = {n: (ny,na,...), np,np,--->0, |n|:= Z”i :d}.
i=1

For a dimension §¢ C R¢ and the d-fold product u? := u,, ® - - - ® W,,, the multidimensional
base for L?(5%, u) is, for x = (x1,...,x4) € 8¢, given by

{P }neﬂd {HPn, Xi } . “4.1.7)
ntd
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Distribution & ‘ Gaussian ‘ Uniform ‘

Polynomial P, Hermite Legendre
Weight function w(x) e 1
Support § R [—1,1]
Recurrence coefficients A,, B, C, | 2,0,2(n+1) 2:1'112, 0, njlrl
Rodriguez formula polynomial s(x) (=) (xz,,;nl,

Table 4.1.2: Weight function, support, recurrence coefficients occurring in (4.1.5) and
the term occuring in the Rodriguez formula (4.1.6) for different families of orthogonal
polynomials

Note that the space (¢, ,ufi) is a probability space whose o-algebra is generated by d 1.1.d.
random variables that have the given probability distribution £ (normal, uniform, etc.). A
random process u(®) can be understood as an element of a space L?(Q, .o/, 1,,) where
(Q, o7, 1) is a probability space whose G-algebra .o/ is generated by a countable number of
i.i.d. random variables {&;};cn, with density w. It is also a result of Cameron and Martin
(see e.g. [75, Theorem 5.1.12]) that

(o)

L(Q,o, 1) = QR)L* (S, ul). (4.1.8)
i=0

Let E(@) .= (&1,...,&4). Combining (4.1.7) and (4.1.8), we obtain that as in the PCE (4.1.1),
the gPCE for a general random process u(®) for a multidimensional random input & (@) =
(&1 (), & (m),...,E(w)) of possibly infinite dimension # is

wE) =aok+ ¥ anPVEN)+ Y anPRED)+ ¥ anPYED)+... 4.1.9)

nleﬂl anﬂz n3€f3
n n i
=aoh + Z ailpl(éil)—i_ Z Z ail,i2P2(§i17§i2) (4110)

=1 i=1iy—1
n i in
+ Z Z Z ai17i27i3p3(§i1a§i27§i3)+"' (4.1.11)

i1=lir=1i3=1

For convenience of notation, we will later use a series expansion in which the multi-indices
in (4.1.9) are replaced by a term-based index, with a one-to-one correspondence between ay,
and u; and between P,Ef) (E()) and P;(&), so that

u(€) = g)uij(é). (4.1.12)
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In this thesis, we will be mostly concerned with cases where the random input is one-

dimensional, i.e. & = &£, and the gPCE simplifies to

u(§) = iuij(i)- (4.1.13)
j=0

4.1.1 Using shifted Legendre polynomials

In this section, we provide a few details on how Legendre polynomials can be used for
a general uniformly distributed random variable & ~ % [a, D] for a < b, a,b € R and how
to adjust the inner product (4.1.4) accordingly, as we will later in this work use Legendre
polynomials supported on different intervals [a,b] C R.

We denote the canonical Legendre polynomials as L,, n € Ny. Define the affine transformation

(ab) . _ (ab)(py _ 2 a+b
00 a,b] > [-1,1], 99(§) = =+ 2 (4.1.14)
(O S0 Tl (090 O =230 [P )

Using the canonical Legendre polynomials

L&) = %ﬁ(‘”k@) () men,

defined on [—1, 1], we define the Legendre polynomials L") defined on the interval [a,D]

by Ly (£) == Lo(¢®P)(&)). The polynomials {L,(f’b) }nen then form an orthogonal basis
of L?(Q,[a,b], 1) of square-integrable random variables X : (Q, <, 1) — [a,b] where u is
the uniform measure with p([a,b]) = 1.

It is known that there is the orthogonality relation

1 2
[ L) dE = == 61 (4.1.16)

between the canonical Legendre polynomials. We are using the inner product (with the
density function %1[_1,1} for a random variable & ~ % [—1,1] in L*(Q,[—1,1], )

(1n(&). ) =Bl (@)] = 3 [ @ta(@) g, @11
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In order to obtain an orthonormal basis, we can use the normalized canonical Legendre

polynomials defined as (using (4.1.16))

) n+1
Bn=1/ ”2+ L., neN.

We then apply the affine transformations (4.1.14) to create normalized Legendre polynomials
7 (a:b)
L:

1

defined on the interval [a, b]. The polynomials defined on [a,b] will still be normalized
because

since (¢(@)) = bi and using (4.1.16). We will henceforth always denote the normalized

—a’
Legendre polynomials by L, and L,(Za’b).

We will have to compute integrals of the form

/ "L (L (0)-5() dL (4.1.18)

later, but it will be easier to stick with the canonical Legendre polynomials since we have an
addition theorem for them (see (5.1.2)). Therefore, we will express (4.1.18) in terms of an
integral involving L, and L,,. Let g({) = Flall[%b] (&) - £ be the density function multiplied

with { which is needed in the integral. It is

"L )10(0)-5(0) o @.1.19)
= [ LI a0 (0))-8(0) 4 (4.1.20)
-/ T():(:) L)L (©)-8((9“?) ()22 dg @“.121)
= [ @@ ¢ (50~ (552 -0) )] 250 e @122

= (55%) [ e (P50 (257 -0) ) o @129
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— (b;a> /lan(g)Lm(C).bia.(b;"g_ (b;a_b» d¢ (4.1.24)
—5 [ b0 (50 (P57 0) ) ¢ (@129

where in the second step integration by substitution and the fact that (¢(®?) (&))" = ﬁ was

used (the inverse of this term appears in the next integral) and in the next to last step (4.1.29)

b) . . .
,(f’ ) in terms of one involving

was used. We have thus expressed the integral involving L
canonical L,,.

We note additionally that if we use a uniform distribution on [a,b], we have the density
g(8) = ﬁﬂ[a’b}(é‘) and we have

b;aC—<b;a—b> € [a,0] (4.1.26)
@bgac . [_bga’b;a} w1
<& €[-1,1], (4.1.28)
so that
Lo 0 (b;aé— (b;a—b» —1_1(£). (4.1.29)

4.2 Numerical treatment of PDEs with uncertainties using
PCE

In the following, we recall the two main methods of using the PCE (4.1.9). For the rest of
the thesis, we will assume that all orthogonal polynomials in the family {P, },cn are normed,
i.e. (B,,P,) =1, n € Ng. We will also occasionally use the shorthand (P,) := (P,,P,).

4.2.1 Non-intrusive PCE

An overview of niPCE approaches can be found in [35]. In niPCE, one treats the simulation
of the solution of a PDE as a black box and the computation of properties of the random
solution process is based on sampling the random input in a certain way. Concretely, the
computation of moments of the solution like the mean or variance involves the computation
of inner products, i.e. the numerical approximation of integrals, which can be done using

different sampling methods. To this end, we will consider the classical Monte Carlo (MC)
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method, a quasi Monte Carlo method (QMC) and Gaussian quadrature.
We use the expansion (4.1.13) and truncate it to N 4 1 terms:

N
(&)~ Y uiPi(&).
j=0

The PCE coefficients u; can be retrieved by performing a spectral projection: Using the

inner product

(Fi(G): Bj(8))w = /SPi(C)Pj(C)W(C) df =E[R(c)P;(8)] (4.2.1)

it follows

uj= <Ran>w:/SR(C)Pj(C)W(C)dC’ (4.2.2)

where w is the weight function corresponding to the underlying probability distribution of
the gPCE (see Section 4.1). The idea of niPCE is to compute the coefficient functions u; in

(4.2.2) as numerical integrals
b q
wen) = [ uer EPEWE) = Y wulkt EPE W, (23)
a jZl

(with (PIZ) = 1, see above) where the integral in (4.2.3) is a Banach space-valued integral
(for example a Bochner integral, see [36, Appendix C]) and the points &; and weights w,
Jj=1,...,q are chosen according to the used method. In this work, we use three different
methods: A naive Monte Carlo (MC) method (see Section 4.2.1.1), a quasi-Monte Carlo
(QMC) method (see Section 4.2.1.2) and Gaussian quadrature (see Section 4.2.1.3). An
illustration of these three methods with the different quadrature points x; and weights w; is
shown in Figure 4.2.1.

