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Introduction

The study of stochastic partial differential equations (abbreviated SPDE) in Hilbert
spaces with respect to Wiener type noise has been a very active topic of stochastic
analysis for many years (for an overview see [PR07|, [DPZ92| or [LR15|). In recent
years there has been a growing interest in non-continuous noise (see [PZ07| or
[App05]), because of - among other things - its many applications in finance (see
[DNOP09| or [App05]).

In addition to the more common (pathwise) approaches to studying solutions of
SPDEs (e.g. the variational or the mild approach), it is also possible to study
solutions in terms of their laws by considering the corresponding Kolmogorov
equations, which are equations on functions or their corresponding Fokker—Planck
equations (abbreviated FPE), which are equations on measures.

Aim of this thesis and existing results

The purpose of this thesis is to prove - under certain conditions - existence of a
solution p;(dz)dt to the following Fokker-Planck equation

/ Ot ) (d) = / (s, 2)E(dz) + / / Low(s', )y (dx)ds  (FPE)
s for dt-a.e. t € [s,T],

for all v € D(Ly) and an initial condition £, which is given by a probability measure
on a Hilbert state space H. The Kolmogorov operator Lg is given by

Lotp(t, x) = (D)) (¢, x) + ((Dat)) (¢, 2), F(t,2)) + U(t, x) (1)

for all ¥ in a suitable test function space Wr 4. Furthermore, U is a non-local
Ornstein—Uhlenbeck operator to be specified later (see (2.7)) and F(¢t,z) : D(F) C
[0,7] x H — H is measurable. Hence a solution is given by a path ¢ + p; in the
space of probability measures.



In [Wiell| a very similar case has been studied and parts of the presented frame-
work will be frequently used here. Existence and uniqueness have been shown
there for the case where F is Lipschitz continuous, but for merely measurable F'
only uniqueness has been proven. Existence of a solution has been suggested as a
future field of study. Such studies have not been done yet. The aim of this thesis
is to realize this future study and prove existence.

The proof will follow the ideas of [BDPR10, Sect. 2|, where existence and unique-
ness of the solution have been shown in the case of Wiener noise, so we also
compliment this work.

The Fokker—Planck equation is completely determined by (1). To explain the
origin of the Kolmogorov operator, let us first consider the following stochastic
differential equation on a separable Hilbert space H

(SPDE)
X(s) =ax0€eH0<s<t<T

{dX(t) = [AX(t) + F(t, X (£))]dt + dY (t),

with F' as above and A : D(A) C H — H being a self-adjoint generator of a Cy-
semigroup e, t > 0, in H. The noise term is given by dY (t) = v/CdAW (t)+d.J(t),
where W (t),t > 0, is a cylindrical Wiener process on H, C'is a symmetric positive
bounded operator in L(H)(:= {bounded linear operators on H}) and J(t) is a
Lévy process with bounded jumps.
We will now summarize the results of [Wiell|, which are relevant for this work.
Let us denote the case, when the nonlinear drift F' in (SPDE) is replaced with
a Lipschitz continuous Fp, by adding a subscript L, i.e. (SPDE;). By [MPRI10,
Thm. 2.4] (SPDE;) admits a unique mild solution. Using this and It6’s formula,
the Kolmogorov operator corresponding to (SPDE;) has been identified in|Wiell,
Chpt. 4] to be

Lpp(t,x) = (D) (t, x) + (D) (t, @), Fr(t,x)) + Utp(t, x) for all ¢ € Wr 4.

In this case he has shown uniqueness and existence of solutions for the FPE related
to L. In [Wiell, Chpt. 5.2] it has further been proven that the FPE associated
to Ly (i.e. general measurable F') has at most one solution. However, in this case
the relation of (SPDE) to Ly has not been shown.

Let us now give a short overview of the main ideas of the proof in [BDPR10, Sect.
2|, where (SPDE) was considered with Wiener noise (from now on (SPDEy/)) and
existence of a solution to the FPE corresponding to (SPDEy,) was shown.

The authors consider (SPDE) with a special bounded F, instead of F', which
has nice approximation properties, and obtain a mild solution to this equation,
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which we call (SPDE,,). Using this solution, they solve the FPE with F,, replacing
F and obtain solution measures p$(dx)dt. The authors proceed to show uniform
tightness for these measures, allowing them to apply Prohorov’s Theorem to receive
a limiting measure. They carry on to show that this limit measure solves the FPE.

Structure and differences in the method of proof

Let us give an overview of the structure of this thesis and on the way explain our
approach and own contributions.

This thesis is divided in three chapters. The first chapter gives a short summary of
some essential results about semigroups and Lévy processes, including stochastic
integration theory with respect to martingale measures.

The second chapter contains our preparations for the main proof, our precise con-
ditions and an explanation for the choice of Kolmogorov operator. It concludes
with the formulation of the main theorem.

The last chapter is devoted to the proof of the main theorem, which is structured
in three steps.

The first chapter starts with the defintion of a Cy-semigroup, followed by a state-
ment of some of their elementary properties. In particular we define infinitesimal
generators and their Yosida approximations. We then proceed to explain fractional
powers and exponentials of unbounded positive self-adjoint operators. The main
reference in this part is [Paz83].

We then address Lévy processes, beginning with general properties, followed by
stochastic integration with respect to martingale measures, which is suitable for
type of Lévy processes considered in this thesis. We have opted for the martingale
measure framework instead of integration via compensated Poisson measures in
the version of [Kno05, Sect. 2.3|, because it is more similar to the Wiener case of
|[PRO7, Sect. 2.3.2] in terms of the used elementary functions, which is crucial in
Lemma 2.3. We could have used the integration framework with respect to general
Lévy processes following [PZ07, Sect. 8.2], but the established It6-Isometry is not
as explicit as the one given in [Sto05, Prop. 3.1.3], whose form will be essential
for Lemma 2.3.

We then elaborate on our choice of noise, in particular reviewing general existence
conditions for the stochastic convolution and finally defining the notion of a mild
solution. Special notice should be taken of the reference [Sto05], which is our main
reference in the integration part, and [AR05|, where the Lévy-It6 decomposition
was shown for Banach spaces.

The second chapter begins with stating our general conditions. Extra attention
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should be given to the condition that (—A)*~! is of trace class for some § € [0, 1],
since this condition differs from the original one given in [BDPR10]. The condition
there, that (—A)? should be of trace class, seems to be a misprint. We also add
special boundedness conditions for the Lévy measure corresponding to the Lévy
process (see Condition 2.2), which we will heavily use in Chapter 3, especially in
Claim 3.7 and the last approximation in Step 3 of the main proof.

One of the main results of the second chapter is the following bound for the

stochastic convolution Y, from Lemma 2.3:

sup E[|(—A)*Ya(t)[’] < oc.

t€[0,T]
This inequality is vital for step 2 of the main proof and could not be directly
extended from the Wiener case to the Lévy case. This is the reason for the choice
of the afore mentioned special integration framework. By showing that (—A)° can
indeed be taken under the stochastic convolution integral and using the special
It6 Isometry for martingale measures to explicitly compute the existence of the
resulting stochastic convolution, we were able to prove this bound for our Lévy
type noise.
We then explain our choice of the Kolmogorov operator Ly, introduce the Fokker—
Planck equation and define the notion of a solution to the FPE.
For this approach it is necessary that L, corresponds to (SPDE,) and that we
have a mild solution to (SPDE,,). Therefore, we then present our main assumption
that (SPDE,) admits a mild solution and that the solution solves the martingale
problem for L., which gives us our desired correspondence of L, to (SPDE,),
according to Lemma 2.14.
We then proceed to show the equivalence of (FPE) and

T
//LO@D(T, x) por(d)dr = —/@Z)(O,:ﬂ){(dx) for all t € [s,T] and ¢ € Wy 4
0 H H

(see Lemma 2.12). This equivalence was not shown in [Wiell, Rem. 2.2.6]. We
finish the chapter with the statement of our main theorem.

The third chapter consists solely of the main proof. Let us now give a more de-
tailed outline of the three steps and the main differences to the proof presented in
[BDPR10].

Step 1 starts with the proof of finiteness of the following integral of our approxi-
mating solution measure pf to (FPE,):

/ 2?12 (da) < C < o0,
H



thus proving tightness with respect to the weak topology for this family of mea-
sures. Here we use a different approximation (utilizing the eigenbasis of A), than
was suggested in [BDPR10], to deal with the unboundedness of A.

This allows us to apply Prohorov’s Theorem repeatedly to obtain the limit mea-
sure candidate p;. The most notable change in this step - besides extensions and
little adaptations - lies in Claim 3.7. In this claim - as in [BDPR10] - we show the
equicontinuity of

tk»t/7¢<aa»ﬂf<dx> 2)

for fixed ¢ € Wr 4. However, due to the more general noise, we had to make use of
an additional boundedness condition (see Condition 2.2) to achieve equicontinuity
despite the more general noise.

In Step 2 we begin similarly by computing

/ |(—A)%\2M3<dx)dt <0< o0 (3)

and using this, we deduce that the measures p(dz)dt are strongly tight, which
enables us to apply Prohorov’s Theorem again to conclude that py™dt — pdt
weakly on [0,¢] x H for some (sub-)sequence «,, — 0. This part does not require
major changes to accommodate the larger class of noise, except for the change of
the test function space.

The third step begins by two lengthy calculations to prove the continuity of

H>z— /?/)(t,x +y)—U(t,z)— H<(Di?(|l;|§)’y>f[

M(dy), (4)

where M is the Lévy measure corresponding to Y, and to prove the continuity of

#3005 1600 mas), o)
H

where 14(d€) is a certain measure depending on the chosen test function. These
calculations are only necessary in the Lévy case and are needed to control the
"jump-parts" of Lg.

We then proceed to prove that p;(dz)dt solves (FPE). To this end we use the
above mentioned equivalent formulation of the Fokker—Planck equation to rewrite
our approximating solution (FPE,) as

/T / Lo, tb(t, ) (da)dt = — / (s, 2)E(E).



We then proceed to show weak convergence of the left hand side for each summand
of the Kolmogorov operator individually, using heavily our previously established
weak convergence of the approximation measures.

The convergence of the jump part of Ly follows by the continuity results (Equations
(4) and (5)) and the previous mentioned boundedness condition 2.2.

For the leftover uncontinuous part we had to adjust the approximation approach
taken in [BDPR10]. We could leave out an approximation in [BDPR10]| dealing
with the part of the linear drift in Ly, since our test functions only take non-zero
values on a finite subspace of H (see Remark 3.14).

Furthermore, we could omit an approximation by affine linear functions, which
was in [BDPR10]| realized by one-dimensional Riemann sums. This is in our case
not necessary, since the test functions are in our case cylinder functions in space.

Future topics of research

A possible extension of the results presented here could be to allow a broader range
of noise, namely dropping the bounded jump condition on the noise part.

It also seems reasonable to hope that it is possible to drop Assumption 2.7 (ex-
istence of a mild solution to (SPDE,)), since it might already be consequence of
Assumption 2.15 (existence of a solution to the martingale problem for L,).

I would like to thank Prof. Dr. Michael Rockner for his guidance and support. Fur-
ther, I would like to thank Dr. Shun-Xiang Ouyang for his help.



Chapter 1

Prerequisites

1.1 Semigroups

In this section we are going to define Cy-semigroups, which are important objects
in the study of partial differential equations. They can be thought of as an infinite
dimensional operator valued generalisation of exponential functions.

We are only going to cover some basic properties and theorems, which we will later
need for our proof, such as the Lévy-Ité-decomposition, Yosida approximations
and fractional powers. For a very thorough treatment of semigroups we refer to
[Paz83] and to [DPZ92| for an introduction to semigroups in the context of SPDE
on Hilbert spaces.

Let (B,|-|g) be a Banach space.

Definition 1.1 (Cy-semigroup). We call a family S = {S(¢),t > 0} of bounded
linear operators on a Banach space (B, |- |;) a strongly continuous semigroup of
bounded linear operators (or short Cy-semigroup) iff

i) S(0) is the identity operator I,
ii) S(t)S(s) =S(t+s) forall t,s >0,
iii) we have for all x € B that |S(t)xr — x|z = 0ast ] 0.
If only i) and ii) hold, we call the family simply semigroup.

