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Introduction

The mathematical framework of stochastic partial equations (SPDEs) is essential for modelling sys-
tems where random fluctuations and external noise play a crucial role, and the theory has been increas-
ingly developed in recent years [13; 15; 21; 20].

We are interested in studying the Allen—Cahn equation [1], a non-linear reaction-diffusion equation
widely recognised within the class of phase-field models [5; 7], a reaction-diffusion approximation to
mean curvature flow [16] or geometrical image segmentation [6; 27]. For more adequate modelling of
microscopic phenomena, this equation is extended to a stochastic framework by incorporating random
fluctuations, typically via a Wiener process [21; 8; 18]. Within this research, we focus on the study of
numerical schemes for equations driven by a Q-Wiener process.

In this work, we bridge established techniques from the theory of deterministic PDEs [6; 7; 24; 2]
with the stochastic setting. We propose a time-discretized scheme for the stochastic Allen—Cahn partial
differential equation and demonstrate its convergence. We have also proposed a fully discretized scheme
and performed a priori estimates.

The text is divided into two parts. Chapter 1 is devoted to the necessary theoretical background,
beginning with Sobolev spaces, followed by a Wiener process and the stochastic integral in Hilbert
space. We also discuss the types of solutions distinguished in the field of stochastic partial differential
equations.

In chapter 2, we will focus on two cases of the scheme. First, in the subsection Discrete-time formu-
lation 2.2.2, we will focus on the scheme where we consider discrete time. In this case, we will derive a
priori estimates 2.2.2.1. We will then utilise these estimates to evaluate the limit of the analytically weak
solution to the problem.

Second, we present the numerical scheme with discrete time and domain in subsection Space-time
numerical scheme 2.2.3. In this setting, we will provide the a priori estimates in 2.2.3.1. Convergence
will be the subject of a later follow-up thesis and is not addressed here.



Chapter 1

Mathematical background

In order to formulate an initial-value problem for a stochastic partial differential equation (abbrevi-
ated as SPDE later in this text) and its approximation, we need to introduce necessary theoretical tools
in this chapter. First, we will review the definitions of the Trace class, the Hilbert-Schmidt operators,
and the Sobolev spaces, using the notation from [23; 29; 24]. Next, in Subsection 1.2, we will introduce
the definition of a Wiener process in Hilbert space and the stochastic integral, see [21; 15; 13; 20; 30].
The chapter continues with a note on types of solutions in stochastic theory 1.3, see [31; 15; 21; 9]. The
chapter concludes with the theory of interpolation operators 1.4, see [10; 7; 2].

Let (U, (, )y) and (H, (, )) be two separable Hilbert spaces. .Z (U, H) denotes space of all bounded
linear operators from U to H. An operator A € £ (U) is called nonnegative if (Lu, u)q, = Oforall u € U.
An operator A € .Z (U) is called symmetric if (Au, v)q; = (u, Av)q, for all u,v € U.

Definition 1.0.1 (Trace class operator). An operator A € Z (H) is called trace class if and only if
Tr|A| < co. The family of all trace class operators is denoted by ..
TrA = (Aej, €i)qy < +oo.
i=1

Definition 1.0.2 (Hilbert-Schmidt operator). An operator B € . (U, H) is called Hilbert-Schmidt if and

only if
DU IAGIP < +e,
keN

where ()C,,)Z":1 is any orthonormal basis U. The Hilbert-Schmidt norm is denoted

Al = ) IAxl.
i=1

The space of all Hilbert-Schmidt operators is denoted by ..

1.1 Sobolev spaces

The notation employed in this section is based on [29]. In this section and non-empty A c R¢, d € N,
is a bounded domain with Lipschitz boundary. We denote C° (A) as the space of all smooth real-valued
functions on A with compact support.
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Definition 1.1.1. The set

L. (A) = { £, ¥ (xo €A) (EIUXO, f If] < +oo]}
Uy,

is called locally integrable functions on A, where Uy, is neighbourhood of xo.

Definition 1.1.2 (Multi-Index). A d-tuple a = (ay, ..., ad)T e N9 is called a multi-index of dimension
d. Order of multi-index is denoted by
d
|| == Z a;.
i=1

Definition 1.1.3 (Weak derivatives). Let f € Llloc (A), a function g € Llloc (A) is a weak derivative of
order a € N¥ of f, if for all y € Cy (A) applies that

[ reruoar= o [ geweoax
A A
A function f € LlloC (A) is said to be weakly differentiable of order k if it has weak derivatives for all
multi-indices |a| < k.
Definition 1.1.4 (Sobolev spaces). Let k € N, p € [1, o0) the Sobolev space
W5P(A) = {f € LP (M), Va, |a| < k, DUf € LF (A)}.

The Sobolev space is endowed with the norm

1 lwescay = D 10" Fllrca)-

ol <k

Theorem 1.1.5. For f € N applies that
Wk2 (Rd) — gk (Rd)
with equivalence of norms, where H stands for Hilbert space.

Proof. See [29, Chapter. 11.1., page 381] for the proof. O

1.2 Wiener process and stochastic integral in Hilbert space

We present the definition and properties of a Q-Wiener process, in particular the theorem on its
representation 1.2.2, [21], which we extensively use of in Chapter 2. We also explain how the stochastic
integral is defined for this process and discuss its properties, [21; 15; 13; 20; 30].

In whole chapter (Q, A, P) is the probability space, (U, (-,-))y and (H,(-,))y are two separable
Hilbert spaces.

Definition 1.2.1 (Q-Wiener process). Let Q € .Z (U) be nonnegative, symmetric and with finite trace.
A U-valued stochastic process W(z), t € [0, T], on (Q, A, P) is called a Q-Wiener process provided

e W) =0,
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o the increments of W are independent, i. e.
W), W) -W@),... W) — W (tn-1)
forall0 <# <--- <1, <T,n €N, are independent,

e forall 0 < s <t < T applies that

Po (W@ -Ws) ' =N(O, (- 9Q).