We will mainly be interested in computing the expected value E[u(x,7, )] and the variance
Var|u(x,1,&)] of the solution. It is

[e5)

Elu(x,r,)] = uo(x,r),  Varfu(x,t,&)] = ; i (x, 1) (4.2.4)

due to E[Py(&)] =1, E[P(&)] =0fori > 0 (P is equal to one, so E[P(E)] =E[Py(§)P(E)] =
0 for i > 0 due to orthogonality with the inner product (4.2.1)). The variance formula follows
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due to

. 2
Var[u(x,t,&)] =E <;)Mipi(§)> -

N 2
E (;}wﬂ(é))]

_u(z)

=K

I ngki

i=0

Y wiP(E)P;(E)
Jj=0

—E|Y @R | —id =Y luix)P.
[i=0 i=1

We also note that the periodic boundary conditions for u are transferred directly to the PCE
base functions: Inserting the periodic boundary condition u(—1,¢) = u(1,t),t € [0,T], into
(4.1.12) and then multiplying with P;(§) and taking E[-] yields

iui(—l,t)Pi(é)ziui(l,t)Pi(é) = u;j(—1,t) =uj(l,1), j€Ng, 1€[0,T] (4.2.5)
i=0 i=0

due to the orthonormality of {P;};cn,. In higher spatial dimensions, the above argument can
easily be replicated by applying (4.2.5) to any pair of points x1, x on the boundary for which
u(xy,t) = u(xy,t) holds.

4.2.1.1 The classical Monte Carlo method

A classical way to compute the integral (4.2.2) is the Monte Carlo method: The random
vector € is sampled independently Myic times according to its probability distribution,
yielding random realizations (&1, ..., & p,,.). The central limit theorem guarantees that this
approximation is convergent with an error of & (M{,IIC/ 2) independent of the dimension of
the random vector &. While P; and w are easily evaluated at &;, the computation of R(&;) is
more expensive, since an ODE or PDE might have to be solved. Therefore, it is beneficial to

use methods which obtain a good accuracy with as few samples &; as possible.

4.2.1.2 The quasi-Monte Carlo method

One drawback of classical MC is that the randomly sampled points can cluster in certain
areas, while leaving gaps in other areas, so that the parameter space is unevenly covered, as
can be seen on the left-hand side in Figure 4.2.1. Quasi-Monte Carlo methods use so-called
low-discrepancy sequences, which aim to cover the space more evenly. Examples for such
sequences are Sobol sequences [91] (see the second plot in Figure 4.2.1) or Halton sequences
[51].

70



Given a sequence xi,...,xy of M points in the s-dimensional unit cube I*, the Koksma-
Hlawka inequality [53, Satz 1] states that

<V(f)Dy;

1 M
,sf(x) dx_]\_?li;f(xi)

where V(f) is the variation of f in the sense of Hardy and Krause (see e.g. [81, p. 967]).

With the counting function A(E; M) := Y™, 1£(x;) and the s-dimensional Lebesgue measure
|E| of asetE,
A(E: M)
Dy, = sup ‘ o E||, o :={[0,1;) x---x[0,¢5)|t1,...,t,€(0,1)}
Ecd
is the discrepancy of the set {xy,...,x;;} C I°. It has been shown [50] that for any dimension

s > 1, there exists an infinite sequence of points in /* such that (even for Dyy; it is Dy, < Dyy)
Djy = O0(M~(logM)’),

which can be shown to hold for Sobol sequences and Halton sequences [81, p. 980]. A
drawback compared to classical MC is that sampling the low-discrepancy sequences can

become infeasible if the dimension d of € is very high.

4.2.1.3 Gaussian quadrature

As opposed to the MC and QMC methods shown above, numerical integration with Gaussian
quadrature is done by taking a weighted sum of function values at specified points, rather
than an average where every function value has the same weight. Gauss quadrature aims to

approximate integrals of the form

q
/S Flw(a) s Ymif ),

where S C R is the support of f and the weight function w, w; are called the weights and x; are
called the quadrature nodes or abscissas fori =1,...,q, ¢ € N. The weights and nodes depend
on the choice of the weight function, which can be chosen as a weight function associated
with a family of orthogonal polynomials {P, },cn, (see Section 4.1). The quadrature nodes

X1,...,X, are then the roots of the polynomial P, and the weights are given by the formula

W — dap <Pn717Pn71>w
' an—1 Py/l(xi)Pn—l(xi),
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where qa; is the coefficient of x' in P,. For later numerical computations, we will use an
efficient and numerically stable way to obtain the Gauss quadrature abscissas and weights
called the Golub-Welsch algorithm, devised by Gene H. Welsch and John H. Golub [46]
and explained in [85, p. 188]. Gaussian quadrature rules are known to exhibit spectral
convergence, meaning that the error of a Gauss quadrature rule on / C R using g € N
quadrature points for a function f € €”(I), r € N, behaves as 0 (q™").
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Figure 4.2.1: Three plots showing 100 points sampled in the unit square according to classical
Monte Carlo (left), quasi-Monte Carlo with a Sobol sequence (middle) and Gauss-Legendre
quadrature with different weights (right).

4.2.2 Intrusive PCE

In Section 4.2.1, we explained that in niPCE methods, obtaining samples of the random
quantity of interest R — for example by solving a PDE — is treated as a black box and the PCE
is applied afterwards. Therefore, the main effort lies in sampling R in a ‘good’ way.
Suppose that we aim to solve a given ODE or PDE

&u([’+j’:(w)) = Au(t,x,§(0)) +F(§(w))(u(t,x,§(w))),

depending on a random quantity &. In iPCE methods, the gPCE (4.1.12) with time- and
space-dependent coefficients u; (x,1), j > 0, is inserted into (4.0.2) right away, so that we
obtain

3 S (€)= X ue) Py (€)+F (@)

iouj(x,t)Pj(é)] .

At this point a Galerkin projection for each 11 € Ny is performed which involves multiplying
by P, (&) and taking the expected value E,, in the underlying probability space L2(Q, .7, 11,,)
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equipped with (f, g),, = E,,[fg] := [ f(x)g(x)w(x) dx. We obtain

E i@“j(xaf)Pj(é)Pn(g)

- Z’Auj(x,t)Pj(g)Pn (€)| +

[groms]]

We still assume that the polynomials are normed, i.e. (P, P,)y = Opmn, m,n € Ny, so it
follows that

d
Eun( t) =Auy(x,t)+E |F

Zu,xt ]Pn(é)], n=0,1,2,... (4.2.6)

Now, the series in the system of equations (4.2.6) is truncated to N + 1 terms and only the

equations for 1 =0,...,N are considered, so we obtain
J A E P, =0,1,2
5,1 n(x,1) = Aup (x,1) + Zu]xt w(E)|, n=0,1,2,....N.

4.2.7)

The system of equations is then discretized, and a potential solver for a PDE system can be
used after it is modified appropriately to deal with the PCE system (4.2.7). The appearance
and further development heavily depends on the chosen discretization in space and time, and
on the nonlinear function F.

As this requires the modification of existing solvers, the implementation of iPCE is more
complicated and also potentially limited as it might interfere with certain characteristics of
the deterministic system which are exploited in solvers (we will discuss one such case in
Remark 5.1.1 where a random diffusion coefficient cannot be handled easily by a spectral
iPCE method).

4.3 Numerical schemes for deterministic equations

We will now recall the deterministic numerical schemes for solving the deterministic initial

value problem

WEt) — DAu(x, )+ F(u(x, 1)),

u(x,0) = tipir(x)

(4.3.1)
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withx € (—1, l)d, t€(0,T], T >0, D >0, a potentially nonlinear function F and periodic
boundary conditions. These schemes can be used directly for niPCE (see Section 4.2.1)
or modified to be used in iPCE (see Section 5.1). We start with the well-known explicit
Euler scheme in Section 4.3.1, for example as introduced in [55, pp. 240], secondly recall
the ETD-RDP and ETD-RDP-IF schemes in Section 4.3.2 presented in [5], and finally the
ETDRK4 scheme presented in [62]. We will, for the rest of the thesis, denote by k& the step
size in time and by /4 the step size of the spatial grid.

4.3.1 Explicit Euler scheme

The explicit Euler scheme or forward Euler method is one of the oldest numerical procedures
for solving initial value problems. For the explicit Euler scheme and the ETD-RDP-IF scheme
covered in Section 4.3.2, we will use a second-order central finite difference discretization in
space. We denote by p the spatial resolution in each dimension, so that in one dimension we
have the discretized function u(t) = (u(xo,t),u(x1,t),...,u(xy,t)) " where x; = —1+2i/p,
i=0,...,p,t €[0,T]. At one given point t, in time, the second-order central finite difference

approximation is given by

1

k2 [u(-xi—l ;tn) - Zu(xiatn) + u(-xi—H 7tn)] .