Theorem 1.2. Let S be a Cy-semigroup. Then there exist constants w > 0 and
M > 1 such that

|T(t)|| < Me** for 0 <t < oo.

We call a Cy-semigroup with w = 0 uniformly bounded. If additionally M =1 we
call it a Cy-semigroup of contractions.
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Proof. See [Paz83, Thm. 2.2|.

Infinitesimal generators

Definition 1.3 (Infinitesimal generator). For a semigroup S we call the linear
operator defined by

r—x
im ——— for all z € D(A)
on

S(t)x —

T exists }

D(A) ={z € X“tlf(I)l

the infinitesimal generator A of the semigroup S, where we write D(A) for the
domain of A.

Remark 1.4. An infinitesimal generator A of a Cy-semigroup has a dense domain
on B and we have that A is closed (see [Paz83, Cor. 2.2|).

The following theorem shows how a semigroup interacts with its infinitesimal gen-
erator.

Theorem 1.5. Let S be a Cy-semigroup on B and let A be its infinitesimal gen-
erator.

i) For x € B we have

t+h

lim% / T(s)xds =T(t)x.

h—0
t

i) For x € B we have

t

/T(s)x ds € D(A)

0

and

A /T(s)xds =T(t)x — .

11



iwi) For x € D(A) we have T (t)x € D(A) and

d
&T(t)m =AT(t)x =T(t)Ax.

iv) For x € D(A) we have

T(t)z — T(s)z = j T(s') Azds’ = /t AT(s)ads'.

S S

Proof. See [Paz83, Thm. 2.4]. O

Yosida approximations

Since the infinitesimal generator A of a Cy-semigroup S(¢) is not necessarily
bounded but only closed, it is often necessary to use approximations A, of A,
which are bounded. These approximations arise naturally out of the formulation
of the Hille-Yosida theorem, for which we are going to refer to [DPZ92, P. 371,

Thm. A.2].
Recall that the resolvent of a linear operator A is defined as

RN, A) i= (] — A)~!

for A € p(A), where we denote the resolvent set of A as p(A). For closed A this
operator is bounded (cf. [DPZ92, P. 371]).

Definition 1.6 (Yosida approximation). For a Cy-semigroup S(t) with infinitesi-
mal generator A and ||S(t)|| < Me“T for all t > 0 we call the operators

A, :==nAR(n,A) with n > w
the Yosida approximations of A.

Remark 1.7. We have that |w,00[C p(A) for the generator A of Cy-semigroup.
IDPZ92, p. 372, A.2|

That the Yosida approximations A,, retain some relation to A can be seen in the
next two theorems.

Theorem 1.8. Let A be the infinitesimal generator of a Cy-semigroup S(t) and
let A,, be its Yosida approrimation. Then we have

lim A,z = Az for x € D(A).

n—o0

12



Proof. See [DPZ92, Prop. A.3|. O

Theorem 1.9 (Exponential of Yosida approximations). For an infinitesimal gen-
erator A of a semigroup of contractions S(t) we have for its Yosida approzimations

A, that

S(t)x = lim e,

n—oo

Proof. [Paz83, p.11, Cor. 3.5] ]

Fractional Powers, exponentials of operators and the spectral
theorem

From now on we are going to restrict ourselves to the case of a Hilbert-space H
with inner product (-, -) and corresponding norm |-|. Let us explain how to
define the operator h(T") for a Borel measurable map h : H — H and self-adjoint
operator T': H D D(T) — H. We are going to translate the spectral theorem for
self-adjoint operators from [Wer07, Thm. VII.3.2.], since it includes the definition

of the functional calculus in the case of an unbounded A. We then proceed to
explain 7% and e”.

Theorem 1.10 (Spectral theorem for self-adjoint operators). LetT : H D D(T) —

H be self-adjoint. Then there exists a unique spectral measure E with

(Tx,y) = /Ad(E,\x,y> for all x € dom(T'),y € H.
i

For Borel measurable h : R — R and
Dy = e ] [ MOV d(Esny) §
R

we have a self-adjoint operator h(T) : h D D, — H given by

<mwaw=/%@mwwwy

R

Translated from and proof contained in [Wer07, Thm. VIL.3.2.].

Thus if A is a positive self-adjoint operator on a Hilbert-space we can use h(\) =
o,00[A” for a € R to define its fractional power using the spectral decomposition
as

Ao — / h(\)dE).
0

13



where E()\) denotes the corresponding spectral measure. It is defined on

D(A%) = {x € H|/ h(N)d(E\z,y) < oo}
0
For details on this case see [Kla08, P. 42].

Let us now take a look at the exponential of operators in the context of oper-
ator semigroups. Let S(t) be Cp-semigroup of bounded linear operators on H
and A its infinitesimal generator. If A is bounded (i.e. when S(t) is uniformly
continuous cf. [Paz83, Thm. 1.2]) we can write

T(t) = = Z (t%)n

since [let]] < S0, % = €'l and thus e is a bounded operator. Here we
denote the standard operator norm by ||-|. We have T'(t) = S(t) (see |Paz83,
Thm. 1.2 and 1.3]). For Cy-Semigroups A is in general not bounded, but only
closed. Thus e can not be defined as above, since it would not necessarily be
well defined. But there are some ways in which one can give meaning to 4.

For example, we can define T'(t) = et =: limy_,, ez as the limit of its Yosida
approximation as in Theorem 1.9. Another possible interpretation is given in the

following theorem.
Theorem 1.11. We have for a Cy-semigroup S(t) with generator A and
A(hye = 2 =2 U’)Z 7

for h € R*, that for all z € B

T(t)x = lim ™y
h{0

uniformly in t on every bounded interval.

Proof. See [Paz83, Thm. 8.1]. O

This gives us a reasonable interpretation of e in case of general unboundedness,
which is still formally incorrect.

For the special case that A is a self-adjoint operator (not necessarily bounded) we
can use the spectral theorem above and define e/ by

ez, y) = / e*d(E\z, y)
R

on D(e) := {z € H| [y e*d(E(N)z,z) < 00}

14



1.2 Lévy processes

Let (Q, F, (Fi)i>0, P) be stochastic basis and H a separable real Hilbert space with
inner product (-, -).

Definition 1.12 (Lévy process). We call an H-valued (F;);>0 adapted stochastic
process Y (t) a Lévy process iff:

i) the increments of Y are independent, i.e. Y (t3) — Y (1) is stochastic inde-
pendent of Y(sg) — Y (s1) for all 0 < 57 < 85 <3 <ty <00,

ii) the increments of Y are stationary, i.e. for every s € R* the distribution of
Y (t+s) — Y (t) is independent of the choice of t € RT,

iii) Y'(0) = 0 holds P-almost surely,

iv) Y is stochastically continuous, i.e. for every ¢ > 0 and any ¢ > 0 we have
that

}llir%IP’HY(t +h)=Y(t)] > € =0foral heR".
—
See [PZ07, Def. 4.1] for a slightly more general definition on Banach spaces.

Properties

We will present some general results and theorems about Lévy-Processes in Hilbert
spaces in this chapter, without proof, for the convenience of the reader.

Lemma 1.13. Every Lévy-Process has a cadldg modification.
Proof. See |PZ07, Thm. 4.1] O

Definition 1.14 (Lévy measure). We call a measure M € M(H) a Lévy measure
iff M({0}) =0 and

[l A artay) < oc

H
By the Lévy-Khinchin formula, it is possible to specify the type of Lévy process by
writing a triple [a, @, M| where we call a the drift part, corresponding to the linear
drift part of the Lévy noise. We refer to () as the Wiener part, since it specifies the
covariance of the Wiener noise contained in a Lévy process. By the noise part we
mean M, since it describes the distribution of Jumps, i.e. the number of jumps up
to time 1 contained in B, . C H (Ball around x with radius €) is given by M (B, ).
Since it is also possible to identify the parameter [a, @, M] of a Lévy-process using
the Lévy-Itd6 decomposition, we will omit stating the Lévy-Khinchine decomposi-
tion.
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Poisson Processes

In the following we give a short summary of the connection of Lévy processes to
Poisson processes and state the famous Lévy-Itd representation for Hilbert space
valued Lévy processes. We will follow the framework of [Sto05], which in turn
generalizes [App06| using some results from [AR05]. A different approach can be
found in [PZ07].

Let us now take a closer look at the discontinuities of Lévy processes. Such a
discontinuity at time ¢ can be measured as AX () := X (t)—X (t—) where X (t—) :=
limyrry X (¢'). In [ARO5] the following theorems have been shown for a Lévy-Process
(X¢)t>0 on a Banach-space E with its corresponding Borel o-algebra B(E). We
will only state these theorems for Hilbert spaces.

Theorem 1.15. Let A € B(H) separated from 0, i.e. 0 € A°. Then we can define

N(t, Aw) = N(t, A) = Y T4(AX,) = #{0 < s <t | AX(s) € A}

0<s<t

and N(t, A) is fort € [0,T] an adapted counting process without explosion. Addi-
tionally it s a Poisson Process.

Proof. See [AR05, Thm. 2.7| O

Theorem 1.16 (Poisson random measure). For fized t € [0,T] and w € Q the
function

N(t, - ,w): B(H\0) — R"U{+o00}

has for P-almost all w an unique extension to a o-finite measure v, on B(H)
with v,({0}) = 0. From now on we will write N(t,dx) instead of vi(dz) and call
N(t,dx) a Poisson random measure. Further, if we set for all A € B(H \ {0}),
with A seperated from 0, then

v:B(H\0)— R"U {400}

A— E[N(1, A)].
The measure U can also be extended to a unique o-finite measure v on B(H) with
v({0}) = 0. This measure is a Lévy measures and if the Lévy process X has the

characteristic triplet [a,Q, M], it equals the measure M.

Proof. See |[AR05, Thm. 2.17, Cor. 2.18, Thm. 2.21]. a
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Theorem 1.17 (Compensated Poisson random measure). Let M be the Lévy mea-
sure of the Lévy-Process (Xi¢)i>0. Then we can define the compensated Poisson
random measure

N(t,A) := N(t,A) — tM(A).

For A € B(H \ {0}), with A separated from 0, we have that (N(t, A)) is a (F)-
martingale and that E[N(t, A)] = 0.

Proof. See [Sto05, Lem. 2.3.8|. O

Now we can define integration with respect to these measures.
For A € B(H \ 0) separated from 0 and f: A — H, B(AN H)/B(H) measurable,
we can define the integration as

0<s<t

%/ﬂ@N@ﬂx: S FAX()IA(AX(5)).
A

For M integrable f (i.e. f € L'((A,B(A),M|4) — H)) we can now define

/f N(t,dz) /j td@—i[ﬂ@de

where the last part is the usual Bochner integration. For a more exhaustive treat-
ment of integration with respect to Poisson random measures in space see [Sto05,
2.4].

Theorem 1.18. Let f € L3, := L*(H \ {0}, M; H) then we have for A € B(H)
that

M= [ s

An{|z|<1}

is a cddlag (i.e. right-continuous with left limits) square integrable martingale with

M({0}) = 0.
Proof. See [Sto05, Prop. 2.4.6]. O

The next theorem will give very important insight into the structure of the jumps
of a Lévy processes.
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Theorem 1.19 (Lévy-Itd6 decomposition). Let (Y;)i>o be a Lévy-Process on a
Hilbert space H and M the corresponding Lévy measure.

Suppose Ni(w,dx) is the associated Poisson random measure and Ny(w,dz) —
tM(dx) the compensated Poisson random measure related to the Lévy process
(Yi)i>0. Then for all K >0, there is ax € H such that for all t > 0

Y, =B, + / x(Ny(dx) — tv(de)) + axt + / xNy(dx)
{le| <K} {lz|=K}

where By 1s a H -valued centered Brownian motion. Further, we have that for all
A€ B(H\DO0), with A seperated from 0, that (N;(A))¢>o is independent of (By)i>o-

Proof. [AR05, Thm. 4.1]. O

As we can see every Lévy process consists of a martingale part and a non martingale
part.

