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Existence, smoothness and numerical
approximation for two generalizations of the
stochastic heat equation

S.K. Furset
May 30, 2023

Abstract

In this thesis we consider a class of stochastic evolution equations given
formally by dX (t) + AX(t) = dW (t), where X (¢) belongs to a Hilbert space
H, A is an operator on (a subset of) the Hilbert space and W (t) is a Q-
Wiener process on the Hilbert space. We consider existence, regularity and
covariance for (weak) solutions in the case where H = L2(D) for D C RY,
A = (12 — A)” and W(t) has increments that are Gaussian fields on D with
Matern-like covariance structure. This analysis is primarily be based on a
lecture note by Kovécs and Larsson [16] and a book by Da Prato and Zabczyk
[8]. We also consider existence, regularity and covariance of a more general
type of stochastic evolution equation described by Kirchner and Willems [15],
where we also have a fractional time derivative. These are given formally by
(& 4+ (:2 — A)")°X(t) = W;. Finally we consider some approximation results
for the finite element method approximations for both the fractional and non-
fractional equations. We consider error results of both the strong error in
both cases and the error in covariance for the simple heat equation.

Introduction and motivation

Gaussian random field models are common in spatial statistics [11]. Especially
popular are those specified by a Matern auto-covariance function, i.e.

() = 5 (“?h) K, (@h) ,

where K, is a modified Bessel function of the second kind. The three parame-
ters o, v and p separately control the variance, the smoothness and the correlation
range of the process, respectively. Since a hallmark paper by Lindgren, Rue and
Lindstrom [17] in 2011 there has been a great interest in efficient numerical sim-
ulation of Matern fields using finite element methods. These methods exploit the
fact that Matern fields solve stochastic partial differential equations of the form
c(k? — A)PW (x) = dU(x) when considered as an equation on R? [21]. dU(x) here
denotes a spatial white noise. The parameters ¢, § and x are not the same as in
those in auto-covariance function above, but have similar respective interpretations;
¢ controls variance, 8 controls the smoothness and s controls the correlation range.
Recently there has been interest in developing models for spatial statistics that also



incorporate time, while still allowing efficient computation and easy interpretation.
The obvious approach of simply extending the Matern field from d to d + 1 di-
mensions is undesirable, since it prohibits us from controlling the smoothness and
correlation range separately in time and space. The second obvious approach is
two construct a process {W (t)()}ico,r) by defining Wy(z) = 0 and requiring that
W (ty)(z) — W (tay)(z) is a Matern field for t5 > ¢;, similarly to how Wiener processes
are constructed. However, this model will not have very interesting time-space inter-
actions and will therefore have limited use in the modelling of complex phenomenon.
A more sophisticated idea is to instead consider models that are solutions to stochas-
tic evolution equations. For example we could consider a stochastic heat equation
formally expressed by

AX (H)(2) — AX(8)(x)dt = AW (8) () , (1)

where W (t,z) is as defined earlier; a Wiener process in time for each z and a
Matern field in space for each t. The hope is that the solutions to Equation 1
will inherit the "nice” properties of Matern fields. Various generalizations of the
stochastic heat equation have also been considered. In this thesis we consider two
such generalization.

Section 1 is a preliminary introduction to some necessary theory. It is assumed
that the reader is already familiar with Banach and Hilbert space theory and the
theory of random variables on R. We consider the definition of random variables
on Banach and Hilbert spaces and generalize the Wiener process on R to a general
Hilbert space H. We "apply” some of these concepts when we introduce the concept
of Whittle-Matern fields in Section 1.4. We then discuss the notion of predictability
and conditional expectation, both of which will be useful to us later. Finally in
Section 1.7 we define the space-time covariance function of a random process on
a Hilbert space, inspired by the article by Kirchner and Willems [15]. Section 1 is
heavily based on a lecture note by Kovacs and Larsson [16] and somewhat on a book
by Da Prato and Zabzcyk [8]. The discussion of Whittle-Matern noise in Section
1.4 and the discussion of space-time covariance functions in Section 1.7 are however
taken from other sources.

In Section 2 we construct a stochastic integral and discuss some of its properties. A
small detour is made into the theory of Cy-semigroups and deterministic evolution
equations. We then derive existence and uniqueness results for a very general class of
stochastic evolution equations on Hilbert spaces. Section 2 is also heavily based on
the lecture note by Kovacs and Larsson [16] and the book by Da Prato and Zabzcyk
[8], however our treatment of semigroups is based primarily on the treatment of the
subject by Engel and Nagel [10] and somewhat on that of Pazy [18].

In Section 3 we consider a ”space fractional heat equation”, which we formally define
as

dX(t) + (1 — A X (t)dt = dW (t, z). (2)

We consider this equation as an equation on a compact domain D C R¢ and ¢ €
[0,7] and only with initial condition X (0) = 0 and zero boundary conditions, i.e.
X(t,z) = 0 on 0D. We then derive existence, uniqueness, as well as spatial and
temporal smoothness results for this equation using the theory from Section 2. These
results give conditions only involving the parameters 0 < v < 1 and 0 < § and the
dimension d and are thus much more explicit and easier to check than the abstract



results from Section 2. Finally we derive the space-time covariance function of the
solutions and show that asymptotically they have exponential decay in correlation
range both in space and in time. Kovécs and Larsson [16] consider the case where
v =1 and ¢ = 0 in their lecture note and the analysis in Sections 3.1 and 3.2 is the
authors attempt at extending this analysis to a more general case.

In Section 4 we further generalize the heat equation and consider a ”space-time
fractional heat equation”, which we formally define as

dt

This equation is outside of the framework established in Section 2, so Section 4.1 and
4.2 describes the theory of the existence and uniqueness such equations. In Section
4.3 we apply this theory to Equation 3 to find results for temporal and spatial
smoothness in terms of the parameters 3, v and 0. In Section 4.4 we derive the
asymptotic covariance operator of the solutions and show that we have exponential
decay of correlation both in time and in space. Section 4 is heavily based on a
paper by Kirchner and Willems [15] where they consider a more general version of
this equation. However the analysis of spatial and temporal smoothness in Section
4.3 is novel in the sense that the general results of Kirchner and Willems have been
derived under more concrete assumptions. The discussion of the covariance function
in Section 4.4 is taken from Kirchner and Willems, but the analysis of correlation
decay in Section 4.4 is somewhat novel.

(% + (2 - A)”)WX(t, z)dt = iW(t, x). (3)

In Section 5 we consider how to apply an abstract version of the finite element
method to numerically solve the two clases of stochastic evolution equations that we
have described. We consider a partial discretization where the spatial part of the so-
lution space is approximated by a finite-dimensional subspace, but no discretization
in time is made. Section 5.1 describes our assumption on the finite element space
and in Section 5.2 we construct a discrete approximation Aj, to the Laplacian A.
In Section 5.3 we derive some approximation results for the eigenvectors and eigen-
values of the discrete Laplacian. In Section 5.4 we apply the eigen-approximations
from Section 5.3 to estimate the strong error, first for the heat equation, and then
for the generalizations thereof considered in Section 3 and 4. Finally we consider
an approximation result for the space-time covariance function in Section 5.4. Our
treatment of the finite element method is based heavily on that of Strang and Fix
[19], but inspiration has also been taken from Thomee [20] and some lecture notes
by Barth and Lang [3].



Notation

In this thesis we adopt a function notation for random processes, i.e. we use X
to denote the process [0,T] — L%(Q2, H) and X (t) to denote the corresponding H-
valued random variable. This notation has the advantage that we can easily extend
it to also include the dependence on the probability space 2. In this case we will
write X (w) to denote the corresponding map [0,7] — H and X(¢,w) to denote
the corresponding element in H. Frequently in this thesis the Hilbert space H is a
function space, most commonly £2(D) for a domain D C R¢. In this case we will
also use the notation X (¢, z) to denote the R-valued random variable corresponding
tot€[0,7] and x € D.

We will frequently in this thesis employ estimation results of the type x < Ciy and
y < Csz, where we do several estimations all imposing different constants on the
estimand. In this case we usually write something along the lines of x < Cy < C'z.
It is then left implicit that the constant C' changes between estimations. In these
cases the dependencies of C' are left up to context.



1 Random processes on Hilbert spaces

In this section we cover the basic theory of Hilbert-space valued random variables
and processes. The treatment is based heavily on a lecture note by Kovacs and
Larsson [16].

1.1 Banach-space valued random variables

Let E be a separable Banach space over R. We denote the smallest o-algebra
containing the open sets in U by the symbol B(E). We can then define a probability
measure p on (E,B(E)) by a map p : B(E) — R satisfying the axioms of a
probability measure

e 1u(A)€0,1] for A€ B(E)

e For a countable collection of pairwise disjoint sets {A4;}; C B(E) we have that

,U(U@ A) = Zz 1(Aq).

We will study these measures primarily by doing projection into (R, B(R)). More
precisely for a functional f in the dual space E* we consider the real random variable
f:(E,B(E),n) — (R,B(R)). The map f induces the push-forward probability
measure iy = o f~! on R. In this thesis we will mostly consider the case where F
is a seperable Hilbert space. By the Riesz representation theorem seperable Hilbert
spaces are self-dual and the functionals f € E* can be completely characterized by
considering elements v € E and defining f,(z) = (v,z). Whenever we work in a
Hilbert space we will commonly use H or U to denote it. For Banach spaces we
commonly use E or F'. Whenever we are discussing Hilbert spaces we always assume
that they are seperable.

Definition 1.1.1. Gaussian random variable on a Banach space. Let
Q be a probability space equipped with a o-algebra > and a probability measure P.
Let E be a Banach space. An E-valued random variable is a B(E)-measurable
map X : (2,5, P) — (E, B(E)). An E-valued random variable is called Gaus-
sian if for every f € E* the projections foX : 2 — R are either a real Gaussian
variable or is constant with probability 1.

If E is a Hilbert space then we only need to consider f, = (v, X), so that X is
Gaussian if for everyv € E, f,0X = (X,v) is a either a real Gaussian variable
or 1s constant with probability 1.

We now restrict our view to that of a Hilbert space H. For an H-valued random
variable X and for v € E we can calculate the mean value m, := E[f,(X)] of the
real-valued projection f,(X) = (v, X) by

mv:/va(X)dP:/Q(v,X>dP.

If we assume that E [| X | ] = [, [| X ||z dP < co, then by the Cauchy-Bunyakowsky-
Schwarz inequality we have that

iy = /<U,X> 4P < ||v||H/ 1X |5 dP < oo,
Q Q

6



implying that the map v — m,, is a linear functional H — R. Applying the same
inequality we can also see that the functional is continuous. We can thus apply the
Riesz representation theorem to see that there exists an element m € H such that

. :/Q(U,X>dP: (m, v)

We call m the mean of X. This element can also be expressed as the Bochner
integral of X since

mvz/ﬂ(v,)QdP: </QXdP,v> — (m0) |

so that m, = [, XdP. We often denote this integral by E [X]. As we have seen
the condition E [| X ||g] < oo is sufficient to determine that E [X] exists. The space
of random variables on H such that E[|| X | z] < oo exists is denoted by £'(Q, H).
This space is a Banach space under the norm || - ||z1.m) == E{|| - || #]-

We can further calculate the covariance of two projections by

Cov(fu(X), fu(X)) := /Q(U,X)(U,X> dP — m,m, .

We now assume that E[||X||%] < oo and fix v € H. Similarly to before we can
then see that the map v +— Cov(f.(X), fu(X)) is a well-defined continuous, linear
functional on H since

Cov(fu(X), fo(X)) < lJullal[o]laVar(| X][ ) < oo,

again by the Cauchy-Bunyakovsky-Schwarz inequality. We can then apply the Riesz
representation theorem to v — Cov(f,(X), fo(X)) to conclude that there exists an
element ¢,, depending on u, such that

Cov(fu(X), fo(X)) = {qu, v) -

We can now define @) : u — ¢q,. The operator () is called the covariance operator of
X. It is easy to see that () is a linear operator since for all x € H we have that

(Qu+v),x) = Cov(furo(X), (X)) = Cov(fu(X), fo(X)) + Cov(f,(X), fo(X))
= (Qu, z) + (Qu,x) = (Qu + Qu,z) .

Q is also a bounded operator since

1Qulz = (Qu, Qu) = Cov(fu(X), fou(X)) < llullu||QullmVar([|X ) .

so that ||Q||zm) < Var(]|X||x). Since the covariance is symmetric we see also that
@ is self-adjoint. In addition () is non-negative definite since

0 < Var({X,u)) = (Qu,u) .

In the case where X is Gaussian it can be also shown that Tr(Q) < oo, see Kovacs
and Larsson [16]. We use the notation X ~ N(m, @) to denote that X is a Gaussian
variable with mean element m and covarianec operator (). From now on, whenever
we presuppose a covariance operator it will be implicit that the operator has the
properties we have listed. We summarize this in a definition.



Definition 1.1.2. Covariance operator. Let H be a Hilbert space. An oper-
ator @ € L(H) is called a covariance operator if it is self-adjoint, non-negative
definite, and has finite trace, i.e.

= Z(Qek,€k> = Z/\k < 00,
k=1

k=1

where {\ }r are the eigenvalues of Q, with corresponding eigenvectors {ey}r. If
H is self-adjoint and non-negative definite, but has unbounded trace, we call it
an improper covariance operator.

It is worth noting that finite-trace operators are compact, so that we can always find
an orthonormal eigenvector basis for the Hilbert space H with respect to a covariance
operator. In addition, since covariance operators are non-negative definite, their
eigenvalues will be non-negative.

We will now look at two examples of Gaussian random variables on Hilbert spaces.

Example 1.1.1. Gaussian random variable on L*([0,1]). Let H = £*([0,1]).
Define the H-valued random variable X by X = h+ Zg, where Z ~ N(0,1) and
g,h € H. Then for v e H we have

fo(X) = /0 h(z)v(x) de + Z/o g(x)v(x) de =my, + 0,7,

such that f,(X) ~ N(m,,c?). ]t follows that X is a Gaussian random variable on

E. 1t is clear that m = h since ( fo x) dv = m,. We can calculate the
covariance of two projections f, and fo by

Cov(fu(X), fo(X)) = Cov(my+0,Z, my+0,2) = 0,0, = /0 g(z)v(x) da:/o g(x)u(z) de

<<g,> v) = (Qu,v),

so that Qu = (g, u) fo x) dv. Also
=> (g, ex) g, ex) <g,z<g,ek> ek> =(9,9) = llg(@)|* < c0.
k=1 k=1

Example 1.1.2. Gaussian random variable on a (*(R). Let H = (*(R), the
Hilbert space of square-integrable sequences equipped with the standard inner product
(x,y) = > po, xkys. Then ey = {0;1}; defines an orthonormal basis for H. Let
{Br}r be a sequence of independent standard Gaussian variables and define

Xy i=m+ Z VRBrer
k=1

where {\} C R and m € H, so that

X = nlggloXn Zm—i—Z\//\_kﬁkek =m+ (\/)\_151,\/)\_252,\/)\_3%,...) . (4)
k=1



The limit X,, converges to X in mean-square assuming » -, || < co. For a fized
v = (v1,v9,...) € U we have that f,(X,) = > 75— VAeBrler, v) = > r i VABrvr,
which is Gaussian on R, so that X, and the limit X are both Gaussian on U. X
has mean m since E[(X,u)] = (m,u) and covariance given by

Cov(fu(X), ful ZAk u, ex) (v, ex) ZAkukvk (Qu,v)

where the covariance operator Q is defined by ey — )\kek, so that Q(uy,usg,...) =
()\lul, )\2u2, )

There is nothing unique about the space ¢*(R) in Example 1.1.2. We could pick any
Hilbert space with an orthonormal basis {ex}; and perform the same construction.
Alternatively we can fix the covariance operator () a priori. Covariance operators
satisfy the requirements of the spectral theorem so we can always find a correspond-
ing eigenvector basis {e}r. The sum given by Equation 4 will then converge since
Yoo el = 3002 (Qeg, e) = Tr(Q) < oo. It follows that, for any given Hilbert
space H, if we pick an arbitrary element m € H and a covariance operator () acting
on H there will always exist a Gaussian random variable with m as its mean element
and () as its covariance operator.

We now consider a Gaussian random variable X on a Hilbert space H with mean
element m and covariance operator (). It turns out that every such variable can be
decomposed in the manner of Equation 4. To see this, let {e;} be an orthonormal
eigenvector basis for ). For all w € ), we can decompose X (w) with respect to the
basis and get

X(w) = (X(w),ex)ex
k
By assumption X is Gaussian, so (X (w), ex) has a Gaussian distribution with mean
(m, ex) and variance (Qey, ex) = Ag. It follows that <X m, ex) has a standard
Gaussian distribution, assuming A\, > 0. In the case Where A = 0 we have that
(X(w) —m,ex) =0 almost surely. We write

1 .
B = | 7 (X (@) —maep), i > 0.
0 it Ay = 0.

X(w) = Z(X(w), er)er = Z \/A_kﬁkek + Z(m, eryer =m+ Z \/)\_kﬁkek .

It remains only to show that the ,’s are independent. They are pairwise uncorre-
lated since

1 Qepey — 1 TTE=T
Novivsy \/_\/— R/ N TV

If we take any finite subselection of 3;’s, say {B, }
joint Gaussian distribution since

E[B.p;] = E[(X—m,ep)(X—m, e;)] =

1, then this subselection has a

N N
1
(&1,&2, "'7aN) : (ﬁklaﬂkm 7ﬂk ) = Zanﬁkn = Zan—<X - maekn>
" n=1 n=1 \% Akn

9



Z \/Ee’fn

which has a Gaussian distribution by the assumption that X is Gaussian. It follows
that any finite subselection {8, }2_, of B4’s is independent. We summarize our
discussion in Theorem 1.1.1.

Theorem 1.1.1. Karhunen-Loéve expansion. Let X be a Gaussian random
variable on a Hilbert space H with mean element m and covariance operator ().
Let {ex}r be an orthonormal eigenvector basis for H with respect to @ with
corresponding eigenvalues {\}i. We can then write the random variable X in
the form

X =m+ Z VAkBrex
h—1

where {Pr}r is a collection of real, independent, standard Gaussian variables.
This expansion is known as the Karhunen-Loéve expansion. Conversely, for any
covariance operator Q) the sum X = oo v/ AwSrex converges in L2(Q, H) to a
Gaussian random variable with mean element 0 and covariance operator Q).

1.2 Covariance operators with non-finite trace

In some cases it might be of interest to also consider improper covariance operators,
i.e. covariance operators with non-finite trace. In this case the Karhunen-Loeve
expansion Y o VALBker gives a divergent sum. The solution to this problem is to
extend the Hilbert space by equipping it with a laxer norm. As a an example, let us
consider the Hilbert space of square-integrable sequences ¢?(R). and the operator
@ = I, the identity operator. The identity has orthonormal eigenvector basis given
by er = (Ogn)n, so that Tr(Q) = > 27, (€k, €x) 2(r) =Y, 1 =00, 50 Q is an
improper covariance operator. The Karhunen—Loeve expansion of X ~ N(0,Q) is
the given by

X = Z ﬁkek .
k=1

where the elements (5 are i.i.d. real Gaussian variables with variance 1. This sum
diverges. As already stated we wish to extend the Hilbert space ?(R) so the sum
converges. Consider the extension given by

i { Zk—i };e?(]a),

equipped with the inner product ((an)n, (ba)n)g = ((%)n, (%)022@{). Since we have

changed the norm, (e )y is no longer an orthonormal basis, we have to normalize it by
defining f; := key,. Now consider the operator Q : U — U defined by Q(fk) =z Lt

Then Tr(Q) = Y22 1<ka,fk> = Y < oo. Now let X ~ N(0, Q). By
Theorem 1.1.1 we can write

10



X = kZ%ﬁkfk = Zﬁkek,
= =1

where the (;’s are independent real Gaussian variables with mean 0 and variance 1.
Since Tr(Q)) < oo, X € U almost surely.