Theorem 1.2.2 (Representation of the Q-Wiener process). Let (ex)>1 be an orthonormal basis of U
consisting of eigenvectors of Q and Ay, be corresponding eigenvalues. Then a U-valued stochastic process
W), t € [0, T] is a Q-Wiener process if and only if

W) = > NABkDex, t €0, T1, (1.1)
keN
where By for k € N, where Ay > 0, are independent real-valued Wiener processes on (Q, A,P). This

series converges in L*(Q,AP,C([0,T],U)).

Proof. See [21, Chapter 2.1] O

1.2.1 Stochastic integral in Hilbert space

We now provide a definition of the stochastic integral and its properties. We use the notation and
construction written in [21], H denotes Hilbert space. The construction of the stochastic integral

f dw(),
0

where W(?) is a Q-Wiener process with respect to a natural filtration 7, ¢ € [0, T], consists of 5 steps,
which we do not describe here in detail; see [21, chapter 2.3]. Similar to a standard Wiener process on
R, the integral is first defined for elementary functions and then the definition is extended.

First, we list employed symbols and definitions [15].

Definition 1.2.3 (Predictable o- field, predictable process). Let {¥,}, be a filtration, the smallest o-
algebra Pr is called the predictable o-field if it is generated by sets of form A X (s,7], A € ¥, and
B x {0}, B € Fy. Pr-measurable process is called the predictable process.

The subspace Uy := Q> (U), then separable Hilbert space .% (Uy, H) is denoted by .#2, the inner
product is defined by

(1o, v0)g = (Q_%uo, Q_%UO)U ,
where ug, vy € Up. For A € .7}
1Al = 1A © Q1.
Define £ (U, H) = {A ly,; A € L (U, H)}

Let Q € .Z (U) be nonnegative, symmetric and with finite trace. The space of integrable processes
is denoted by

T
Ny = {<I> Qr > A (Q% ) ,‘H);d) is predictable and P(f ||<I>(s)||2ﬂo ds < oo) = 1}.
0 2
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The space of square integrable processes is denoted by

T
NVZV O, T;H) = {CD [0, T] x Q — 9. @ is predictable and (E [f ||(D(s)||2]0 ds]) < oo}
0 2
= L*([0,T1 x Q. Pr,dt @ P;.75)).

Theorem 1.2.4. Let ® € N}, (0,T;H). Then

t © t
fd)(s) dw(s) = ) \//ka D (s)exdBx (s) a. 5., t€[0,T],
0 = 0

Ak, ex, B are from the representation 1.2.2 for Q-Wiener process W(t). The sum on the right-hand side
converges in L* (Q, F,P; C ([0, T]); H).

Remark 1.2.5. ; ’
fo (1), D) WD) = fo B0 AW (1),

where -
O ()(s) := (f(), D(Du), u € Up.

Definition 1.2.6 (Q-Wiener Process with respect to a filtration). A Q-Wiener process W(¢), t € [0,T1], is
called a Q-Wiener process with respect to a filtration F, if

o W(r),tel0,T], is adapted to 7,

e W(t) — W(s) is independent of F forall0 < s <r < T.

1.2.1.1 Integral for cylindrical Wiener process

Now we consider the case when Q is not necessarily of finite trace. According to the construction
mentioned in [21, Chapter 2.5.1] we denote the embedding

J (Uo, (, o) = (UL, (),

for choice U} = U, ay € (0,0), for k € N, with > ai < o0. For (e;); ON basis Q% = Uy we define

J:Uy—>U: u— Za/k(u,ek)oek.
keN

Remark 1.2.77. J is an injective function and J € ., applies.

Proof. First, we prove that J is the Hilbert-Schmidt operator. Let (e); , (Bx); be orthonormal bases of
Uy then

Z (Jex, Jer)y = Z Zaj (ﬁk,ej')o ejll = Z Z |6Yj’2 ‘(,Bk,ej)or = Z |“j|2 Z |('3k’ef)o|2

keN keN || jeN keN jeN JjeN keN
2 2
= > laf llejllo = Y fa” < o,
JEN JEN

using the Parseval inequality.
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To show, that J is injective, we show that J (#) = O implies that u = 0. As

J(u) = Z ay (u, ex)g ex = 0,

keN
we see that for all k ay (u, e;) = 0. That means that u L e, sou = 0. O

For a cylindrical Wiener process the stochastic integral is defined as

Tt t
f O(s) dW(s) = f O(s) o JHAW(s), 1 €[0,T].
0 0

The class of all integrable processes is defined by
T
Ny = {qn : Qr — 7); @ predictable andP( f 1D, ds < oo) = 1}.
0 “2

1.2.1.2 Properties of stochastic integral

Now we introduce some properties of the stochastic It6 integral. As for the stochastic Itd integral on
R, the It6 isometry applies, see [21; 13].

Theorem 1.2.8 (Itd isometry). Let W(t) be a Q-Wiener process, ® € N%V 0, T,H), then

/ 2 1
f OdW()|| =E [f [|D (s)ll;O dt].
0 H 0 2

Proof. 1t follows from the construction of the integral, see [13] for details. O

E

The It6 formula is available as follows.
Theorem 1.2.9 (It6 formula). Let us assume that
e Oec Nw(0,T;H),
e ¢ : Qr — His a predictable and a. s. Bochner integrable process on [0, T],
e X(0): Q — H is Fo-measurable,

o I : [0,T] x H — R is twice Fréchet differentiable with uniformly continuous derivatives on
bounded subsets of [0, T] x H.