L;=B + / x(Ny(dz) — tv(dx)) + agt + / xNy(dz)

{lel<K} ) {lz|>K3} )

~
Martingale Non martingale

In most of this thesis it will be necessary to restrict ourselves to martingale
type Lévy noise, since it would be difficult to control the unbounded jump part

Jarz 0y #New)-

Martingale measures

The following notion is a simplified version of [Sto05] and [App06], who generalize
the concept of martingale measures from the finite dimensional version of [Wal86|
to Hilbert spaces. Throughout this part we will work on a Ball S C H with S =
{x € H||z| < K} and use the o-Algebra A := {A, AU{0}|A € B(S) and 0 & A}.
Corresponding to this let S, := {z € S| < |z| < K} for arbitrarily large K € N,
These unusual spaces are needed to evade working on general Lusin spaces (see
[Sto05, p. 42]), which is unnecessary in our case.

Definition 1.20 (Martingale measures). We call a function
M:RTxAxQ— H

an (F;)-martingale measure iff

i) we have M(0, A) = M(¢, () = 0 P-almost surely for all A € A,
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ii) we have for all ¢ > 0 M(¢, AU B) = M(t, A) + M(¢, B) P-almost surely, for
every pair of disjoint A, B € A,

iii) we have sup E|M(t, A)|* < oo for all n € N,
A€eB(Sy)

iv) (M(t, A),t > 0) is strongly cadlag square integrable (F;)-martingale for all
Ae A,

v) we have for alln € Nand (A;) € B(S,) with A; | § that lim E[|M(t, A;)]*] =
j—o0
0.

To connect this definition to our setting we will state the following lemma.

Lemma 1.21. The martingale part of the Lévy-Ito decomposition of a Lévy process

M(t, A) = Bo(t)5o(A) + / +N (¢, da) (1.1)
A\{o}

is a martingale measure for allt >0 and A € A.

Proof. See [Sto05, Thm. 2.5.2] where also orthogonality and independence of
increments were proven. 0

We call M(¢, A) in (1.1) a Lévy martingale measure.
We have to introduce a bit more theory for martingale measures, to start with
stochastic integration.

Definition 1.22 (Positive operator valued measure). We call a family of positive
operators T' = {T4,A € A} on H, which are bounded, non-negative and self
adjoint, a positive operator valued measure iff Ty = 0 and Tsyp = T4 + T for all
disjoint A, B € A.

We call T' decomposable iff we can find o-finite measure v on (H,.A) and a family
{T,,x € H} of bounded non negative self-adjoint operators on H with

Tyay = /Txyy(dx) with Ae A,y e H,
A

for which we additionally need that x — T,y is measurable.

This property is connected to martingale measures in the following way: We say
that a martingale measure M is nuclear with respect to a radon measure 7 on R™
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and a nuclear positive operator valued measure T4 (i.e. T4 is a nuclear operator

for every A € A) iff

E[(M(]s,t], A), z) - (M(]s, t], A), y))] = (, Tay) - 7(]s, ])
for0<s<t<oo, A€ A x,y€ H.

In the context of the Lévy martingale measure we get the following theorem about
decomposability.

Lemma 1.23 (Decomposition of Lévy martingale measure). Let M(t, A) be Lévy
martingale measure. Then M is nuclear with (T, \), with \ being the Lebesgue
measure on R and

Tay = Quao(4) + [ (z,p)eM(da)
A\{0}
We further have that T is decomposable in v = M + ¢ and

Tz:{Q forx =0.

(x, )z else.

A version of this has been shown in [Sto05, p.46 Prop 2.5.4].

Stochastic integral for martingale measures

We are now giving a rough overview of the construction of stochastic integral with
respect to martingale measures following [Sto05, Chpt. 3|. As mentioned in the
introduction, we have chosen the stochastic integration using martingale measures
in this version over [PZ07]|, since it gives us a very convenient It6-isometry, which
would not be the case otherwise. See [PZ07, 8.7] for a different version of integra-
tion with respect to compensated Poisson measures.

The aim of this chapter is to identify a large space of integrands which can be
stochastically integrated with respect to a nuclear martingale measure.

For a decomposable operator T corresponding to a nuclear martingale measure
M(t, A) and 0 < t < T, No(T,t) := N (v,7;t) denotes the space of all operator
valued mappings

R:[0,t] x QxS — {(A: H— H)|A is linear },
such that (s,w,x) — R(s,w,x)y is F x B(S) measurable for every y € H and we
further have

1
2

t
|Bllxacry = E //HR(S,x)\/Txﬂgy(dx)T(dt) < o0,
0o S
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If we endow N (t) with the inner product

(Ry, Ro) (i) = B //tr(Rl(s,x)Tng(s,x)*)y(dx)T(dt) :

Ny(T;t) is a Hilbert space (see [Sto05, Lem. 3.1.1]). Here || ||2 = || - ||z2 denotes
the Hilbert-Schmidt norm for operators. From now on we will write Ny(T) for
NI (v, m;T).

We now define a set of simple functions which we will use to define the integral by
approximation. Let

N1 Na
N( ) D 82 = {ZZR”HtltH‘l }

=0 7=0

where N1, Ny € N, (t;);>0 is a partition of 0,7], Ay, ..., Any+1 € A and R;;h is
F,,-measurable.

We have that Sy(T) is dense in N5(T) (cf. [Sto05, Lem. 3.1.2]).

We now define the stochastic integral of a function R € Sy(T') as

N1 Ns ~
- Z Z RUM(]T A tz,t A ti+1], A])

i=0 j=0

for 0 <t<T.

Theorem 1.24 (Extension of the integral). The mapping J; : So(T) — L*((Q, F, P) —

H) can be extended to an isometry

Ji  No(T) — L*((Q, F,P) — H).

For R € Nyo(T) we call J,(R fo Js R(s,x)M(ds,dz) the stochastic integral of
R with respect to the nuclear martmgale measure M.

Proof. See again [Sto05, Prop. 3.1.3]. O
Properties

Let us state some properties for the just defined Integral.

Theorem 1.25 (Ito-Isometry). For R € No(T) the process

0/ S/ R(s, z)M(ds, dz)
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15 square integrable martingale with values in H.
Further we have this form of the Ito-isometry:

/T / [T R(s,2)\/T,|3v(dz)7(dz) | =K /T / R(s, z)M(ds, dz)

Proof. See [Sto05, Thm. 3.1.5]. O

2

Similar to the case of stochastic integration with respect to cylindrical Wiener
processes we can pull bounded linear operators under the integral.

Theorem 1.26. For C € L(H) and R € Ny(T). Then CR € N>(T) and we have
for allt € [0,T]

t t
C’//R(s,a:)M(ds,da:) = //CR(S,x)M(ds,dx) P-almost surely
0 S 0 s

Proof. See [Sto05, 3.3.1]. O

We will later need a more general version of this for closed operators. The following
theorem is similar to [DPZ92, 4.15] in the case of Wiener noise. The limit condition
might be superfluous.

Lemma 1.27. Let A be a closed operator, So(T) 2 R, — R € No(T) in No(T).
Assume

/t/ARn(S,x)M(ds,dx) - j/AR(s,:c)M(ds,dx) in L2((Q, F,P) — H)

holds and the integrals are well defined (i.e. AR, AR,, € Nao(T) and R,,, R € D(A)).
Then we have for 0 <t <T

A j / R(s, z)M(ds, dz) = /t / AR(s,z)M(ds,dz)  P-as.
0o S 0 S

Proof. We need

/ / Ro(s, 2)M(ds, dz) — / / R(s, 2)M(ds, d)
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as n — 0o, which we have by construction and

/t/ARn(s,x)M(ds,dx)%/t/AR(s,x)M(ds,dx),
0 S T

which we have by assumption. Further we have

//R s, )M(ds, dz) AZZRMM Jt Ati,t Atiga], Aj)

=0 7=0

_ / / AR, (s, z)M(ds, dz).
0 S

Therefore we have

A/t/Rn(s,x)M(ds,dx)
0o s
:/t/ARn(s,x)M(ds,dx) niw/t/AR(s,x)M(ds,dx)
0 S 0 s
/t/R M(ds, dx)

where the last step holds by the closedness of A. O]

N

Lévy martingale processes with cylindrical Wiener noise

As we have seen in Theorem 1.19 a Lévy process Y on a Hilbert-space H can be
written as

Y(t) =B, + / x(Ny(dx) — tv(dz)) + axt + / z N, (dx)
{lz|<K} {|lz|>K}

where B; is a ()-Wiener process.

In our case we want to consider cylindrical Wiener processes as the Brownian part,
i.e. the case where @) is no longer of trace class. To achieve this we can look at
processes of the form

Y(t)=W(t)+ / r(Ny(dx) — tv(de)) + axt + / TNy (w) (1.2)

{lel<K} {lz[=K}
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where W (t) is cylindrical wiener process as in [PRO7, Sect. 2.5].

Of course this process can no longer be uniquely identified by its characteristic
triplet [a, @, M]. If we define J to be Lévy-process with triple o, 0, M] and W as
above we can write X (t) = J(t) + W (t). For simplicity we are going to refer to
this process as a cylindrical Lévy process.

In our case we are going to restrict the class of noise further, by assuming that the
jumps of our Lévy process are bounded by K, i.e. |AY| < K and thus reducing
our process to

Y(t)=W(t)+ / x(Ny(dz) — tv(dx)). (1.3)
{lz|<K}
Integration with respect cylindrical Lévy process

We are only going to define integration with respect to cylindrical Lévy process in
the case where the Lévy part is a martingale, i.e. we have the case (1.3) and our
jump part is

J(t) = /)xMMMﬂ—WM@)
{lz|<K}

Now let X (t) = J(t) + W(t). We want to define

l/¢tde l/¢txdW' l/¢tde

for a reasonable class of integrands ¢.
A large class of integrands for the first part on the right hand side has been
identified in [PRO7, 2.5] as

Ny = {<I> 1[0, 7] x Q — L5|® predictable and P (/ |D(s) \/_||L2ds < oo) = 1} :

For the second part the space of potential integrands is No(7T) in our framework.
Thus the integral makes sense as the sum of two H valued square integrable mar-
tingales for all ¢ € Ny NN (T).

Existence of the stochastic convolution

We will now define an object which is essential in the study of mild solutions.
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Definition 1.28 (Stochastic convolution). We call the following integral the stochas-
tic convolution corresponding to an H-valued Lévy process Y and a semigroup S

t

Yso(t) = /S(t —5)CdY (s),

0

for some linear operator C.

On notation: In cases where A is the infinitesimal generator of S and the choice
of C' is obvious we write Y4 := Y4 ¢ 1= Ygc.
Let us now give conditions for existence of the stochastic convolution.

Theorem 1.29 (Existence of stochastic convolution). For a Lévy-process Y, C €

L(H), and S a Cy-semigroup with infinitesimal generator A the stochastic convo-
lution Yac : [0,T) — L*(H) given by

Yac(t) = /S(t —5)CdX (s) for everyt >0

0

exists.

Proof. See [Sto05, Thm. 4.1.7]. O

Existence of the stochastic convolution for ‘“cylindrical 1évy noise”

In the case of Y being a cylindrical Wiener process in the sense of (1.3) the
stochastic convolution splits into two integrals

Yac = /S(t— s)CAW (s) +/S(t— s)CxN (ds,dz).

0 0

Let us look at the parts individually. For the Wiener part we have to check

P ([ st -90valias <o) =1

For the jump part we rewrite using Lemma 1.21 (where we have no brownian part)

j / S(t — s)CxN(ds,dz) = /t / S(t — s)CM(ds, d).
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Thus we have to see if S(t — s)C € M. Utilizing the It6 isometry we compute:

t t

[ [1st - scvTigmanas < [ [1st - c VT EMdoas
< [1st-9pcipas [ 1vEIRM )

< j||S(t—s)C||2ds/|x|2M(dx).

S

This give us reasonable conditions to check, for the existence of the stochastic
convolution.

Mild solution to SPDE with Lévy noise

We are now considering the SPDE on H

dX(t) = (AX(t) + F(t, X(t)))dt + dY (¢), (SPDE)
X (to, to, ) = Xo,

for to <t < T. With A: H D D(A) — H being a linear operator and F' :
R* x H D D(F) — H Borel measurable and Y a Lévy martingale in the sense
of 1.3. Further let X, be square integrable F; -measurable random variable with
values in H. As usual we denote X (t) := X (¢, to, xo).