U’ (xi ) =

Applied to the discretized function u, the second-order finite difference approximation of the

Laplacian with periodic boundary conditions is given by the matrix

-2 1 1

Ap =13 € RPXP,

Also, the second-order central finite difference discretization of the two-dimensional Lapla-
cian with periodic boundary conditions is given by A = A +A; with Ay := Iy, ®A, and
Ay :=A,®1Iy+1 (see, forexample, [5, p. 3]). Denoting u" = (u(x0, ), u(x1,t),s- - -, u(Xps1n)) |
forn=0,...,M, t, = n-k, the explicit Euler scheme for solving (4.0.4) relies on taking the

Taylor expansion

ouw' 1 ,0%u"
e

n+l _ 7. 3
W=k stk oy + 0K
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and after truncating the expansion after the linear term and substituting % = DAu" + F (u")
from (4.3.1), we obtain the explicit Euler scheme (for the 2D case, A, must be replaced with
A)

Algorithm 4.1: Deterministic finite differences explicit Euler scheme

W =u' k(DA +FW"), n=0,....M—1.

e

4.3.2 ETD and ETD-RDP-IF

The ETD-RDP-IF scheme presented in [5] is a second-order exponential time-differencing
(ETD) scheme which makes use of the approximation of the matrix exponentials by rational
functions having real distinct poles (RDP). Additionally, if the spatial dimension is greater
than one, the scheme uses dimensional splitting with an integrating factor (IF) approach,
making it the ETD-RDP-IF scheme.

Applying the finite difference discretization to (4.3.1), using the matrix A from above, or
using A = A, in one spatial dimension, yields the system

du

3 +Au=F(u), u® = uy,. 4.3.2)

In the multidimensional case, an integrating factor approach is used to solve (4.3.2). Consid-
ering the two-dimensional case and A = A + A, (using notation from above), we introduce

the time-dependent function v(¢) = e*1'u and note for the time derivative v, that

v, = ey, + Aeu. (4.3.3)

Using the fact that A and A; commute (see [5, Lemma 1]) and therefore A and eAi

inserting (4.3.3) into (4.3.2) yields

commute,

v =M (Flu—Au)+Aeu=e fu)—eMAu+Aeu
=M F(u) — Ae*u+A1eu = M F (u) — Ay 'u

=M F(e™1y) — Ayv.
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We obtain
vi+Aw=G(V), vy=up; (4.3.4)

with G(v) = eM'F (e A1),

For the time discretization, we consider an exponential integrator or exponential time differ-
encing (ETD) scheme. An overview is given in [54]. They rely on using representations of
the exact solutions of initial value problems by a variation-of-constants formula (similar to
the expressions (2.2.6), (2.2.8) and (2.3.2) from Chapter 2) and subsequently approximating
the integral and the matrix exponentials appearing in the formula. For the semilinear problem

(4.3.4), the variation-of-constants formula (also called Duhamel’s principle) is given by
n
v(t,) = e "2p(r) + / e 2 G(v(s)) ds (4.3.5)
0

or, restricting the formula to a single time step,

In+1

V(tps1) = e M2p(r,) + e 21 =) G(v(s)) ds. (4.3.6)

tn
After a change of variables with s = kt, T € [0, 1], we obtain
1
V(tns1) = e M2p(t,) +k / e M- G(v(t, + k7)) dT. (4.3.7)
0

This formula is exact, and different ETD schemes stem from different approximations of the
integral and the matrix exponential. We note that the following integral identities hold for a

invertible, non-singlar matrix A [4, Lemma 2.1.1]:

1
k/ e KA0-7) gr — A~1(] e k), (4.3.8)
0
1
k/ e MA0-T) g 47 — kTA 2 (KA — [ ¢ "), (4.3.9)
0

Two examples of simple ETD schemes are ETD1 and ETD2: They involve simply ap-
proximating G in (4.3.7) by a constant, i.e. G(v(t, + k7)) = G(v(t,)), or linearly, i.e.
Gv(ty + k1)) = G(v(ty)) + T(G(v(tyt1)) — G(v(t,))). After applying (4.3.8) for the con-
stant approximation and (4.3.9) for the linear approximation, this yields the ETD1 and ETD2
schemes

Vi = e Moy L AT (T — e )GV (4.3.10)
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vn+1 — ekazvn +A£l(l—eikA2>G(Vn) —|—k’1A2’2(kA2 _I_Fekaz)(G(vrﬁl) i G(v")).
4.3.11)

The fully implicit ETD2 scheme (4.3.11) is then made explicit by using the ETD1 approxi-

mation (4.3.10) for v**!, which we denote by v*!, so that we obtain

Vit = e vt A N1 — e RGO + kA (kA — T+ R) (G - G(v)),
(4.3.12)
Vit = e Moy L A1 —e M) G (). (4.3.13)

The next step is the approximation of the matrix exponentials. The second-order rational
approximation with simple real distinct poles (RDP) originally proposed in [96] is given by

Sk k k]!
e kA2 RRDP(kAz) = (I— EAZ) |:(] — §A2) (1+ ZA2>:| (4.3.14)

and is used in (4.3.12). In (4.3.13), the Padé-(0,1) first order approximation is given by
e M2~ Ro1 (kAs) == (I +kAy) L. (4.3.15)

The scheme with the inserted approximations is now given by

Vn—H = RrpP (kAz)Vn +A2_1 (I - RRDP(kAZ))G(vn) (4.3.16)
+k'AS 2 (kAy — I + Rrpp(kA2)) (GO — G(vY)), (4.3.17)
VI = Rop (kA V" + A5 (T — Roy (kA2) ) G(V"). (4.3.18)

After rearranging and rewriting terms (for the sake of brevity, we refer to [5, pp. 6]), this

scheme called the ETD-RDP scheme can be rewritten as

k -1
g (I+—A2) [OV" + kG (V") + kG )]

3
ko 3k k 4.3.19
(154 s o + Ko (43.19)
4 2 2
VI (14 k) (0 4 KGO,
The last step are the substitutions v = ey, y' 1 = eAinkedikyitl G(yn) = eAVKE (y),

Gy = eA1keAIkE (), Applying these on both sides and cancelling the matrix exponen-
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tials yields

o\ !
't = (H— —A2> le 1 {9u" + 2kF (u")} +kF (u"+1)]
k - —A1k n 3k n k n+1
Wt = (14+kAy) te M5 + kF (u")).

Making use of the identity (see [5, p. 6])

5 k! ko\ 7! Ko\ 7! ko\ 7!
(- 20) (-50) " (50) =0 (k) (k)

and approximating e “41¥ with the RDP approximation (4.3.14) in the first term and with the
Padé approximation (4.3.15) in the second term, the ETD-RDP-IF scheme is given by

k —1
u'tt = (1+§A2) [e 15 (ou" 4 2kF (u")} + kF (u1)]

ko ! 3k k 4.3.20
_<I+ZA1) [ A‘k{Su + o F (u )}+2F( "“)} (4.3.20)
W't = (I+kAy)te ™Mk + kF (u")).

We conclude this section by repeating the ETD-RDP scheme (4.3.19) for one spatial dimen-
sion in Algorithm 4.2 and the ETD-RDP-IF scheme (4.3.20) for two spatial dimensions in
Algorithm 4.3.

Algorithm 4.2: Deterministic finite differences ETD-RDP scheme

k —1
u'th = (’p+§DAP> (9" + 2KF (") + kF (u 1) (4321)
k ! k
- (1,,+ZDA,,) [Su + 2 p ey + Erae)| (43.22)
un—H ( + kDA ) ( "_|_kF(u”))’ n=0,....M—1, (4.3.23)

where I, denotes the p x p identity matrix.
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Algorithm 4.3: Deterministic finite differences ETD-RDP-IF scheme

-1 —1 -1
Wt = (1 —|—EDA 9(1 EDA —8(1I EDA
= |1+ 304 p T3 PA p2+4 1

- {9u" +2kF (")} + kF (u)]

k - k - k -1
- <Ip2 + ZDAZ) 9 (Ipz + §DA]) -8 <Ip2 + ZDAl)

. {8u”+ 32—"F<u">} +§F<uz:“>} :

Wt = (Lo +kDA )" (1o +kDA) " (W +kF (")), n=0,....M—1,

where Ay :=1,®A,, Ay :=A,Q1,.