Then for the process
X(1) = X (0) + j:gb(s) ds + fotcp(s) dW(s), 1 € [0, T,
we obiain
F(£,X(®) = F(0,X(0)) + fot (DF (5,X (s)), @ (s) dW(s)) + v[: (Z—f (s, X () + (DF (5,X (5)),p(s)
N %Tr [DZF (5, X (5)) (q> (s)Q%)(eD (s) Q%)*] ds.

Proof. See [13, Chapter 4.4]. O
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Lemma 1.2.10. Let ® € Ny (0,T) and {{,},, be a sequence in C ([0, T], H) which converges uniformly
to {. Then there exists a subsequence {,,, such that

T T
Jim fo (G (), @ (@) AW (1)) = j(; @O, dW () a.s.

Proof. See [21, Lemma 2.4.3.] for the proof. O

1.3 Weak and strong solution

In the theory of SPDEs, we distinguish between several types of solutions. Primarily, we distinguish
between strong and weak solutions in the probabilistic sense [31; 22; 9]. We then present the definitions
of the solutions we use in this work, namely analytically weak and analytically strong solutions, which
can be understood in both the strong and weak probabilistic senses. Other types that we do not use here
include, e. g., the mild solution [15; 21].

Let H, U be two separable Hilbert spaces. We consider a stochastic differential equation

dX =a(@t,X)dt+b(t,X)dW fort € [0,T], (1.2)
X (0) =Xo (1.3)

on the filtered probability space (2, A, ¥, P) with the Wiener process, where

a®X):[0,TIxH — H,
b:[0,TIxXH — S (H,U).

Speaking of the strong solution, the duty is to construct a process {X (f)}, adapted to filtration ¥ and
satisfying (1.2) with the probability one. Then the process {X (7)}; is called the strong solution of (1.2).
Unlike that, speaking of the weak solution, the duty is to construct a probability space (Q, A F, 15)

and the processes {(X 0, W (t)) , 7?’}:’ where W is a Wiener process and (1.2) holds for all ¢ € [0, T'] with
the probability 1. Then we {(X (1), W (1)), 757}[ call a weak solution of (1.2).
The following types of solutions can then be viewed in both the strong and weak probabilistic senses.

Definition 1.3.1 (Analytically strong). A - valued predictable process X (¢) is called an analytically
strong solution of (1.2) if

! !
X)) =X+ f a(s, X (s)) ds+ f b(s,X (s)) dW (s) P-a.s.
0 0

Definition 1.3.2 (Analytically weak solution). An H-valued predictable process X(¢) is called an ana-
Iytically weak solution of (1.2) if for Vo € H

(X(t),¢)=(Xo,¢)+j(; (a(X(5)), ) dS+f0 (¢, b (X (5)) dW (5)) P-a.s.

Uniqueness also varies depending on whether it is interpreted in the strong or weak probabilistic
sense.

Definition 1.3.3 (Strong path-wise uniqueness, uniqueness with respect to sample path). If for any two
weak solution X and Y on the same basis (Q, 7, {F;}, , P) with the same Wiener process W on (2, 7, P)
follows that X (0) = Y (0) a. s., then we say that the solution is unique in the strong sense or path-wise
unique.
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Definition 1.3.4 (Weak uniqueness). If for any two weak solution (X, W) on (Q, F, {#:};,P) and (¥, W)
on (Q’, FAF ), P') holds that
PoX(0)!'=P oy
and
PoX !'=Povy,

then we say that the solution is weak unique.

1.4 Finite-difference approximation of spatial derivatives

As our intention is to design an approximation scheme for a SPDE in the analogy to the finite differ-
ence method for deterministic parabolic partial differential equations, we introduce the following nota-
tions similar to those in [6; 7].

Definition 1.4.1 (Finite-differences). Let #, be a set of grid functions on a grid wy,. For u € H), we
define

o backward finite differences

_ Uij—Uin, _ Wi~ Uiy
Uyij = h—l’ Uxyij = h—z’
o forward finite differences
Uivl,j — Ui,j Ui jr1 — Ui,
Uxiij = hl s Uxyij = h2 ,

o discrete gradient of u
th = [Mxl ’ uxz] s

e discrete Laplace operator

Vpu = [M}] > sz] >

1 1
Aptt = Uz, x, + Usyx, = Pl (Mi+1,j - 2u;j + ui—l,j) t (Mi,j+1 - 2u;j + Mi,j—l)-

1

— — 1
wy, = {Zi,./ cUI|Zi;= (xi -
—%<

—>

—kd

—is
w, = w,

RN ENECR
27702

T7 1 .2 —
w), = {Z;j cU| Z;j = [x,;j, x,-_l’jx,-,.,-_l]” NnU, [xi,x.] € wh},

2

Definition 1.4.2. Be w;, be rectangular grid imposed on a domain U € RZ2. Let h = [A}, hy] be the mesh
size. Then, the dual grid is a set

)

h h —
o2y ?Z)m U, [x}. 2] Eah}-

J

> > T7 1 .2 —
w, = {zij cU| Zij = [xi_l,j_l,xi_l,jxi’j_l]x NnU, [xl- ,xj] € a)h} R
where [X], X2, X3],, is the convex hull of the set {x;, X», X3}. The dual simplicial grid is a set
Uw, .

Definition 1.4.3 (Interpolation Operators). Let Hj, is a set of grid functions on wy,.
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1. Piecewise linear interpolation operator Qy, : Hy, — C (ﬁ) for each u € Hj,.
1.2 1 1 2.2
(Qnu) (x , X ) =ui-1,j-1 + Vplti1j1 [x — XX~ x,-_l,j_l] ,
if [x!,x?] e =2 e wy.
L]
1.2 5 1 1 2 .2
(Onu) (x L X ) =ujj+ Vpu; [x — X jp X —xl.’j] s
: 1 .2 < —%<
1f[x ,x]eZi’jewh.
2. Piecewise constant interpolation operator Sy, . H, — L* (U) for each u € H,
1.2
(Shu)(x , X ) = Ujj

3. Projection operator Py, : C (E) — Hj, forueC (ﬁ) and (xl, xz) € wy,

(Pru)ij = u (xl , xz) .