In general we might wish to make sense of an improper covariance-operator () on a
general, separable, real Hilbert space U. In the above example we solved the problem
by extending the Hilbert space /*(R) to U and defining a new covariance operator
Q) on U. How can we generalize this procedure? First let {exr}r be a countable,
orthonormal, eigenvector basis for U with respect to ) and define

A= {Z ager : (ag)p C ]R}

k

i.e. the set of formal series of {ej},. Now let A : A — A be defined by A(ex) = 1ey.
Then we can define

U={uecA: ||Aul|y < oo} DU.

We equip U with the inner product (u,v); = (Au, Av),. (U, (- )y) is then a
separable Hilbert space and f, = Ale, ke is an orthonormal basis for U.
Define Q : U — U by Q = A2Q. Then

=> (AQfi fr)y Z 2 = < Qllzw Zki
k=1 s

since @ is assumed to be bounded. Then by Theorem 1.1.1 X ~ N(0,Q) is given
by

U

X=3 %ﬁkfk => VAber.
k=1 k=1

so that the summarize Y~ v/ ArBkey , which didn’t converge in H, converges in H.
We summarize our findings in a theorem.

Theorem 1.2.1. Let H be a Hilbert space. Let () be an tmproper covariance
operator and let {ex } be an orthonormal eigenvector basis for H with respect to
Q with corresponding eigenvalues {\y}r. Let {Bk}r be a family of independent,
real, standard Gaussian variables. Then there exists a Hilbert space H > H

such that the sum .
Z A )\kﬂkek
k=1

converges to a Gaussian variable in H with covariance operator Q).

11



1.3 Wiener-processes on Hilbert spaces

In the Ito-calculus the real-valued Wiener process plays an important role in con-
structing the Ito-integral. Our goal is to construct a stochastic integral that can be
used to express differential equations on a Hilbert space. To this end we generalize
the Wiener-process on R to a general Hilbert space H.

Definition 1.3.1. Wiener-process. Let H be a Hilbert space and let @)
be a covariance operator. A Q-Wiener process W on U is a random process

{W (1) }reo,00) satisfying
e W(0) =0 almost surely.
o The map t — W(t) is almost surely continuous.

o For any finite partition 0 =ty < t; < ty < ... < t, < oo the increments
{W (tps1) — W(te)}iZ| are independent random variables.

o For any 0 < s <t < oo the increments W(t) — W (s) ~ N(0,(t — s)Q).

Let W be a Wiener process. For each t € [0,00) W(t) = W (t) — W(0) ~ N(0,tQ).

Therefore we can write

W) =3 Vabiter, (5)

It can be shown that for every k, Si(t) is a standard Wiener process on R, see
Kovécs and Larsson [16]. The family of Wiener processes {fx ()}« is independent.
Conversely for a covariance operator () and an independent family of real, standard,
Wiener processes Equation 5 gives a Wiener process on U. Equation 5 converges in

£2(Q,C([0,T], H)).

1.4 Whittle-Matern fields

A Hilbert space of particular interest to us is the space of square integrable functions
H = £2(D), where D C R%. When working on this space, Hilbert-Schmidt operators
Q : H — H are also integral operators, i.e.

Qg(z) = /Dg(y)r(w,y) dy

for some function r : R* — R. Gaussian random variables on £2(D) corresponds to
D-indexed Gaussian random fields and the function r is the auto-covariance function
of the corresponding field. A common choice of Gaussian field in spatial statistics
is the Matern field, with corresponding stationary auto-covariance function

rar(h) = ru(z — y) o’ <@h> K, <@h> , (6)

2T \ P

where K, is a Bessel function of the second kind. One of the advantages of using
Matern fields in statistical modelling is that the parameters o, p and v are easily
interpretable. o controls the variance and v controls the smoothness of the realized

12



fields. p controls the "range” of the fields; the rate at which covariance decays in
space. The spectral density function corresponding to Matern fields is

1
o

c

Farlw) jﬁde“mw(h)dhm: (5 )

r'(v+4 — d_
where f = v+ g, K2 = ﬁ, and ¢ = o2 (1,(11)2)23” Lyvr2r+2=1 Now let D = R? and

consider the covariance operator Q = (k* — A)™?, defined on sufficiently smooth

subset of H = £2(R?). Then for g € £L3(R?) we have that

Qal(x) = F7 (c(s? + w*)Pg(w))

:/ e e(K? —|—w2)5—/ e "“Yyg(y)dydx

R4 27 R4

= / 9(y) / ei‘"(””_y)i(/f2 +w?) P drdy.
R4 R4 2m

A random variable on £?(R?) will thus have auto-covariance function

r(z,y) = / e’“(””_y)Qi(/f2 +w?)7F.
R4 T

This corresponds to having spectral density f(w) = 5= (k* + w?)~?. Thus Gaussian
random variables on £2(D) with Q = ¢(k?> — A)™? are Matern fields on R?. This
property is no longer true if we consider @) as a covariance operator on L£(D) for
some strict subset D of RY. In general Gaussian random variables on £%(D) with
Q = c¢(k* — A)7P are considered generalizations of Matern fields. They are often
called Whittle-Matern fields in the literature, named after Peter Whittle, who was
among the first who showed the relationship between Q = c(x?> — A)™? and the
Matern field [21]. Due to the prevalence of Matern fields in spatial statistics, Whittle-
Matern fields have received a lot attention in the literature the last decade, partially
since they more easily lend themselves to numerical simulation than classical Matern
fields [17]. Because of these properties, Q = c¢(x* — A)~# will be our canonical choice
of covariance operator when we consider SPDE’s driven by a ()-Wiener process.

1.5 Measurability and predictability

To discuss the measurability of random processes we introduce the notion of normal
filtrations.

Definition 1.5.1. Normal filtration A filtration is a family of o-algebras
{F:}+ such that F; C F; when s <t. A filtration is called normal if for t >0

o P(A)=0= A€ F,
hd Us>t ‘7:5 = ‘/—-.t

We say that a random process X is adapted to {F;}; if the random variable X (¢)
are F;-adapted. For a ()-Wiener process W it is also natural to require that the
increment W (t) —W(s) (for s < t) is Fs-independent. If a Q-Wiener process satisfies
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this requirement we say that it is a ”Q-Wiener process with respect to the filtration
{E}t” )

There are two ways to think about random processes. One way is to consider X to
be a [0, T]-indexed collection { X (¢)}; of random variables. The other is to consider
X as a random H-valued function, i.e. a measurable map Q2 x [0,T] — (H, B(H)),
where €) is a probability space. To define measurability in this context, we need to
attach a o-algebra to the product space Q x [0, T]. The o-algebra we consider is the
smallest o-algebra containing sets of the form

(s,t] x F where 0 <s<t<T and F € Fg,

and

{0} x F where F € Fy,

where F, is a normal filtration. We denote this o-algebra by P. We use this o-
algebra to define predictability.

Definition 1.5.2. Predictability. Let H be a Hilbert space. We call a map
X:(Qx1[0,T),P) — (H,B(H)) H-predictable if it is measurable.

The next proposition shows that the predictability requirement is not so strict, but
allows for a large class of behaviour.

Theorem 1.5.1. Adapted processes with almost surely left-continuous sample
paths are predictable.

Proof. Let X be an adapted process with left-continuous sample paths. We define

Xn(w, t) = X( I{o} + Z X k/zn (k+1)/2n](t)

Since X is adapted, X (k/2") is Fj/on measurable, so that X,,(t) is Fi-measurable.
X,(t) is thus an adapted process as well. By the almost sure continuity of X,
Xp(w,t) = X (w,t) almost surely. Now take an open set U € B(H). Then

ok k+1 AN
X NU) = X(,07! — X[, = .
20 =0pxx6o w0+ U (550 o (5) @
Since X is adapted X,,(t)"*(U) is F;-measurable, implying that X, '(U) € F, so
that X, is predictable. Since a limit of measurable maps is measurable it follows
that X is predictable also. O

1.6 Conditional expectation and martingales

A type of random process that is of particular interest to us are those known as
martingales. Intuitively these are processes that at any given point is equally likely
to 7increase” or "decrease”, whatever that means in a Hilbert space context. We
will see later that the ()-Wiener processes we have discussed earlier are examples of
martingales. In order to rigorously define martingales we are first going to need a
definition of conditional expectation for random variables on Hilbert spaces.

14



Definition 1.6.1. Conditional expectation. Let H be a Hilbert space and
let X : (Q,F) — H be a random variable on H. For a sub-c-algebra G C F we
formally define the conditional expectation E[X|G] by the unique G-measurable
random variable Z satisfying

/XdP:/ZdeorallAEQ.
A A

It is not a trivial fact that the conditional expectation exists and is unique. For a
proof of this fact the reader is referred to Kovacs and Larsson [16]. I now state,
without proof, a lemma with some important properties of the conditional expec-
tation. For proofs of these properties the reader is again referred to Kovacs and
Larsson [16].

Lemma 1.6.1. Properties of the conditional expectation.
Let H be a Hilbert space and let X,Y € LY(Q, H) be random variables defined
on a probability space (2, F, P). Let G C F be a o-algebra.

1. If X is G-measurable then |E [XY}Q] = XE [Y}Q}.
2. If X is G-independent, then E [X|G] = E[X].

The following lemma describes another important property of the conditional ex-
pectation. This lemma we do prove.

Proposition 1.6.1. Let H and U be Hilbert spaces and B a bounded linear
operator U — H. Let X be a random variable (Q,F) — U and let G C F
be a sub o-algebra of F. Assume that X, BX € L'(Q,H). Then E[BX|G] =
BE [X|g].

Proof. By the definition of the conditional expectation, for all A € G

/BXdP:/]E[BX\g} ap,
A A
but also by definition

/ABXdPZB/AXdPZB/A]E[X]g] dP:/AB]E [X|G] dP.

The interchange of the operator B and the Bochner integral is possible due to the
assumption that X, BX € £1(Q, H). The conclusion follows by the uniqueness of
the conditional expectation. O

We are now ready to define martingales.

Definition 1.6.2. Martingales. Let H be a Hilbert space and {F;}: a normal
filtration. Let M be an {F;}i-adapted random process on H. M is called a
martingale with respect to {F;}, or an Fi-martingale, if

o E[|[Mi||n] < oo forallt >0.
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‘ o E[M;|Fs] = My when s <t.

The following martingale inequalities are known as the Burkholder-Davis-Gundy
inequality and the sub-martingale inequality and they will both prove useful in our
later discussion.

Theorem 1.6.1. Martingale inequalities. Let {M(t)}; be a H-valued mar-
tingale with respect to the normal filtration {F_,}.. Takep € (1,00]. IfE[||M(t)||%] <
oo, then ||M(t)||%; is a sub-martingale, i.e.

1M ()|l < E[[[M@)][|F] s <t.

Also, forp>1and T >0

E

sup ||M<t>||§;] < (L) Bl

te[0,7]

Proof. Let s < t. Then by Definition 1.6.2 ||M(s)||5; = ||E[M(t)|F]|[5. By the
triangle-inequality ||E[M (¢)|Fs]|ly < E[||M(t)||g|Fs)P. Finally, the map = +— P
is convex, so by Jensen’s inequality E[||M (¢)||x|Fs]? < E[||M(t)|[%|Fs]. The sec-
ond inequality follows from the Burkholder-Davis-Gundy inequality for real sub-
martingales, see Bassily [4]. O

We have special interest in the space of almost surely continuous, square-integrable
Fi-martingales on H. We will see later that this space plays an important role in
the construction of our stochastic integral. We denote this space M%(H). More
precisely we denote by M2 (H) the space of F-martingales satisfying

e The path ¢ — M(t) is almost surely continuous.

o sup;eior) Jo || M (0|3 dP = supyejo r B[|[M (1)]]7] < oo

The second condition motivates a natural norm on M2 namely

M| pmz. ) == sup \// |M(#)[[7,dP = sup JE[|[M(#)|[3].
te[0,7) Q

te[0,7]

Our goal is to show that M2 (H) is a Banach space when equipped with this norm.
Since for s <t and p > 1 we have that

(1M ()7 < B[ M(#)][7|F]
it follows by the law of the iterated expectation that
E[J[M (s)|[5] < E[[M@)|Z]

so that the norm || - || sz () can alternatively be written as

M| gz, = S VEIM@E] =/ EIM)]]-

We now consider the Banach space x = £2(Q2, C([0,T], H)), equipped with the norm
Xy = VE[IX@®)||%] = \/]E[supte[oj] [| X (¢)]|%]. We will show that this norm is

equivalent to || - [y zr). First we see that
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1M ag iy = VENM D] < 4 | B

sup IIM(t)II%{] = [|M]]y,
te[0,7)

and by Theorem 1.6.1

2
|M|[ = | E | sup [[M(8)|[F] < (—) E M) = 201M || pz (a1 -
te[0,7 2—-1
It follows that || - HM%(H) and || - ||, are equivalent norms on the space M%(H).

It follows also that elements of M2 are mean-square continuous, so that M2 is a
subspace of y. With this in mind we are ready to show that M2 (H) is a Banach
space.

Theorem 1.6.2. MZ%(H) is a Banach space.

Proof. Let {M,}, C M%(H) be a Cauchy sequence. Then
| Moy, = M|y < 2| Mo — M| pgz. 1)

so that {M,}, is also a Cauchy sequence in x. We know x to be complete, so
M, — M as n — oo for some M € y. We now show that M € MZ(H). We see
that

0 < E[|E[M(@)|F] — M(s)|l ;] = E[IE[M(t) — Mu()|Fs] — (M(s) — Mu(s)) | #]
SEE[|[M(t) — M| Fs]] + E[|M(s) — Mu(s)]u]
<2E t:gr;] [[M(s) — My (s)||u
<2,|E | sup HM(S)—Mn(S)H%]

t€[0,T]
=2||M — M,||y = 0 as n — oo.
Thus E[||E[M(t)|Fs] — M(s)||g] = 0 implying that ||E[M(¢)|Fs] — M(s)||z = 0,
so that E[M(t)|Fs] = M(s). It follows that M is a martingale. Since M €
X, M is almost surely continuous. Since M is a martingale we also know that
supeeo.r) E[|[M(#0)]3] = E[|M(T)|}] < E [supepr (IM@O1%] = [|M][} < co. Tt
follows that M € M2(H). Also
|| M — MnHMQT(H) <2||M — M,||y =0 as n = o0,

so M,, — M in M2(H). O

We finally show that ()-Wiener processes are martingales. Let W be a ()-Wiener
process with respect to a filtration F; Recall first that ()-Wiener processes have
independent increments. Therefore
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E[W(@)|F] = E[W(s)|F] + E[W(t) - W(s)|F] .
Since W is adapted to the filtration it follows by Lemma 1.6.1 that IE[W (s)|Fs| =
W (s). Since W (t)—W(s) is Fs-independent we also know that IE [W (t) — W (s)|Fs] =
E[W(t) — W(s)] =0. It follows that E [W(t)|Fs] = W(s). In addition

W (¢ )HM2 (H) — E HW HH Z)\k Bk = tTr(Q) < oo,

so that W is also an element of M%(H).

1.7 The space-time covariance function

We have seen that for u,v € H the covariance operator () of a random variable X
satisfies (Qu,v) = E[(X,u), (X,v)4]. A natural generalization of this to random
processes X would be to imagine a function 7 : [0, 7] x [0,7] — L(H) satisfying

(r(s, ), v) o= BIX (@), u) g (X(s),0) 4] -

We call r the space-time covariance function of X. This definition of a space-time
covariance function for H-valued processes is inspired by Kirchner and Willems [15],
though they do not refer to it by this name. In order to avoid confusion between
this type of space-time covariance function and the more common type of covariance
function that defines the covariance between point values on a random field, we refer
to the latter as auto-covariance functions. The discussions of covariance, both here
and in later sections are to the authors knowledge somewhat novel and therefore
less rigorous and more experimental than that the other parts of the thesis.

Example 1.7.1. For the Q- Wiener processes W we have discussed we can easily
calculate r. Assuming s < t, we have that

(rw (s, )u, v) g = BLW(s), w)y (W(s),0) ] + BLW () = W(s),u) r (W(s),v) 4]
= (sQu,v) ,

so that in general ry/ (s,t) = min(s,t)Q.

The following proposition lists some properties of space-time covariance functions.

Proposition 1.7.1. Properties of the space-time covariance function.
Let X be a H-valued random process on [0, T], with space-time covariance func-
tion r. Then the following properties hold

e 1(t,t) is a covariance operator.
o r(t,s) =r(s,t) for any t,s € [0,T].

e For any finite collection {tx}y_, C [0,T], with any corresponding coeffi-
cients {ax}p_; C R, the linear combination ), ;ara;r(ty,t;) is a non-
negative definite operator.
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Proof. The first two properties are trivial. For the third property define the H-
valued random variable A by A := >, a;X(t;). Then the covariance operator Q4
of Ais given by (Qau,v)y = >y ; ara; (r(ty,t;)u, v) . We know that Q4 must be
non-negative definite, i.e. (Qaey,ex) > 0. It follows that 3, . axa;r(ty,t;) must be
non-negative definite also. O]

When we later consider solutions to stochastic heat equations in Section 3 and 4
we will especially interested in the asymptotic covariance structure. Intuitively we
are not interested in the effects of any initial condition, but only the covariance
properties arising from the equations themselves, i.e. we are interested in the co-
variance properties for ”large” values of . With this in mind we make the following
definition:

Definition 1.7.1. Asymptotic space-time covariance function. The sta-
tionary space-time covariance function r : [0,00) — L(H) is defined by

r(h) = tllglo r(t+ h,t),

where the limit is defined strongly, i.e. we expect that r(t,t + h)u — r(h)u
for every w € H. In addition we also denote r(0) the asymptotic covariance
operator.

The asymptotic space-time covariance function r(h) might not always exist. The
intuition is that asymptotically the space-time covariance function r(¢, s) might de-
pend only on the difference in time ¢, not the absolute values of ¢ and s. The
asymptotic covariance operator r(0) is then simply the covariance operator of the
random process X (t) for "large” values of t.
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2 Stochastic integration and evolution equations

In this section we construct a stochastic integral that is suitable to the problems
we are interested in. This integral will prove important in the analysis of evolution
equations with stochastic driving noise in Subsection 3. We consider existence and
uniqueness results for these equations. The following treatment is heavily based on
the treatment of the topic in the lecture note by Kovacs and Larsson [16].

2.1 Constructing the stochastic integral

We are now ready to begin constructing our stochastic integral. Let U and H be
Hilbert spaces. We wish to make sense of integrals of the form

/0 o(t) IV (1)

where W is a Q-Wiener process on U and ¢ : [0, T|xQ — L(U, H). The construction
of this integral is similar to the standard construction of the Lebesgue integral. The
first step is to define the integral for an analogue of simple functions.