4.3.3 ETDRK4

The ETDRK4 scheme has been shown in [62] to be a powerful method for solving reaction-
diffusion equations which is superior to standard finite difference schemes. Before going
into details on the spatial discretization, we give a few details on the ETDRK4 time stepping
scheme.
Before we apply the time-stepping scheme to the initial value problem (4.3.1), we proceed as
in [25] and first develop the scheme in the scalar case and consider the ordinary differential
equation
du

5 =cu+F(u,t)

where c is a constant and F' is a (potentially nonlinear) function. The starting point is, as in
the previous section for the ETD-RDP scheme, the variation of constants formula (4.3.5)
which we restate here for the n + 1-st time step for u:

k
u(tny1) = eFu(t,) + / e~ DF (1, + 1) dr. (4.3.24)
0

As in Section 4.3.2, the time stepping is derived from approximations applied to (4.3.24).
The ETD1 scheme mentioned in the previous section with the approximation F = F (u,) +
O (k) is given by

Ung1 = €%y + ¢V (uy) (eF = 1). (4.3.25)
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In [25], a set of ETD schemes called ETDRK schemes based on Runge-Kutta time stepping
are derived. They rely on the approximation of F(u(t)) at different interpolating points in
time, for which the above schemes such as ETD1 are used. For example, u,, | is approximated
by the ETDI1 expression (4.3.25)

ay = e + ¢ VF (uy) (e — 1) (4.3.26)
and on the interval 1, <t <t, 1, the linear approximation
F=F(u,)+ (t —t,)(F(an) — F(u,))/k+ ﬁ(hz)

is applied and substituted into (4.3.24). After using (4.3.9) we obtain the ETDRK?2 scheme
given by

Uit = an+k 2 (F(ay) — Fy) (e — 1 —ck).

While a direct extension in the same way for a fourth order RK method yields only a third
order scheme, Cox and Matthews show that after some modifications and verification using a
computer algebra system, the fourth-order RK scheme (ETDRK4) is given by Algorithm 4.4.
We now consider again the partial differential equation (4.3.1). In order to apply the ETDRK4
scheme in Algorithm 4.4, the equation first needs to be discretized in space. To this end,
we use a spectral approach, making use of the discrete Fourier transform (DFT) which can
be implemented using the well-known fast Fourier transform (FFT). Using the shorthand
u(x,) =:u,,n=20,...,p, the DFT and inverse DFT formulae are given by

Pl o P P Iy
uj=Yy e iy, j==H g = Y e, n=0,...p-1.
n=0 pj:*l’/2+1

We will later also denote & =: .7 (u), especially when emphasizing that a transformation from
physical space to Fourier space is performed, rather than a mere manipulation of terms in
Fourier space. The derivatives on the spatial grid can now be approximated conveniently by
noting that differentiation #’ = ('(x))n—o0,...p in the physical space corresponds to a simple
multiplication in Fourier space: w = (ija;) j=—L41,..2 In particular, the Laplace operator
in Fourier space ends up being diagonal: Au=L-iifora diagonal matrix L with L;; = — 72,
j= —g +1,..., %. For the ETDRK4 scheme, the DFT is applied to the discretized function u,
the time stepping using the fourth-order Runge-Kutta method is carried out in Fourier space
and after the last time step the solution is transformed back to physical space. One subtlety
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to note is that in each time step, for each evaluation using the nonlinear function F, the
argument & needs to be transformed to physical space, then F is evaluated, and F(.% ! (u"))
is transformed back into Fourier space (see the scheme below). Taking this into account, we
introduce the shorthand £ (u") := .% (F(.%# ' (u"))). The ETDRK4 scheme Algorithm 4.4
then becomes the discretized spectral ETDRK4 scheme and it is given by Algorithm 4.5.

A problem with this scheme is that it can lead to numerical instabilities resulting from
cancellation errors in the expressions of a,, b, and ¢, (see Algorithm 4.5, [63, p. 6]). Instead
of evaluating the critical expressions directly, Cauchy’s integral formula

F(L) = 2%1 /r £, — L) dt 4.331)

is used, where I' is a contour which encloses the eigenvalues of L. The trapezoidal rule
is suitable to evaluate this integral, since it converges exponentially for complex contour
integrals [29]. In our case, L is diagonal and the contours for (4.3.31) to evaluate a,, b, and
¢, may simply be chosen elementwise, so that for each diagonal element L;; of L,i=1,...,p,

we pick one circle around L;;. The approximated integral (4.3.31) then simplifies to

1 R
= 2 f(Li+ri), (4.3.32)
Ri=

where rq,...,rg are the complex roots of unity of order R sitting on the unit circle shifted by

Li;.
Furthermore, in order to avoid errors caused by aliasing in Fourier space, anti-aliasing is

needed in the program code. We refer to [62, p. 11] on how to do this properly.
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Algorithm 4.4: Deterministic ETDRK4 time stepping scheme

g1 = Uune™ k2T ()[4 — ke + % (4 = 3ck + k%)
+2(F (an) +F (bn))[2+ ck + e (—2 4 ck)]
+F(cn)[—4—3ck—h*c® +e (4 —ck)]},

ay = efck/Zun_’_cfl (efck/Z B 1> :
by =e % uy 47! (e_d‘/2 — 1> F(ay)

e = e K2, 41 (g2 _ 1) (2F (by) — F(itn)).

Algorithm 4.5: Deterministic discretized Spectral ETDRK4 scheme

W =7 W), (4.3.27)
Wl = et 4 23 [—4 1, — Lh+eM (41, — 3Lh+ (Lh)?))F (w?)
+2[2- 1, + Lh 4 e (=2 -1, + Lh)|(F (an) + F (by)
+[~4—3Lh— (Lh)* +e""(4 -1, — Lh)|F (c,)},

an = e 4 L7 (M2 ) E (), (4.3.28)
by =2 4 L7 (M2 1) F (ay), (4.3.29)
en=e"2a, + L7V (2 — 1) (2F (by) — F@"), n=0,...,M—1, (4.3.30)

WM = 7 (M),
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Chapter 5

Solving random differential equations
using polynomial chaos with exponential
time differencing

Throughout this work, we will be using p points in each spatial dimension, M time steps,
a time step size k = T /M, a spatial step size h = p~! and N + 1 PCE coefficients (with
the index ranging from O to N). For the random equations (4.0.4), we will assume that the
random input is uniformly distributed, so we will always use Legendre polynomials in the
gPCEs. The cases for other random distributions and the corresponding family of orthogonal

polynomials according to Table 4.1.1 work in an analogous fashion.

5.1 Intrusive PCE schemes

We have already given an introduction to intrusive PCE in Section 4.1. The aim is now
to develop the intrusive PCE numerical schemes needed to solve (4.2.7). To demonstrate
how iPCE schemes are developed, we will consider in this section the nonlinear function
F(w,u(x,t,0)) = K(®)u(x,t,®)* with a uniformly distributed constant K(®) = & (@) ~
U |a,b]. We stress here that we will henceforth use K and & interchangably, and the orthogo-
nal polynomials will be the Legendre polynomials supported on [a,b] C R. Among others,
this nonlinear function F will also be treated in Section 5.2. We describe the explicit Euler
scheme in 4.3.1, the ETD-RDP scheme in Section 5.1.2 and the ETDRK4 scheme in Section
5.1.3.

For both schemes, it is a necessary prerequisite to discuss the gPCE for the term > given the
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PCE of u. Given the gPCE (4.1.12), we have

3x,t,0) = <Zu x,1)P, )) : (iuj(x,t)Pj(é)> : (l;uk(x,t)Pk(é))

= Z Z Zu x,t)uj(x,)ug(x,1)Pi(E)Pi(E)Pe(§).

i=0j=0k=0

After a Galerkin projection (multiplying with P, for n € Ny and taking E[-]) and making an
approximation by truncating the series to N 4 1 terms each, plugging the gPCE into (4.2.7)
we obtain for n =0,...,N (see also [30, pp. 4])

2 (1) = Dy (x.0)+ E [KEY, gt )t (5,00 (5.0 ()P (E)PLLE )P ()
up(x,0) = ttinic(x), up(x,0)=0,n>0.

Extracting the deterministic coefficient functions, we have

9y (x,1) = DAuy (x,8) + X2, o i, 1) (x, ) (x, 1) B [KP ()P (E)Pe( &) Py (€)]
uo(x,0) = ttinie(x), un(x,0)=0,n>0.

and, using from now on the notation Kz, := E[KP,(§)P;(E)P(§)Py(§)], itis

%Mn ()C,t) = DAMT] ()C,t) +Z?’j?k:()Kijknui(xat)uj(xvt>uk(x7t)

uo(x,0) = tinit(x), un(x,0)=0, n > 0.

(5.1.1)

The tensor K will be computed as a pre-processing step and used throughout a simulation.