14

For illustrative purposes and for comparison with the stochastic example, we will present an example

of a solution to a linear parabolic PDE using the finite difference method.

Example 1.4.4 (Implicit finite difference scheme for a linear parabolic PDE). Let U = (a,b) X (c,d) be

a domain, T > 0 and given f : (0,7) x U — R, consider

)
a—”t’ = DAu+ f(t,x) in (0,T) x U,
ulyy =0in (0,7),

u|,_y = ttinis in (a,b).

We introduce grid
wy = {[ih],jhz],ienl - l,jEI’lz— 1},
S S»

where h = n—ll hy = e

wp, = {[ih1, jho] i € iy U{0}, j € iz U {O}}.

A linear space of grid function

H, ;:{u:ah—)R|u0’j:ui’0=M,”N2ZMNI,J'ZO,iZO,...Nl,jZO,...Nz}.

We define time levels #; = kt for k = 0, ..., Ny with times step 7 = NLT

Using the definition 1.4.1 we get system of equations

k T (K k k T (K k k _ k-1 k _
”i,j_Dﬁ (”i+1,j_2”i,j+”i—1,j)_Dﬁ (”i,j+1 —2ui’j+ui’j_l) =U; +Tfl-,j fork=1,...
1 2

The system can be written in matrix form
Auk = uF=1 4 7FF,

where A =1 — DAy,



Chapter 2

Allen—Cahn equation

This chapter focuses on the Allen—Cahn equation as a specific case of a non-linear partial differential
equation in its stochastic variant. First, we mention its basic deterministic form in Section 2.1. Then
in Section 2.2, we introduce its stochastic version, and analyse it using the Rothe time discretization.
For the purpose of a stochastic approximation in space and time, we use the finite-difference method to
discretize spatial derivatives [6]. The convergence results follow basic steps as in [21; 15; 13].

2.1 Deterministic Allen—-Cahn equation

The Allen—Cahn equation has its origin in the van der Waals theory of phase transitions [26] and was
first introduced in the work of John W. Cahn and Samuel M. Allen [1]. The equation is a key component
of the phase-field theory (see [19; 11; 4]). It is based on a non-sharp interpretation of the phase interface
introduced by Cahn and Hilliard [12]. In this framework, one considers the thermodynamic functional

T[P]=fu(w(p;§)+T(Vp;€)) dx,

where w denotes the bulk energy density, £ is the thickness of the phase-transition layer, and 7' stands
for a non-uniformity of the system. The variable p is expected to detect phases by its values close to 0,
and 1, to have a narrow transition layer of the thickness & between them identifying the phase interface.
Then the Allen—Cahn equation can be understood as the L2-gradient flow of the functional 7, see [12],

dp

T—

ot

where 6,7 denotes the Fréchet derivative with respect to p and 7 > 0 is a relaxation parameter. This
leads to the Allen—Cahn-type equation

= =6,% p],

op  ~n PT(Vp:&) &p  dwp:d) .
7(5)5—1; - in (0,T) x U.

dgidg; O0x;0x; ap

In the simplest case, when T'(Vp) = %lV p|2, T(€) = §2, the equation reduces to the

0 0
2L _2np - in0, )% U, .1)
ot op
with the initial condition
p(0) = poin U,

15
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and with the Dirichlet boundary conditions such as
p=0 on(0,7)xaU,
or with the Neumann boundary conditions such as

P
92 _0 on(0,T)xdU.
on

The non-linear term f := g—‘;’ could be expressed in various forms, see [3]. The simplest polynomial form

1S
f(p;:&) =ap(l - p)p-0.5) - coéF,

where a, cg > 0, F is the force term driving the evolution of the solution p, [11].

Under suitable assumptions on the bounded domain U, the initial pg, and the nonlinearity f, one
obtains existence and uniqueness of a weak solution to the Allen—Cahn equation; see [4; 3; 11]. In
particular, for homogeneous Dirichlet boundary conditions and sufficiently regular data, the solution
belongs to

p € L(0.T; Hy(U)) n L*(0, T; H*(U)).

2.2 Stochastic Allen—Cahn equation with additive noise

Let (Q, A, {F+}; , P) be complete probability space with natural filtration ¥ = {¥;}, of a Q-Wiener
process {W;};. We consider
Ve Ho VF

with notation H = L2 (U), Wy (U) = V, where (0,5 1) x (0,5,) = U € R%.

In the analogy to equation (2.1), we consider the Allen—Cahn equation having a stochastic forcing
term motivated by randomness in physical processes such during a rapid crystal growth (see [3; 12]).
Such a stochastic partial differential equation has the form. We study the Allen—Cahn equation in the
following form

&dX = (§AX + é fo (X)) dr + coFdW in [0,T] x U, (2.2)
X(0)=Xpin U, (2.3)
X =0in [0,7T] x dU, (2.4)

where & > 0, fo(X) = X(1-X) (X - %) and F € %, (Q% U, H) is an F;-adapted stochastic process
fulfilling F € N‘%V (0, T; H). We assume the representation of a Wiener process according to (1.1)

W = Y B (e

i,jeN

In this chapter, we first define the time discretization of equation (2.2) in the analogy to a fully
implicit numerical scheme for deterministic PDEs (see e.g. [25; 17], and also compare to [28; 14]) and
show that for the time step T — 07 it converges to the analytically weak solution of (2.2) as a predictable

process
X e’ Qx[0,T],P®ds, V)N L*(Q,P;L® (0, T, H))
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assuming Xy € (Q,F,P, V) for ¢ € V and for each ¢ € [0, T'] satisfying

f 1 ! !
EX(), ) + & fo (VX.V) ds = £ o)+ - fo (o (X (5)).¢) ds + fo (coF AW, ) a. s.