Definition 2.1.1. Let ¢ be an L(U, H)-process [0,T] x Q € L(U, H), and let
{Fi}+ be a normal filtration. ¢ is called an elementary process with respect to

{Fie}e if

Z% Wit 001 (1) 5

where 0 =ty < t; < ... <tn_1 <ty =T is a partition of [0,T] and ¢, (w) are
random operators such that ¢,x : (2, F;, ) — H is measurable for each x € U
and each ¢, is of the form

kn
=2 Ljly(w)
j=1

where L} € L(U, H) and {A} "1 is a partition of Q for everyn =0,..., N — 1.
Note a,lso that we must hcwe A” € F, in order for ¢(t,w) to be {Fi}¢- adapted.

We call the space of elementary processes £. The dependence on the filtration
is left implicit in this notation.

Let W be a Q-Wiener process with normal filtration {F,}. For ¢ € £ it is easy to
define our stochastic integral. We define

[ o am = X oWt - W),

For t € [0, 7] we similarly define
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where

W (tps1) — W(tn) ifty < tpy1 <t
AWo(s) = W) = W(ty)  ifty <t<tn .
0 if t <t <top

We will now show that for elementary processes [, ¢(t)dW (t) € M7.(H).

Theorem 2.1.1. [ ¢(t)dW(t) € ML(H), i.e. [, o( is mean-square
continuous, square-integrable, {F;}- adapted and a martmgale

Proof. Let ¢ be an elementary process and define

0= [ o am Z% entnin(®).

We first show that M is continuous. Since W is a.s. continuous by assumption,
AW, (s) is also a.s. continuous. ¢, is a bounded operator a.s. and therefore preserves
this continuity. Therefore M is a finite sum of a.s. continuous functions and is
therefore a.s. continuous. M is square-integrable since for all ¢ € [0, 7T

[HM HH = AW

H

N-1
> ||¢n||i(U,H)IIAWn(t)II?J]

n=0

< NE

N-1
< NI%E}XHL?”%(UH ZE AW, ()[I5] < oo
’ n=0

Now ¢,AW,(t) is F; adapted by assumption, so M(t) is also F;-adapted. Fi-
nally we show that M satisfies the martingale property, i.e. we want to show that
E [M(t)|.7—"5} = M(s) for s < t. We first decompose M (t) into two parts.

Z G AW, (t Z G AW, (s Z D AW, (t) — AW, (),

so that by the F;-adaptability of M

N-1

E[Mt)|F] =M(s) + E | > (AW, (t) — AW, (5))| F

It remains to show that the latter part is zero. Now let the index ¢ be such that
s € (tg,tes1]. Since s < t, we then have that AW, (t) — AW, (s) = 0 a.s. for n < /.
Forn =0, AW, (t)—AW,(s) = W(t)—W (s) ift € (t, te1], and AW, () =AW, (s) =
W (ter1) — W(s) if not. For n > €, AW, (t) — AW, (s) = AW, (t). Therefore

Z_ Sn(AW,(£) — AW, (s)) = de(W (min(t, trsr)) — W(s)) + Z_ G AW, (1) .
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Then since W (min(t, ts41)) — W (s) is Fs-independent we see that

E [¢o(W (min(t, te1)) — W(s))|Fs] = ¢ [W(min(t, tey1)) — W(s)] = 0.

We can see by a similar argument that [E [gzﬁnAWn(t)‘}'s] = 0. It follows that
E [M(t)|F,] = M(s) and therefore M is a martingale. O

For elementary processes we also have an analogue of the It6-isometry. We will use
this isometry to extend the stochastic integral to a larger space of processes.

Proposition 2.1.1. An Ité-isometry. For ¢ € £

T
_E [ | 166123 i ds]

gde

gde

MQ

Proof. Firstly

/0 H(H)dW (1)

<§j AW, (T), 3 ¢nAWn<T>>

H
—1N-1 N—-1N-1
—ZOX%E (pm AW (T), o AW, (T 2022

Let {fx}x be an orthonormal basis for H and {ej}, be an orthonormal basis for U
that is an eigenvector basis with respect to (). Now the summand can be expanded

using Parseval’s identity (z,y) = >, (=, fx) (¥, fx),

(FJmn = E Z<¢mAW (T), fo) 1 {on AW (T), fo)
—ZE AW ) <¢ f£7€z> <AWn<T)7ej>U<¢:f€’ej>U]'

4,1,

We can assume without loss of generality that m > n. We know that ¢,, is F;,,
measurable and AW,,,(T) is independent of F; . Then by iterated expectation we
have that

=S E[E [(AW(T), e5)y (&5 for e0) iy (AW(T), €) (6 fer €5)yr | Fi ] ]

0,3,
=B Y (Dnfe e (Do eidy (AWn(T), ei)y B [(AWL(T), )] | =0,

£7i7j

since E [(AW,(T), ¢;);] = 0. It follows that for m # n, we have that (%), = 0.
For m = n however, we can use that fac that Cov(AW,,(T)) = (tmy1 — tm)Q to see
that
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(Fman =B | Y (&hnfe ey (S e i)y E [AW(T), ey (AW(T), ej>U}]

L€,i,j

=E Z <¢jnf€7 ei>U <¢;knff’ €j>U <(tm+1 - tm}Qei’ ej>U]

L€,i,j

=1 Z< m+1 — QZ ffaez ezaz<¢:nffaej>U€j>
U

¢ J

=1 Z <(tm+1 — tm)QQS;knfb ¢;knf€>U]

14

= (tm+1 - tm)E Z <Q1/2¢:nf£7 Q1/2¢:ﬂf£>U]
L ¢

= (tms1 = tn)B Q651 101 |

= (tmsr = t)E [16mQ* 00 |

Putting this together we then have

o[ s

m=0

M\H

] NZ NZ = NZ_I]E [H(?mQ%H%z(U,H)} (tma1 — tm)

[ e

ds} )
Lo2(U,H)

The conclusion follows. O

1
The expression | [fOT l6(s)Q2 ||2L2(U’H) ds} * defines a semi-norm on €. We denote it

by || - |le. It is not a norm since ||¢|l¢ = 0 only implies that ¢(t) : U — H is zero
on Im(Q%). We can "fix” this issue by considering &£ instead as a quotient space
where ¢ ~ W if U(t) = ¢(t) on Im(Q2) for all t € [0,T]. This has the consequence
of making elements in £ and its closure Ly(Qz(U), H)-valued processes.

Having established our integral for ¢ € £, we can use the isometry to extend it to

all elements in the abstract closure £ of £ under || - ||¢. If we have an element z € £
we can by definition find a sequence {x,}, C £ such that z,, — = in || - [[¢. We can
then define

/O'x(s) dW(s) := lim $n(s) dW(s).

n—oo 0

{J, zn(s) AW (s)}n is a Cauchy-sequence in M7.(H) since || [, Zp(s)—2n(s) AW (s)l| sz, ey =
|zm(s) — xn( )||le and {z,}, is a Cauchy-sequence in €. Since M2 (H) is a Hilbert
space it thus exists an M € M2 (H) such that fo s)dW(s) = M. M is indepen-
dent of the choice of approximating sequence, since 1f you have two sequences {x,},
and {yn }n, both converging to x, then
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| Hm [ 2,(s) — ya(s) AW ()l aez ar) = Iz — z[[e = 0.

n—o0 0

The following theorem from Kovécs and Larsson [16] gives a concrete representation
for £.

Theorem 2.1.2. Ny(U, H) := & is the set of all Ly(Q=(U), H)-valued processes
¢ such that ¢ is Fy-adapted and right-continuous and ||¢|ls < co.

We might also be interested in the case where the ()-Wiener process is based on
a non-proper covariance (). As we observed in Theorem 1.2.1 we can then find a
(proper) covariance operator Q on an extended Hilbert space U D U. So let W be

a Q Wiener process on U and let J : Q U) — U be the embedding u — u. We
can then construct a pseudo-inverse J—! of J by projecting U onto Im(J) before

B “1
inverting, i.e. for u € U, we define J~! = (J|Im(J)) Pim(s), where Py is the
orthogonal projection U — Im(.J). For ¢ € Ny(U, H) the integral

/</> Jav(s)

then exists as long as |[¢(-)J~"||¢ < co. This is the case since

T
16()T 2 = B { / H¢<s>J-1||%2<U,H)ds] < T B 6O = O] < oo

Therefore, if we have an improper covariance operator, we define our stochastic

integral by
/ o(s)dW (s / B(s)J LW (s).

We now discuss some properties of the stochastic integral. The next result gives us
an easy way to calculate the covariance of two stochastic integrals. A proof can be
found in Kovacs and Larsson [16].

Proposition 2.1.2. Take A, B € No(U, H) and take u,v € H. Then

E K/OTA@) dW(t),u>H </OT B(t) dW(t),v>H]
g K / TA(t)QB(t)*dtu,v>H]

Another result we will need somewhat frequently is the stochastic Fubini theorem.
This result is taken from Da Prato and Zabczyk [8].

Theorem 2.1.3. Stochastic Fubini theorem. Let E be a Banach space
equipped with a finite positive measure jn and let ¢ be a mapping E — No(U, H).
If
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: 1 }
/ E[/ ||¢<x,t>@2||%mdt} u(da) < oo,
F 0

then

[E /O T</5(x,t) dW (t) p(dz) = /0 ' [E oz, t) p(dz) AW (t) .

2.2 (y-semigroups and deterministic evolution equations

We take a small detour from the study of our stochastic integral to study semigroups
of bounded operators. These are very useful in the study of initial value problems on
Hilbert spaces and are therefore also useful in the study of the stochastic evolution
equations we consider in the next subsection. The following introduction is based
heavily on the treatment of semigroups in Engel and Nagel [10] with some inspiration
taken from Pazy [18]. Proposition 2.2.3 however is taken from Kirchner and Willems
[15] and will be needed for the analysis of the space-time fractional heat equation
in Section 4. We begin by defining a Cy-semigroup.

Definition 2.2.1. Cj - semigroup. Let H be a Hilbert space. A [0, 00)-indezed
collection {S¢}+ of bounded operators H — H is called a Cy-semigroup if

[ ] SO = [
L4 St+5 = StSS.

e Forallx € H, the map t — Si;x € H is H-continuous.

The operator defined by Ax = limy,_, % is called the generator of the semi-

group. The operator A is not (necessarily) defined for all z € H, its domain contains
only those = where the limit exists. We denote the domain of A by D(A). We will
see that the domain contains important information about the semigroup and the
generator of the semigroup is better thought off as a pair (A, D(A)), rather than
simply the operator A.

The following proposition lists some properties of Cp-semigroups and their genera-
tors. Properties 1, 2, and 3 are taken from Engel and Nagel [10] and Property 4 is
taken from Pazy [18].

Proposition 2.2.1. Let {S;}; be a Cy-semigroup of operators H — H with
generator (A, D(A)). Then the following properties hold

1. A: D(A) — H is a linear operator
2. For x € D(A), Six € D(A) and

d
Estx = AStx = StAfﬂ .
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3. Forx € H, fot Ssx ds € D(A) and

t
A(/ Ssxds) =S —ux.
0

If we also have that x € D(A), then

t t
A(/ Ssxds):/SsAxds:Sta:—x.
0 0

1 t
;/ Scxds —>x as t— 0.
0

4. Forxe H

The next proposition tells us that generators of semigroups are closed and linear
and have dense domains. The proposition is taken from [10], but we also include
the proof here.

Proposition 2.2.2. Let {S;}; be a Cy-semigroup of operators H — H. lIts
generator A is then a closed linear operator and D(A) = H.

Proof. To see that that A is a closed operator consider a sequence of {z,}, C D(A)
and assume that the sequence { Az, }, converges to an element = € H in || - ||z. By
Proposition 2.2.1 we see that for ¢ > 0

t
STy — Ty, = / S Ax, ds.
0

Since { Az, } is convergent, it must be a bounded sequence, so that || Az,|| < C. Then
|SsAz,|| < C" also. Then by dominated convergence, and the strong continuity of

S;, we see that
t t
/ S Ax,, ds —>/ Ssyds.
0 0

In addition, also by the strong continuity of S; we see that Sz, — x, — Six — x.
Then % = %f[f Ssyds. Taking the limit as ¢ — 0 we get that
. S —=x
lim
t—0 t
It follows that x € D(A) and Az = y. A is therefore a closed operator. To
see that D(A) is dense, note that by Proposition 2.2.1 we know that for x € H,
+ [, Ssxds € D(A). Hence the sequence {= [ S;zds} C D(A) converges to x € H

by strong continuity. It follows that D(A) = H. H

It is often straight-forward to verify that a Cy-semigroup has generator A for some
domain D. However it is harder to determine whether D is actually the full domain
of the generator. The following proposition from Kirchner and Willems [15] will
help us determine whether or not a subset D C D(A) is "large” or not.
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Proposition 2.2.3. Let {S;}; be a Cy-semigroup of operators H — H with
generator (A, D(A)). If D C D(A) is || - ||g-dense in H and S;D C D, then
D is || - ||g-dense in D(A), where || - ||, is the graph norm defined by || - ||, :=
|- 1lz + |AC)||z. We denote the graph closure of D by D’.

Proof. Take x € D(A). Since D is || - ||g-dense in H, and D(A) C H, we can find
a sequence {x,}, C D such that z,, — x in || - ||g. Since S; is strongly continuous,
both s — Sgx, and s — S(Az,) are H-continuous maps. It follows that the map
s — Ssxy is continuous in ||-||,. Therefore the integral f(f Ssty, ds is || - || ;-convergent,

implying that %fot Syx,ds € D’. We want to show that %fot Sstpds = xin || - |,
as t — 0, implying that = € D’. We consider

1 /[t 1 [t
H—/ Sez, ds|| < H—/ S.xds —x
t /s st

By the same argument as before the map s — S,z is || - ||,-continuous, so that

1 t
H—/ S ds
tJo
as t — 0. Furthermore

1 t
H—/ Ss(zy, —x)ds
t Jo

as n — oo. Also, by Proposition 2.2.1

1 t
—i—”—/ Ss(z, —x)ds
g tJo

g

— 0,
g

< Cllz = znlly =0

1 t
H—A/ Ss(xn —x)ds|| = |Si(zp, — )+ 2z, — 2|y < Cllx —z||g — 0,
0

t

H

again as n — oo. It follows that ||%A fot Ss(xn, — x)ds||;, — 0 also. It follows that
% f(f Ssr, ds — x implying that = € D as desired. n

An important question to us is when an operator A on D(A) generates a Co-
semigroup. The Hille-Yosida theorem, stated below, gives sufficient and necessary
conditions for when an operator A generates a Cy-semigroup satisfying a certain
bound. The theorem as stated below is from Engel and Nagel [10].

Theorem 2.2.1. Hille-Yosida. A linear operator A on D(A) C H generates
a Co-semigroup of operators {S;}, satisfying ||Si|| ey < M exp(wt) for some
M,w € R and for all t € [0,00) if and only if

1. A is a closed operator, and D(A) is dense in H under || - || 5.

2. The operator NI — A 1is invertible for every A > w and for every n € IN the
operator \I — A is invertible and satisfies

M

N —A)™" < —
O T
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We now give example of an operator generating a semigroup. This example, involv-
ing the Laplacian, will be of great importance to us later when we analyze various
generalizations of the stochastic heat equation.

Example 2.2.1. The Laplacian on L*(D). Let H = L3(D) for a bounded do-
main D C R? with a smooth boundary OD. Consider the Laplacian A = ZZ:1 %
defined on D(A) = H*(D) N H}(D), the space of twice (weakly) differentiable func-
tions which are zero on OD. This space is dense in L*(D). It is also known that the
Laplacian is closed on its domain [9]. The Laplacian thus satisfies the first condition
of the Hille-Yosida theorem. By Theorem A.2.1, (—A) induces an orthonormal basis
of eigenvectors {er}r on D(A), and thus also on H, with corresponding eigenval-
ues { A\, }x. These eigenvalues are positive and non-decreasing and satisfy the Weyl
estimates

Cikia < A, < Cokt
implying that for x € D(A) and n € N we have that
TEYRRUSERTRNG o ) M. — T
BT L (A A2 T (A infr (M) PN

so that H)\[‘i‘ A>_nHL(£2(D)) S m We know that mfk()\k) = )\1 {)\k‘}k 1S an
non-decreasing sequence. A thus satz’sﬁ)es the second condition of the Hille-Yosida
theorem with M = 1 and w = —\1. It follows that (A, D(A)) generates a semigroup

{S:}+ and that ||Sy|| Ly < e ML

The above example shows that (A, D(A)) generates a semigroup {S;};. We will now
show that this semigroup is given by S; := exp(—At). In fact the following theorem
is slightly more general than that, also including the extensions of the Laplacian
discussed in Appendix 2.

Theorem 2.2.2. Let g : (—00,0] — (—00,0] be a measurable function. Let A
and D(A) be as assumed in Example 2.2.1. Then the operator (g(A), D(g(A)))
generates the Cy-semigroup given by exp(g(A)t), which is defined on the eigen-
vector basis {ex}tr of A by exp(g(A)t)ey = exp(g(—Ax))er.

Proof. The operators g(A) and the space D(g(A)) is well-defined according our
discussion in Appendix 2. We first show that {exp(g(A)t)}; is a Cy-semigroup. We
then prove that (g(A), D(g(A))) is its generator.

{exp(g(A)t)}; is a Cy-semigroup: Take z € H. Since {ey}r spans H we know
that © = ), (z, ex) 5 €x. Then

lexp(g(A)t)erllzy = 11D (. ex) y explo(=Ae)t)exllF

— Z (z,e) 3 exp(—2g(—=Ap)t)

k
< l2ll < o0,

since exp(g(—Ag)t) < 1 for all k. So exp(g(A)t) is a well-defined operator. Clearly

exp(g(A) x 0) = I and exp(g(A)(t + 5)) = exp(g(A)t) exp(g(A)s). exp(g(A)t) is
strongly continuous since for x € H
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lexp(g(A)t)a — exp(g(A)s)zllf = Y (@, en)” (exp(g(=A)t) — exp(g(=A)s))*

which goes to zero by the dominated convergence theorem since || (z, e,)* (exp(g(—Xi)t)—
exp(g(—=A)s)) % < 4]|z||%. Tt follows that {exp(At)}; is a Cp-semigroup.

(9(A), D(g(A))) generates exp(g(A)t):  We finally show that exp(g(A)t) is gen-
erated by (g(A), D(g(A))). Let x € D(g(A)). Then

eXp(g(i)h) ~1 S (o) exp(g(—zk)h) L ().

k

Since || (x, ex)
theorem to conclude that

(¥) = Y (w,en) (9(=Me)ex) = g(A)z,

Meklm < 2||z||g, we can use the dominated convergence

so that g(A) generates the Cp-semigroup exp(g(A)t). O

The reason Cy-semigroups are important to us is because they provide solutions to
evolution equations. Consider the deterministic evolution equation

{dy(t) + Ay(t)dt = f(t)
y(O) =Y -

(7)

It is known that if —A generates a Cy-semigroup {S;}:, then the unique (weak)
solution to Equation 7 is given by

y(t) = Siyo + /0 Si_of(s)ds.

A full treatment of this can be found in Engel and Nagel [10].

2.3 Stochastic evolution equations

We are now ready to tackle stochastic evolution equations of the form

{dX(t) +AX (H)dt = dW (1) )

X(O) = Xy,

where X is an H-valued random process, W is a (possibly improper) H-valued
()-Wiener process, A is an operator defined on a subspace D(A) — H, and zg
is an Fy measurable random variable on H. We will also assume —A and D(A)
satisfies the conditions of the Hille-Yosida theorem, so that (—A, D(A)) generates a
Co-semigroup of operators {S;}.