Remark 5.1.1 In our implementations, we use an equivalent way of computing the gPCE
of u: We make use of an addition theorem for Legendre polynomials [1] stating that for
o, € Nand a A B =min(a, ),

Py (x)Pg(x) <ZRﬁC 0, B,p)Poip_2p(x), where (5.1.2)
c ApAa—pAp—p 2a+2B—4p+1 [ (Q2a+1)(2B+1) (5.13)

“Br T A, 20428 -2p+1 \[2(a+B—2p)+ 1’ o
A= %, (@)r:=a-(a+1)---- (a+r—1), (a)p=1. (5.1.4)
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Using (5.1.2) to expand the gPCE of u? yields, after applying a Cauchy product twice (and
dropping x, t and ®),

- 1T 2
w?= | Y wp|- ZviPi] (5.1.5)

=0 | i

= | Yunr|- ZZv,v, iPiPi_j (5.1.6)
| /=0 1 L[=0,;=0
- : (i)

- Zulpl ’ ZZV]VI —J Z Cji—jpPi- 2p] (5.1.7)
| /=0 ] L[i=0,;=0

= | Luwh|- Zai (5.1.8)
=0 | Li=0
o ]

= Z Z Aty P (5.1.9)
1=0m=0
> I JAN(m—j)

= Z Zul mbl— mZVJVm J Z C]m jpPn—2p (5.1.10)
[=0m=0 J
o I m JA(m*J)

- Z Z Z Z ul—mVij—jij—j’pPl_um,Qp (5.1.11)
[=0m=0j=0 p=0
o [ m JAm—j) (I—m)A\(m—2p)

- Z Z Z Ur—mVjVm— Jclm J>p Z Cl—m7m—2p7npl—2p—2n (5.1.12)
1=0m=0,j=0 p=0 o
o | m jAm—j)(I—m)A(m—2p)

- Z Z Z Z Z ul*mvjvm*jcjym*j,pclfm,mpr,nPl—Zp72n- (5.1.13)
=0m=0 j= =0 n=0

N ¢ m jANm—j)({{—m)A(m—2p)

Yyy ¥ Y temttjm— jCim—jpCrmm-2pnl(n=t-2p-20) (5.1.14)

{=0m=0j=0 p=0 n=0

This amounts to a number N of summands shown in Table 5.1.1 for low N, of which N /(N +1)
are nonzero. For equations with a u® term, this has a severe impact on the runtime of iPCE
for large N (see Remark 5.1.2).

Remark 5.1.2 If the random input & is multivariate with dimension P € N, the underlying
base of orthogonal polynomial has, for up to degree N, N+ 1 := % elements [102,
Eq. (5.3)] (where N denotes the number of expansion terms corresponding to non-constant

polynomials). This means that the system (5.1.1) is N + 1-times bigger than the deterministic
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N[O 1 2 3 4 5 6 7 8
N|1 8 39 124 335 762 1589 3016 5418

Table 5.1.1: Number N of summands in (5.1.14) for low N

system. We pointed out in Remark 5.1.1 that especially equations involving a u" term for
n > 3 can start to pose problems due to the rapidly increasing number of necessary summands
in the gPCE. Figure 5.1.1 shows how the runtimes increase for iPCE depending on N for
the equations (5.2.1) investigated in Section 5.2. Especially the equation involving a u> term
shows a rapid increase in computational effort as N grows.

On the other hand, suppose that a one-dimensional quadrature formula (such as Gauss-
Legendre) has an error bound for f € €"(|—1,1]) for g € N quadrature nodes

Egfl=0(q7").

Then, it is known that in d dimensions, the full grid quadrature error |E;l f| and the error for
Smolyak sparse quadrature |ng| for f € H ([—1,1]) is given by

Eqfl=0(q "), |Ejfl=6(log(q) ' g™

(see e.g. [61, p. 39]). This means that in higher dimensions, provided that the integrand is
sufficiently smooth, the number of necessary function evaluations can be drastically reduced
by using a sparse grid, and the curse of dimensionality is much less severe than in the iPCE

case as outlined above.

We will henceforth use the following notation: For n =0,...,Nandn=0,...,M, itis

uy := (un(x0,tn), tn (X1,20), . ., Un (Xpsta))

Also, Aup = (Auy (x,-,tn))iT:OM , refers to Auy evaluated at the grid points. We also denote
by

e RWV+D-»* (5.1.15)

the vector of all stacked discretized PCE coefficient functions uj, .. ., uj, at time #,,.
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5.1.1 Explicit Euler
For a single function uy in the PCE, the explicit Euler scheme for solving (4.0.4) is given by
N
u;17+1 =uyp +k- | DAyuy, + ) Kjjau; Ouioup |, n=0,....M—1,
i,jk=0

where by ©® we denote a componentwise product. Combining all coefficient functions

uo,...,uy, we obtain Algorithm 5.1.

Algorithm 5.1: iPCE Explicit Euler scheme

U™ =U"+k-[(Iy;1®DA,)U" + F(U")], (5.1.16)
FU") = Z K;jinu; Ouj Oup , n=0,....M—1. (5.1.17)
i,Jk=0 n=0,...,.N

5.1.2 ETD-RDP and ETD-RDP-IF

Applying the scheme (4.3.21) to the PCE system (4.2.7) with a finite difference discretiza-
tion and making use of the fact that (Iy+1 ® (I, + %DAP)) o Iny1 @ (I, + %‘DA[,)_', the
resulting scheme is

Algorithm 5.2: iPCE ETD-RDP scheme

k
Ut = (IN+1 ® (I, + gDA,,)—1> [OU™ + 2kF (U™) + kF (U] (5.1.18)

k 3k k
~ (s DA ) B0+ SR @Y + P

U = (Ivp1 ® (I, +kDA,) ) U" +kF(U")], n=0,...M—1 (5.1.19)

where F(U") is given by the column vector (5.1.17).

We now discuss the application of ETD-RDP-IF in the case where the spatial dimension is
greater than one. For simplicity of the presentation, we restrict ourselves here to the case of
two spatial dimensions. In this case, the finite difference discretization of the Laplacian with
periodic boundary conditions is given by A=A+ Ay := (D-1,) A, +A,® (D-1,). We
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use the notation U" = (u, ...,uy) ' from above and denote
A:=In11®A, Apr=Inii QAL Ayi=Ip i ®Ar, Di=Iva @1 =1 vy,

so in particular it isA = A +A;. In order to solve the discretized PCE system

U
- HAU = FU), ud=uipy, (5.1.20)
with F as above, we apply a dimensional splitting technique. We introduce the new time-
dependent function V = eA1"U. The term Iy, ® eA!’ is called the integrating factor for PCE.
We will also use that A and A; commute (see [5, Lemma 1]), and therefore also A and eA!!
commute. For the dimensional splitting, we define V (¢) := eA1’U (). Carrying out the steps
as in [5, pp. 3] for the PCE case, the time derivative of V is
vV U
— =M AU
ot ot e
and inserting (5.1.20), we obtain

%—‘t’ =A(F(U)-AU)+A AU = A'F(U) — AU + AU

=AF(U) AU +A, U = AVF(U) — AU = A'F (e 41'V) — ALV,

so the system

(9_V +A2V = G(V), V8 = UWUinit

ot

with G(V) := eA1'F (e 1'V') must be solved. The next step is to apply the ETD-RDP scheme
givenin (5.1.19) to V. The derivation in the PCE case works analogously as described in [5, p.
5-7]. In addition to the ETD-RDP scheme (5.1.19), the unwinding of the integrating factor is
needed. With the substitutions V" = eA2mkyn, v+l = edankedokyntl G(vm) = eA2kF (U™)
and G(V"11) = eArkeakF (U1, (5.1.19) becomes the full ETD-RDP-IF scheme for iPCE
shown in Algorithm 5.3. Note that this scheme looks identical to the one presented in [5, Eq.
(19)], but we have a different notation for A, A, and the function F.
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Algorithm 5.3: iPCE ETD-RDP-IF scheme

-1 -1
fo(rtom) " s(rbon) )
- {OU" + 2kF (U™} + kF (U]

o T s ooy

{8U" + %F(U”)}qt %‘F(U:“)} ,

n+1 k -
vt =(I+ §DA2

2
U™ = (I4+kDAy) " (I+kDA,)" ' (U" +kF(U")), n=0,...,M—1.

5.1.3 ETDRK4

Forn =0,...,N, we denote u,, = .7 (uy) and for the stacked discretized PCE functions, we

write
uj) F (ug) 32*1(“3)
U" = ) Ur= ﬁcomp(Un) = R ycgrlnp(U") =
uy 7 (uy) T ufy)

and we stress the fact that the discrete Fourier transform is taken separately for each base
function. For the vector U” of stacked discretized PCE base functions, F (U") is understood
in the sense of (5.1.17). We also use the matrix L from Section 4.3.3 and denote L := Iy ® L.
This matrix is still diagonal and therefore very easy to invert. As before in (4.3.27), we
introduce the shorthand F(U) := Feomp(F (ﬁzcgllnp(ﬁ ))). The ETDRK4 scheme for the
intrusive PCE system is then given by Algorithm 5.4. In Section 4.3.3, we recalled a
contour integral method in order to avoid cancellation errors arising in the evaluation of the
expressions a,, b, and ¢, in equations (4.3.28) to (4.3.30). In this scheme, we apply this
technique to each base function, i.e. the mean (4.3.32) is computed separately for each PCE

base function. Likewise, anti-aliasing is applied to each base function.