Then, we define the numerical scheme with discrete time and finite differences. Before proving the
existence of a solution, we demonstrate the path-wise uniqueness of any such solution.

2.2.1 Path-wise uniqueness

Let us assume that we have two solution of equation (2.2) on (Q, A, {F;},P)
T T T
(X, ) +§f0 (VX, Vo) dt = &£ (Xo,¢) + Ej; (fo(X), ) dt+f0 co (FdW, ¢),

T 1 T T
§<x¢>+ff0 (VY,Vso)dt=§(Yo,<p)+Ef0 (fo<Y>,<,o>dr+f0 co (FdW, ),

then we define Z := X — Y and apply the 1t6 formula (1.2.9)

I1Z Dl = 2f0 (AZ(s),Z )y + (Jo (X (5) — fo (Y (5)),Z(s))y dr + 0,
if Xo = Yo, by monotonicity

1
(Au+fo(u)—Av—fo(v),u—v)v=fU(Au+fo(u)—Av—fo(v))(u—v)S leu—vll%q

we get

1Z @l < C fo 1Z ()l ds.

Using the Gronwall lemma we get ||Z (¢)||z = 0, that implies Z (¢#) = 0 a. s. which means that the solution
is path-wise unique.

2.2.2 Discrete-time formulation

As mentioned above, we first discretize equation (2.2) with respect to time.

We work on a discrete filtered probability space (Q, A, {ﬂ}kNio , P) with approximation of the filtra-

tion ¥ = Fy,, tx = Tk, with the time step 7 = le’ k=0,...,Nr, 7 = {ﬂ}ivio , where
AWy = Wi — Wiy

denotes the increment of approximation of a Q-Wiener process. We consider approximation
(o)
Wi =W = Z VA, iBij () ei js
ij=1

with M € N, ¢;; are eigenvectors of Q, A;; are corresponding eigenvalues, j;; are real-valued Wiener
processes. The increment can be expressed as

[ee)

AWy = Z Vi iABij (1) ei.

ij=1
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Using this notation we get, that AW is independent of F;,_,.
We propose the scheme

1 1
EXF = €M1 4 eAXFT + EXk (1-x) (Xk - E)T + coFAW; fork €0,... Ny, 05
X’ =X,

where X* : {0,... Ny} x U — R is an F-Pr predictable stochastic process. For a correct definition of
approximation of the stochastic integral we define

Ny o
szv = {(D QA x{0,...,Nr} — fzo,d) is predictable in respect {F;} A Z Z ||<DkQ1/zeiH2 < oo},
k=1 i=1

we require that F € N‘ZV.

2.2.2.1 A priori estimates

To show the convergences of the scheme to the exact solution in the sense defined above we derive

convenient a priori estimates. We multiply equation (2.5) by the time difference w = 6XK
Xk _ Xk—l Xk _ Xk—l Xk Xk—l 1 Xk _ Xk—l AWM Xk _ Xk—l
3 , ) §(AX" —)+—(f0(Xk),—)+(coF k. .
T T T ¢ T T T
(2.6)
First, we treat the stochastic term. Using the adaptedness on filtration and
- 2
IFAWI, = || > F A A8y (t) eij
ij=1 H
we get
E[IFAWL;| < E[E[IFIZIAWAE | 7 ]| = E[IFIZE [IAWAIE | 72 ]] -
Summing for £ = 0, ... ./ and using the Young inequality we get
I - 2
AW, X* - X! &cg .
s 3 ( R I Z IFIBE [IAWLIE, | 7] Z lox13;
1 2
_ _0 2 L k
= g k; IFI| Tr (@ + 5-E Z‘ llox*||;, 2.7)

applying the definition of a Q-Wiener process.
The non-linear term is treated according to the [6].

(fo (Xk),éXk) = %(Xk (1- X") (X" - % + Xk - % + (X"‘l - %)),5Xk)

1 (Xk _Xk—l)2
= E[X"(l —X"),f

(Xk (1 - X")2 ,5Xk) + % (Xk (1 - Xk)Xk‘l, 6Xk)

N =
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- %(Xk(l —Xk),(éXk)z) - ||Xk (1- Xk)“H 21T (X"X"‘l (1- x4, 1)
1 (Xk(1 _Xk)zxk-l, 1) + 2i (xk (1 - x) Xk (1= x41), 1)

= %(Xk(l —X") (5Xk)2) Xk(l X") )T(k—l (1 _Xk—l)

[[xk (1) -t (1w 1]

H

=T —xk»(axkf)— b =X, - G (e lx(-xP)

4|| (ox* || ||5[X" |- x* ]H (6[Xk(1 x| ,1).

(2.8)

Next, we treat the term
(Ax*, 6x%)
applying Green’s formula and noting that the stochastic process X is zero on the boundary dU and
multiplying 7, we get

S X L - L. e

1
TZ VXk V(SX"
k=1 k=1

l\)l'—

Using the previous estimates, equation (2.6) can be rewritten as

7\ - k e k-2 . € e
(f—;—z—g)z Bllox ] + 5 D5 {e e - x|+ 52| s X,
k=1 leENT
11 1 TNTE (1 — xA)IP TNTE e 1) P
g e (- e ol (-l 5 2 = 3)ox|
N
- EE[||VXO||H]+EE“|XO(1 —X0)||2]+ O Z;HFH% Tr(@,
where ¢ is chosen to satisfy
1 T 0
-5
With the choice € = é%’ we get a condition for time step
T < 282 (2.10)

Then, we obtain

2

“E|sup ||vX|[;| < %E[HVXOHZ] + 4%15[”)(0(1 —XO)Hi] + %E TrQ. @.11)