It is not immediately obvious what we mean by a solution to Equation 8. In this
thesis we consider only so-called weak solutions, defined below.
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Definition 2.3.1. Weak solution. A random process X : [0, T] — L*(Q, H)
is called a weak solution to Equation 8 on [0,T] if X(t) is Fi-adapted, right-
continuous almost surely, E[|| X (¢)||?] < oo for all t € [0,T], and that a.s. for
all x € D(A) and for all t € [0,T] we have that

(X(t),z) = (xg, ) +/0 (X(s), A™x) ds+/0 (x,dW (s)) , (9)

Note that this definition is weak only in the Hilbert space sense and not in the
stochastic sense. We require that the ()-Wiener process is defined on an a-priori
specified filtered probability space (2, F, F;, P). A stochastically weak definition
would only require that Equation 9 holds in expectation.

Our goal is now to show that the unique weak solution to Equation 8 is given by

X(t) = Spxo + /t Sy dW (s), (10)

is the unique weak solution to Equation 8. We first show that the integral converges.

Theorem 2.3.1. Let H be a seperable Hilbert space. If

T T
([ s@siar) = [ 18QHEmdt < oo
0 0

the integral in Equation 10 belongs to L*(2, H) for all t < T and it is mean-
square continuous in time.

Proof. Define ¢,(t) := fot Sy—_sdW (s). Since S,_g is adapted and right continuous
(it’s deterministic and strongly continuous), and since by the Itd isometry we have
that

t i t .
B 1601 = [ 150 Q¥ . ds = [ 1S.QHE s < o,

we see that ¢,(t) exists for every 0 < t < r < T by Theorem 2.1.2. Therefore the
random process M : [0,T] — L*(Q, H) defined by M(t) := ¢(t) = f; Si—s dW(s)
exists. Now assuming 0 < s <t < T" we have that

M) — M(s) = /0 S S AW () + / S W) = (1) + (2).

(1) and (2) are independent since the Q-Wiener process has independent increments.
Therefore

E[1M(t) = M(s)IIP] = E [I(WIF] +E [[12)]°]

s t
1 1
= / || (St—s - ]> SS_TQZH%Q(U,H) dr + / ||St—7'Q2||%2(U,H) dr.
0 s

The map f(r) = ||S,—, Q2 17, .y is continuous by the strong continuity of S;. So
t 1
/ 15 QH |2, oy dr — 0 as s > .
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Now

1 1
1(Si—s = 1) Ssr Q2 |7, .5y < NSe—s = I 156 Q2 17,01y
1
< WSe=sllew.my + 1l nw,mn) (15— Q2 17 0.1y

<2 S 7 szr % i 9
< 2 max [15() 20 1Se-+ Q7 o

so we can apply the dominated convergence theorem to say that

/ Il (Si—s — 1) SS_TQ%H%Q(UH) dr - 0. as s > t.
0

It follows that M is mean-square continuous. O

We now prove that Equation 10 is the unique weak solution to Equation 8.

Theorem 2.3.2. Existence and uniqueness of weak solutions. X :
[0, T] — L£L2(Q, H) defined by X (t) = Syxo + f(f Si—s AW (s) is the unique weak
solution to Equation 8 assuming that

T
Tr </ S,QS; dt) < 0.
0

Proof. By Theorem 2.3.1 we know that X is well-defined. We know that S;xq is the
unique weak solution to Equation 7, i.e. a weak solution to dX (¢) + AX(¢)dt = 0,
with initial condition X (0) = z,. It follows that M(t) := fg Si—s dW(s) = X(t) —
Sixg is the unique weak solution to

AX(t) + AX (t)dt = AW (1)
X(0)=0,

if and only if X is the unique weak solution to Equation 8. We can therefore assume,
without loss of generality, that o = 0. Then, by definition, X (t) = fg Si_s AW (s)
is a weak solution if

(X(t),x) :/0 (X (s), A*x) ds+/0 (x,dW(s)) ,

for any arbitrary x € D(A). We see that

/Ot (X(s), A*z) ds = /Ot </8 Ser dW(r),A*x> ds

0
t s
_ / / Caen S AW () ds
0 0

t t
- / / ]1(075) (T)KA*ISS—T dW(T) ds = (*) ,
0 0

where ¢, := (-,v). We want to apply the stochastic Fubini theorem to ¢(s,r) =
Li0,)(7)l A=z Ss— to switch the order of integration. Applying the Cauchy-Bunyakovski-
Schwarz inequality we have that
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/OtIE[/Otﬂﬁb(s,r)Q%H%Q(H)dr} ds_/ (/ l6(s, 7)Q} 2 0 ) iy
/(/ 156 Q2 12,1 dr) 1A 2|5 ds

. 1 :
< t|A%2]ln ( / ||STQ2||%2(H>dr) < o0

So we can apply the stochastic Fubini theorem and the fact that by definition %Stu =
AS;u to say that

// (Sey, A*z) dsdW (r // 1,S:  A*x) dsdW (r)
:/0 / (I, A*S*_ ) dsdW (r // (1,8 @) dsdW(r)
:/Ot (1,8 ,x) — (I, z) AW (r) = </0 StrdW(r),x>—/0t (@, dW(r))

— (X(t),2) - / (. AW () |

so that X is a weak solution. Now assume that there are two weak solutions X and
Y. Then

(X (1) - Y (1), 2) :/0 (X(s) — Vi, A*z) ds

almost surely for all ¢ € [0, 7], so that a version of X — Y is a weak solution to the
deterministic evolution equation

df(t) = Af(t)dt
f(0) =0,

which is known to have unique weak solution f = 0, implying that X (¢) — Y (¢) =0

for all ¢ € [0, T] almost surely, i.e. P(X(t) =Y (¢t)) =1 for all t € [0,T]. It follows

that any weak solution is a version of [; S;_s dW(s). The conclusion follows. O

Y
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3 The space fractional heat equation

In this section we consider the special case where A : D(A) — £2(D) =: H is defined
by A:= (1*—A)? with 0 < ¢, 0 < 7 < 1 and zero initial condition, i.e. the stochastic
evolution equation

(11)

dX(t) + (2 — AV X(t)dt = dW (¢)
X(0)=0,

We call this equation the space fractional heat equation, to contrast it with a further
generalization of the heat equation we will consider later. We will consider the
operator (12 — A)7 as acting on the space D(A) = H!, described in Appendix 2.
D is here a bounded domain in R? with smooth boundary and W is a Q-Wiener
process on L£%(D). We will primarily assume @ to be the Matern covariance operator
Q = c(k*—A)7P. The analysis in this section is inspired by the analysis of the simple
stochastic heat equation by Kovacs and Larsson [16].

From Example 2.2.1 in Appendix 2 we know that —A has an orthonormal, eigen-

vector basis {ey}x, spanning H, with a corresponding sequence of real, positive,
increasing eigenvalues )\, diverging to infinity. We also have the Weyl bounds

CLEY <\, < Ok

It follows that the operator —A also has real, decreasing eigenvalues —(:2 + \;)”
and that —A generates a semigroup S; = exp(—At) by Theorem 2.2.2. Since all
the eigenvalues are real, we know that A is self-adjoint, i.e. A = A*. For ease of
notation we define

Mg = (L2 + )\k)’y .

()7
xY

We trivially have the estimate A} < (. + A\;)? = pg. Since

function, we also have the estimate p = (L2 + M)? < (L%f\%)v)\z The eigenvalues

is a decreasing

1 thus satisfy the estimates

after which we can apply the Weyl bounds to A\ to also obtain bounds for .

3.1 Existence of weak solutions

We saw in the previous section that if fOT 15,:Q3 17,y dt < oo, then the stochastic
convolution

T
Ct = / Stfs dW(S) s
0

is the unique weak solution to Equation 11. We will now check that this condition
holds. First note that for a test element x € U we have the estimate

T T
1At exp-tajslfyat = [ exp(-20mt) o, en)” dt
0 0o 7

Iz

N | —

= 30 S exp(=2u ) (o, en)? <
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Now let {fx}x be an orthonormal basis for H = £?(D). We consider the integral

T 1 T 1
/0 | exp(—ANQE R, g df = / S exp(—ADQE il dt = ().
k

Az and exp(—At) commute since they share eigenvector basis, and I = Az A~z We
can therefore write

T
:Z/O | A3 exp(— At) A= Q3 fu|l2, dt
k

We apply our estimate to write fOT | Az exp(—At) A2 Q3 f,,||% dt < %HA*%Q%ka%{,
so that

1 11 T, 1 1
SgZHA QQkasznguA 2Q2 17, () -
%

So we have a weak solution if HA*%Q%HM(H) < HA*%HL2 HQ | ey < 00, assuming
@ is bounded. Tt is thus sufficient to have HA_%H%Q(H) =302 —|—>\k) 7 < o0o.. Since
A < ng% we can estimate (12 + \p) ™7 < /\,;7 < Cka". Therefore

14 o = 07+ 20 < 0

k

which is finite if —=f < —1, or d < 2. This means that we can guarantee solutions to
Equation 11 if we have have a bounded () and the dimension of our solution space is
less than 2. However, we can do better by considering a () with higher regularity.
For example we could pick the Whittle-Matern covariance operator discussed in
Section 1.4, i.e. Q = c¢(k* — A)~#,. This operator has the eigenvalues c(k? + \;)~”
with the same corresponding eigenvectors ep as —A. We can use the estimate as
before to calculate

_1 1 _24_2B
1472 Q2|5 n) = 0 EL + ) (R A B<ZCI<:

It follows that we have existence of weak solutions if d < 23 + 27.

3.2 Regularity of solutions

We are also interested in the spatial regularity, or smoothness, of our solutions. To
analyze this we will use the H*-spaces discussed in Appendix 2. Functions u in H*
are in some sense s times differentiable in space, so by seeing if the condition in
Theorem 2.3.1 is finite for the norm || - ||s, we can see if our solutions are s times
differentiable in space. We now proceed to do this. Similarly to before

T
1 1 1 s 1 1
| 1esp(ANQHE, gyt < GIATHQHE 1 = SI-2)ATHQH

Assuming @ to be bounded we can estimate ||[(=A)3 A"2Q2 | Loy < Cl[(—A)2 3A3 | Lo (a1
Thus weak solutions exists in H? if
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s

I(=A)FATZR = Y N2+ M) <O ki,
k k

ie. if %(s —y)<—lors<~y— g. As discussed before s is a measure of differentia-

bility so this would imply that assuming only ||Q% | () < 00 we can in general get
no more than y — ¢ derivatives. If we assume instead that @ = c(x? + \;) 77, ie.
Whittle-Matern noise, we get more regularity. We then have

El

I(=A)FA2QE 3,y = A D (2 + M) (52 + M) ™7
k

<C Z fas=r=5)
k

so that we have s < v+ 3 — , implying that our solutions are [y + 3 — g —1] -
times mean square dlfferentlable We can thus get arbitrary spatial regularity by
upscaling either 5 or v. We summarize our discussion in a proposition.

Proposition 3.2.1. Spatial regularity of X. Let X be a weak solution
to Equation 11, with Q = ¢(k* — A)™F and v € (0,00). Assume also that
s<y+B8—4% Then X € L2(Q, L2([0,T], H?)).

Note that the existence result from the previous subsection follows from this one if
we select s = 0. A further natural question to ask is whether our weak solutions
are (mean-square) differentiable in time or not. The following proposition suggests
that they are not, and that solutions are no more than 1/2-Hdlder continuous.

Proposition 3.2.2. Temporal regularity of X. Let X be a weak solution to
Equation 11 in H with Q = (k* — A)™P. Assume that v € (0,1) and s € [0,00)
satisfies 2yv +s < v+ — g. Then for t1,ts € [0,T] we have that

[ X (t2) = X (01l 2,0y < Cltz = ta]”

Proof. We know by Theorem 2.3.2 that since a weak solution exists it can be ex-
pressed as

X(t) = /0 S AW (s).

We assume w.l.o.g. that ¢; < t5. Using the triangle inequality and the [t6 isometry

we can estimate
<5 || [ e [ s ]

/ StQ*S o ]I(O»tl)(s)stlfs dW(S)
0

E [|| X (t2) — X(t1)

=E{ .|

to 1
- / 1(Sta-ts = L) (5)) St s Q3 12, 0 ds

t1
[ St = D1 QA s+ / [S0-s@E 2, ) ds
— 1)+ @)
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We know that the semigroup S; has the form exp(—tA) such that for an eigenvector
er we have that Sie, = exp(— (12 + \x)7t)ex. We can then write

1(Sp,—t, — I)Stl—sQ%HiQ(Hs) — Z)‘Z(l — e mlt=t))2o=2em(ti=9) (2 4 ), )P
k

and

10 -sQ2 12, ey = D Ape 2279 (12 4 Ap) 7

k
We first consider (1). We see that

=3 Xig (1 e TR = e (6 4 A

We can then use the bounds 1 —e™* < 1 and (1 — e‘z)2 < z% for a < 2 to estimate

(1) < C(tg o tl)a Z /\]:7—5-&-7@4—8.

k
For (2) we see that

2= [ 10U o= 3 i

We can then use the bound 1 — e™* < 2% for a < 1, to see that

—2cp(ta—t1) 2 py -8
20,uk —e YK+ k)

(2) < C(tg _ tl)a Z )\;7—5-&-7(14—8‘
k

Putting this together we get

(1) +(2) = C(ty — t1)" Z PWataniay

k
<Oty — )™y kalm=omets)
k

which converges if %(—7 —B+va+s) < —lorya+s<~vy+p— g. For (1) we

must have a < 2 and for (2) we must have a < 1. The requirements on the Holder

coefficient v = % are thus

d
0§2’7V+8<ﬁ+’7—§,

and

[

The conclusion follows. O
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Intuitively we can think of g + v — % as the "total regularity” of the solution X.

Every time we take a spatial derivative it reduces the total regularity by 1. Temporal
regularity ”costs” 2y as much; increasing the Holder coefficient by x reduces the
total regularity by 2vx. The caveat is that we the additional restriction that you
can never have a Holder coefficient greater than % The process X can thus never
be mean-square differentiable in time either.

3.3 Covariance properties

The results of Section 3.2 tells us how the parameters § and v influence the spatial
and temporal smoothness of solutions to Equation 11. In this section we calculate
the asymptotic space-time covariance function we discussed in Section 1.7 and use
it to establish qualitative estimates for how the parameters of Equation 11 influence
the rate of decay of correlation in its solutions, first in time and then in space.
The analysis in this subsection is to the authors knowledge somewhat novel and is
therefore more experimental and less rigorous than that found in other parts of this
thesis.

Our first proposition gives us a somewhat concrete representation of the asymptotic
space-time covariance function for the space fractional heat equation.

Proposition 3.3.1. Let X be a weak solution to Equation 11 on L*(D) with
Q = (k? — A)™P. Then the asymptotic space-time covariance function of X is
given by

r(h) = gsh(ﬂ — AR = A)I

Proof. We can calculate the space-time covariance function from Section 1.7 of the
solution X using Proposition 2.1.2. In general for solutions to Equation 8 with
xo = 0 we can calculate

(r(t, s)u,v) p = E[(X (1), u) g (X(s),0) 4]

T T
—EK / E<o,t>st_5d£,u> < / H(O,S>Ss_§d§,v>]
0 H 0 H

T
= </ ]I(O,min(t,s)) (g)st—fQS:—g d§ u, U>
0

min(t,s)
= </ S|t,S|S§QSg df u, U>
0

H

H

so that

min(t,s)
T(t, S) = / S|t,S|S§QSg df
0

In our case we have Q = c(k? + A)™ and Sye;, = exp(—puxh)er, so we can test this
operator against an eigenvector e, to get

37



min(t,s)
r(t, s)e, = / exp(—pr|t — s|) exp(—2pupé)ec(k* + )xk)_ﬂ déey,
0

_ exp(=( + M)l )
202 + Ap)

(1 — exp(=2(¢* 4 \) " min(t, 5)))e(k? + M) Pex.

Specifically as t — oo we get the asymptotic space-time covariance function

r(h)ey = lim r(t + h, t)ey, = g(LZ + M) (R 4 M) T exp(— (4 M) Th)ex
so that the asymptotic covariance operator of X (t) is given by

r(h) = gsh(ﬂ —A) (K2 — A,
]

Note that if © = &, then 7(0) = £(x* — A)~#~7. This is a Whittle-Matern covariance
operator and the spatial correlation range depends on k (= ¢), i.e. large values
of k induce rapid decay of correlation in space. For the case where ¢ # K, we will
consider the limiting case of D = R¢ and find an upper bound for the auto-covariance
function corresponding to 7(0), i.e. a bound for the spatial decay in the stationary
distribution. We do this in the following proposition.

Proposition 3.3.2. Let X be a solution to Equation 11 on the domain D = R?
with Q = c¢(k*> — A)~™" and assume k # 1. Denote the auto-covariance function
corresponding to the asymptotic covariance operator r(0) of X by R. We then
have that

|R(R)| < O(e™*™") + O(e™*™") as h — .

Proof. Firstly,

[r(O)g)(@) = F (502 + )7 (% + ) ()
51

:/ ei“‘”E(LQ—f—wQ)_”(lf—i-wQ)_ —/ e “g(y)dy da

R4 2 27 R4

:/ g(y)/ ei“(“_y)i(f%—w?)_”(/sz—|—w2)_ﬂdxdy,
R4 R4 47T

so that the spectral density corresponding to r(0) is given by f(w) = £(* +
w?) (k% + w?)7A. This is a product of two Matern spectral densities. The auto-
covariance function R is thus proportional to a convolution of two Matern auto-
covariance functions. According to Baricz [2] we have the bound K, (h) < Ce™" for
modified Bessel functions of the second kind. The Matern auto-covariance function
in Equation 6 therefore satisfies the bound

o (h)| < Chve™%"

|h| _ Crhye—27r1£|h\ )

We can utilize this to calculate
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|R(h)| o ‘ re(h — x)r,(z) dm|

Ra
< C/ ’h . x‘ulx‘ue—%ﬂﬂh—x\e—27r1,|:r:\ dx
R
0
< C/ |h_x|l/|x|ue—27m(h—ac)€27rw dx
,hoo
+ C/ |]’L . x|u|x|ue—2m€(h—x)e—2ﬂwm dx
0
+C / \h — x|V || e e e=2me 4y — (I) + (1) + (I11).
h

For (I) we can do the variable substitution = —z and calculate

> C
(I) — C’e%“h/ |h _ x‘l/|x‘11672ﬂ(b+l€)$ dr = e 2mrh O(ef2ﬂ'lih) )
0 27(1 + k)
For (I1) we do similarly, assuming ¢ # &,
" C
([[) = C€2wnh/ |h . I|u|x|u€27r(nfL):r dr = — — = 2mh _ O(emeh) .
0 21(k — 1)

For (I11) we can do the variable substitution z = h — z and calculate

- C
(I[]) = 0627mh/ |h — x|l/‘x|ue—27r(n+b):c dr = —6—27th _ O(e—th) ‘
h 21(K +t)

It follows that the auto-covariance function corresponding to r(0) is bounded by a
function that decays like O(e=2"l) 4 O(e=2mxIhl),
O

Proposition 3.3.2 indicates that the spatial range is controlled by min(¢, k), i.e. large
values of + and x will give rapid decline in correlation range, but only if both are
large simultaneously.