Definition 1.30. We call a predictable process X : [tp,00) x @ — H a mild
solution to (SPDE) with initial condition X (¢y) = X if

sup E[|X(t)]%] < oo for all T' € (t, 00)
t€(to, ]

and if we have for all t > ¢,
t t
X(t) =5t —ty)Xo+ / St —r)F(r,X(r,s,x))dr + / St —nr)dY(r) P-as. .

to to

Furthermore all integrals involved should be well defined.
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Transition evolution operator

If we have a mild solution to a SPDE, we are often interested in the law of this
solution. One way of studying the law is via transition evolution operators.

Definition 1.31 (Transition evolution operator). If we have a solution X (¢, s, z)
to (SPDE) in the sense of Definition 1.30 we will call the family of linear operators
P, on By(H) (i.e. on bounded measurable function on H) given as

P, ,p(x) == E[p(X(t,s,x))] for all ¢ € By(H) (1.4)
the family of transition evolution operators corresponding to the mild solution X.

In the context of the Fokker-Planck equation we will be frequently considering the
following transformation for £ € M;(H), i.e. a Borel measure of mass 1 on H,

[Pudwgian = [Eo(x (s 0)le(dn)

H

= [ [ ot Box s ) nelan)
_ / o(y) pilx, dy)e(dz)
o(y) p(dy)

where we set py(z,dy) :=Po X (¢, s, 2)(dy) and p(dz) := ps(z, dy)é(dx). Some-
times we will write for this transformation y;(dx) := P}, £(dx).

For the case, where the initial condition measure £ is a dirac measure, these mea-
sures give us the evolution in time of the distribution of the solution to the SPDE.
We have that

/ o(y)u(dy) = / P,,é(y)E(dy) for all ¢ € BUH). (15)
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Chapter 2

Conditions, preparations and
formulation of the main theorem

We start this chapter by introducing our basic conditions on (SPDE), then using
these conditions we show an essential bound for the main proof in Lemma 2.3.
This leads us to the statement of our approximation conditions, which gives rise
to a family of SPDEs called (SPDE,). We will see in the main proof that this
family approximates (SPDE) in a certain sense, for which we need to assume that
each (SPDE,) admits a mild solution. We then define the space of test function
on which we then illustrate our specific Fokker-Planck equation and its solution.
Following this we go into detail about the choice of the Kolmogorov operator. We
then establish an equivalent formulation to (FPE) and discuss the relationship
between the solution of a martingale problem and a solution the Fokker-Planck
equation.

Let H be a seperable real Hilbert space with (-, -) as the inner product and let
| - | be the corresponding norm. Let (2, F, (F¢)i>0, P) be a stochastic basis. From
now on we are considering the following stochastic partial differential equation

dX(t) =[AX(t) + F(t, X(¢))] dt + dY (¢), (SPDE)
X(s) =z € H with t > s.

Condition 2.1 (General conditions). We have the following conditions on A :
D(A)C H— H :

a) A is self adjoint.
b) We have an orthonormal basis (§;);eny of H with & being eigenvectors of A.

c) We have that (Az,x) < 0 for every z € D(A).
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d) A is the infinitesimal generator of a Cy-semigroup e in H for ¢ > 0.
e¢) We have for a 0 €]0, 5[ that (—A)*~" is a trace class operator.

We assume that F': D(F) C [0,7] x H — H is a Borel measurable map.

By dY (t) = vCAW (t) + dJ(t) we denote a cylindrical Lévy process in the sense
of (1.2) with W being a cylindrical Wiener process and C' : H — H a bounded
symmetric positive operator.

Condition 2.2 (Conditions on the jump part). J(t) is a Lévy process on H
with characteristic triplet [0, 0, M], where M is Lévy measure with the following
properties:

a) J(t) can for some 0 < K < oo be written as
J(t) = / z(Ny(dx) — tM(dx))
{lzl<K}

where NN, is the Poisson measure and M the Lévy measure related to Y, i.e.

N(t,dx) := Ny(dz) — tM(dz) is a compensated Poisson measure.
b) We have

A (D frm 0 Pr) (), y) B
1+ Jy|”

sup / (Pl +9)) = fn(Pru)) — M(dy) < 5

{zeH} A

for all f,, € S(R™,R) and P, : x> ((x,&,), .., (2, &,.))T, where (k;)1<i<m
is a sequence in N without duplicates.

c) We have finite second moments of M, i.e.

/mmmm<m.

Under this conditions we have for the stochastic convolution the following lemma,
which will be central in the proof of the main theorem (see Step 2, Claim 3.8)

Lemma 2.3. Under the above conditions we have

sup E[|(—A)°Ya(t)["] < ¢5 < oo
t€[0,T]
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We will proof this lemma by splitting the stochastic convolution in a Wiener part
and a pure jump part. We will show for each convolution, that (—A)° can be
taken into the integral. This will be more involved for the jump part, since we
have to deal with a double integral and we have no reference theorem that allows
us to take (—A)° in the convolution integral. Once we have taken (—A)° in the
convolution intgeral we compute finiteness explicitly for each part.

Proof. Recall that we can write dY'(¢) as

Y(t) = VCAW (t) + / eN(dt, dz),

{l=[<K}

where we set N(t,dz) = Ny(dz) —t- M(dz).
Thus our stochastic convolution becomes

t

Ya(t) = /(t—sx/_dW // S(t — $)xN(ds, dz)

s s {lz|<K}

-~

=Wa(t) =Ja(t)

Now we consider our equation and apply the elementary inequality (a + b)?
2(a* +v?) for a,b € R:

sup B [|(-A)1Ya(t)"] <2(sup B [|(-APWa0)"] + sup E [[(-4Y Tu(t)[")).

te[0,7 te[0,7] te[0,T

We can thus consider the parts separately. We start with Wy(¢):

¢ 2

sup E [|(~APWa(0)] = sup E / (=AY S(t — )V/TdW (s)

te[0,T] t€[0,T7]

—E | [ I(-APS(T = 5)VC o Qs | < s,

where we first used [DPZ92, 4.15] to take (—A)° into the integral and then Ito-
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isometry(compare [PRO7, Prop. 2.3.5]). To apply [DPZ92, 4.15] we have computed

T T ~
JIAS@ = 9VE o VQliads < [ 1(-A7S(T - o) 1VC o V@I as

0

I
3

S — s T T T i

(—A)°S(T — 5)&|" ds

K

1

-
Il

‘(—A)‘se(T_s)Afi‘z ds

K

I
3

1

[(=A)PeT=Pig| " ds

WE

I
3

1

.
Il

0

(=) %

R |§z|2d8

I
3

1

1

—WZ!M /\
—an( >)
i
=5 Z!MQ‘“ — (e¥™))

T

0

‘ | 2T)\

1 QT,\ 26—1
<7728121£1)(1 ;|/\ }R<OO
(2.1)
where we call \; the eigenvalues of A corresponding to &;, which are negative,
since —A is positive. Here we have used the inequality ||| < ||| - |||z and

the spectral theorem.
Remark 2.4. In the second to last step we can see, that we at this point actually
need a slightly weaker condition than that (—A)?~! should be trace-class.

At this point we precisely need > .2, |\ |25 ! (1—e*™) < oo
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Now we proceed with the jump part:

— 0 2 = Su — 0 —Sl'~ S, aAxr .
s E[[AP R0 ]) = sup B ||(-4) S/{| L}S(t e (ds, do)| |)

We want to apply Lemma 1.27 to take (—A)° under the integral sign. Therefore
we need to check, if

/T / (=4)°Ru(s, )N (ds, dz) "= /T / (—AYS(T — 5)N(ds,dz) (2.2)

0 {lz|<K} {le|<K}

in L?((Q, F,P) — H) for a sequence R, of our choice with R, € S, and R, (s) —
S(T — s) in No(T).

The existence of the right hand side and the limit property will be proven later.
Let us first check the existence of the left hand side by using the It6 isometry. We
choose

Z Ze(T e & oMty 001 (9);

titit1€Tn j=0

for some partition 7,, with fineness approaching 0 as n — oo. Thus we calculate:

// (s)2N(ds, dz) | = // SR (s)/To|2M (dz)ds

0 {|z|<K} 0 {|z|<K}
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and for the right hand side

/ / H(—A)‘SRn(s)\/fczM(dx)dsg H(—A)‘SRn(s)szs,/

/T
0 {|z|<K} 0 {lz|<K}
T
/ 5
0

Z i e(T—tit1)A)

titit1€Tn j=0

<

2

(& 2 s (9)E)|| ds- M

2

3

5(2 e(T—tm)AkH]ti’tm](S)) ds- M

t;€ETn

IN

e
Il
—

IN

St ~— 5 T T—5

‘(_)\k)de(T_S)Ak‘QdS-M,

K

B
Il

1

where we proceed as in (2.1). The finiteness of M is shown later in the proof (see
(2.3) below).
Next we need to show the existence of

E _/T/(A)‘SS(Ts)xN(ds,dx)
-E //H]Ot] (=AY ST = )T EM da)ds |

where we again used the It6 isometry. Recall that T, = (z, - )z. We can compute

E| / / oy ()| (—A)°S(T — s)v/(T,) |2M (d)lt] <
0 S

V(T2 l15M

\

To . (s)[[(—A)°S(T — s)|3ds.

O\H 0
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We relax this to

/||\/ZTI)H§M(C1$)' /H}o,t](8)||(—A)5S(T—S)||§d8 (2.3)
s 0
/|x| M (dzx) - /H]Ot] AYS(T — s)||2ds < oo, (2.4)

since /1, is self adjoint and we have

VT3 = T (VTV/T) = Te(T) = Z((x, enyz,ex) = |af*.

For the second multiplicand we use again (2.1). Now we show that the integrals
converge. Using [td isometry and linearity we have to consider:

[N R = s - ) VT Mands

< / [(— AV (Ru(s) — S(T — s)[12ds / IWTLIEM

S

(Y Ze”*”* My ()€ — S(T — 5))|[2ds - M

titiv1€T j=0

IA
St~ O\
NE

2
Z Z et (& k) ]I}ti,twﬂ(s) - e(T_S)Ak) ds- M
k=1 titivy1€T =0
T 2
< / (AP S TN (s) — T Peds| T

k=1 0 titit1€T

+Z/\ W) el T s I,
k>n 0

where we have that
2

Z/ /\k eI t”l))‘k]ﬁ 11 (8) — e(T_s))"“)ds nzoe 0,

k=1 0 t; tH.lETl
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since the Riemann sum of a uniformly continuous function converges uniformly to
the function. And

T
5 [ I=aepem e as o,

k>n
because it is by (2.1) a convergent sum and thus the tail sum converges to 0. So

by letting first [ — oo and then n — oo we get our desired convergence.

Thus in this case we have:

sup E[|(—A)?Ya(1)|"] < 2(§2TpE[|(—A)5WA(t)|2 +sup [(—A%) Ja(1)]]) < oo.

t<T t<T
]

Further we will need the following conditions for our result, which are mainly
necessary for the approximation.

Approximation conditions

For our proof it is essential that we have a mild solution to a version of our SPDE,
which satisfies stronger conditions on the non-linear drift part F. We will now
consider SPDE with F, instead of F', which is not only measurable, but bounded
and has further properties useful for approximation. We will refer to this SPDE
as (SPDE,). The precise conditions on F' and F,, are:

Condition 2.5. There exist bounded measurable maps F, : [0,7] x H - H,«a €
(0, 1] such that for all (¢,x) € D(F) and all h € D(A) the following conditions are
fulfilled:

a) lim,o(h, Fu(t,x)) = (h, F(t,)).
b) [Fu(t, )] < [F(t,z)].
¢) [(h, F(t,z) — Fo(t,x))| < ac(h) |F(t,z)|* for some ¢(h) > 0.

Condition 2.6. There exists a K > 0 and a lower semi-continuous function
Vi [s,t] x H = [1,00] such that |F| <V on [s,T] x H, where we set |F| = co on
([s,T7] x H) \ D(F') and we have

POLVA(t, - ) () < KV3(t,x) < oo for all (t,x) € D(F),t € [s,T],a €]0, 1]
For this F, we assume the following existence result.