Remark 5.1.3 In order to deal with random PDEs of the form

du(x,t,m)

= = D(0)Au(x,t,®) + F (u(x,1,)),
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Algorithm 5.4: iPCE ETDRK4 scheme

U0 = Zeomp(U),
lﬁ‘ﬁzexp (SL)I/]I
(h ){[ Al — hL + e (4l — 3hL+h2L2)]13"(17<)
(20 + AL+ (— 2I+hL)]< (ak)+13"(13"))
41 — 3hL — h?L* + "t (41 — hL)}F(é")},

|-
UM = ZL (UM),

A

where I := Iy, ,2 and

i = Lh/2Uk+L— ( Lh/2_I>A l/]\k),
b* = Hh2yk L L1 (E2 (@b,
A k -

ek =2k L L7V (M2 -1 (2F (b) - F(UY)).

(
2l
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Runtimes for iPCE for different N compared to N =0

EE ETD-RDP ETDRK4
103 E - - = I I ] = I T 3
) i 1 ] Quad. D=0 | | i 1
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Figure 5.1.1: Relative runtimes Ry for N =0,...,9, where Ry := 1. Each plot shows six
curves for six different equations investigated in Section 5.2: Equation (5.2.1) with linear,
quadratic or cubic F, with D = 0 or D = 1. Each data point is an average over the runtimes
of ten identical iPCE simulations with 7 = 0.1 and M = 10 time steps.

i.e. equations where D is random and the function F is not random, the ETDRK4 intrusive
PCE scheme described above is not very suitable, because in this case the discretized
Laplacian DA is not a tridiagonal matrix anymore (the shape of the matrix depends on the
distribution of the random variable D), and the Fourier transform L of the Laplacian is not

diagonal anymore, which can severely impact the performance of the scheme.

5.2 Numerical experiments.

We now apply non-intrusive PCE as explained in Section 4.2.1 and intrusive PCE as explained
in Section 5.1 to the equation (4.0.4) which we repeat here:
du(x,t,m)
Jt

= DAu(x,1,®) + F(0,u(x,1,0)), (5.2.1)

u(x,0,0) = i (x).

For a random constant K ~ %/ [1,2], we will use F (o, u(x,t,0)) = K(®)u(x,t, ®) in Section
52.1, F(o,u(x,t,®)) = K(®)u(x,t,®)? in Section 5.2.2 and furthermore F (@, u(x,t,®)) =
K(®)u(x,t,)? in Section 5.2.3. In all three cases, we test the two cases D=1 and D =0, i.e.
arandom ODE and a PDE with a diffusion term. In all three cases, we pick ujy;(x) = cos(7x).
Finally, we will discuss a more complex problem, the Gray-Scott system, in Section 5.2.6.
Throughout all simulations, we work on the spatial domain (—1,1)¢, and spatial resolution
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p=128.

In all error plots, we show the relative [? error which, for the exact mean or a reference
solution mean [E[u] and the approximated solution E[u]approx. is given by erei(¢) = ||E[u](-,1) —
E[t]approx (1) || z2/||E[u](+,2)| ;2. For the random equation with linear term in Section 5.2.1,
we know the exact solution, for the other equations in Sections 5.2.2, 5.2.3 and 5.2.6 we use
a reference solution obtained from using non-intrusive PCE with Gaul3 quadrature with a
high number of quadrature points (see Table 5.2.1). We also note that for the error of niPCE
with naive, randomly sampled MC, we ran ten simulations producing ten error graphs over

which we took the mean.

5.2.1 One-dimensional random equation with linear term
The equation

du(x,t,m)

3 = DAu(x,t,0) — K(o)u(x,t,®), u(x,0,®)=cos(mx), (5.2.2)

x € (—1,1), t € (0,T], has the exact solution u(x,t, ®) = exp(— (K (®) + Dr*)t) cos(7x). If
K ~ % [a, D], the expected value is given by

b
Blurt, )] = 7 — / exp(— (& + D)) cos(mx) dé

b i a Cosgnx) exp(— (D7 +a)t) —exp(—(Dr* +b)t), (5:2.3)

and in our tests we choose again a = 1 and b = 2. The variance is
Var[u<x7t7 )] - E[M(X,l, )2] —E[M(X,l’, )]2
1 b
= / exp(—2(& +Dr?)t) cos?(mx) d& —Elu(x,z,-)]?
—a a
1 cos*(mx)
b—a 2

1 cos(mx) 5 5 2
_{b—a ——exp(=(DT” +a)) —exp(—(DE"+b))| . (524

[exp(—Z(Dﬂ2 +a)t) —exp(—2(Dr* + b)t)]

In Figure 5.2.1, we show the time-dependent error plots for solving (5.2.2) with D = 0,
comparing to the exact solution. For iPCE, it can be seen that both for EE and for ETD-RDP,
increasing the number of non-constant polynomials beyond N = 1 makes no difference. Due
to the greater accuracy of ETDRKA4, the error keeps decreasing until N = 4, and the spectral
convergence of iPCE is clearly seen. In the plots for niPCE, it can be seen that the error
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strongly depends on the method of numerical quadrature to compute (4.2.3). By choice of the
quadrature points and weights alone, niPCE with GQ achieves better accuracy than iPCE in
all scenarios. While, therefore, niPCE is a clear winner in this case, the situation is different
for D = 1, where it can be seen in Figure 5.2.2 that for ETD-RDP and ETDRK4, a lower
error can be achieved with iPCE for comparable runtimes (see Table 5.2.1).

In Figure 5.2.3, the error plots for the variance are shown, computed according to formula
(4.2.4). In the case of iPCE, the iPCE scheme is run and YN |u;(x, T)|? is computed. In the
case of niPCE, formula (4.2.3) is applied with ¢ = 10. The EE, ETD-RDP and ETDRK4
schemes again form a clear hierarchy from least to most accurate. It can also be seen that the
error for ETDRK4 iPCE, N =5, is very similar to that of ETDRK4 niPCE, indicating that the
remaining error might not be due to the choice of the numerical scheme ETDRK4 but rather
due to approximation steps regarding the gPCE, such as in (5.1.14). Also, MC and QMC
yield high errors, which is due to the fact that the norm of the variance is very low compared
to the mean, which makes the sampling error in (4.2.3) much more significant. For instance,
for the canonical normed Legendre polynomial Py, for a random sequence {xlj\./lc} j=1,...,100, @
Sobol sequence {x?MC} j=1,...,100 and Gauss-Legendre quadrature nodes {x?Q} j=1,...,100 it i8
(with the corresponding weights as described in (4.2.3))

100
Y W€ (MC) ~ —0.00898, (5.2.5)
j=l1
100
Y wMOP (M) ~ —0.00622, (5.2.6)
j=1
100
Y wiP (x9) &~ 2.02- 107" (5.2.7)
j=1

(the first number is an average over 100 Monte Carlo samples) due to MC and QMC being
non-symmetric rules, while Gauss-Legendre quadrature nodes are symmetric about the origin.
In particular for small #, due to the deterministic initial condition the variance is very close to
zero, which, due to sampling errors as demonstrated in (5.2.5), leads to a very large relative

€ITOrI.

5.2.2 One-dimensional random equation with quadratic term

We consider the equation with a quadratic term

du(x,t,®)

3 = DAu(x,t,®) — K(0)u(x,t,0)%, u(x,0,0) = cos(mx), (5.2.8)
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Equation with linear term, D = 0, mean
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Figure 5.2.1: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.2) with
linear term with diffusion constant D = 0. The exact mean is given by (5.2.3).
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Equation with linear term, D = 1, mean
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Figure 5.2.2: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.2) with
linear term with diffusion constant D = 1. The exact mean is given by (5.2.3).
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Equation with linear term, D = 0, variance
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Figure 5.2.3: Plots showing the relative time-dependent error for the same setup as in Figure
5.2.1, but for the variance computed according to equation (4.2.4) with ¢ = 10 coefficient
functions using formula (4.2.3). The large errors for MC and QMC are due to the variance
being close to zero, so that the sampling error introduced in (4.2.3) plays a much bigger role
(see (5.2.5)). The exact variance is given by (5.2.4).
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x € (—=1,1), t € (0,T]. Numerical simulations show that for D = 0, this equation’s solution
diverges as early as about r = 0.5 for K = 2, which is why the errors in Figure 5.2.4 also
show a sharp increase towards that point in time. In this case, despite the nonlinearity now
being quadratic, iPCE is competitive with niPCE for all three schemes. This is also true for
the case D = 1 for ETD-RDP and for ETDRK4, as can be seen in Figure 5.2.5.