Proposition 3.3.3. Let X be a solution to Equation 11 on L*(D). Then for
0<a<1anduxye L:D) and for large values of t we have that

IE[X(t+h,2)X(t,y)]| < O(e M) g5 h— oo

Proof. For elements u and v we have that (r(h)u, v),; = E[(X(t + h),u) 5 (X (t),u) ).
We will consider the case where u = 6, and v = J,; the delta functions centered at
x and y respectively. Then for "large” values of ¢ we have that

(r(h)dg,0,)y = E[(X(E+h),0.) 5 (X(£),0y) ] = B[X(t+ h,2)X(t,y)] .

So we can calculate the pointwise covariances by applying our space-time covariance
function to delta functions. Using the Weyl estimates and the properties of the delta
function discussed in Appendix A2 we can calculate that for 0 < a < 1 we have
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| (r(h)dz, 0y) Izek (r(h)ex, ;) |

< Z e~ (2 LX) (K2 + A) Ver(a)?

(12)
_ Z 5e—a(b2+>\k)’Yhe—(l—cx)(ﬁ—i-)\k)'vh(L2 + )\k;)_ﬁ(ﬁ2 + /\k>—76k(x)2
k

< Ce_a(LQ"‘)‘l)Wh Z 6_(1—a)(b2+)\k)7h)\];5_7+%

This sum always convergences since the decay in the exponential e~ (1= +Ax)7h
as k — oo will kill any divergence in the eigenvalues A\;. This garantuees that
| (r(h)d,,d,) | < oo while also establishing that [IE [X (t + h, 2) X (t,y)] | < O(e~¢*+M)7h)
as desired.
O

The decay rate of temporal correlation is therefore exponential and controlled by
the parameters ¢ and ~; large values of ¢ and ~ induce rapid decay of correlation in
time. The presence of the first eigenvalue A\; shows that the geometry of the domain
D can also impact the rate of temporal correlation decay.
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4 The space-time fractional heat equation

As we have now seen, a major problem with the space fractional heat equation

is that the temporal regularity is capped at a Holder continuity of order % This
problem no longer appears if we also let the temporal derivative be fractional, for

example we could consider the equation defined formally by

(&+ (2 —a)) X(t) = W() (13)
X(0) =0, |

As is, this equation is only a formal expression; we will need to define what (% —
(1> — A)7)? actually means. A further difficulty is that this equation does not fit in
the framework of Section 2.3. We will address both of these issues in the following
subsection. We first consider an abstract operator A: D(A) — H, assuming only
that A and D(A) satisfy the conditions of the Hille-Yosida theorem, implying that
(A, D(A)) generates some semigroup of operators {S;}; satisfying ||Sy|| () < Me**
for some M € R. In subsections 4.3 and 4.4 we go back to the specific case of
A = (1*—A)". The following treatment borrows heavily from Kirchner and Willems
[15].

4.1 The fractional operator (% + A)6

The first step is to make sense of the operator (% + A)5 is to define the space that
the operator acts upon. We have so far considered A as an operator on (a subset

of) the Hilbert space H. We will now consider it as an operator on the Bochner
space H = L*([0,T], H). For f € D(A) C £*([0,T], H) we define the corresponding

operator A: D(A) — £%([0,T], H) by

(Af)(s) = A(f(s)) ae. s€[0,T].

If f e £2([0,T],D(A)), then f(s) € D(A) for almost all s € [0,7], so (Af)(s) is
well-defined. For now it is therefore natural to consider the domain of A to be
L£2([0,T], D(A)), though we will see below that this domain can be extended by a
graph closure.

We can extend the semigroup {S;}; generated by A in a similar manner. For f €
L£2([0,T], H) the extended semigroup S;: L£2([0,T], H) — £([0,T], H) is defined to
act upon f by

(S:f)(s) = Si(f(s)) ae. s€[0,T].

The following lemma will show that this extended semigroup S, is generated by A
on an extension of its domain. The lemma is taken from Kirchner and Willems [15].

Lemma 4.1.1. The operator (—A, D(A)), where D(A) := £2([0,7], D(A)Y,

generates the semigroup {S’t}t of operators H — H. g~ here denotes the closure
in the graph norm || - [|g defined by || - |lg == || - |z + 1AC)ll -

Proof. We first show that {gt}t inherits the semigroup properties from Sy, then that
(—A, D(A)) generates the semigroup {S;}.
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{S}}t is a semigroup: Firstly it is easy to see that S = I and that §t+s~: S,S,. We
now show that S;v — v in |- || z2(j0,79,m) for every v € H, implying that S, is strongly
continuous. Note first that since ||Si| )y < Me*T we have that ||Syu — ully <

(Me“T + 1)||u||g for u € H. By dominated convergence it follows that for f € H
we have that

B T
15.f — 1% = / 1S.(F(€)) — FOIRdE = 0 as t -0,

by the strong continuity of Sy, implying that S, is also strongly continuous.

(—A, D(A)) generates {S;},: It remains to show that (—A, D(A)) generates {S;},.
For u € D(A), by Proposition 2.2.1

H SgAu dé + Au

I

H

<; / IScAull d€ + [ Aul
0
< (Me*" + 1) Aul s -

2

and thus for f € £2([0,T], D(A))
dt

2 /T
H 0 H

< (M +1)° / IAF @)1t = (MeT + 1) Af|[F < 0.

H%@ fo )+ Af LS ) — £(8) + AF(0)

We can therefore use the dominated convergence theorem to conclude that

2 T
H /o

It follows that 1(S,f — f) — —Af for all f € £2([0,T], D(A)). Since D(A) = H,
it follow almost immediately that £2([0,T], D(A)) = £2([0,T],H). By Proposi-
tion 2.2.1 we also know that £2([0,7], D(A)) is invariant under Sj,. Therefore, by
Proposition 2.2.3, £2([0,T], D(A))" = D(A) is the domain of the generator of the
semigroup {St}t The generator of the semigroup is hence (—A, D(A)), where —A

is extended to D(A) naturally by limit. O

2

dt -0 as h—0.
H

H%(Shf—f)-l-;lf %(Shf(t)_f(t))‘i‘flf(t)

We are also interested in the operator & : D(&) c £*([0,T],H) — L£*([0,T], H),
which is here considered to be the weak derivative. In the next lemma we show that

— 4 generates the semigroup {R;}; of right shift operators defined by

(Rf)(©) = {f €=0. HE=E20 e Lo

0 ,else

This lemma is also taken from Kirchner and Willems [15]. In the lemma we fre-
quently refer to the space C2°((0,T], H), the space of functions (0,7] — H with
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compact support. These functions are technically not defined at 0, but we adapt the
convention that for g € C°((0,T], H) we have that g(0) = 0, so that g is defined
[0,7] — H. This extension preserves both the smoothness of the function g and its
compact support on (0, 7.

Lemma 4.1.2. The operator (—%, D(4)), where D(4) = C’go((O,T],H)g, gen-

-4 ) D
erates the semigroup {R;}; of operators H — H. ? here denotes the closure in
the graph norm | - ||, defined by || - g := || |7 + 1 GOl -

Proof. We split the proof into two parts, we first show that {R;}, is a Cy-semigroup,

then that (—<, D(4)) generates R;.

{R:}: is a Cy-semigroup: It is clear that R; is a linear operator and that Ry = I.
We see that the semigroup property holds since for f € H we have that for t,s > 0

RiR,f(§) = Rif(§ — s)ls (&) = f(§ — s — )5 (§ — )y (§)
= f(§ — (t+ 8)sre1)(§) = Rigs f(E) -

Finally we show that {R;}; is strongly continuous. We first consider an element
g € C2((0,T],H), i.e. a function g : [0,7] — H which is infinitely many times
|| - || g-differentiable and is zero outside of some compact set [a,b] C (0,T]. Since g
is continuous on a compact interval, it is uniformly continuous, so for any € > 0, we
can find 0 > 0 such that [|g(§ — ) — g(§)||n < 7= for 0 < h < and ¢ € [h,T].
Therefore

IIRhg—QII?q:/O ||g(€)|\?qd£+/h lg(€ = h) = g(&)[7; dE = (1) + (2).

If we take h < a then (1) = 0 since g is zero outside [a, b] by assumption. If we also
let h < ¢, then

2

@)= [ late = - g©lfyds < [ T ds=e

so that |Rng — g||z < €. Therefore R; is strongly continuous on C°((0,7], H).
Next we let f € H. Since C°((0,T], H) is dense in H we can find, for any € > 0,
a g€ Ce((0,T], H) such that || f — gl|z2(o,r1,5) < §- This can be shown easily by
combining the fact that the space of H-valued simple functions are dense in H [13],
and the fact that C'((0,T],R) is dense in L?((0,T],R) [1]. We also pick h such that
IRrg — gllz < 5. Note also that for f € H

T T—h
IRufly = [ o= mlae= [ 1l de < 1,
h 0

implying that ||R.f — Rigllz < [|f — gllz < 5. Then by the triangle inequality

€ € €
|Ruf — fllg < I1Ruf —Rugllg + I1Rug —gllg +llg — fllg < gtztz=¢

So {R;}; is strongly continuous on £2([0,T7], H).

{R:}: is generated by (-5, D(2)): Denote the generator of {R,}; by (R, D(R)).

—d
Again we will first consider an element g € C2°((0, 7], H). The function ¢¢ : [0,7] —
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H, defined by ¢¢(t) := (Rig)(&) = g(§ — t)Ip (&) for an arbitrary £ € (0,71, is
continuously differentiable on [0, co) and

!

6l0) = ~3' (€ ~ () = - () (©)

Applying this, we can use the fundamental theorem of calculus to see that

d
Rog(©) = 9(6) = 0(€ — D (€) ~ (o (@) = — [ (s ds = — [ R Sgte)ds.
However, by Proposition 2.2.1 we know that
Rig(€) - 9(6) = R / Rag(€) ds,
so that
1/t 1 [t d
R / Rug(€)ds = — / R. o6 ds. (14)

Again by Proposition 2.2.1 we know that X fo sg(& )ds — g(§) as t — 0, so that
the right hand side of Equation 14 converges to —Eg(f) as t — 0. Thus the left
hand side of Equation 14 also converges to —g; dg(€). But since R is the generator of
. o d. _ __d
a semigroup it is also a closed operator. Therefore — 39 = Ry, so that R = —4; on
C((0,T], H). Since R,C((0,T],H) C C=((0,T],H) and C°((0,T], H) is dense
in £2([0,T], H), it follows by Proposition 2.2.3 that C°((0,T], H) is graph-norm
dense in D(R). Therefore

D(R) = CR(O,TL H)' = D (i) |

dt
so that (—<, D(%)) generates R,. O

We now consider the product semigroup U, := S, R;. The two semigroups commute
since for f € £2([0,T], H) and a.e. £ € [0,T] we have that

[SeRf1(E) = Sef (€ — ) = (Sf)(E —t) = Ri(Sif)(€) = [RiS:fI(€) -

Moreover we can find the generator of U; using Proposition 2.2.1. Assume J :
D(J) — H to be the generator of U;. Then for all f € D(&) N D(A).

Uf =f . SsRuf—=Ruf .. Ruf—f

TP =jim = — = lim h Al
- d - d

I—RoAf—&fz—(“&)f’

so that the generator of U, is equal to the negative of the sum operator B := (& +A)
on D(&4) N D(A). Note that the full generator might be defined on a larger set

containing D(3) N D(A). The reader is referred to Kirchner and Willems [15] for
further techmcal details.
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We want to exploit the relationship between B and the semigroup U, to define B°.
Assuming B is invertible, we have that for 6 € IN

-4 1 g 6—1
B = m S Us ds. (15)
-1l J,

We will show this by induction. First assume o = 1. Then by Proposition 2.2.1 and
the fact that Ur = SrRr = 0 we have that

T
/ Uards =B (Up — Nz =B 'z
0

We now assume that Equation 15 holds for § < n. Note that since f(f Usxds =
B~Y(Uyx — ) by Proposition 2.2.1 we have that U; = %B‘lUta:. For 6 =n+1 we
can then calculate

1 ’ n npR—1 T 1 g n—1p—1
— [ "Uads=s"B'Uuz|, — —— [ " 'B'Umxds
nl Jo ° ! Jo

n—1
—1 1 4 n—1
=B 1)1 " "Usx ds
-/,
— B—IB—(n—l) — B—n7

so that Equation 15 holds for all 6 € IN by induction. Of course this calculation only
holds because we have assumed that B is invertible. However, B = % + A is not
invertible. We resolve this issue by choosing the above integral as a ” canonical” frac-
tional inverse for B. This is possible since [|Uy|| () < ”gtHL(H) < maxeejo,r] ||Sell Lm)
so that the Bochner integral in fact converges for all § € (0, 00) even when B is not
invertible. For a 6 > 0 we can therefore define

B .= 1 /T s U, ds (16)
- T Jo T

We can further define B° := (B=°)~! on Im(B~°) and of course B° := I. The former
is well-defined since the operator B9 is bounded and thus invertible.

Now take g € H. Then according to Equation 16 we have that for s € [0, 7]

Bg(t) = m/ s* 1W,g(t) ds

0

1 T51~
= — s SsReg(t) ds
o) )

= m/o sé_lSsg(t — s)ds
- %/0 (t—s)°'S,_5g(s)ds,

where we have done a variable substitution in the last line. This form of B~ is
slightly easier to work with. For the discussion of Equation 13 in the next subsection

we will also need to know how to calculate the adjoint B~%. Suppose we have
f,g € H. Then
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It follows that for ¢ € H we have that

Botg(s) = / (t— 57180 f(t)dt.

We summarize these two facts in a lemma.

Lemma 4.1.3. Assume that g € H. Then

B9(s) = 5 / (t = )15, g(s) ds.
and

Bo*g(s) = ﬁ / (t— 57180 f(t) de

4.2 Existence and uniqueness of weak solutions

The weak solution of Equation 13 is defined similarly to the case of Equation 8.

Definition 4.2.1. Weak solution. Let W be a F;-adapted Q- Wiener process
on a Hilbert space H. A random process X € L2(Q, H) is called a weak solution
to Equation 13 if X (t) is an Fy-measurable random variable for allt € [0,T], X
is mean-square continuous in time, and for all ¥ € D(B%*) C H

H

(X, B"z) . = /OT (dW(t),x(t))y dt a.s.. (17)

Inspired by Lemma 4.1.3 we select as our candidate solution the stochastic convo-
lution X defined by

X(t) = ﬁ/o (t —s)°71S,_dW (s), (18)

for t € [0,7]. We will first show a condition for the existence of this stochastic
convolution, and then show that under this condition it is also a weak solution to
Equation 13.
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Theorem 4.2.1. Let H be a seperable Hilbert space. If

T
_ 1
/ 1£78,Q2 |7,z At = C' < o0,
0

then the integral in Equation 18 belongs to L*(Q2, £L*([0,T), H)) and is mean-
square continuous in time.

Proof. By doing the variable substitution ¢t — s = h and applying the It6 isometry

we get
T 2
/ dt
0 H

1 T t B 1
i [ 1= 9@ asa

1 T t 5—1 1 2 OT
- -15, 0% < —
F(5)2/0 /0 14504 At < o < oo,

so that X € £2(Q, £2([0,T], H)). The mean-square continuity can be proven by the
same technique applied in the proof of Proposition 4.3.2.

&=

1X 1122 0.2(0.77.00))

— t — )t S

O

Theorem 4.2.2. Existence and uniqueness. Assume that

T
1
/0 |5 L8,QF |2, gy dt < oo

Then the random process X € L2(Q, H) defined by
X(0) = e [ 0= aws)
TIO ST T

is a weak solution to Equation 13 for xqo = 0. Additionally, for any other weak
solution Y, we have that for almost allt € [0,T], X(t) =Y (t) almost surely.

Proof. We first prove existence, then uniqueness.

Existence: First, according to Theorem 4.2.1, X € L£2(9Q, H ) and X is mean-square
continuous. Fix z € D(B%*) C H = £2([0,T], H). Then

1

(X.B"5) 5 = 15 < /0 (= ) 1S AW (s), Bé*x>

H

=557 | [ Mot - 9 (Seaw ), B ), dt = ().

Defining ¢, = (-, ), we can set ¢(t, s) := Lo (s)(t — ) Hgsey4)Si—s. Then

(*) = %/j/jqﬁ(t,s) AW (s)dt .
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We now want to apply the stochastic Fubini theorem from Theorem 2.1.3 to this

1
double integral. To this end we must show that fOT E [fOT l6(t, 5)Q2 1%, () ds S dt <
00. Applying the Cauchy-Bunyakovsky-Schwarz inequality we see that

T T ) 1
[ | [ et 0¥y as]
T T ) 1
-/ (/ ||¢<t,s>cz2u%2m)ds) dt

T t L
= /o (/0 (¢ — S)W_ISt—sQﬁ||%2(H)||566*a:(t)”%(H) d8> &

T ¢ 1
( / ||sé-1ssQ2||%2(H)ds) 1B 2(t) |

0 1 1
T t s ) ) 2 T - ) 2
s( [ [ SSQ2||L2(H)dsdt) ( JAE x(t)HHdt)
0 0 0
t 3
TEHB(S*:EHH (/o |]35’153Q5H%2(H) ds) < 0.

We can therefore apply the stochastic Fubini theorem and Lemma 4.1.3 to see that
almost surely

0
0

N

IN

o(t,s)dt dW (s)

(0 t) t - S) lfga*m(t)St_s dt dW(S)

’1 '1 ’1
»—l/“»—ar—t

\\\

/ t — S) 1635*10)515_5 dt dW(S)

:/0 <dW( ),F(lé) /ST(t—s)E‘ISf_sBé*x(t>dt>H
:/OT <dW(s),B‘5*B‘S*x>H=/OT (dW(s),z)y -

In addition X (t) is F-measurable, since the stochastic convolution fot (t—5)71S,_, dW (5s)
is {F; }i-adapted. Hence by Definition 4.2.1 X is a weak solution to Equation 13.

Uniqueness: Now suppose Y is a weak solution to Equation 13. Take an x €
L£2([0,T), H). Then by Equation 17 almost surely

T
Vb = [ (W (o). B5),,
0
However, by the argument above
T
(X,z)g = <X, B‘S*B_‘S*@H :/0 <dW(s),B_6*$>H ,

so that (Y,z) 5 = (X, x); almost surely for all 2 € £L*([0,T], H). We will now need
to show that H = £2([0,T], H) is separable. The space of H-valued simple functions
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on [0, 7] is dense in £%([0,T], H) [13]. Since H and £?([0,T],R) are both seperable
it is then easy to show that £2([0,T], H) is also seperable. By this seperability we
can then find an orthonormal basis { fy}, C H for H. By the sub-additivity of the
probability measure P we can then calculate

P(X#Y in H) = (Z|ka Y, fi) |fk7é0)

=P (U{(X, fili # (Y, fk>g}>

k
<D PUX fidg # (Y fidg) = 3 0=0.
k k
Thus P(Y = X in H) = 1, implying that E[|Y — X||4] = 0 as well. Thus
Y = X in £3(Q, H). By Fubini’s theorem we also have that Y = X as elements
in £2([0,T], £L*(Q2, H)). By the mean-square continuity of ¥ and X it thus follows
that for all ¢ € [0, 7] we have E[|| X (¢) — Y (¢)]|%] = 0 and thus X (¢) = Y (¢) almost

surely.
O

4.3 Regularity of solutions

We will now analyze the spatial and temporal regularity of the weak solutions to
Equation 13 with Q = ¢(k?—A)~”. We also return to considering only A = (12— A)?
as in Equation 13, instead of a general operator A. Recall that we denoted the
eigenvalues of A by up = (12 + \x)7 in Section 3 and that uy satisfies the bounds
A< < CAL

We first investigate the spatial regularity. Our approach is similar to that in the
previous section, but this time we simultaneously check existence and smoothness
by checking if Equation 13 has solutions in H®. This is the case when

T
1

We estimate
T ) T
0 0

22, T t 26—2 dt
= A7 (—) e te(k? 4+ M) P —
/0 zk: "\ 20 24k

<Oy N erenn ( /O 1292 exp —t dt>
k

=CT(20—2) Y A; 0
k
< CT(26 —2) Z L3 (s—B+(1-28)7) :

which converges if 2(s — 3+ (1 —20)7) or s < 26y —y+ 3 — %. We must also require
that o > %, so that I['(20 — 2) < co. We summarize this discussion in a proposition.
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Proposition 4.3.1. Spatial regularity of X. Let X be a weak solution to

Equation 13, with Q = c¢(k* — A)™? and 6 > 5. Assume also that s satisfies

5§ <20y —~y+ B -2 Then X € L2(Q, L2([0,T], H?)).