Assumption 2.7. (SPDE,) admits a cadlag mild solution.
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Space of test functions

As in [Wiell], we use a time dependent version of test function space W, from
[LR0O2|. We refer to [Wiell] for a more explaination of the properties of the test
function space.

Let S(R™, R) be the space of m-dimensional real Schwartz functions and let (&;);en
be a orthonormal basis of H consisting of eigenvectors of A (as in Condition 2.1).
We define Wy, 4 as the linear span of all functions ¢ : [0,7] x H — R, for which
we can find an m € R such that

(t,x) = d(t) - frm({&,2), ..., (Emyx)) for all (¢, z) € [0,T] x H,

where ¢ € C?([0,T]), i.e. a twice differentiable R-valued function on [0, 7], with
o(T) =0and f,, € S(R™, R) . Further we will use W, which is given by the linear
span of functions which can be written as

(x) = fm((&,2), ..., (Em, x)) for all z € H.

From now on let P,, : H — H be the to f,, corresponding projection P,z :=
(1,2 + .o+ (&, 2)Em. We identify P, H with R™ by P, : H — R™ where
P, = ((&,2),..., (€m,2))T. Sometimes we will write & := P,,z.

The inverse Fourier transform of v, which is denoted by g,, : R™ — C, is uniquely
determined by

Fuly) = / v g () dr

Rm

and we have g, € S(R™,C).
Now set v, (dr) := g, (r)dr and define

v i= @)y, - 11}

where II,,, ;= R"™ > r — Z;n:l r;&; € H for some subset &, ..., &, of (& )ien.

Remark 2.8. Note, that for each ¢ € Wy 4 we can identify a finite dimensional
subspace H,, of H, where 1 exclusively takes non zero values. As essentially finite
dimensional functions, these functions are weakly continuous (i.e. continuous with
respect to the weak topology).

2.1 Fokker-Planck equation

As we have seen it is possible to consider laws of (mild) solutions to (SPDE). This
gives rise to the question if it is possible to find an (integral-) equation, which
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varies on measures, to study these laws of solutions corresponding to (SPDE).
Essential for this approach is finding a concrete version of the infinitesimal genera-
tor corresponding to the transition evolution operator of our SPDE. This concrete
operator is usually defined on a much smaller test function space, which coincides
with the abstract operator on this smaller test function space. Let us assume that
this smaller test-function space is the earlier introduced Wr 4 and let us call the
infinitesimal generator in its abstract form L and the concrete one L. It is also
possible to consider the Fokker-Planck equation without direct connection to a
SPDE, which is what we do in our case.

Choice of Kolmogorov operator and formulation of FPE

In this section we give a short overview of the results, which led to the choice of
the Kolmogorov operator in this setting.
In [LRO4] the equation

dX, = (AX, + b(X,))dt + dY, (2.5)

with (Y;)i>0 being a Lévy process on a Hilbert space H, A generating a Co-
semigroup on H and b being an uncontinuous drift has been considered (for precise
conditions see [LR04]).

In this case a concrete version of the infinitesimal generator corresponding to the
(2.5) was identified (see [LR04, Prop. 3.5]) as

Lou(w) = (A°(u' (@), 2) + ((a). ) + 5 = [ (€ R (g

+}! (U(x +y) —u(z) - %) M(dy)

for all z € H and u € Wy, the time independent version of our test function space
W 4. Here the authors set for simplicity (-, -) := ;. (, - )m-

More similar to our case, in [Wiell, Rem. 3.2.2] the Kolmogorov operator for
(SPDE) has been given for the case that F, is Lipschitz in t. The concrete operator
Ly, takes for all ¢ € Wy 4 the form of

(Lop)(t, x) = Vo (t, 2) + (D2t (t, @), Fi)

— Dublt,x) + U(t, 1)+ (Da(t, 2), F), (26)
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where D, is the Fréchet derivative, D; the partial derivative in ¢t and with the
Ornstein-Uhlenbeck part being

U(t, - )(z) = (ADy(t, 7), 7) + (Dotb(t, ), b) — % /H (€0, )6y,

(Dpab(t, ), y)
1+ [y?

(2.7)

-yéwmx+w—w@@—- M(dy).

Since in our case we have a very similar situation, we are going to consider the
Kolmogorov operator Lj, for merely measurable F', i.e.

Lo = Voub(t, x) + (D(t, x), F).

This was also done in [Wiell, 5.2], but without showing the relation to (SPDE).
Further it has there been shown that the Fokker-Planck equation corresponding
to Lo has at most one solution for a reasonable initial condition.

Thus the Fokker-Planck equation of interests is

/¢@@m@ﬂ=/¢@@ﬂ®) (FPE)

t
+ //Low(r, x)p-(dx)dr for almost all ¢ € [s, T
s H

Remark 2.9. Let us stress again that we do not claim, that L is directly related
to (SPDE), for example in the sense that it is the generator of a semigroup of
transition operators corresponding to a mild solution of (SPDE).

Definition 2.10 (Solution to Fokker-Planck equation). We call a probability ker-
nel pi(dz)dt with ¢ € [s,7T] solution to the Fokker-Planck equation with initial
condition £ € My (H) iff for all 1p € Wr 4

/w(t,x),ut(dx) = /w(s,x)ﬁ(dx) + //Low(r, x) 1, (dz)dr for almost all ¢ € [s, T
H i s (FPE)

and all integrals above exist.

Remark 2.11. Intuitively the Fokker-Planck equation might seem reminiscent of
Theorem 1.5.iv), which can be thought of as the case where the transition evolution
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operators form Cy-semigroup.

t

Pyyx = P o + /P&S/Axds’

t
/P&txdf = /P&Saz’dg—l-//PS’S/Aa:ds’df

H

/ P,,) de = /Ida:d§+//Ax o) dEds’
/M (dr) /xd§+//A:pus (de)d

H

Equivalent formulations of the Fokker-Planck equation

There are several different formulations for Fokker-Planck equations in different
settings (for an overview in the finite-dimensional case see [BKRS15]). We want
to present one formulation which is equivalent to (FPE), which will be essential
for the main proof. The essence of this formulation is, that it is possible to write
the FPE with a single integration of the solution measure.

Lemma 2.12. If we consider (FPE) which holds for almost allt € [s,T] on Wr 4
(where 1 € Wr 4 implies (T, -) = 0), then (FPE) is equivalent to

//Lo@Ds y) s (dy)d /ws y)&(dy) (FPE2)

for all vy € Wr 4.

Proof. (FPE)= (FPE2):
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As we know ¢ € Wr 4 implies ¢ (T, - ) = 0 and therefore if (FPE) holds for T

/w@wMAm»:/w@mam»yi/nwmwmmmw
$0=/@@wk@w+i/waﬂmM@W
é—/W%MM@:i/MWMW$MW

If (FPE) does not hold for T we can find a sequence t, — T, for which (FPE)
holds for every t¢,, and we have

tim [ ¥t 2, (de) = 0.

n—00
H

Now we can proceed as above.
(FPE2)= (FPE):
Let Lo = 2 + L), x € C§°(s,T), then (x -1)) € Wy4 and we have

=0

N

~ 7
/ (s,z)¢ :// V) (r, x)p,.(dz)dr
s H

:]/g o+ [ x0) [0
:7/§- rx+MXQMMWMMW+7Mm/%wmwmmw
— /Tg /w(r,x)ur(dx)dr—l—/Tx(r)/Lol/)(T‘, ) pr(dz)dr
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0= ) [ o oml@nl]] = [x0)5 [

+ [xo) [ st (anr

s H

where we used the product rule, integration by parts and the definition of L.
Letting x(r) — Ij4(r), using that [, ¢(r, z)u,(dz) is weak differentiable (see the
second to last step) and that the integral is absolutely continuous in r, as a one
dimensional weak differentiable function(|Alt12, U1.6, P. 71|), we can apply the
fundamental theorem of calculus for almost all s',t € [s, T

= 0= —/t%/@b(r,x)MT(dx)dr+/t/LO¢(r,x)Mr(dx)dr
s’ H s’ H

¢0=—/¢@@m@@+/w&@w@@+j/iwm@mwﬂw

where the last equation holds for almost all ¢. O

Solution to the martingale problem

Recall that for the main proof we consider Ly with F,, instead of F'. We are going
to refer to these Kolmogorov operators as

Lo = Vou(t, ) + (DY (1, x), Fa)
or longer
Lo(t,x) = Dpp(t,x) + (D(t, x), Fo(t,x)) + Up(t,z) for all o € Wy 4
and set X, := X, (¢, s, 7).

Definition 2.13 (Solution to martingale problem). We call a cadlag, progressively
measurable stochastic process (X¢)o<t<7 on (€2, F, P) taking values in H, a solution
to the martingale problem for L, iff

t
(X)) —Y(Xs) — /(La¢)(s’, Xy)ds' is an Fi-martingale, for all ¢ € Wy.

s
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Martingale problems are closely related to martingale solutions and Fokker-Planck
equations. For the latter we proof a short lemma.

Lemma 2.14. If X, is a solution to the martingale problem for L, then the
measures given by ug = (Pg,)*¢(dx) solve the Fokker-Planck equation:

[v@niian) = [ v + / 45 [ Law(e)us(da) for allt € [5,7)

with initial condition & € My(H) and ¢ € Wy.
For a finite dimensional version of this statement see [BRS11, Ex. 1.6].

Proof. Set Xo(t) := Xo(t,s,7) and recall P (y)(x) = E[(Xq4(t,s,2))] . By
assumption we have that for all v € W, and for all ¢ € [s,T]
BXa(0) = H(Xa() ~ [ (Lat) (Xl

is a martingale. We compute

E [@D(Xa(t)) — ¥(Xa(0)) - /(La¢)(Xa(8'))dS’] =0

= E[(Xa(1))] = $(z) + E / (L) (5', Xa(s))ds'
N P () () = (x) + / E [(Lot)(Xa(s'))] s’
- P2 ()(a) = v(a) + / (Lot 2)

N / P2 (1) (2)d€ = / b(x)dE + / / (Lot)(2)€(dz)ds’
= /w g (dz) = /w d§+//Low )i (dz)ds
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This Lemma, by itself, shows only that a solution to the martingale problem for
L, provides us with a solution to a version of (FPE) for functions in the time
independent test function space W,. This already implies that the solution also
solves (FPE) for functions in the time dependent test function space Wr 4, which
is proven for finite-dimensions in [BKRS15, Prop. 6.1.2] and can be shown with a
similar proof on Hilbert spaces.

Let us now introduce our last assumption.

Assumption 2.15 (Kolmogorov operator of approximation). The unique cadlag
mild solution to (SPDE) is a solution of martingale problem for L,.

By Lemma 2.14 these assumptions give us measures g := (Pg;)*¢ which solve

/ bt o) (de) = / (s, 2)€(de) (FPE,)

t
+ //Law(r, x)p(dz)dr for almost all ¢ € [s, T1.
s H
Thus we see that L, is directly related to [SPDE,].

Main theorem

Since we have formulated all our conditions and assumptions we can state the
main theorem.

Theorem 2.16. (Main Theorem) Assuming Conditions 2.1, 2.2, 2.5, 2.6 hold and
we further have Assumption 2.7 and 2.15. If we have continuity of

(t,z) = (b, F°(t,z))  Vhe D(A),a € (0,1) (2.8)

on [s,T] x H and an initial condition § € My(H) satisfying

T
/ / (V2(s', x) + |z)&(dx)ds’ < oo, (2.9)
s H
then there exists a solution p,(dx)dt to (FPE). It satisfies the following properties:

1) Supte[s,T} fH |33"2 /’Lt(dm) < 00,

i) t — [, ¥(t x)u(dz) is continuous on [s, T for all ) € Wy, 4,
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iii) We have for a C >0
T . ,
/ / |:V2(S/,I) +|(=A) x| + |z } pe (dz)ds’
s H

. (2.10)
<c / /H (VA(s',2) + [2[)€(d)ds,

iv) (FPE) holds for all t € [s,T).
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Chapter 3

Proof of the main theorem

First let us give a short overview of the proof of the main theorem, i.e. Theo-
rem 2.16. The proof has three steps. The results in each step are structured in
claims.