5.2.3 One-dimensional random equation with cubic term

We consider the equation with a cubic term

du(x,t,®)

P = DAu(x,t,0) — K(0)u(x,r,®)*, u(x,0,0) = cos(mx), (5.2.9)

x € (—1,1), t € (0,T]. The plots in Figure 5.2.6 show that in the case D = 0, the iPCE
schemes can produce somewhat competitive errors compared to the niPCE schemes for the
EE and ETD-RDP cases, but in the ETDRK4 scheme error stays small more consistently in
the niPCE case.

For the D =1 case, it is seen in Figure 5.2.7 that both ETD-RDP and ETDRK4 schemes can
produce competitive errors in the iPCE case. However, this has to be put into context taking
into account the low stability of iPCE in this case: The step sizes for the iPCE schemes
have to be increased substantially in order to produce these errors, resulting in much larger
computation times (see Table 5.2.2, case D = 1, cubic).

5.2.4 Two-dimensional random equation with linear term

The equation

du(x,t,0)

5 = DAu(x,t,0) — K(o)u(x,t,®»), u(x,0,m)=cos(mx;)cos(mxy) (5.2.10)

with x = (x,x)" € (—1,1)2, t € (0,T], has the exact solution u(x,,®) = exp(—(K(®) +
2D7?)t) cos(mx;) cos(mxa). If K ~ % [a, b], the expected value is given by
1 b 5
Elu(x,z,-)] = A / exp(—(& +2Dn")r) cos(mxy ) cos(mxy) d€
a

—da

= (b—a) cos(mxy) cos(mx;y) exp(—(ZD7r2 +a)t)— exp(—(an2 +Db)t).

(5.2.11)
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Equation with quadratic term, D = 0, mean
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Figure 5.2.4: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.8) with
quadratic term with diffusion constant D = 0.
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Equation with quadratic term, D = 1, mean
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Figure 5.2.5: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.8) with
quadratic term with diffusion constant D = 1.
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Figure 5.2.9 shows the time-dependent errors for the case D = 0, using the same parameters

and time step numbers as in the 1D cases shown in Figure 5.2.1 and 5.2.2.

5.2.5 Performance plots

In Figure 5.2.8, for the different equations we show how the error for iPCE and niPCE
compare for different numbers of time steps M. For the niPCE errors, ¢ = 10 Gauss-
Legendre quadrature points were used. It can be seen that in most cases, the iPCE and niPCE
errors are very similar up to a certain M, where the error lines split up and iPCE does not go
below a certain threshold. This threshold can, in some cases, be higher than the niPCE error,
so that the iPCE error appears as a constant line, independent of M (as in the quadratic ad
cubic case for D = 0). This additional error for iPCE may be caused by the approximation of
the iPCE product terms given in (5.1.14).

5.2.6 Random Gray-Scott model

We consider the random Gray-Scott model

du(x,t,0)

522 = DyAu(x,t, @) — u(x, 1, 0)v(x,,)* + F (1 —u(x,t,0)),
Iv(x,t,®)

(5.2.12)
57 = DyAv(x,1, @)+ u(x,1, 0)v(x,1,0)* — (F +k(0))v(x,1, 0).

for x € (—1,1), ¢ € (0,T] for some T >0, D, =2-107>, D, = 107>, a constant F and a
uniformly distributed random variable k. We take the initial condition from [40, Figure 9]
which is given by

) = ] — D v (—6(x — 1) () — “Ta—p)?
ulmt(x)—l 3@ p( 6( ,u) ); Vlnlt( )_0'37 2\/— (%> ( \/E )

where tt = 0 is the midpoint of the interval. For the two-dimensional plots shown in Figures

5.2.11 and 5.2.12, we use as an initial condition a function with four off-center local extrema:

4
)C ya Zexp 150 )C xi)z_l— (y_yl)z)) ) M(X,y,O) = 1—V()C,y,0>, (5213)

4>|~

where (x1,y1) = (2/7,2/7), (x2,y2) = (=2/7,2/7), (x3,y3) = (2/7,—2/7) and (x4,y4) =
(—=2/7,-2/7).
Remark 5.2.1 The Gray-Scott model has been extensively studied and is known to show

a wide variety of pattern formation behavior. The patterns are called Turing patterns, for
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Equation with cubic term, D = 0, mean
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Figure 5.2.6: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.9) with
cubic term with diffusion constant D = 0.
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Equation with cubic term, D = 1, mean
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Figure 5.2.7: Plots showing the relative time-dependent error for iPCE schemes (Algorithms
5.1, 5.2, 5.4, left-hand side) and niPCE schemes (right-hand side) for equation (5.2.9) with
cubic term with diffusion constant D = 1.
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Performance plots for equations with linear, quadratic and cubic terms
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Figure 5.2.8: Plots showing the error for the different equations at time 7" = 2 (except for
equation 5.2.8 with the quadratic term and D = 0, where 7' = 0.4). The shorthands EEi, EEn
in the legend stand for EE iPCE and EE niPCE, respectively, and analogously with RDP
for ETD-RDP and RK4 for ETDRK4. For D = 1, only ETD-RDP and ETDRK4 are shown,
since EE requires higher M in order to be stable.
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an overview we refer to [84, 78]. Depending on the parameter values of k and F, u and
v may enter trivial or non-trivial homogeneous steady states, or non-homogeneous states
called Turing patterns. A necessary condition in the k-F parameter space in order for Turing

pattern formation to occur is [76, Eq. (19)]
[2(F + k) — (v§+F))*> > 8(F + k) (v§ — F), (5.2.14)

where vy is either the trivial steady state (the ‘red state’) vg =0 or; if d := 1 —4(F +k)?/F >
0 holds, one of the two non-trivial steady states [76, Eqgs. (7), (8)] (with vp also called the
‘blue state’)

vp = %Ot(l +Vd), vi= %Oc(l —Va).

Since now there are two coupled functions instead of one, the schemes need to take into
account these two functions, but for the sake of brevity we will not spell out all the schemes
again, but refer to [5, 62] (the intrusive PCE schemes given in Section 5.1 can then easily be
extended to two functions).

We pick for all simulations (1D and 2D) F = 0.04 and k(®) ~ %/ [0.058,0.062], which falls
into the region of complex pattern formation described by (5.2.14). It is seen in Figure
5.2.10 that the iPCE schemes fail to compute correct solutions for the Gray-Scott model.
Furthermore, the needed time step numbers in order for the iPCE schemes are even higher
than for Equation 5.2.9 with a single cubic term. This leaves niPCE as the only viable option
to treat the random Gray-Scott system. We show an example of such a simulation in two
spatial dimensions for a mean E|[u(x,¢,-)] in Figure 5.2.12 with the correct result produced
by niPCE juxtaposed by iPCE simulations which fail to reproduce the pattern. This is likely
due to the challenge of sharp dependency in the random variable, as in the seemingly small
interval k € [0.058,0.062], a wide range of patterns emerge (see also [78]). Furthermore,
long-term integration of the Gray-Scott system is a challenge even in the deterministic case,
as show in Figure 5.2.11 for T = 5000, where it is seen that a high level of accuracy in both
space and time is needed in order to produce the correct pattern shown on the bottom right.
Especially in the cases of EE and ETD-RDP-IF, for p = 256 the error of the second-order
spatial finite difference approximation appears to dominate, causing the pattern to look rather
different.

Given the difficulties of long-term integration for the Gray-Scott model and the numerical
challenges and substantially increased computation time for iPCE, it appears to be advisable

to use niPCE for systems with strong nonlinearities such as Gray-Scott.
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iPCE errors for 2D random equation with linear term, D = 1
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Figure 5.2.9: Time-dependent L? errors for equation (5.2.10), using the iPCE algorithms
5.1, 5.3 and 5.4. We used the same parameters and numbers of time steps as in the 1D case
from Figure 5.2.1 and Table 5.2.2. The exact expected value is given by (5.2.11). The spatial
resolution in the ETD-RDP case was picked in this simulation as p = 512. For lower p, the
error caused by the finite difference discretization dominates and the curves for different N
are identical.