2

Proof. The proposition follows from the preceding discussion and Theorem 4.2.1. [

Next we investigate the temporal regularity of the solutions. We first consider the
Holder-continuity of X.

Proposition 4.3.2. H(')'lder-continuity of X. Let X be a weak solution to
Equation 13, with Q = ¢(k* — A)™" and § > 1. Assume that v € [0,1) satisfies

1/<5——+———V andu<6—%. Then

1 X(t) = X(5)l| 2.1y < CJt = s]”.

Proof. Our proof will be similar to that of temporal smoothness for the fractional
heat equation. Assuming s < t we consider
2
H]

We first consider this integral from 0 to s. Doing the variable substitution ¢ = s —¢
we then get

1X(t) = X ()22 (,m) = E [1X (1) — X (s)I%]
x /0 (t— f)gilstfg — (s — f)aflssfgﬂ(o,s) (&) dW(§)

:/0 1((t = €)' Siee — (5 — €)' Ss—ell0.5)(€)) Q2 3,

/ Z £)0-lemm(t=6) _ (S_§)5—1e—“k(3_§))20(/<&2+Ak)_5d§
::§jc@e_FMa‘?As«t_gﬁ%M“fO—<s O e m9) g = ()
k

We now define the function f(r) = 2°~'e™#2 and note that by the fundamental
theorem of calculus

[f(t =€) = f(s = &)
t—¢

= f'(¢)do

s—¢

_ /Ot_sf’(¢+§—8)d¢'

=/H<6—1><¢>—5—> 20T — uy(f — £ — 5)" T dg
0

< [ IE-D@ == e Iag s [ o - 6= ) eI ag
0

20



We denote (1) = [(6—1)(¢—E—s)*2e (@) and (2) = |up(¢p—E—s)°Lemr(O=E79)],
Now note that for a > 0 the function z“e ##* attains its maximum at the point
T = /%c Thus

o
_ _ _ _ (07 _ o —
e Y = T %% < a(— e < Cap”.
i

It follows that (1) < C(¢p — & —8)2727u* and (2) < C(¢ — & — 5)°1=put=*. Since
k k

v<§— % we can select v = § — % — v and calculate

/O s

t—s
< / (1)l 20,9
£2((0,s],R) 0

t—s s %
< / (/ CZNEQQ(QS o 5 . S)25—2—2a df) de
0 0
1 t—s s %
o [ ([o-g-spag) as
0 0
1 t—s b+s %
—cptE? / ( / u2 =3 du) dé
0 ¢
1 t—s ] %
<cptE? / ( / w23 du) do
0 ¢

1 t—s
—ou [
0

byl
:Cu,j? 5(25—3)".

The integration of u*~3 from ¢ to oo is justified by ¥ < 1 and the integration of

¢*~t from 0 to t — s is justified by v > 0. Similarly we can select o = § + % — v since
then & + % —v>0— % — v > 0. We can then calculate

/ T

t—s
< / 1) 20,91 4
£2((0,s],R) 0

e ° 2 22« o . 20—4—2a %
g/o </Oouk (p—E—s) dé) d¢
—ow [ ( / (¢—5—s>2”3d£)2 a6

vl
<O (=)

Further
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/S ((t _ @5*16*%(%6) _ (5 _ 5)57167%(875))2 d¢
0
- /0 F(E— &) — f(s— )P de

g/os (/Ot_s|<1>|+|<2>|d¢)2d5
[+ ie)
2 [ e

[

Applying the Weyl estimates we thus get

£2((0,s],R)

S C,U/zy+1726(t o S)2V )
£2((0,s],R)

+2

<2
£2((0,s],R)

(%) SC(t—s)Q”Z(K ) B2

k
21/ Z /\(2V+1—25)7—B

zuzkg ((2v+1-26)y—2)
)

which converges if %((2y +1-20)y—p)<—-lorv<d—=z + B _ 4%

We now consider the integral from s to ¢t. This time we do the Varlable substitution
2u(t — &) = ¢ and note that exp(—¢) < 1 to get

/ t Z(t — &) 2 e(15?  N) P dE

=C 2Mk(t 9 1-26 (26— 2 2 A fﬁd
Z ¢ Pe(k® + M) dg

o (t—
gcz A28 /
k

s)
¢2I/71 d¢
0

SCZ)\](gl_Qé)’y_ﬁ(,u (t . S))Ql/ < C 2VZ)\(2V+1 28)y
k

. . . 1 d
which gives the same convergence requirement as (), namely v < § — 5 + 5 — i

Note that to get ¢*~2exp(—¢) < ¢*~!, we must also require v < § — % It follows
that

| X (1) — X ()l c20,m) < Ot —s]”,
as desired.
O]

Note that the temporal regularity 6 — = —|— L _d and the spatial regularity 20y —

y+B8—5 dlffer only by a factor of 2+. T he &gmﬁcance of this will be even clearer in
the next proposition, where we consider the Holder-regularity of the n-th derivative
of X in the fractional order space H*.
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Proposition 4.3.3. Let X be a weak solution to Equation 13, with Q = c(k?® —
A)? and 6 > . Assume that v € [0,1), n € N and s € [0,00) satisfies
2y(n+v)+s<(20—1)y+B8—4% andn+v <d—1. Then $-X(t) € L2(Q, H?)
and

4y
Hdt" dsm (s)

<Ct—s|".
L2(Q,H?)

Proof. The n-th derivative of X at t can be expressed as

d" [ -
2 xe) = d_tn/o (t— &) S e ()

t n
- [ c-gee - apehs cawie).
We now apply the It isometry and exchanging the order of summation to calculate

2

£)i—1- (.2 A)v(n—j)gt{@% d¢

LQ(HS)

t
:/ £y 2ﬂzzca;uzwewf<m ) d
0

t
= 2202 2(n—j)+1- 25+2J>\s( 2+)\k)—6/ 2522 p—u ¢
0

7=0 k

n o)
2(n—7)+1—26+25)+s— 9.9 4
SCZCfZ/\Z(( P)H1-2642))+ ,8/ 222 e
=0 %

H der 2(Q, 1%

0

<C Z C21(26 — 2 — 2j) Z Jo 2 (0/2(n—)+1-25+2))+s5—5)

Jj=0 k

which converges when %(7(2(n—j)+1—25+2j)+8—5) < —lor2yn+s < [f+(26—
1)y — £. The assumption n < § — % is also needed to assure that I'(26 — 2 — 2j) < oo

for all j =1,...,n. Thus X € £2(Q H?).

We now ' prove that the derivative satisfies the Holder-bounds. The expected differ-

ence || 45X (t) — L2 X ()| c2(,m) can then be split into n+ 1 parts using the triangle
inequality.

——X()

H den L£2(Q,H?) j:O

£ = AYIS, W (g)

/c &I = AP OIS dW(€)

L2(9,H°)
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For each (j) we can repeat the argument from Proposition 4.3.2 with only minor
modifications to find that

() < K|t —s|” Z )\I(€2y+1+2n—2j_2(5_j))7+S_5 |
k

which for v € [0,1) converges if 2y(n+v)+s < 8+ (20 —1)y—% and n+v < §—1.
[l

Just like in Section 3, we can intuitively think of 5 + (2§ — 1)y — % as the "total
regularity” of the solution X. We then have the same relationship between temporal
and spatial regularity that we had for solutions to the space fractional heat equation
in Section 3. Every time we take a spatial derivative we reduces the total regularity
by 1 and every time we take a temporal derivative we reduce the total regularity by
2. We also have the restriction that we can never take more than ¢ — % temporal
derivatives. This is analogous to the restriction v < % for the Holder coefficient of
X that we have for the space fractional heat equation we discussed in Section 3.

4.4 Covariance properties

In this subsection we discuss the properties of the asymptotic space-time covariance
function of the space-time fractional heat equation. The covariance properties of
Equation 13 is discussed by Kirchner and Willems in [15], but we go a step further
and establish asymptotic bounds for the pointwise covariance in space and time,
similarly to what we did in Section 3.3. We do this because we are interested in seeing
how and if the parameters 3, v, ¢, ¢+ and k influence the decay in correlation. Like
Section 3.3, the analysis in this subsection is to the authors knowledge somewhat
novel and is therefore more experimental and less rigorous than that found in other
parts of this thesis.

Our first proposition gives us a somewhat concrete representation of the asymptotic
space-time covariance function for the space-time fractional heat equation.

Proposition 4.4.1. Let X be a solution to Equation 13 on L*(D) with Q =
c(k? — A)™P. For h > 0 define the (possibly unbounded) operator Z; on the
eigenvectors of A by

22—25 00
Zher = ——= )1 eV dE ey, .
- F(5)2/0 (€ + 2puh) e de e
Then the asymptotic space-time covariance function of X s given by

c._ _ _
r(h) = éthh(LQ — A) 272 A)F

Proof. As in Section 3.3, we can use Proposition 2.1.2 to calculate that for u,v € H
we have

(r(t, s)u, v) = E[(X (1), u) g (X(s),0) 4]

1 min(t,s) so1 s1
~{ 77 /0 (t— €)' (s =€) 18 eQS ¢ deu,v )

H
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so that r(t,s) = ﬁ Omm(t’s) (t — €)1 (s — €718, _¢QS,_¢dE. To calculate the
asymptotic space-time covariance function we can then take the limit as ¢ — oo.

r(h) = tli)m r(t+ h,t) = F(i;)2 /O"(t h— €Nt — )9S QS ¢ dE
> 0
- ), €O Qs e,

where we have performed a variable substitution in the last line. For an eigenvector
er of D we can then do another variable substitution and calculate

r(h)ey =

NN / (€ + B 1e7 (e ot e,
T0) i

C (o, ¢]
= F(6)2(I€2 + )\k)ﬁe“’“h/o (& + h)271e el s ey
— Commih 2% OO(£+2 B 1ei—1.=€ g 1-25, .2 -8
= 5 peh)’ e dE ) (KT 4 k) e
2 I'(0)* Jo

c_ _ _
= §:hSh(L2 — A)I=207(2 — A) Py,
It follows that

rm)zgzm%u?—AyP%Mm2—Ayﬂ.
]

The integral operator =, makes r(h) somewhat difficult to interpret. Things are
simpler if we consider only in the asymptotic covariance operator; i.e. the case
h = 0. We do so in the following proposition. This proposition can also be found in
Kirchner and Willems [15].

Proposition 4.4.2. Let X be a solution to Equation 13 on L*(D) with Q =
c(k? — A)P. Then the asymptotic covariance operator of X (t) is given by

cl(6-3)

r(0) = §—ﬁF(5) (12— AYE=207(g2 _ A)7F

Proof. By Proposition 4.4.1 we know that

Cc_ _ _
r(0) = 5Z0S0(t* — A2 (2 — A)P

We already know that Sy = I. We need to calculate =y. For an eigenvector e, we
have that
92-26 2-26

00 5o B
r<5>2/0 &t dten = 1

We can then use Legendre’s duplication formula to see that

r(25—1)=T (2 <5 - %)) _ 225_2“(\5/);(5 ~3)

F(25 — 1)€k .

Z0€k =
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Thus Zge, = \(fp( iek, so that

- _Te-3),
0 /mr(e)

where [ is the identity operator. It follows that

cT0—3)

rO) =370

( +/\)1 26)y (li2+/\k)_ﬁ
]

Proposition 4.4.2 shows us that we have a similar scenario as in Section 3.3; the
spectral density of 7(0) is a product of two Matern spectral densities, so that the
auto-covariance function of r(0) is a convolution of two Matern auto-covariance
functions. Following the same argument as in Section 3.3 we will get the same
correlation decay that we saw for the space-fractional heat equation i.e. O(e=2™") +
O(e=2™h). We summarize this in a proposition.

Proposition 4.4.3. Let X be a solution to Equation 13 on the domain D = R?
with Q = c(k? — A)™" and assume k # 1. Denote by R the auto-covariance

function corresponding to the asymptotic covariance operator r(0) of X. We
then have that

|R(R)| < O(e™*™") + O(e™*™") as h — .

This indicates that the spatial range is controlled by min(¢, k), just like in the case
of the space fractional heat equation in Section 3.

In the next proposition we bound the temporal correlation decay.

Proposition 4.4.4. Let X be a solution to Equation 13 on L£?(D). Then for
0<a<1anduxye LD) and for large values of t we have that

IE[X(t+h,2)X(t,y)]| < O(e M) g5 h — oo

Proof. First note that since

r(h)e, =

¢ 2 5 [T §=1¢0—1 —pug(E+h) ,—pré
e [ e e et age,
it follows that ey, is also an eigenvector of (h). We denote the eigenvalue of r(h) cor-
responding to the eigenvector ey by 7 (h). Applying Cauchy-Bunyakovsky—Schwarz
to these eigenvalues we get

|Tk(h)| == F(; Ii —+ )\k / f‘i‘ h o— 1 —1 _‘uk(g_;'_h _/Jfké dé_
F(5) i
c ; .
:F((F) (Ii + k)~ >< x (II)z = (%)
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For (I1) we can simply calculate

(11) = /OOO €427 g = (211) PT(20 — 1)

For I we fix 0 < o < 1. We can then estimate

(1) = /0 (6 Ryt g

00
— 526_26_2uk€ dé
2urh
00

525—26—\/566—(1—\/5)5 d¢
2urh

< e 2Vankh 525—26—(1—\/5)6 d¢ < Ce2Vouih
2uph

We can apply this estimate to (x) to get the asymptotic behaviour of r(h) as h — oo

3 (57 2) ™ (2u) 2 /T (20 — 1) <I>

< F(Cé) (52 + M) 8 (2p) B0\ /T(20 — 1)C oy 2 e Vaneh
< C)\I;M*ﬁe*ﬁukh

Using this we can estimate the temporal correlation decay for "big” t by

[E[X (8 +h,2)X (& )] = [{r(h)de,0y) |
= Zek(w)ej(y) (r(h)ex, ¢;)
< Zlek Mex()lri(h)]
< CZ e~ Vamh )~ PHE
< 0P et VRV, R

< Ce—a(LQ—i—)\l)”h Z 6—\/5(1—\/5)%/1)\;577/64%
k

The sum always converges since the decay in the exponential function kills any

potential divergence in the A\;’s. We therefore have the desired asymptotic decay
O(e_a(ﬂ*}‘l)vh). O

The decay rate of temporal correlation is therefore exponential and controlled by
the parameters ¢ and v and the first eigenvalue A; of A, just like in the case of the
space fractional heat equation in Section 3.
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5 Numerical estimation

In this section we will consider partial numerical schemes to estimate solutions to
the SPDE’s we have discussed in previous sections. Abstractly we will consider an
approximating problem

dX(t) — A X (t)dt = IL,dW (t) (19)

to Equation 8 on a finite-dimensional subspace Vj, C H!. h is here a ”refinement”
variable, and the idea is that V}, depends on H in such a way that V), better ap-
proximates H as h becomes smaller. We have replaced the operator A : D(A) — H
with a discrete operator A, : Vj, — V), and we have applied a map 11} : H' — Vi, to
the noise W (t). We will discuss the choice of A;, and IIj in later subsections. This
is an abstract version of the popular finite element method. Much of the abstract
theory in this section is taken from Strang and Fix [19], and the approach to finite
element estimation is inspired by the one used by Bolin, Kirchner and Kovacs in
[5] and [6]. We will however also use Thomée [20] for some results. Note that this
approximation problem only discretizes in space, leaving us with a system of (real)
linear differential equations in time. A full numerical scheme would also require a
numerical method to solve this system of differential equations.

The approach taken here is to first consider eigenvalue and eigenvector results for
the discrete operator A; and then use these to estimate the semigroup error ||(e?! —
e"l)ey| . Our choice of discretizing operator is discussed in Section 5.2. Our
approach differs from that found in Thomée [20] and other textbooks on the finite
element method, but is similar to the approach taken by Bolin, Kirchner and Kovacs
in [5] and [6] and by Strang and Fix in [19]. The rationale behind this choice of
approach is that doing calculations in terms of eigenproperties is less technical and
more stylistically similar to the approach taken in the regularity analysis in Sections
3 and 4. We adapt the notation that x refers to the discretized version of x. The
“-notation used in this subsection has no relation to the "-notation used in Section
4, where the "-notation referred to the extension of an operator to a larger space.

5.1 The approximating space V},

In principle we could choose any finite-dimensional subspace V), C H' as approxi-
mating space. In practice we want to select a space that actually approximates the
space H' well. There is a rich literature on how to construct such spaces. An very
common example can be found below. For the purposes of this analysis we will not
be concerned with explicit constructions but will instead make some fundamental
assumptions on how well Vj, approximates H'. Our assumptions are summarized
below.

Assumption 5.1.1. Let Vj, C H' be a finite element space. We assume that
there exists a || - ||1-bounded map 1y, : H* — Vj, such that for allu € H' and all
s € [0,2] we have the error bound

I — w2y < Ch[ulls = CR*[(~A)bull oy
We also assume that C1h~% < dim(V},) < Coh~™2.
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Note that if Assumption 5.1.1 is satisfied, then for elements u € H' the error bound
also applies to the || - ||z2(p)-orthogonal projection P, : L*(D) — Vj, since the
orthogonal || - || z2(p)-projection is the best possible projection into £*(D), in the
sense that ||[u — Pyul|c2(py = minyey, |[u — v||z2(p) < [Ju — Iyl c2(p).-

Since H' is a Hilbert space [1], it makes sense to discuss an orthogonal [ - [[;-
projection of H' into Vj,. We denote this projection by R;. We call this projection
the Ritz projection.

The following example describes a choice of approximating space V}, that is very
common in the literature. We provide only a brief overview of this construction
here, with many details left out for the sake brevity.

Example 5.1.1. We consider a set of important special cases of finite dimensional
spaces approrimating H'. For simplicity we will assume that D C R? is a polygonal
domain. In dimensions 1, 2 and 3 we can then divide the domain D into a set
of simplexes T : line segments in R, triangles in R? and tetrahedra in R3. For
dimensions 2 and 3 we assume that the internal angle of the simplexes are bounded
from below. We then consider the space of functions that are piecewise linear on
the simplexes. We denote the space of such piecewise linear functions by Sy, where
h denotes the maximal diameter of the simplexes. As mentioned we consider only
dimensions d € {1,2,3}. The major advantage of this choice of approximating space
is that it easy to construct a basis for. Note first that the value of f € S, on an
element T € T 1s decided entirely by the values of f on the corners of 7. The value
of f on the inside of T can then be found by linear interpolation. The dimension Ny
of Sy, is thus equal to the number of nodes (element corners) in T and Nj o< h™.
Thus if we denote the nodes by {an}nNi1 then there exists a unique function ¢, € Sy,
such that ¢p(z;) = 0;1. The set {¢p,}Y_, forms a (non-orthogonal) basis for Sy,.
Note that if we impose zero boundary conditions on Sy then the dimension of the
space is somewhat reduced, but we still have the proportional relationship Ny, oc h™<.