The main idea of the proof is to first show tightness for the solution measures
of the approximating (SPDE). Then we use the better convergence properties of
measures via Prohorov’s theorem to identify a candidate for a solution to (FPE)
(Step 1 and Step 2).

Finally we will show that this candidate indeed solves (FPE) (Step 3).

Step 1: Identifying limit measures

Let us recall our definition of the stochastic convolution in the case of Levy-noise:

Ya(t,s) := / S(t—r)dY(r).

Remark 3.1. In the following we will use weak convergence with respect to the
standard | - |-topology which we will refer to as simply weak convergence. Addi-
tionally we will need to use weak convergence with respect to the weak topology
for better compactness properties, which we will denote as 7,-weak convergence.

Claim 3.2. (Tightness) The solution measures p to our approximating (FPE)
are T,-tight (i.e. tight with respect to the weak topology).

Proof. For a € (0,1], t > 0 let X,(t) := X.(t,s,20) be the mild solution to
(SPDE,) (see Assumption 2.7) and let

Xo(t) = Xa(t) — Yalt, s). (3.1)
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Let us set for fixed w € Q2

F,(t,z) = F,(t,x + Ya(t)(w)) for z € H

Thus we have

t

Xo(t) = S(t — s)xg + /S(t — 1) Eo(r, Xo(r, s, 2))dr,

S

where X, (t) is continuous by [LR15, Lem. 6.2.9].
We define for this process an approximating process using P, : x +— > - (x,&)&,
with (&;);en being the eigenbasis of A, by

For s <t < T we have using the definition of f(g

t

3 d 3
dtX2(t) = I ey + /e(tT)AF”(r, Xo(rys,x))dr

s

¢
d 5
= A=y, + 1 / AR (r X o (7, 5, 20))dr

t
_ AL oA / AR (1 X (1)) dr + F(E X (8)

S

= AX"(t) + F"(t, Xot)).
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The third step holds because of the Leibniz integral rule, which gives us

t
. d v
/e(tr)AFn(T, XQ(T, s, xo))dr — / E(e(tfr)AFn(n Xa(r’ S, xo)))dr
+

e(tit)AFn(ta on(t? S, xO)) -1

— ARt X (s, 5, 20)) - 0
t
= /Ae(t_r)AF"(r, Xo(r,s,z0))dr
+ eEDAR (¢ X (t, 5, 30))
t
= A/e(t_T)AF"(T, Xo(r, s, x0))dr

s

+ F™(t, Xo(t, s, 30)).

The derivation above is valid, since we work on the finite dimensional subspace
P,H C H and thus the unboundedness of A and the domain D(A) C H of A pose

no problem.

Taking (-, X”(t)) on both sides, using product rule for inner products (L{a(t), at)) =

2(au(t), &/ (t))) and using that (—A)z is again self-adjoint, we compute:

LR2(0) = ARG + P70, X))

d
- (S a0), R2(0) = (AR2(0), X20) + (P (0, K1), X2(0)
=SR] +|caixin] = (e xam), Xoe)

(3.2)

So we have

2

pH0)

g 2/ (AR

t
2 ~
ds' < |aol* + / (Xa(s)
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Also starting from (3.2), we get using integration by parts

t

:_/e—

S

2 /
ds

o) — e [Xats)

Xa(s')

# [ (U Rl K26 ()2

Applying Young’s inequality yields
t

~a(t)’ + 2/6—5'

S

Weobtain forall 0 < s <t <T

[

—S8

t
fas < Z—t xn+/)F"(8’,Xa(S'))

’X” —1—2/) X"(s')

N

2

ds’
S
Now we can let n — oo and using Fatou’s lemma we see
l / / . on 1 n 2 !
—1—2/‘ )2 X, (") ds < lim ‘Xa( —|—211m1nf/‘ )2 X7 ds
n— o0 n—oo
t
T n /AR / 2 /
<e' |zo+ w(s, Xa(s)| ds' | < o0,

s

where we used that F, is bounded. Resubstituting F,, we can now conclude our

approximation and see
t
2 Y / 2
S/ ds’g |0l —|—/’(X S
S

/ -

to\»—‘

%) Fu(s, Xu(s) s’

(3.4)




Leaving out the second term on the left hand side and applying Gronwall’s lemma
- 2

(Theorem 3.16, setting f(t) = ’Xa(t)‘ and € = |zo|” + f: |FL (s, Xo(s))? ds') we

get to

})N(a(t)‘z < el |:L’0]2 +el7s / |F01(3',Xoé(s’))\2 ds’. (3.5)

For the last summand on the right hand side we can calculate

t

t
E et_s/\Fa(s',Xa(sl))lgds’ :et_s/E[’Fa(sl,Xa(Sl))‘Q ds'
t

— et_s/Pss, |Fa(s’,x0)|2 ds’

s
t

< ets/Psojs,VQ(s’,:vo)ds’

¢
< et_sK/V2(s',m0)ds'.

Here we used the definition of the transition evolution operator (see (1.4)) as well
as Condition 2.5b) and Condition 2.6.
Thus by taking expectation of (3.5) we get:

t
2
E UX(t)‘ } < et~ |zo* + et_sK/VQ(s’,xo)ds’. (3.6)
Resubstituting X and using the elementary inequality a® — 2b? < 2|a — b|* (see
Lemma (3.20)) we get:

E [|Xa(t. 5.20)[*] — 2E [[VA(B)’] < 2E [|Xa(t) = Ya@®)]

Applying this to (3.6) we arrive at

T
E [| Xa(t, s, xo)ﬂ < 26T |z® + 2K eT* / V(s z0)ds’ + 2K

S

49



for s <t <T and k := sup,c[, | E [|YA(15)|2}.
Integrating with the initial condition ¢ over H and using (1.5) we get

[ el @) = [E (X005, €lao)

H H

T
< 2/1+/26T_5|C(Z|2d§+/QKBT_S/VQ(Slyl')dS,f(dJ})
H S

H

’ ) (3.7)
<Cy+ //02 |z|° + CsV2(s', 2)&(dr)ds’
s H

T

< max(Cy,Cy, C3)(1 + // 2> + V(s 2)¢(dx)ds’)
s H

< (O < 0.

Here we used the integrability condition on the initial condition (see (2.10)).
Now we have shown 7,,-tightness for the measures p', since for every € > 0 we may
choose § = % and have

C> / 2] g (de) > / 5 (da) = 8- i3 ({|f* > 6}).

{|*>5} {|2*>8}

which implies & ({|z]> < 6}) <1 — €. This shows 7,-tightness since balls in H

are 7,-compact (see [Meg98, 2.6.19]). O

Claim 3.3. (Prohorov I) For any given sequence in (0, 1] convergent to zero there
exists a subsequence o, — 0 and measures p; for all t € [0,T), such that the
measures pg" converge T,-weakly to p, for all t € [0,T].

Let us first give a short overview over the approach taken in this claim. We
first use Prohorov’s theorem to get a subsequence for every ¢t € [s, T, for which
the measures converge to a limit measure. By repeatedly applying Prohorov’s
theorem (see 3.15) and using diagonalisation we can find a subsequence such that
our sequence of measures converges to fi; for every t € QN [s,T]. By a further
application of Prohorov’s theorem, but this time in ¢, we can assign a limit measure
 for every t € [s,T]\ Q.

A last application of Prohorov’ theorem will give us that the initial sequence of
measures converges for a sequence «,, | 0 towards p; independently of t. Below
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we have a diagram showing the relationship between the families of measures and
the associated sequences.

Diagonalization _ €QN([s,T]

n ) vt Int oA Ir,(t) —tels,T]\Q
o . Prohoroy Ao T
~ J Prohorov ~
H Jhg o Z Mo (t)
Tw-w.l

ot

Proof. Using that closed balls are also metrizable (see [Meg98, 2.6.20]), we may
apply the second part of Prohorov’s theorem.
By applying Prohorov’s theorem to uf* with parameter o, we get that for any

sequence (o) — 0 we have for every ¢ a subsequence (v, ) such that /Lj "y fir €
M, (H) 7,-weakly.

Now we use a diagonalisation argument to get an surjective enumeration ¢ : N — @)
of Q and apply Prohorov’s theorem, so that (oz%(knﬂ)) is a subsequence of (a%(kn)) and
call the result o, . Thus we have that u?ﬁ’“ — fiy T,~weakly for every t € QNIs, T
with each i, € My (H).

We apply Prohorov to the family of limits (fi;)tcgns,r), Which is tight by Claim 3.4,
with parameter ¢ to get for each ¢ € [s, T]\Q a family of sequences r,,(t) € [s,T]NQ
each converging to t, satisfying fi,, ) — p: T,-weakly.

Now we have a limit candidate family and the sequence oy, := a5

i {Mt fort € [s, 7]\ Q

ji;  else

k

and we can claim one of the central results of Step 1:
pe™ =y T-weakly Vt € [s,T]\ Q.

Suppose the claim is wrong and fix t. We apply Prohorov to u;™ using «, as the
parameter and get that there is a subsequence (o, ) such that " — v 1,-weakly
for some v € M (H) \ {ut}. Thus for some 1» € Wr 4, since it is by definition
measure separating, we have p;(¢) # v(¢), where we define

(i) = /H (o) (d).
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But we also have:
() — )] < ) — ™| + |1 () = ity ()|
o () — mn@)w)] Vo) () — ()]

+

If we first let & — oo and then n — oo the first, third and forth terms converge
by 7,- weak convergence and the second by equicontinuity, which we show in
Claim 3.7, to zero. Thus we have p. (1)) = v(¢), which is a contradiction to the
assumption and proves the above given central result of Step 1. So, now we can
conclude that we have py™ — u; 7,-weakly for all ¢ € [s,T].

O

Claim 3.4. We have sup,c(, 7 [ |2|* pe(dz) < oo

Proof. By equation (3.7) we have the inequality for pf, but since |- ” is a double
limit of bounded weakly continuous functions, we get the equation for ;. n

Claim 3.5. For all u € D(Ly) the map t — [, u(t, z)p,(dx) is continuous

Proof. The continuity follows directly from 3.7, since ) € Wy 4 is weakly contin-
uous. Thus we get for every 1» € Wr 4 and sufficiently small € > 0

([ vteamian) - [ vieape.ian)
:T}Ln;o(/g/)tx "(de) /1/)25:6/1?_{_’6 ))<5

Lemma 3.6. The measure p(dx) are probability kernels from ([s,T],B([s,T])) to
(H,B(H))

Proof. We need to show that t — p;(A) is measurable on [s, 7] for all A € B(H).
We will proof this by using a monotone class argument according to Theorem 3.19
to extent the continuity of ¢ — [, u(t,z)u(dz) to a larger space of functions
including indicator functions, such that we will see, that even t — ,(A) is contin-
uous for all A € B(A).

Define

]

H:={u:[s,T]x H—Rbd. |t — / u(t, z)p(dx) continuous and well defined}
H

We want to show that H is a monotone vector space according to Definition 3.17.
We see that we have 1y = 1 € H since it can be approximated by ¥(t,x) =
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o) f(Ppx) = 1- f(Pyz), with f 1 1 for which the continuity holds, and thus
we have the statement by Lebesgue’s dominated convergence theorem.

If we take (h;) € ‘H with h; T h < co. We can apply Lebesgue and see that h € H.
Now we have to check if Wy 4 forms an algebra. So let us take 11,19 € Wrp 4

U2 = (91(8) - 92(1)) ([ (Pn) - fr(Pr)) € Wira

If we knew o(Wr4) 2 B([s,T] x H) (clear, since we can approximate all con-
tinuous functions by Schwartz functions pointwise), we would have that ¢
S5 u(t, ©)p(dx) is continuous for all bounded o(Wr, 4)-measurable functions and
espemally the needed measurability, since we have the continuity for indicator
functions. ]

To conclude step 1, we have to prove the equicontinuity used in Claim 3.2.

Claim 3.7 (Equicontinuity). For ug () := [, ¥(t, x)p(dz),t € [s.T],a € [0,1],4) €
Wr .4 we have that

t= g (1)

is equicontinuous on [s,T).