2 1N, | ’H

Nr

2
E IE115
k=1
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Similarly we obtain boundedness of

Nr
ey B[l -x ] e [sup I | 2| sup ¢ (1 X0 | D52 suplox @12
k=1 k=1 leN,
Finally, by the Poincaré inequality we get that that there is K > O such that regardless
B| sup X[}, | < 2.13)
keﬁr

According to [2] to obtain boundedness in L*, we introduce a function wy = wo (x, ), known as the

double-well potential, satisfying

—fo (X)dX = ‘zﬂdx

In fact, wo(x) is a non-negative quartic polynomial, for which there exists cy, c2, d1, d> € N satisfying

clx4 —d; < wp(x) < czx4 +dy. 2.14)

From —fy (X)dX = %dX we obtain

P wy 0 1 2
—_— - 1 - - = = -
s Ep (x( X) (x 2)) 3x° —3x

and we consider wg = wo (X) . Using Itd formula (1.2.9) we get
3
dug = ~fo (X)X + S5 Tr (F*QF (¥ - x))dr. (2.15)

We use the discrete version of (2.15) in the form

k k—1

=~ (x* —+ T (FraExt (¥t - 1)). (2.16)

T

Now we substitute (2.16) into (2.6)
£|lox*|, + & (VX*, 6xF) + é (owf. 1) = z%chr (F*QFx* (X* = 1)) + (coF AW, 6X¥),

where

Tr(F'QFX* (x* - 1)) < sup s (k= 1)|| IF@ ), = sup [l (= 1), lF@]-

Applying the Young inequality, using (2.9), (2.12) with some constant K > 0 and taking sum over time
step we get

(g - %) % 7B ||sXH|[7, + g i E”V (x* - xk—‘)”2 + ‘;E
k=1 k=1

< a7 ]+ 2B (g 1)+ 1L ZZ [Il7a' 2]+ OEZnFn%Tr(a).
k=1

sup 91| +

sup (uf;, 1)}

kENT
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Which implies
k
E[kseuj\g (wO, 1) <C
and
Nr Nr
B (wh 1) <ED sup (uf, 1)< CT.
k=1 j=1 keNr

21

2.17)

Summary. Before we take the limit, let us summarize the estimates we have obtained. Using the defined

interpolation operators (1.4.3) and a priori estimates (2.11), (2.12) a (2.13) we get
0.X*,vo. Xk e L*(Q,P; L (0, T, H)),

and

T o2
5| [ x| <cr
0
T 5 ~
E U ||VQTXk||H] <CT,
0
for some constants C, C, this estimate applies
0-X5vo. Xk e I(Qx[0,T],Peds; H).
In all, we have received

0. X" e L (Q,P;L* (0, T, H)) N L>*(Q % [0,T],P®ds; V),
VO.X* e L2 (Q,P;L°(0,T,H)) N L*>(Qx[0,T],P®dr; H).

Estimate (2.17) implies wo (S-X*) € L' (@ x [0,T], P& dr; L' (U)).
Using the inequality (2.14) implies

0-X* e L*(Qx[0,T],Pods; L* (U)).

That give us the boundedness of E fot ” fo (S TX")

which implies
1413

fo(S-X5) e L3 (Qx [0, T],P®d; L** (U)) ¢ L3 (@ x[0,T], P& dr; V™).

2.2.2.2 Convergence to the analytically weak solution

Based on previous estimates (2.18), (2.19) , (2.21) there is subsequence k, — oo such that

0. X =~ X in L2(Q %[0, T],P®ds; V), soin LY*(Q x [0,T],P®dr; V),

and in L*(Q, P; L¥(0, T; H)),
vo.xk —~y in L*(Q x [0,T],P®dr; H),
fo(Sex*) = F in L*3(Qx[0,T],P®dr; V*).

2.18)
(2.19)

(2.20)

2.21)
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We define
f 1 - t
EX, @)+ & (Xo, @) = [) (§Y+ ?f, go) ds +[) (coFdW, ) (2.22)

where g € V.

To estimate that f = fo(X) and Y = AX we use the method described in the book [21, Chap.
5, Theorem 5.1.3] where Itd formula (1.2.9) is used. Because the It6 formula is defined for continuous-
time processes, it is not possible to use it straightforwardly.

Let © be a constant from the monotonicity property of the function fj

gz(fo(x) fow),x-y) <Olx—ylly.

After multiplying (2.22) by ¢~'®, we obtain

E[e—t(a ||X(t)||1%1] ~E X0l = E[L -0 ((2 Y, 0)+ = 2 (f X) 52 llcoF 113 — ®||X||%1) ds].

We multiply (2.23) by e %19 Q Xk»

o+ e 10 0.xb — 0
+27e7 19 |V, X |

e o,

= ¢ 71® (% (fo (SeX*), Qrx*r) + é%(c017AWk, Q- X" — Q. x 1)

—é% (coF AW, QTX"‘I")) .

Using the fact that the last term is a martingale, we obtain

o =Bl

|+ Ele

190X — 0

i

E [e"’f@ ||Q7Xk"

+27E e"’H@”VQTXk" o
SE[e_”H@(e_T@ )”QTan ]+E — i 1@){; (fO(S an) QTXk"):|
+Ele 1®§ ||COF||H E[e—lk—lnGHQTan — 0, Xk n 2]‘

Using the Taylor expansion
e _1=-10+ 0(7’2)

and sum over time step

] erE[ 19y g, X

i

5% (fo(5:X*). 0rx*)

E [e—ff@’ | Q- X"

| -=llex

l
<E Z [e_"’“@T (—@ ”QTX]‘” f_l +
k=1
+0 (Tz).