The space Sy satisfies our assumption with 11, = Py, the orthogonal projection
assuming also that the angles of the simplexes are bounded from below. A proof of
this fact can be found in Strang and Fiz [19], Thomée [20] or any other suitable book
on the finite element method.

5.2 The discrete Laplacian and its eigenproperties

In our approximating problem Equation 19 we have so far only stated that we require
Aj, to be some operator on the approximating space V;,. Of course, the idea is that A,
is in some sense an approximation to the operator A. Since we are mostly concerned
with variations of the heat equation in this paper, we will consider how to construct
an approximation A, : Vj, — V, to the Laplacian A : H? — H. We call A, the
"discrete Laplacian”, and we will later use it to construct ”plug-in” approximations
for more complicated operators, like (1> — A)7. The theoretical construction is very
simple. We denote by Ay the operator V}, — V), satisfying

(AR, v) p2py = <AZU’A2U>LQ(D) = (u,v), ,

for elements u, v € V},. Such an operator exists uniquely by the Riesz representation
theorem. This method of approximating the Laplacian is called Galerkin’s method,
or more generally the method of variations.
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How well does the operator A, approximate A? We answer this question by com-
paring their eigenproperties, i.e. we wish to compare ||\ — Ap||z and |le — &/ a,
where {\¢}1%, and {é,}", are the eigenvalues and orthonormal eigenvectors of Ay,.
The analysis here is heavily inspired by the the treatment of the topic by Strang
and Fix [19]. The discrete Laplacian A will only have N}, pairs of eigenvectors and
eigenvalues, where as A will have an infinite sequence. We will therefore assume that
the eigenvalues are listed in increasing order and compare the first N, eigenvalues
and eigenvector of A with the eigenvalues and eigenvectors of A,. An important
tool in our analysis will be the so-called min-max principle. It states that

<A%u,A%u>

. £2(D)
Ar = min max
AcH! ued (u,u) 2 p)

where A ranges over all the k-dimensional subsets of the domain D(Az) = H' of
A. The min-max principle is readily applied also the approximating space V},. We
assume that Vj, C H' satisfies Assumption 5.1.1 with II, = R, the Ritz projection.
We can then express the eigenvalues {S\k}k of the discrete Laplacian Aj, using the
min-max principle by

5 : (Ant, u) pap) : (u, u),
Ar = min max ——————— = min max —————— .
ACVy weA (U, U) p2(p) ACVi weA (U, U) po(p)

The only difference between the two eigenvalue calculations is that when we are
calculating the eigenvalues of A, we are minimizing only over the subset V}, C H!.
Therefore

e < Ak

so that we are approximating Ay from above. Our next goal is to also find an upper
bound for A;. To this end we will also need to consider the subspace spanned by
{e/}r_,, the first k eigenvectors of A. We denote this space by Ej. The following
lemma and its proof is taken from Strang and Fix [19].

Lemma 5.2.1. Denote the set of unit vectors in Ey by &,. Define

ol = max 12 (u, u — Rpw) po(py — (u — Rt u — Ry po oy | -

If ot < 1 then

e < A

k

Proof. We first want to show that the projection R E) of Ej is k-dimensional. If
dim(RyEx) < k, then there exists an u € &, such that II,u = 0. Assume this to be
the case. Then

o > | <U»U>c2(D) | =1.

This contradicts the assumption thatfjg < 1. Therefore Ry, E}, is k-dimensional. We
now proceed to show the bound on \,. Since R, E, C Vj, we see by the min-max
principle
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- Ryu, R
fo< omax e (Raw Ry
u€RKE (U, u) cop)  UEEK (Rpu, Rpu) £2(D)

Ry, is the orthogonal projection £2(D) — Vj, in the energy norm, so (u — Ryu, Ryu), =
0. It follows that

0 < |lu—Rupul]f = (u—Rpu,u — Ryu), = (u,u), + (Rupu, Rpw), — 2 {u, Ryu),
= (u,u); — (Rpu, Rpu); — 2 (u — Rpu, Rypu),
= (u,u); — (Rpu, Rpu), .
We can therefore estimate (Rpu, Ryu); < (u,u), = <A%u, A%u> in the numer-

L2(D)
ator of (x). By a similar calculation, for u € &

(R, Rut) p2(py = (U ) p2(p) — (2 (u — Rpu, Rat) p2ipy — (U — Rau, t — Rytt) 2y )
Z 1 — max ‘ <U — Rhu, u — Rhu>£2('D) -2 <u - Rhu7 Rhu>£2(fp) ‘

ueEy
=1- a,];.
Thus
(+) < (adu,ab) A ) LA
m = — ).
- 1- O'Z ue%f ) Y 2y~ 1— 02’ L(E) 1Ml 22(D) 1-— 02 k

O

This reduces our problem of finding an upper bound for M\, to the problem of es-
timating of'. We do this in the next theorem. The theorem and its proof is taken
from Strang and Fix [19].

Theorem 5.2.1. Eigenvalue estimates. The cigenvalues {é;}", of the dis-
crete Laplacian Ay : Vi, — Vj, satisfies the estimates

A <A < M+ CRINT

Proof. We first fix u € &.. We can then use the Cauchy-Bunyakovsky—-Schwarz
inequality and Assumption 5.1.1 to find that

(u,u = Ru) p2py < Null ez llu — Ruullc2py) < CR[[(=A)2ul 2(p) || ull 22(p) -
Since [|A||L(g,) = A and [Jul|z2py = 1, we therefore estimate

(U, u = Rpt) popy < C’hs)\g .

Similarly we can use Assumption 5.1.1 to see that

(u—Rpu, u — Rpu) pa(py = [Ju — Rhu|]%2(p) < Ch*)\;.
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This is a higher order estimate than that for other term and hence we can find a
constant C such that

ol < 2| (u,u — Rutt) p2py | + 2| (u — Ry, u — Rpu) p2py | < CREAL

Since ﬁ <142z forz< % we can thus estimate that for small h

1_Uhg1+2agg1+OhSA,§.
k

By Lemma 5.2.1 our final estimates for A is thus

M € N < Ao+ ORI

The conclusion follows.
O

We now proceed to find error bounds for the eigenvectors of the discrete Laplacian.
The following theorem and its proof is taken from Strang and Fix [19].

Theorem 5.2.2. Figenvector estimates. The eigenvectors {ék}é\;’ll of the
discrete Laplacian Ay, : Vi, — Vi, satisfies the estimates

||6k — ék||£2('D) S OhSAg .

Proof. By the triangle inequality

lex — €xllc2p)
<llex = Ruexllc2p) + [Rner — (Rek, €x) 2y €kl c2p) + || (Rek, €x) g2y €6 — €kllc2(m)
=)+ (II)+ (III).

We already have the bound (I) < Ch*|lex|ls = Chs)\g by Assumption 5.1.1. To
bound (I7I) we first note that by the definition of the discrete Laplacian and the
definition of the projection R, we have that

A (Ru€k, €5) p2py = (Rier, Ané;s) paipy = (Rnex, €5), = <A%Rh€k7A%éj>

- <A%€’“’A;éj>c2( )
D

L2(D)

= <A€k, éj>£2(D) = )\k <€k7 éj>£2(D) .
Substracting A, (Rpey, éj>c2(p) from both sides we get

(A — ) (Ryex, €j) 2(p) = M (€k — Rnen, €5) p2py -

Second we note that assuming the eigenvalues of A to be distinct, we can for suf-
ficiently small h guarantee that |\; # Agx| for all k£ # j. This is a consequence of
Theorem 5.2.1. Therefore there exists a constant p, universal in j # k and h, such
that

Ak

A — Ak
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We now combine these two facts to estimate (I7). Since Rper € V), we can write
Ruer = Z;V:hl (Rey, €;) p2(p €. By Parseval’s identity we thus have

(IT)* = || Rnex — <Rh€k7ék>c2(D) €~lc”%?(p) = || Z <Rhek7éj>c2(p) éj”%m))

J7Fk
~\2
= Z (Rauer, ej>£2(D)
7k
A\ 2
< <~ i ) (ex — Ruey, €k) c2(p)
PN
<p*> (er — Ruex, €k) c2(p)
ik

< CpPller — Ruerllzamy < C*h*AL,

again by Assumption 5.1.1. Lastly we bound (I1]). By the reverse triangle inequal-
ity

(L) = || {ex, ex) c2(p) €k — €xllc2(m)
= | ek, ) c2py — Ull€xllc2(m)
= | <€k>ék>£2(1)) — 1]
= ||| {ex, &), €l c2(p) — llexll 2]
< || {exs €x) c2(py €k — €xllc2(m)

< (I)+ (IT) < Ch*A? |

The conclusion follows.
O

5.3 Strong error estimates for the stochastic heat equation

We are now ready to find strong error estimates for the semi-discretization of the
heat equation in Equation 19. The analysis that follows in the next two subsection
is largely my own take on the error analysis, though inspiration has been taken from
the analysis of the finite element method for deterministic equations done by Strang
and Fix in [19] and by Thomee in [20], lecture notes by Barth and Lang [3], and the
articles [5] and [6] by Bolin, Kirchner and Kovacs where they develop error bounds
for a class of non-temporal SPDE’s; using similar methods.

Note first that Equation 19 is an SPDE of the same form that we studied in Section
2.3. We therefore know by Theorem 2.3.2 that Equation 19 has a unique weak
solution given by the stochastic convolution

x0- [ S LA (),

assuming X (0) = X(0) = 0. S, denotes the semigroup generated by (Ay, V3):
the discrete Laplacian and the finite element space V},. since we are now in a
finite-dimensional space the existence of this semigroup is uncontroversial, and the
semigroup is of the form S; = e~ 24¢. The only assumption we make on the map Iy, :
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H' — V), is that it satisfies Assumption 5.1.1. A natural choice of II;, common in
the literature, is the orthogonal projection P;,. The reason we here consider a general
projection IIj instead, is that there are several possible approaches to estimating the
Q-Wiener process W. One might for example estimate it by truncating a Karhunen-
Loeve expansion or by using a finite element method. Since our only assumption on
IT), is that is satisfies Assumption 5.1.1, we are free to select any approximation W
to W as long as it satisfies |1V — Wl z2py £ Ch?||W||s, almost surely.

The following lemma is a vital component in all the error analysis we do here.

Lemma 5.3.1. Assume that our finite element space Vj, satisfies Assumption 5.1.1
Let ey, be an eigenvector of —A. Then for s € [0,2] we have that

1S — Serllczo) < CRoAL,

Proof. We begin by defining the map py, : £L2(D) — V), by e + & for k < N,
and e; — 0 for & > Nj,. For k < N, we thus have ||pper — exllg < Chs)\é by
Theorem 5.2.2. For k > N, we can use the second part of Assumption 5.1.1 and the
Weyl bounds to write

||phel<: — €k||£2(’D) = Hek”LZ('D) =1=n°h""° S ChsNh% S Chsk'% S Ohs/\g .

Thus ||prex — exllz2p) < Chs)\g for all k and pj, satisfies Assumption 5.1.1. Using
the triangle inequality we can now decompose ||(S; — S)IIner||z2(py into two parts

1(S; — Silly)ek|| c2p) < || Seen — gtph6k||£2(1)) + ||Sipnex — gtHhekHﬁ?(D)
=(I)+ (II).

For (I) we consider first the case where k > Nj,. We can then write

([) = HSteka(D) S 1 S Ohs)\z,

by the same argument as before. In the case k < N, we split (/]) into two further
parts

(I) = ||€_)\kt6k - e_xkték”lp(p)
S He—Aktek . G_Akték:Hﬁ?(D) + He—)xkték . G_Akték:Hﬁ?(D)
— (IIT)+ (IV).

In (/1) we can use Theorem 5.2.2 and compare the eigenvectors e and éy.

(I1T) = e ||e, — éxllc2ip) < ChAZ .
For (IV') we will use the Taylor bound 1 — e™* < x. We will also use the fact that

the function e 't attains its maximum at ¢ = 5, so that et < A;".

(IV) = e M1 — ety
S €7>\kt(5\k — )\k)
< ON'RENT = OheA

)

TNl
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where we used Theorem 5.2.1 to compare the eigenvalues M, and \g. Finally we use
the fact that ||Si||zc2(p)) < 1 and estimate (/1) by

([]) S thek — ek”£2('D) + ||Hh6k — ek”EZ('D) S Chs/\]z .
Putting this together we get
1(S; — Silly)ex | c2py < (TTI) + (IV)) + (IT) < Ch*)} .
O

This lemma is similar to Theorem 3.5 in Thomee [20], but Thomee only considers
[T, = P,. However, Thomee’s theorem allows for a general v € H®, not just an
eigenvector ey. It also allows you to "trade” spatial blowup A} for temporal blowup
t.

We now proceed to apply Lemma 5.3.1 to bound the error in || X (t)— X (2) | c2(0,2(D))-
Letting Q be the Whittle-Matern covariance operator (k2—A) ™, we can for t € [0, T
apply the It6 isometry and Lemma 5.3.1 to get

1)~ X Oy = E [I [ Setiai) = [ S mai(@))
t

=E |:H A (Stfs - Sts)thW(t)Hi2(D):|
t

< [ 325 = S Qe s
0 &
t ~

= [ S0 N PGS STl s
Ok

t
< / > CREN(E + M) P ds
0k
s 1 s
< CH|(—A)5Q 12, c2mph™ -

where we have also used the assumption that the projection IIj is || - ||;-bounded.
Thus

1X () — X ()l 2,200y < CVHIAZQE| ye2(p

We summarize this in the following proposition.

Proposition 5.3.1. Let X be a solution to the stochastic heat equation dX (t)—
AX (t)dt = AW (t) with Q = (k> — A)~P. Let X be a solution to by Equation 19
with A, = Ay, also with Q = (k* — A)7P. Assume that Assumption 5.1.1 holds
for the finite element space Vi, for some map 1L, : H' — V,. Assume that

s € [0,2] satisfies s <  — g. Then

1X(0) — Xl < VIR

Proof. By our earlier discussion we have that
” s 1 s
1X () = X ()l 2.0 < CVEHI(=2)2Q3 | Lye2(mp b -
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So we only have to show that ||(—A)2Q2 | La(c2(p)) < 00. We calculate
185Q2 |7y SC YN <C Y kit
k k

which converges if %l(s —p)<—lors<p— g. The conclusion follows.
O

5.4 Strong error estimates for the fractional heat equations

We have considered two generalizations of the stochastic heat equation in this thesis.
In Section 3 we considered the space fractional heat equation where A was replaced
by A= (1 — A)? for v < 1 and ¢ > 0. There are two ways we could approach this
problem numerically. One way is too construct a new discrete operator A, defined
through (Axu, v) po(p) = = (Azu, A2v>£2 for u,v € Vj, € Hz. This would require us
to redo our eigenvalue analysis for this new operator. Constructing the operator Ay
numerically might be also cumbersome since Azu might be difficult to calculate in
general.

A much easier method is to instead use a ”plug-in” approach, where we use the
discrete Laplacian we have already constructed and consider the discretization A, =
(12 — Ap)7. Looking back at Lemma 5.3.1, we see that since (12 — Ay)7 shares
eigenvector basis with A, we would get essentially the same result for the semi-
group of this new operator. The only complication would be in the estimation of
(1V'), where we would get

(IV) < e (2 4 X)) — (24 \)7)

For v < 1 the function 27 is concave so we can simply use the Taylor bound (x +
h)Y — 27 < vx7"'h to estimate (12 — A\g)Y — (12 — A\p)? < C(2 + M) 1 (A — \) and
then proceed as before. We then get

(IV) < Ce @M (2 4 X ) a2 ™ < CheaZ

In the last step we have used the inequality te™#+! < ,u,;l. In the end we thus get the
same convergence order that we get for v = 1. We summarize this in a proposition.

Proposition 5.4.1. Let X be a solution to Equation 11 with Q = (k* — A)~F.
Let X be a solution to by Equation 19 with A, = (12 — Ay)?, also with Q =
(k2= A)=P. Assume that Assumption 5.1.1 holds for the finite element space V},

for some map 11, : H* — V. Assume that s € [0,2] satisfies s < B — g. Then

1X(8) = X (1)l 2 < CVER".

The second generalization of the stochastic heat equation that we have studied is
the space-time fractional heat equations in Section 4. The main source on these
equations used in this thesis is the article [15] by Kirchner and Willems. However,
they discuss only the regularity of these equations (and their asymptotic covariance
properties), not their numerical approximation. To the author’s knowledge there
is as of May 2023 no literature analysing numerical approximation for this class of
SPDE’s. The following is a limited attempt at doing such an analysis. Using our
"plug-in” approach it is natural to approximate Equation 13 by
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d ’
(& (2 Am) X(t)dt = dW (1), (20)

The theory of Section 4.2 suggests that the unique weak solution to this problem is
given by the stochastic convolution

() = ﬁ /0 (t— 5)718, T, (t).

We can use this representation together with Lemma 5.3.1 (modified for (:* — A)?
as discussed previously) to calculate
2
ﬁQ(D)]
1

t
t— g)202 S, . — S, I e 2 i ds
o J, = S = Sl

/ (= )7 (S — Sy T ()

1X(8) = K (1) 2o = ﬁl@ [

IN

t
< 0/ (=572 h(|Qex 2 ds
0 k
< O (A 2Q2 |, 2o h™

So the only difference we get to Proposition 5.3.1 is in the dependence on t. We
therefore still have the same convergence order as before. We summarize this in a
proposition.

Proposition 5.4.2. Let X be a solution to Equation 13 and X be a solution to
Equation 20, both with Q = (k>—A)~?. Assume that Assumption 5.1.1 holds for
the finite element space Vj, for some map 1, : H — V},. Assume that s € [0, 2]

satisfies s < [ — g. Then

IX (£) = X ()| c20c2(my) < CH7R°.

Note that we have still only done a semi-discretization of Equation 13; we make no
discretization in time. In fact the temporal discretization is trickier to perform in
this case. While Equation 19 has a direct interpretation as a system of SODE’s,
the discretization we have used for the space-time fractional heat equation is harder
to interpret. However, it should in principle be possible to discretize in time by
numerically estimating the integral [} (t — s)°~1S,I1,dW (t) directly. A discussion of
this is outside the scope of this thesis.

5.5 Error in space-time covariance function

In Section 2.7 discussed the space-time covariance function . We saw that in the
case of Equation 8 we can write the space-time covariance function as

min(tl,tz)
r(t,t) = St—s|/ SeQSe d§ .
0

For Equation 19 this would imply that we can calculate a space-time covariance
function for the discrete approximation by
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B min(t1,t2) B
#(t1, t2) = Sy / SeT1, QS de |
0

We will now consider the estimation error of the space-time covariance function in
the Hilbert-Schmidt norm. For simplicity we assume II;, = Pj, and we only consider
the simple heat equation, not the fractional variants from Sections 3 and 4.