Proof. To see this fix ¢ € Wy 4 and consider:

16, (6) — 2 ()] = / [ Bevts' oz ae)as - / [ Bavts s )i

- // th(slv'r) + <Awa(S/7 l’>,13> + <D$w<sl’ SL’), Fa>

(Do(s', ),y

_|_
1+ |yl

Ol ) = o) - ! arta)

m\

/ (€, QE)EMEy (de) b e (dar)ds'.

H

[\:JI}—l

Here we used that p$ solves (FPE) and the definition of Ly. We are now going to
look at the individual parts separately. For the first summand we get

to
/ / Dep(s, o) (de)ds’ < [t — 1] | Dot
t1 H

23



where we denote ||+ [|lo 1= Supjs 79«7 | - |- For the linear drift part we compute:

to to
/ / (ADG(t, 2), ehds’ < / / (2] |A* D) s (da)ds’
tin H t1 H

N[

to
< / / jaf? 1% (d)ds / / A D, (', 2) b 18 (da)ds
t1n H t1
to %
<[ [uaPustands ) - (-0l j4 D))’
tp, H

N

IN

to
/ / 2 pS(do)ds’ | Jta — o]} [|A* Dot
t1 H

-~
<00, by Claim 3.7

where we first use the Cauchy-Schwartz’ inequality, then Hoélder’s inequality (in
L(([0,T],ds) x (H, pg); (H, |- ])))-

We have ||A*D, || < oo since D, only takes non zero values in a finite subspace
of H. Now we look at the non-linear drift part:

/ / Dap(t, ), Fa)pis(dz)ds’ < / / Dot )| [Fals', )] i (dz)ds

t1

1
to to
< / / Fo(s', 0)| % (d)ds’ / / D(s', ) 1S (da)ds’
tm H t1 H

|
ST

1 3
< //Pa,v2 s, x)&(dz)ds’ //!wa s, 2)[* dus (dz)ds’
3
< //KV2 s’ x)é(dx)d /|D$1/)s o)) p& (dz)ds
t1
B
< //V2 s x)&(dx)ds’ K ||wa||oo|t2—t1|%,

J/

<00, by assumption for initial condition
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where we again first used Cauchy-Schwartz’ inequality, then Hélder’s inequality in
L(([0,T],ds) x (H,u$); (H,|-|)) and later Condition 2.6. For the first jump-part
we can compute:

///1” St ) o(sw) - LD pr s (aryas

1+ Jy|?
/ / o) [ () = fu@) = 2L a1y ao)as
1+ [yl ’
Y. su T+ 1) — fn(2 <D fn( T)
<(sup 9(s) - swp Z (Il +9) = ful) = =20 | M(dy) / / aus (da)
sup ¢(s')- su T+7) — fm(T _ Defnl@). ) >J\Id o — 1
<(sup 9(s) sup H/ @+ 3) = fl@) = =572 M) s~ 0],
(3.8)
since we assumed for fixed f,, € S(R™, R)
sup [l +5) = @) ~ P22 ) = h < e (39)

N 1 2
{ecH} ) + |y

And the second yields, using v; = ¢(t) v, o II! and v, (dr) = g¢,,(r)dr with
gm € S(R,C),

) / ) / (6, Q€)' €Iy (dg)dug (dr)ds’
t1 H
— //—%/<57Q§>ei(6,x>¢(s’)ymoH;l(d@dug(dx)dS/

< |//—— sup ¢(t) sup e’ &) /| T QUL m) g ()| dr dps (dz)ds’|
2t€sT]

z,£€H

::CQ

1
< |lt2 = tal (=5)C11Cy

(3.10)
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Putting all the parts together we arrive at:

|M§;(¢) - H%(@/J)‘ <t — 4] || D] o

1

to 2
1
T / / 22 du(dz)ds’ |t — tuf? | A* Dyt
t1 H

to 2
+ //VQ(S',x)dfds' K || Dyt [ta — 117
ti1 H

. o (Daful@).y) )
51 0(3) - sup. H/(fm<x+y> ) = S M @) 1~

+

1 1
[ta — t1] (—5)01102 <II|t; —to2,

for some IT > 0, since [ty — t1]| < k|ta — tl\% on [s,T] for some constant k£ > 0. [

Step 2: Weak convergence of the measures

Claim 3.8. By choosing a further subsequence denoted again by o, the measures
pi™ (dz)dt converge weakly to py(dx)dt on [0,t] x H with p(dx) as before.

Proof. By (3.4) we have

T

X[ + 2/ (~A)3X()

s

T
2 - 2
ds’ < ]x0|2+/’X(s') FEL (s X ()2 ds'.

o6



2
Leaving out ‘X (t)) on the left hand side and using (3.5) we get to

T T s’
~ 2 / /
/‘(—A)%X(s') ds’ < |x0|2+/(es ol + et _5/|Fa(s”,Xa(s”))|2ds”
+ [Fals', Xa(s)[")ds’

T T
< |zl (1 + / e’ 5ds') + (T — s)eT / |EL(s”, Xo(s")| ds”

S

T
+ / |Fo(s', X)) ds

T
< O || +Cg/\Fa(s/,Xa(s’))]2ds’.

And by multiplying with ||(—A)~279||2, which exists since —3+06 < 0and (—A)*!
is of trace class, we arrive at

(= A)H ) (— Ay X ()] ds

I(=A) 72 |PC (e + / [Fals', Xa(s))" ds') =

v

(AV4
m\'ﬂ ” \H m\ﬂ
i
=
ol
+
=
|
D
S~—
D=
B
EX
S~—

Taking expectation, then using Fubini’s theorem for positive functions, resubsti-
tuting according to (3.1) and using the elementary inequality 2|a — b]* > |a|* —
2 |b]*(Lemma 3.20) we see that

T <cs, by Lemma 2.3

/ E|(—A)YX,(s')|" ds' — 2 / E [‘(—A)‘SYA(S’,S)‘QTds’ <9E / )(—A)(S)N((s’)

S S

T

2

T
< 20|(-A)"2"*|’E |f€|2+/\Fa(8’7Xa(x,s’))|2dS’
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This leads us, using (1.4), to

T T
/E|(—A)5Xa(t)\2dz <2C||(=A) 24|12 | |2 +/P§‘S/ |Fo(s, 2))?ds’ | + 2¢5T

S

Further integrating with & over H yields

/ / E|(—A) Xa(t, s, 2)| dte (de) = / |(— Ay g (da)at

s H

= / 20 (=A) =% | J2* + / Pey |Fuals',2)]* ds' | €(dx) + 26,T

H

< 20| (-4) H|( / of* €(ao)

// JIE(s', 2))? ds'€(dx)) + 2¢5T

< 20| (—A)y / 2] £(da)

+C KV?(s', x)ds'¢(dx)) + 2¢sT
/!

< (—A) b c2x( / 2] ()

T
+ //VQ(S/, r)ds'é(dx)) + 2¢5T =k,
H s
(3.11)
where we used assumption 2.6 and Fubini’s theorem.
Now we can check, if we can apply Prohorov’s Theorem one last time. We set

K. = {|(—A)°z| < c}. Since (—A) % is of trace class, it follows that (—A4)~° is
compact (since the eigenvalues converge to 0). We compute

(—A)_6{I € Hlzx<c} = (—A)_5(—A)6{x € H| ’(—A)5x| <c} =K.
Thus K. is compact as the image of a bounded set under a compact operator, and
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Wwe see

T
//cu?(dx)dt < K.
s K¢

Thus p(dx)dt is tight. Note that we indeed have shown tightness and not 7,-
tightness.

An application of Prohorov’s Theorem yields a new convergent subsequence of
pg™dt, which we again simply denote by ,uf "kdt. We call the limit of this sequence
p(dt,dx).

Now we want to see if u(dt, dx) = p(dz)dt. For this purpose fix f € Cy([0,T];R)
and ¢ € Wr 4 and look at

//f W(t, x)p(de)dt = /f /w(t x)pg (de)de
_T}g&//f o ()t
://wta: x) e (da, dt)

The first equality follows by Claim 1 (the weak continuity of pg™) combined with
the weak continuity of v, the second by Lebesgue’s dominated convergence theorem
and the third by the above usage of Prohorov’s theorem. n

Claim 3.9. We have the bound from Equation (2.10).

Proof. Using Condition 2.6 we see

tl/H/Vz(S',OS)M?'(dx)ds' < K!H/V2(S/’x)§(dx)d8/'
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Combining this with (3.7) and (3.11) we get

T
//V2s z)ud (de)ds’ +//| ¢ (dx)ds’ —|—//| xfu?(dx)dt

s

< max(C, Cy, Cs) 1+//\x| + V(s x)déds’

+K//V25 r)€é(dx)ds’ +//V28 z)ds'dé(x) + 2¢5T

<C //v2s,x)+\x| £(dz)ds’ + 1

s H

Note that this implies that p,(D(F(t, -)) = 1 for almost all ¢ € [s, T7. O

Step 3: The measure solves the FPE
Recall that for fixed ¢ € Wr 4 we can write

Ot x) = o(t) - fn((E1,2), s (Emy @) = O(1) - fin(Prnt).
Claim 3.10. Fiz ¢ € Wr . The function

(Dyab(t,z),y

_ . )
) o= [ [0ttas) - oie.o)) ~ 220 argay)

H

1S continuous in .

The main idea of the proof is, to split the integral in two parts and then control
each part separately. The first one is an integral over a small ball around 0,
where we need to control possible huge mass of M, by showing that our integrand
decreases quadratically as zero is approached. We then use the existence of the
second moments of M.

The second part is an integral over the rest of the space, where we have to use
the structure of the test functions to control the integral, especially the uniform
continuity in z.

Proof. Recall that we write &;,...,&, for the basis of the finite subspace on
which f,, is defined and the corresponding projection P,z =: > " (z, 52)51 Fur-
ther we will write &, ...,&y for the projection of the basis to R™ and P,z =
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((z, &), ..., {(x,&))T = & . Because of the structure of our test-functions we can
reduce much of the computations to a finite dimensional subspace.

(De(t, ), y)
] v

(D fin(T),y)
1+ |yl } Midy)

[ |t — vt -

= 0(0) [ |(n(z+) = funld) -

H

We will now split the integral in two parts({|y| < €}(J<) and {|y| > €}(J>)), to
control the possibly huge mass of M around 0.

First we consider the set around 0 . We will now use a second order Taylor
expansion of f,,(Z + ¢) with remainder, to rewrite the integral in terms of second
order dependency of y € H. We have

ST +9) = fn(T) + Z(Dgifm)(i“)(&, y)+ Y (DeDg, f) () (&) (&) + Ri(y),

L,j<m

where we denote the partial derivative in direction § as D¢ and the second order
Ri(y)

|yl y—0

Recall that in our case the inner product ((D,v)(t,x),y), is in fact the dualization
bracket .. ((D,v¢)(t,x),y)n. Thus in this case we have

remainder term as RF, for which we have

i=1 =1
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Now our initial equation simplifies to

(D)(t, ), y)
1+ [y/?

[<¢<t,x+y> (t,a)) -

{lyl<e}

:¢(t) / [(Z(D&fm)(i‘) <€i7y> + Z (D&D&me)(f)@u y> <€jv y> + R?(y))

i=1 i,5<m
{lyl<e} =

} M (dy)

i H*«Dxfm(f:))),wfr] M(dy)

1+ |yl

m

o) [ [(1—%W>~Z(Dafm)(f)<&,y>

{lyl<e} =1

+ > (D, De, f) ()60 y) (& y) + R3(y) | M(dy)

i,j<m

1 ~ X
<o) [ [(1 — ) ot 3 (DD @€ 0)650) + B )

-
{lyl<e} b=

M(dy)

<o(t) / [(1 - le) ko + k1 (&, y) (&) + R’Z(‘g)

o] arcan

{0<lyl<e}

o) [ [(1—Tl|yl2)ko+k1<@-,y><sj,y>+k21y\2]M(dy)

{0<y|<e}

<o+t k) [ [(1—#1/'2)+<£@-,y><sj,y>+|y|2}M(dy>.