1
t ||coF||%,)
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From here, we proceed as in [21], and by applying Fatou’s theorem, we see that f = f; (X) and Y = AX.
From the uniqueness shown in the 2.2.1, it follows that the entire sequence converges to an analytically
weak solution of the problem (2.2)

! 1 t f
f(X(t),w)+§£(VX(S),V¢) ds=§(Xo,90)+E£(fo(X(S)),cp) dS+fO(CoFdW,s0)-

2.2.2.3 Approximation error

To complete the analysis, we now show that the approximations converge strongly. Although we have
already proven that the sequence {Qer}k converges weakly to the solution X, this result alone does not

guarantee convergence in the norm, therefore, using the previous steps, we will show strong convergence
of the error Q- X* — X.

We multiply equation (2.5) by ¢ %19 (QTX" - X) , sum over the time levels

3 0w (1 - X

S 10w, (3¢ - )

E [e—n@ ||QTX’< _ x||2] -E [||Q,X0 - Xo||§,] +E

=E [e_”@ |o-X* - X||2] +E

Lo 1
-E ; e 1970 ((AX, 0-X* - X) + = (/o). 0rx* - X))
l
2:103 e—’k—l%(é% (fo(SX") = £ 0. 0 X" - X) - O 0. X" - X||i1)
k=1
I
+E Z 7192 ((coF AW, O X* = 0 X*) + (coF AW, O-X = X))+ O (7).

k=1

Since the last term is zero and using monotonicity, we obtain that

3 0 v, (x - 1)

B[e® ox* - x|, |+

)
<E Z e 197 ((AX, O-X* - X) + é% (foX). QX" - x))
k=1
1
+E Z e 192 (cgF AW, Q. X* = 0. X*1) |+ 0(7?).

k=1
By weak convergence, we have

l

Z e 1970 ((AX, 0-X* - X) + é% (fo ), 0 X* - X))

k=1

E

- 0.

By applying the Cauchy—Schwarz inequality twice, we obtain

1
E Z e 19 (coF AW, QXK — 0. X )|

k=1
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!
< 3 Bl O o)) (2o - o))

k=1
I 1/2
- v—TTmN—T(ZEHQTxk : Qka-luz] |
k=1

Then by a priori estimate (2.12) we get

l

Z 19 (coFAW, Q- X" - X)
k=1

< llcoFll, V=Tr@ \/ Cvr~ vF 230,

which concludes that the right side tends to zero, and it follows that

0.XF > X in L> (Q,P; H),
VO. X" - VX in L>(Qx[0,T],Pxds; H).

We obtain strong convergence of the approximations to the solution. Since the limit function has already
been identified as the unique solution to the problem, the proof of convergence is complete.

2.2.3 Space-time numerical scheme

In this subsection we propose the fully discrete numerical scheme in space and time, discretization
of the domain U and finite differences.

We work on the discrete filtered probability space (Q A, {Tk}k 0° ) as in Section 2.2.2. Here, we
approximate the infinite series in the representation of a Wiener process (1.1)

h =Wy (1) = Z Vi iBij (t) Preijs

i,j=1

with M € N, e;; are eigenvectors of truncated QY approximate on grid, A; ; are corresponding eigenvalues,
Bi;j are real-valued Wiener processes.

M _ yuM M
denotes increment of approximation of a Q-Wiener process, which could be expressed as

M

AW, = Z VAi,jABij (1) Preij.

i,j=1

We introduce the discretization of U, w;, = {[ihl, jhol,ien —1,j€ I’lg/—\l} where h; = lel
=52 @ = {[ih1, jha],i € iy U{0}, j € n; U {0}}. A linear space of grid function

na

7‘{/1 = {u:Eh%Rluo,_/:ui,O:ui,Nz =MN1,J'=0, i=0,...N1,j=0,...N2}.

For the discretization of the Laplace operator, the finite differences will be used by definition (1.4.1). We
define the space

lp @) = {Hi. [Hn)
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where for f € Hj, p > 1

ni—1,n-2 %
||f||ph=[ > hlhzlﬁ,jl”] :
ij=1

We propose the numerical scheme

1 1
X* = exk1 4 en X + = X5 (1 = XK (Xk——)‘r+c FAWM on wy,
é: é: é: h f ( ) ) 0 kh h (2.23)

X% = P1,Xo,

where X* : {0,... Ny} X wp, — R is an F-Pr predictable stochastic process. For correct definition of
approximation of stochastic integral we define

Nr M
N%Vh = {d) :QX[0,T] —» fzoh;QJ is predictable in respect {Fi} A EZ Z ||d>kC21/2e,-||fl < oo},
k=1 i=1

we require that F € N‘zv, .

2.2.3.1 A priori estimates

In this section, we show the boundedness of the solution of the fully discrete scheme for the purpose
of future work on its convergence.
We multiply (2.23) by w := 6X* and sum over wy,

h

Xk _ Xk—l Xk _ Xk—l Xk _ Xk—l 1 Xk _ Xk—l AWM Xk _ Xk—l
T T h T n € T h T T
(2.24)

First, we treat the stochastic term. Similar to (2.7) using the adaptedness on filtration and

2
M
”FAW/%”Z = Z F\Ji jABi iPreij
ij=1 h
we get
B[IFAWIE] < B |2 |IFI, AW 3 1 75 || = B 1P, 2 |llawih 1 72|
where

M 2
1FI3, = > [|Fei, -
i,j

means approximated the Hilbert-Schmidt norm. By summing over k = 0,...,/ and using the Young
inequality we get

l AWM Xk _ Xk— 1
E (C()F kh ]
T h

sup

2
&c
< ——E
IeNT =1 2t

1
+ —E
2e

’
T

Nr )
- IFIE,E|lawis 1 7
k=1

Nr
> lenX*i;
k=1
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Tr (QM) + 2%15

2 [Nr N 2
N 2 llox'(
k=1 k=1

applying the definition of a Q-Wiener process.
The non-linear term we treat alike (2.8) according to the [6].