Errors for a random Gray-Scott system
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Figure 5.2.10: Time-dependent error plot for a random 1D Gray-Scott system. None of the
iPCE schemes work in this case: Initially, the solution is relatively accurate, but as pattern
formation starts to occur, iPCE breaks down. For a visual example in two dimensions, see
Figure 5.2.12.
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Figure 5.2.11: Deterministic simulations of Gray-Scott patterns for different schemes and
resolutions for the same initial condition at 7 = 5000 (using Algorithms 4.1, 4.3, and 4.5).
It becomes apparent that after a long-term integration, Gray-Scott patterns are extremely
sensitive to the spatial resolution (and number of time steps), and for the correct solution, a
high spatial resolution is needed, along with a scheme such as ETDRK4 which performs a
spectral approximation in space. The numbers of time steps used are M = 100000 for EE

and M = 10000 for ETD-RDP-IF and ETDRKA4.
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Figure 5.2.12: Simulations for E[u(x,T,-)] of the random Gray-Scott system (5.2.12) with
F =0.04 and k(@) ~ % [0.058,0.062]. A niPCE simulation with ETDRK4 (left-hand side)
and GQ gives an impression of superimposed patterns for different k. Over time, the four off-
center bumps of the initial condition (5.2.13) expand and connect, forming intricate patterns
as observed on the left-hand side. The EE iPCE simulation fails to correctly propagate the
patterns, and the four rings from the initial condition stop expanding. For the ETDRK4 iPCE
simulation, the edges of the rings propagate too fast, and no pattern formation is observed.
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Figure 5.2.13: A diagram showing all the different MATLAB programs in the repository and
how they are connected. The error plots in Figures 5.2.1 to 5.2.7, as well as Figure 5.2.9 are
generated by PCE_time_errorplot.m for iPCE and by Nonintrusive_PCE.m for niPCE.
The program Performance_Plot.m generates the plots in Figure 5.2.8. The programs in the
repository contain more detailed descriptions.
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D =0, linear D =1, linear

Intrusive | Non-Intrusive Intrusive | Non-Intrusive
EE 0.3225 0.6717 EE 0.4386 6.4825
ETD-RDP | 0.4112 0.2256 ETD-RDP | 0.2741 0.3698
ETDRK4 0.4322 0.4244 ETDRK4 0.7304 0.4809

D =0, quadratic D =1, quadratic

Intrusive | Non-Intrusive

Intrusive | Non-Intrusive

EE 0.5090 0.7563 EE 3.5583 5.8424
ETD-RDP | 0.3143 0.2550 ETD-RDP | 0.4906 0.3265
ETDRK4 | 0.7242 0.6093 ETDRK4 1.1047 0.4916

D =0, cubic

Intrusive | Non-Intrusive

EE 12.6065 0.4934
ETD-RDP | 5.2208 0.4339
ETDRK4 | 6.1375 0.5221

D =1, cubic

Intrusive | Non-Intrusive

EE 247.6447 0.3319
ETD-RDP | 9.8553 0.5722
ETDRK4 | 12.4297 0.5626

Table 5.2.1: Runtimes for the created plots, all times in seconds, for iPCE with N =5 and

for niPCE with 50 realizations
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D =0, linear

D =1, linear

iPCE niPCE iPCE niPCE
M M q M M q
EE 1000 | 2000 50 EE 20000 | 20000 50
ETD-RDP 200 | 200 50 ETD-RDP 400 200 50
ETDRK4 100 100 50 ETDRK4 200 100 50
ETDRK4 ref. - - ETDRK4 ref. 1000 200
D = 0, quadratic D =1, quadratic
iPCE niPCE 1iPCE niPCE
M M q M M q
EE 1000 | 2000 50 EE 10000 | 20000 50
ETD-RDP 200 | 200 50 ETD-RDP 400 200 50
ETDRK4 100 100 50 ETDRK4 200 100 50
ETDRK4 ref. 1000 200 ETDRKA4 ref. 1000 200
D =0, cubic D =1, cubic
iPCE niPCE iPCE niPCE
M M q M M q
EE 1000 | 500 50 EE 20000 | 20000 50
ETD-RDP 200 | 200 50 ETD-RDP 400 200 50
ETDRK4 100 100 50 ETDRK4 200 100 50
ETDRKA4 ref. 1000 200 ETDRK4 ref. 1000 200

Table 5.2.2: Numbers of step sizes M and of samples (for niPCE) for each simulation shown
in Figures 5.2.1 to 5.2.7. ‘ETDRK4 ref.” refers to the reference solution used for that
simulation. For the linear equation with D = 0, the exact solution is known.
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Chapter 6

Summary and Outlook

6.1 SPDEs on two-dimensional domains

After provinding the necessary mathematical framework in Chapter 2, in Chapter 3, we
implemented and derived error bounds for the exponential Euler scheme for semiliear
parabolic SPDEs on a curvilinear two-dimensional domain. For the spectral approximation in
space, the necessary Dirichlet eigenvalues and eigenfunctions were numerically approximated
using a boundary element method and Beyn’s contour integral algorithm.

The advantages of the presented method are its flexibility in choosing the two-dimensional
domain and the possibility to freely choose the points inside the domain at which the
eigenfunctions are computed. This renders the solution of SPDEs with high resolution on
a big class of domains possible. Due to the general setting of the spectral method, the
scheme could be extended to a larger class of differential operators such as general second-
order elliptic differential operators, whose Dirichlet eigenfunctions also form a complete
orthogonal basis in L?(D) (see [15]). Difficulties might arise while using a boundary integral
equation method, as explicit knowledge of the fundamental solution of the differential
operator is required. The scheme could also be applied to three-dimensional domains with a
%” boundary: In order to do this, the fundamental solution needs to be changed to the one
for the three-dimensional Helmholtz operator, the curved elements are now two-dimensional
(see [68, Section 5]) and the linear system resulting from applying Beyn’s contour integral
algorithm is larger. However, for a small error, a very large number of eigenfunctions would
have to be computed due to Weyl’s law (3.1.1) and the error bound (3.3.15).

The requirements on the nonlinear operator F' could be relaxed by implementing a different
scheme like the one from [58], where the requirements on F are less strict. Future work
might also include deriving error bounds for higher moments such as E[||U (#) — Vk(4) 112]1/2.

Another avenue for future research could be the solution of SPDEs on general surfaces
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or Riemannian manifolds by a spectral method like the one used in this work. There are,
however, several obstacles: While the numerical approximation of eigenfunctions of the
Laplacian on manifolds (the Laplace-Beltrami operator) has been investigated (see e.g.
[80]), the approximations are not nearly as accurate as the ones used in this work for the
Laplacian on a planar domain. Therefore, a better error bound, more computing power or
more efficient approximation methods for Laplace-Beltrami eigenfunctions are needed. A
rigorous mathematical treatment in the context of Riemannian geometry is beyond the scope
of this thesis, for references on random fields and stochastic analysis on manifolds see [56].

6.2 Polynomial chaos with exponential time differencing

In Chapter 5, we investigated how the ETD-RDP-IF and ETDRK4 schemes can be imple-
mented in an iPCE scheme and compared the performance of these two schemes and an EE
scheme to a niPCE approach.

While niPCE using Monte Carlo methods or Gaussian quadrature is in most cases superior
to iPCE, we also found that in some cases such as the model equation with a quadratic
term, iPCE results in lower errors for comparable runtimes. For complex pattern formation
dynamics such as the Gray-Scott model, iPCE breaks down for all three schemes which
leaves only the non-intrusive variance as a viable option. While not implemented in full
detail, it is also apparent that the curse of dimensionality poses a bigger problem to iPCE
than it does to niPCE since solving bigger iPCE systems scales much worse than using sparse
grids for niPCE.

Future work could include methods to remedy the shortcomings of iPCE for complex dynam-
ical systems. In this work, it was seen that a direct iPCE implementation of algorithms which
are powerful in the deterministic case is not sufficient. Works such as [13] have introduced
an asynchronous time integration method for iPCE to deal with sharp dependencies in the
random variable. In [99], a multi-element PCE method is proposed to handle long-term
integration, which could be investigated in combination with the presented exponential time
differencing schemes. Recent work [34] also shows that B-splines can be used instead
of classical orthogonal polynomial bases to further reduce the error. One possibility for
achieving speedups for the ETD-RDP-IF scheme is the use of parallelization as has been
demonstrated in [5, pp. 8]. It could be carried out in an analogous fashion for the iPCE
scheme.

Another topic which could be investigated are non-polynomial nonlinear functions, which
can be handled using truncations of Taylor series [30].
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