Proposition 5.5.1. Assume that Vj, satisfy Assumption 5.1.1. Let X be a
solution of the stochastic heat equation dX(t) — AX (t)dt = dW (t) and let X
be a solution to Equation 19 with A, = Ay. Let r and 7 be the space-time
covariance functions of X and X respectively. Let t1,ty € [0,T]. Assume that

s € [0,2] satisfies s < 20 — g. Then

-7 ? 2 — I ) .
17 (t1, ta) — 7(t1, t2) PrllLo(c2(pyy < Cmin(ty, to)h*

Proof. We first expand the Hilbert-Schmidt norm using the definition and apply the
formulas for the space-time covariance functions.

7 (t1: ta) = 7t t2) Pall T, c2m))
= Ity ta)ex — 7 (tr, t2) Puexl 2y

k
2
min(t1,t2) B B B
<SS (SumSe@S: - 1S QSePs) e
kA0 £2(p)
= > ()%
k
We decompose () as follows
min t1 tQ _ _ B
()i = (S-+196QS¢ = Sy SeThQSePy ) ex d€
2(p)
min(t1,t2) B B N
/ (Si-01ScQSe = S SeMQSePn) e oy
min(t1,t2) _
<[ (S = i) se@seen, e
min(t1,t2) | 5
+ /0 S (114Se = Sell ) @Seen o
min tl tg)
+ /0 (su G SeQ (Se = 5Py ) e oy

= () + (1) + (111)

Note that ”(St — gtHh)ekH[p(fD) < HSt([ — Hh)ekHl?(D) -+ ||<St — gt)HhekH£2(fD) <
Ch*A}. For (I) we can therefore do

min(tl,tg)
-
0

‘<S|t—s| - §|t—s|Hh> SeQSeey, )

dé < Ch* min(t, t2)]|Qexl|s
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where we have also used the fact that [|AS¢QSeer||c2py = e M| AQex| c2(p) <
|AQex|| z2(py. For (II) we first observe that ||(IL,S; — Sillp)ex||c2py < ||(Tn —
D)Seer|| c2py + 1St — Silln)ex || c2(py < Ch*AZ. We can then do similarly to get

min(tq,t2)
(11) = /
0

For (I11) we need to use an additional trick. Observe first that || Sy« SeIlnQ(Se —

SePi)ll a2y < 1Q(Se = SePi)llacezy < 1QSe(I = Pu)llLacezimy + 1Q(Se —
Se)Prek | La(c2(py)- We can now do

s (PaSe = 5ePy) QS&B’““&@) dé < Ch* min(ty, )] Qe

1QSe(I — Pu)llLoc2myy = (QSe(I = Pr))* | Lacc2 0y
= |(I = Pr)SeQllLoc2(py) < Ch|[(=A)2 Q|| Lyc2(p)) 5

using the fact that S is bounded and that orthogonal projections are self-adjoint.
We can repeat calculation for ||Q(S¢ — S¢)Prex||c2(p) and apply Lemma 5.3.1 to get

1Q(Se = Se)Puellc2y < Ch* D~ 1Qexlls = C(I(=A)2 Q| 2y -
k

Combining this we get

D I = |Q(Se = SePu)l|Loe2(ryy < C*h* min(ty, ) [|(=A)2 Q)| 2p) -
k
Combining this estimate for (1/1) with the previous estimates for (I) and (1) we
can now calculate Y, (x)3.

D Wi <CY ()P + UDP + (IIT)P) < C*h* min(ty, 12)*]| (—A) Q|22 p) -

Thus

(1, t2) = (81, 12) Pall Lae2(o)) <=, I3 (03 < Ch* min(ty, ) [[(=A)2 Q)| c2(p) -
k

We therefore need ||(—A)2Q|| z2(py < oc in order to conclude our proof. We calculate

El s— 2(s—28)
1(=2)2QlZ,c2(p)) < CZAR < C'Z k™7 < oo,
k k

2(s—2p)
d

which is satisfied when < —lors<2p6— g. The conclusion follows.

]

Proposition 5.5.1 tells us that we can expect the convergence rate for the space-
time covariance function to be [ larger than the convergence rate for the strong
error, in fact it is slightly more than twice as large. This convergence order can
be directly applied to errors of the form e(t, s, u,v) := E[(X(t),u) (X(s),v)] —
E[(X(t),u)(X(s),v)] by

e(t,s,u,v) = |((r(t,s) = 7(t, s)Pp)u,v) | < Cmin(t, s)h*||ul| c2p) ||| c2(D) -

So we have convergence of order 23 — % in e(t, s, u,v).
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6 Conclusion

In this thesis we have analyzed the regularity properties of two generalizations of
the stochastic heat equation on a bounded domain D C R, driven by a Q-Wiener
process with @ = ¢(k?—A)~? and with initial condition X (0) = 0 and zero boundary
conditions. We have looked at conditions for the existence of solutions, considered
their temporal and spatial smoothness, and looked at their convergence order when
approximated using the finite element method. Our results are summarized in the
following table.

dX + (2 — A Xdt = dW (L +@-AP)’ X =W
Existence of so- d <28+ 2y d <28+ (45 —2)y
lutions
Total regularity v+ B8-4% (26 —1)y+p8—1¢
Relative cost 2~y 27y
[temp. /spatial]
Maximal tempo- 3 §—3
ral regularity
r(—2=
Asymptotic co- E(LQ — A) (K2 - A)F EM(LQ — A)Y=207(2 — A)B
i 2 2 Val(y)

variance opera-
tor
Temporal corre- < O(e‘o‘(bz*')‘l)vh) < O(e—a(b2+/\1)”h>
lation decay
Spatlal correla- < 0(6727”h> 4 O<6727mh) < 0(67271%/1) 4 O<6727Tfih)
tion decay

d d
Strong  conver- B— = B—=

2 2
gence order

The first and second entry of the table are essentially equivalent; the equations
have solutions when the total regularity is > 0. The total regularity can also be
interpreted as the maximal spatial regularity. The temporal regularity can be found
by dividing the total regularity by the relative cost, which is 2 in both the cases
discussed in this work. The caveat is that we have a hard cap on the temporal
regularity; % in the case of the space fractional heat equation and § — % in the case
of the space-time fractional heat equation. In other words, every time we apply a
spatial derivative we reduce the total regularity of the process by 1, and every time
we apply a temporal derivative we reduce the total regularity by the relative cost

2.
We see that for both the space fractional heat equation and the space-time fractional

heat equation we can freely adjust the total regularity of our solutions by controlling
v, B and 0. However, in the case of the space fractional heat equation we can not
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freely control the temporal regularity; it is capped at % regardless of the parameters.
In the case of the space-time fractional heat equation this limitation vanishes; we can
get arbitrary temporal regularity by adjusting 6 upwards. Another limitation is that
in neither case can we adjust the spatial and temporal smoothness independently of
each other; if we have spatial regularity s, then the temporal regularity is min(%, 0—
3)-

In both the case of the space fractional heat equation and the space-time fractional
heat equation we can control the decay in temporal correlation by adjusting the
parameters ¢ and 7. Similarly the smallest of the parameters ¢ and x control the
spatial correlation decay. In all cases the decay is exponential. These results are
only upper bounds on the decay and are therefore not very useful for the practical
calculation of correlation range, but they give us a qualitative indicator of how the
parameters might influence the correlation range of the solutions. We have also
calculated the asymptotic spatial covariance operator for both equations. In both
cases we inherit the Matern operator c¢(k? — A)™%, but with some adjustment. In
the case where k = ¢ the marginal distribution of the solutions are asymptotically
Matern.

Finally we considered numerical estimation of our equations using the finite element
method. We saw that if we construct partial discretizations for the operators (1* —
A)Y and (& — (1 — A)")° using the discrete Laplacian A, we get the same strong
convergence order [ — g regardless of the other parameters. Possibly you could
get better order of convergence for large values of v if you directly constructed
approximations to the operator (1> — A)?, instead of using the discrete Laplacian
Ay, but that is beyond the scope of this thesis. We also considered the rate of
convergence of the space-time covariance function in Hilbert-Schmidt norm in the
case of the simple heat equation (7 = 6 = 1) and saw that it was of order 25 — g;

slightly more than twice the strong convergence order.
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A Appendix

A.1 Hilbert-Schmidt operators

Let H and U be separable Hilbert spaces with norms || - ||z and || - ||y respectively.
In this appendix we will consider a class of operators U — H known as Hilbert-
Schmidt operators. These are an important tool in our above analysis of stochastic
evolution equations. The treatment here is based on the lecture note by Kovacs and
Larsson [16].

Definition A.1.1. Hilbert-Schmzidt operator. Let A: U — H. Then A is
a Hilbert-Schmidt operator if

> llAerlf < oo,
k
for some orthonormal basis {ey}r, of U. We denote the space of Hilbert-Schmidt

operators U — H by Ly(U, H). In the case where U = H we write Ly(H) =
Lo(H, H).

Our definition suggests a natural norm on Lo(U, H), namely

1Al 2o,y = 1/Z | Aexl7 -

This norm is independent of the choice of orthonormal basis. Too see this let {fx}x
be a second orthonormal basis for U. We can then calculate

>l Aexll = Z (Aey, Aeg)
K

_Z ews i)y (ews i)y (Afi, Afj)

k,i,j

_ Z <Z ek,fj ek,f¢> <Afz7Af]>H

U
=Z Fis By (A AL
—Z Afi Afi) g ZHAkaH

Another concept of importance to us is that of the trace.
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Definition A.1.2. Trace. For an orthonormal basis {ex}r of U and an or-
thonormal basis { fix}r of H, the trace of an operator A : U — H s given by

Tr(A) = (Aex, fr)yr -

k

By a calculation similar to the one we did for the Hilbert-Schmidt norm it is possible
to show that the trace is also independent of the choice of orthonormal basis. In
addition, using the Cauchy—Bunyakovsky—Schwarz inequality

Te(A) =Y (A, fi)y < ) | Aexlln = 1AL, w.m) -
k k

It follows Hilbert-Schmidt operators have finite trace. We now show some properties
of the Hilbert-Schmidt norm that will prove useful to us.

Theorem A.1.1. Let A€ Ly(U,H) and B € L(U). Then
1Al .y = A Loy
2. ||A||2L2(U,H) = Tr(A*A)
3. NAB| Lyw,my < | Al Low,m) | Bl Ly
4 NAlcw,m < Al Lo m

Proof. Property 1: Let {e;}r be an orthonormal basis for U and let {f;}x be an
orthonormal basis for H. Then

HAH%Q(U,H) = Z (Aey, Aex)
k
k.30
= ew A i)
k.j
= AT = 1412, .0
J

Property 2: We see that, since A*A is an operator U — U

AR oy = D (Aex, Aer)yy = > (A" Aey,er), = Tr(A"A).

k k

Property 3: By Property 2 we have

IAB|Z,w.m = I1B*A*|1%, 5.0y = Z |B*A*er||
I

< IB* 12 1A* 112, 1.0

= Bl 1ALy, -
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Property 4: Let u € U. Then by Parsevals identity, the Cauchy—Bunyakovsky—Schwarz
inequality and Property 1 we have that

2
1Aulf =) (Auen)y
k
k
< lullv Y A%l = 1Al aw.m lullo
k

This shows that HA|‘L(U7H) S HAHLQ(U,H)'
]

It is possible to show that the space Lo(U, H) of Hilbert-Schmidt operators forms
a separable Hilbert space with the inner product (A, B),, ¢y = D2y (Aex, Beg) .
We will not prove this here; a proof can be found in Kovécs and Larsson [16].

A.2 The Laplacian operator and H’-spaces

In the above treatment of stochastic evolution equation we specifically consider the
stochastic heat equation dX (t) — AX (t)dt = dW (t) with zero boundary conditions,

and some generalizations thereof. The common denominator in these generalizations
. . 2
is that the Laplacian operator A := ZZ=1 82—9% plays a central role. We are therefore

interested in the eigenproperties the Laplacian when defined on a bounded domain
D C R% The following theorem is adapted from Davies [9].

Theorem A.2.1. Eigenproperties of the Laplacian. Let D C R? be a
bounded domain. Let A =S¢ % be defined on a subset D(A) of L*(D) of
sufficiently smooth functions with zero boundary conditions. Then the operator
A := —A has a set of orthonormal eigenvectors {ey}r spanning L*(D), with a
corresponding non-decreasing sequence of positive eigenvalues {\g}i satisfying
the estimates

Cikid < A\, < Cokd .

These estimates in Theorem A.2.1 are known as the Weyl estimates or the Weyl
bounds. Theorem A.2.1 allows us to easily define various generalizations of the
Laplacian. Let f : [0,00) — R be a measurable function. If we take u € H := L*(D)
we can write u = ), (u, ex)p ey since {ey}, spans H. We can then define

FA)u =" (u,ex) oy f(—=Ai)er (21)

k

In general it is possible that the sum in Equation 21 does not converge for some
elements in £?(D). The set of elements u € £2(D) such that Equation 21 converges
we define to be the domain of f(A).

D(f(8)) :={ue L2(D) : Y (uen)y fOw)’ = [IF(A)ullz2p) < o0}

k

Instead of considering only u € H, we could also consider all formal series in
{er}r, ie. we define A := {3, arer : (ar)r C R} and D(f(A)) = {u € A
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o aif(=Ag)? < oo}. The elements u € A are not necessarily elements in H =
L?(D), but can interpreted as generalized functions. For example a simple calcula-
tion shows that the delta function centered at x € D can be expressed as an element
in A by 0, = ), ex(x)ex. Another example are the non-proper space-time covari-
ance functions discussed in Section 1.2. If we consider a Gaussian random variable
X on H with covariance operator () = I, then it has the Karhunen-Loeve expansion
X =), Brex, where {5}, is a sequence of real standard Gaussian variables. Then
| X H%Q(D) = Y, B% diverges almost surely. However we still have that X € A. The
reason this is of interest is that an operator f(A) could possibly "normalize” ele-
ments in A. In other words it is possible that || f(A)ul|z2(p) < 0o even when u ¢ H.
For example, assuming d = 1, for the Gaussian variable X we have by the three
series theorem (see Karr [14]) and the Weyl estimates that

H<_A)7§X||%2(D) = ZA;BE < C’Zkﬂﬂz < 00 a.s..
k k

This motivates the following definition.

Definition A.2.1. H*-spaces. Let A := {3, arey, : (ax)r C R}, the space of
formal series in {ey}r. For s € R we define

H® = {u= Zakek €A : ||(—A)%u||%2(p) = Zai)\i <00 }.
k k

Foru=">%", ayey, € H* we also define

lulls == 1(=2)2ull 2oy =, | > a}A;-
k

According to Bolin, Kirchner and Kovacs [5], H*® is a Hilbert space for s € R.
This is important sice we frequently use the norm || - ||s to measure the smoothness
of the solutions to stochastic evolution equations, since ||u|ls < oo implies that
(—=A)su € L2(D). Since A is a differential operator of order 2, this loosely implies
that u is s times spatially differentiable.

In Sections 3.3 and 4.4 we use delta functions to make sense of pointwise covariances.
Assuming the eigenfunctions e, of A to be continuous we can write the delta function
0, centered at x € D as

537 = Z <5$7 ek>£2(D) € = Z 6k($)ek .

k k
In practice we can do much better than continuity. The following lemma, taken
from Borthwick [7], tells us that the eigenfunctions of the Laplacian are analytic,
i.e. infinitely differentiable, on the interior of their domain.

Lemma A.2.1. For an open, bounded, domain D C R%. Then the eigenfunc-
tions ey, of A : D(A) — L*(D) are analytic functions.

In the analysis of covariance we will also need supremum-norm estimates for the
eigenfunctions of the Laplacian. The following result is taken from Sogge and Smith
[12].
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Proposition A.2.1. For a compact, bounded, domain D C R?. Then the eigen-
functions e, of A : D(A) — L*(D) satisfy the estimate

d—1
ekl o) < OA*E

where A\ 1s the eigenvalue corresponding to ey.

We can use this and the Weyl estimates to calculate that for almost all z € D we
have that

d—1 2 _
1602 = 3" Mer(@)? < SN <oy RiCHE

In order for this to be finite we need 2(s + %1) < —1 or s < 1 —d. It follows that
for s < % — d we have that 0, € H*.
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Afterword

This thesis is the result of continuous work over the period August 2022 - May 2023.
It was written under the guidance of prof. Espen Robstad Jakobsen, with some
additional feedback from Artur Jakub Rutkowski and @Qyvind Auestad.

Most of Sections 1 and 2 were written during the autumn semester, i.e. August
- December, during which I attended a weekly seminar based on the lecture note
"Introduction to stochastic partial differential equations” by Kovacs and Larsson
[16]. For the most part the two sections closely follow the material of this seminar
(and thus the lecture note as well).

Section 3 was written in early January, though originally I considered only A = —A7,
not (12— A)7; T only introduced the parameter ¢ when I later realized that this would
give the asymptotic covariance operator a very nice interpretation. The analysis of
the space fractional heat equation in Section 3 is a generalization of the analysis
of the simple heat equation in the lecture note by Kovécs and Larsson [16]. It is
my own work in the sense that I did this generalization myself, though I would not
claim it to be novel; a similar analysis probably exists in the literature.

Emboldened by my success in generalizing the results of Kovécs and Larsson [16]
in Section 3, I attacked the article "Regularity theory for a new class of fractional
parabolic stochastic evolution equations” by Kirchner and Willems. This took the
rest of January and most of February. My strategy was to use the proofs in the
article mainly for inspiration, while trying to reproduce their regularity results in
the more concrete framework that I was using. In their article Kirchner and Willems
also consider what they call the ”family of covariance operators” {Qz (s,t)}stc0,17-
I had already defined covariance operator too mean something very specific, so I
denoted this family of operators the ”space-time covariance function” and adopted
the notation r(s,t) for it, a notation more common in statistics. In addition to
including some of the covariance results of Kirchner and Willems, I also went back
and did a covariance analysis for the equation in Section 3.

Section 5 took most of March and April to write. I have very limited experience
with numerical analysis and I had never encountered the finite element method
before beginning work on this thesis. I quickly found that the eigenvalue/eigenvector
analysis done by David Bolin, Kirchner and Kovécs in [5] and [6] was more to my
liking than the standard analysis done in many textbooks on the finite element
method. Thus I went to their source, the book by Strang and Fix [19]. Strang
and Fix work mostly in the purely spatial case and spend only a few pages on the
spatio-temporal case, which meant that I had to fill in many gaps myself in order to
have a complete analysis. The most notable example of this is Lemma 5.3.1. More
general versions of this lemma exists in the literature (see for example Theorem
3.5 in Thomee [20]), but there is no such result in Strang and Fix. Since I had
committed myself to the eigenvector/eigenvalue approach I therefore had to prove
this lemma myself. Both the lemma and the proof went through several iterations
before I landed on something I was happy with. The rest of the numerical analysis
then came fairly easily.

The analysis of the spatial and temporal asymptotics of the space-time covariance
function for the two cases was only written during late April and early May. When
I wrote the first draft of the conclusion during easter I wanted to write that the
correlation range was controlled by the parameters ¢+ and «, in analogy with the
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Matern fields. I realized that I had no formal argument for why was the case, only
intuition. This was the motivation behind looking at the rate of decay in spatial
and temporal covariance. It is the most experimental and perhaps the most novel
of the work that I have done.

The rest of May was spent mainly on polishing already existing content. The defence
was (is to be at the time of writing) on 31.05.23.

- S.K. Furset
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