2
(fo (x*).6x%), = - 43 ||(6Xk

) 4||5 [x*(1- Xk)]||h—%(5[}(’“(1-){")]2,1)}1.

(2.25)

(Xk - %) (6x%)

-
2

By applying Green’s formula and noting that the stochastic process X is zero on the boundary oU,
sum over wy and multiplying 7, we get

TZ(Vth Voxt) = %Z

~

Vi (X* - Xk_l)Hi N |€hX’||Z —% |€hxo||2. (2.26)

5|

1
k=1 k=1

Using the previous estimates, equation (2.24) can be rewritten as

T Al k f k k— 3 v,
3= o ) Sl ] § 377 0+ S s
suAp “Xl(l -x! “

THE EgTE[”é[x"(l —X")]|h] I
Z ||F||2h Tr (QY).

1
+ —E
4

= Sa[[Fw ]« gl -]+ S

(2.27)
Where ¢ is chosen to |
-
=50

With the choice € = é%’ we get condition for time step

T <28 (2.28)
We obtain

%E up thX’ < % [H%xﬂ]i] [”XO (1-x9)[, |+ ] Z IFIZ, | Tr@Y. (229)

From the equation (2.27) we can see boundedness of

gZ [”vh X* - xk! ||] €8 sup ||thl|| E|sup ||Xl 1-x || iﬂa sup [X4[|r|.  (230)
k=1 leN,
By Poincaré inequality we get that that 3K < oo such that
E|sup X4, < K. 2.31)
keNT
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We have obtained following
VX5, X* e L2 (Q,P; 1 (0,...,Nr: L (wp))) . (2.32)

Similarly as in Subsection 2.2.2 we obtain boundedness in /4 (wp) .
We will use discrete version of (2.16) in the form

Xk _ Xk—l
)—

—+ %c(z)Tr (Fr@"Fx*(x* - 1)) (2.33)

w,
L 0 __g ( xk
T
Now we (2.33) substitute into (2.24), sum over wy,

£lloxt|, + & (Vaxt,sx") + é(aw{;, 1), = %chr (F @ Fx* (X* = 1)) + (coF AW, 6X")

where

Tr(F*@"FX* (x* - 1)) < sup ”Xk (x* - 1)||h ”FQMUZH,;/ B

sup [p (= 1), 2,

kENT

Applying the Young inequality, using (2.26), (2.30) with some constant K > 0 and taking sum over time
step we get

1) & k2, € G ils k 0| € vk 1 k
(f - 5) Z TE||6X ”h + 3 ZE“Vh (X -X )”h + EE sup HVX ”h + EE sup (wo, l)h
k=1 k=1 keNt keN7

Nr 2 Nr
<[P b2, - 2 5ol - B2 5 e (@)
Which implies
2| (1)< €

and

Nr Nr

B (wf1), <B) sup (uf, 1), <CT. (2.34)
k=1 =1 keNt

Using interpolation operators and by (2.32), (2.34), we established that
0:0n X", V0,04 X" € L* (Q,P; L* (0, T, 1 (wp))) N L* (@ X [0, T1,P®dt; [ (wy))
0:0nX" € L*(Qx [0,T],Pdr; 4 (wy)),
fo(S+85,X¥) € L3 (@ x [0, T1,P@dt: L3 (wp)).

2.2.3.2 Numerical algorithm

For future application of the designed approximation scheme in computer simulations, we summarize
its use in the following algorithm 1:
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Algorithm 1 Fully discrete scheme for the stochastic Allen—Cahn equation

Consider
1
£dX = (gAX + : fO(X)) dt + coF dW in [7,T]1x U,
X(t0) = Xo inU,
X=0 on [tg,T] %X oU.

Require: Q-Wiener process, i. e. given {ei, j} N and eigenvalues 4; j, U = (a,b) X (¢,d) C R? domain,

i,je
initial time 79, 7 > O final time.
Require: Number of time steps Ny, mesh parameters n; ny and truncation parameter M.

1: Set XV = Xy, set time step T = T_to, th =tg+ kr,fork=0,...,Nr.

N;
. i — b=a = d=c
2: Construct the grid, set h; = o ,hy = o
3: fork=1,...,Nrdo
4: Compute the discrete Wiener increment AW%[.

¢ Generate independent Gaussian random variables AB; (k) ~ N(0,7), fori,j=1,..., M,

e compute the truncated Wiener increment AW%1 = ZM VAij ABij(tei;-

ij=1
5: Solve the non-linear problem: find X* such that
xkoo—oxko4xko xk -2k 4+ Uk
k _ evk-1 i+1,) i,J i—1,j i,j+1 i, Lj-1 ] Tk k k 1 M
§X; =X, +éT [ + 7 +EXI.’].(1—Xi7j) (Xl.’j - §)+COFAWM,

satisfying boundary condition

X’g,j = xk

ni,j

:lefozx’.‘ =0.

i,ny

6: end for




Conclusion

This paper aims to study a numerical scheme for the stochastic Allen—Cahn partial differential equa-
tion. Chapter 1 provides the theoretical background necessary for the convergence analysis presented in
Chapter 2.

In Chapter 2, we present two schemes: the first with discrete time, and in the second, we consider
both discrete time and discrete domain U. We performed a priori estimates for both formulations. For
the Discrete-time scheme 2.2.2, we demonstrated convergence to an analytically weak solution.

The convergence of the second Space-time numerical scheme 2.2.3 will be the subject of a follow-
up master’s thesis, along with research on a more general stochastic partial differential equation and its
numerical scheme.

In conclusion, we have successfully combined the approaches of the theory of numerical solutions
to deterministic partial differential equations in Hilbert spaces and the theory of stochastic partial dif-
ferential equations. We have presented and carried out the complete proof of the stochastic Allen—Cahn
equation with discrete time, thereby fully achieving the aim of this work.
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