{0<lyl<e}

Here we have existence of the integral since we have for small y

(- ﬁ) G + ) o < (312)

for some ¢ > 0 and thus

1
[ (i) e e < [ R <o
{0<ly|<e} {0<lyl<e}
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Let us now write the differences for x and 2’

1 m
J<(t,x) — J(t,2') = ¢(t) / (1= ——5) > _((De, fu) (&) = (De, fun) (@) (&1, v)
{0<[y]<c} P S
+ > ((De,De, ) (F) = (De,De, fon) (&) (& y) (&5 )
ij<m
RZ o Rm/
MUTE. <y>>,y|2] )
1 2
<o) | [oﬁu T O &9 + Oyl | M)
{o<|yl<e} Y
where we choose € such that
(R3(y) — R¥ (v)) 9
F T Gk
which holds since the Taylor remainder R} has the property lim, o %ﬁy) = 0 for

both x and z’. Further we can choose ' and x close enough to have

(Z (D, De, ) (7) — <Dsinjfm>@')) < C4= i

t,j<m
since all the partial derivatives of f,, are continuous. We set

- / &y E ) + M (dy).

{0<lyl<e}

Again by continuity of the derivatives of f,, we choose 2’ and x close enough to
have

m

> (De, fn) (&) = (De, fun) (#)) (&, y) < Co = Ch.

=1
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Now let us look at the other part

Bota) = 1) = 00) [l 0) = £l ) = (Fnld) — )

{e<lyl}
D:cfm T)— Dxfm ‘%/ 'Y
_ (D)@ = (Deh) @8] )
1+ 1y
<o) [ (Co+Ca+Co) P o bi(ay
{e<lyl}
where we can choose |z — 2’| small enough, such that for all y € H
o
m(T y) — fm t’ y Cy = )
(@ +9) = fu@ +9)| < G = Zors
|(fm(%) = fn(F)] < Ca = Cs,
Dz m r) — Dm m T’ )
(Dufu)@) ~(De)P)0) _ g, _ g,
1+ y]
since f,, and its partial derivatives are uniformly continuous. We set kg := M ({e <

|z[}).

Finally we get to
|[J(t,x) = J(t,2")] = [J<(t, @) = J<(t,2) + Jx(t 2) = J=(t,2"))]

1 2
o) [ (Cult = 1)+ Ol + Coul ) by

{0<lyl<e}

_|_

mw/ﬂa+@+awmw
{e<|z|}

gwwwa+@+@>/“u@w@mumemw

{0<lyl<e}
+ (03 + Cg + Cl)M<{€ < ‘l"}))
< o(t)(Cy+ Cs 4+ Co) K + (C5+ Co + C)M ({e < |x]})) <.
Claim 3.11. The function
Joix— %/H<§a Q5>€i<§’m>Vt(d§)

1S continuous.
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Proof. Let us first simplify our equation by using the structure of our test functions
to reduce the problem to a finite subspace:

5 [(Qeeenag) = o) [1e. Qe n(ag)

H H
= 005 [ (10,6, QUL, &g, (e
J

Now we can write

) = @) = (605 [ (T, QUL (e — eiineyg, (€
{I€1>k}
1 A /
oy [ g Qg e - e, (de
{l§I<k}
o 0
=3ty

where the first part of the inequality is true for a sufficiently large k, since g,
is a Schwartz function. For the second part we are restricted to a compact set

and e*"*) is continuous, therefore we have uniform continuity, which allows us to
choose |& — Z'| < e such that for all £ € {|¢| < k}

Giled) _ gitea| < J _
~2-mkm SUD{e|<k} (IL,€, QILyE) SUP{r<k} g (1) SUD¢e[s,1) o(t)

]

Claim 3.12. The measure p;(dx)dt solves (FPE).

Proof. We can use the equivalent formulation (FPE2) of the Fokker-Planck equa-
tion to restate (FPE,) using the sequence a,, from Step 2

T
//Lanw(t,x)uf”(dx)dt = —/w(s, z)¢(dz) for all n € N.
s H H

Thus if we could show that

i, / [ Lovtt o @it = / [ Lot atan)ar
s H s H
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for all ©p € Wr 4, we would have shown that u;(dz)dt solves our initial (FPE).
Therefore our focus lies on proving:

//Lowt:vutd:cdt—nh_)r&// thtx)+——/<5cz§> (&) ,(dE)

< l’w(t’ x)’ >
+H/ (1/1(75755 +y) —U(t, ) - W> M (dy)

+ (2, A" Dy (t, ) + (Fu(t, @), Dot (8, 7)) | g™ (da)dt.

We now show the convergence part by part. We begin with:

JE&//DW (¢, x)pg (da)dt = //th (t, )y (dzx)de.

S

This convergence holds, since Dy (t, x) is a bounded continuous function on (s, 7") x
H and thus the weak convergence of p;dt yields this equality.

For the "jump parts" of the Kolmogorov operator we have already shown con-
tinuity(see Claim 3.10, Claim 3.11) in space and continuity in time follows by
linearity of the integrals and by continuity of ¢(-,x) = ¢(-)fn(Z) on [s, T], with
¢ € C*([s,T]). In Step 2 we have shown boundednes for both parts (see (3.10) and
(3.8)). So we have by weak convergence:

T}ggo//——/wg 6D, (A6 ) /T/—%/s@s 6, (46 )

and
JH&ST H/ H/ it )~ it <fo’,‘”‘) ! arangana
_ /T H/ H it o) = vt wfff‘) | artayyu(anya

Finally we come to the drift part, which will be more complicated.
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Remark 3.13. This part will follow the approach of [BDPR10] with a changed test
function space and changed approximation steps. The changes in the test function
space make it necessary to change the approximation approach of the test func-
tions. In [BDPRI10| it was necessary to approximate the spatial parts of the test
functions by affine linear functions. This approximation is not necessary in our
case, since the spatial depence is restricted to a finite dimensional subspace of H
and not as in [BDPR10| depending on the whole of H.

We have to show the following equality

n—o0

lim / ! (2, A* Do (b 2)) + (Fu(t, 2), Datb(t, 2))] & (da)dlt

L // (2, A* D) (t, x)) + (F(t, x), Dy(t, )] py(da)dt

Let us first elaborate on the role of the test functions. Fix ¢ € Wy 4 and recall
that the bracket (F'(t,z), D, (t,x)) from Lg is not an inner product, but in this
case the duality bracket

(E(t,2), Datp(t, ) = y(F(L,2), Dtp(t, ) e

Let us take a closer look at D, 1. We first compute
(Do) (t ) = () Dl fn © Pr))(x) - = S(t)(D fin) (Pn()) © Bra(-),

where (D f,,)(Pn(z)) is the total derivative of f,, : R™ — R at P,,(z). As we can
see D(t,x) € H* for each x € H.
We rewrite the duality bracket

[e.9]

a(F(t.2), Do (t, ) e = Db (t, ) (F(t, ) = Db (t,0) (Y (F(t,7),&)E)

=1

Z tl’ 52 < zw(tv'r)agl>f£

—(Det)(t,2)

(3.13)
We can see that . (F,(t,2)D,(t, )y~ is continuous and bounded, sine we have
that (F,,(t, ), &) is continuous and bounded by condition 2.5(c) and that (D¢v))(t, x)
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is continuous due to ¥ being a Schwartz function. Similarly we get that

<.7} ADQCID t I H* =y Z T gz gzaADml/}(t $)>

=1

(2, &) g(A&, Dotp(t, @) -

INgE IIMS

=1

is continuous, where \; are the eigenvalues of A corresponding to &. We can
see that we have no problem with the discontinuity of A, since we only need to
evaluate it on a small subspace. Thus ,(Az, D,(t,x)) g~ is also continuous and
bounded, which we have since Dg,1(t,z) is a Schwartz function and therefore
rapidly decreases as x approaches infinity.

We can now prove our equation by showing for all g € Cy([s,T] x H)

lim / / A, AD( 2)) e g (6, 2) + 1 (Fa (6, 2), Dt (8, ) - g (0, )0 (der) it

n—oo

:/ /HH<:U,ADIw(t,x))H*g(t,w)+H(F(t,x),wa(t,x)}H*g(t,x)ut(dx)dt,

since this would establish weak convergence for these integrals.
Now we set for better readability

F&/’(t,x) = g (Fa(t,z), Dy(t, ) g+ + y{x, ADy(t, x)) p»
FU(t,x) == (F(t,x), Dop(t, 2)) i+ + y{x, ADb(t, 7)) =

Remark 3.14. In [BDPR10| F¥(t,z) was defined quite different to manage the
unboundedness of A, which is not necessary in our case since each test-function
1 takes only values on a finite subspace of H and thus the unboundedness of A
poses no problem while showing continuity of F¥ (¢, z)

We rewrite the above equation to

lim/ /F¢ (t,x)g(t, x)pg (dx)dt

_ /T / F(t, 2)g(t, 2)pe(dz)dt
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We proceed to compute

/ / (Fg(t,x) —Fw(t,x)‘ug(dx)dt

g/ (Datb(t, 2), Fy(t,x) — F(t, 2))|
+ [{AD(t, x), x) — (AD (¢, x), z)| pg' (da)dt

i
S/T/KDm(t,x),Fﬁ(t,l’)—F(t,l‘»luf(dﬂf)dt

m

O(t) Y (Falt,z) = F(t,2),&) - (&, Dfm o Pu(2))n

i=1

//]Ft:v| “(da)dt < By(v //Vth (dz)d

s H

o | pgt (da)dt

(3.14)
where we used Condition 2.6 and that by Condition 2.5(c) we have that

O(t) Y (Fs(t,x) = F(t,x).&) - (&, Dfm o Pu(@)) -

m
=1

< : : 2 .
_?S?g¢() m max sup D Fn(2)-m - max c(&) BIF(t2)]" < o0

J/

=y(¥)

Where sup,c g De, frn(Z) < 0o by virtue of f,, being a Schwartz function. We see
that the right-hand side of (3.14) tends to 0 independently of « as 8 — 0.
By Lemma 3.9 we can infer from (3.14) that we also have

// ‘Fg(tv@ - Fw(t,x)\ pe(dz)dt

) /T / V2(t, 2)¢(da)dt
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Thus we now conclude that

//Fwtx (t,x)p dxdt—//Fwtx (t, x)pe(da)dt

<||gHoo//‘Fwtl' FY(t,2)| g (dz)dt — 0 by (3.14) as n — oo
+||g||oo//’Fw(t,x)—Fy(t,x)‘uf"(dx)dt—)Oby (3.14) as 0 — 0

+ ||g||oo// ’F¢ (t,z) — Fw(t,x)‘ pi(dz)dt — 0 by (3.15) as § — 0

//Fwtx (t, z)pym (dx)dt — //F¢tx (t, z)pe(dz)de|,

—0 by weak convergence and the boundedness and continuity of F’l’

which is precisely what we wanted to show.
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Appendix

Special Theorems

Theorem 3.15 (Prohorov’s theorem). Let K C M,.(X) be a uniformly bounded in
the variation norm and uniformly tight family of measures on a completely reqular
space X. Then X has a compact closure in the weak topology.

If, in addition, for every e > 0, there exists a metrizable compact set K, such that
| (X \ K.) < e for all p € KC(which is the case if all compact subsets of X are
metrizable), the every sequence in KC contains a weakly convergent subsequence.

Taken from and proof contained in [Bogachev, 8.6.7].

Theorem 3.16 (Gronwall’s inequality). Let p be a Borel measure on [0, 0], let
€ >0, and let f be a Borel measurable function that is bounded on bounded intervals
and satisfies

0< f(t) <e+ / f(s)u(ds), fort>0
[0,¢]
Then
f(t) < Eeu([O,tD’t > ()
Taken from and proof contained in [EK86, App. 5.1].

Definition 3.17 (Monotone vector space). A monotone vector space H on space
Q) is defined to be a collection of bounded, real-valued functions f on € satisfying
the three conditions:

(i) H is a vector space over R;
(ii) 1 € H (i.e., constant functions are in H); and

(iil) it (fu)p>1 CH,and 0< f1 < fo < ... < f, <...,and lim, .o f, = f and {
is bounded, then f € H.
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Taken from [Pro05, P. 7].

Theorem 3.18 (Monotone class theoerem (funtional version)). Let H be class of
bounded functions from a set S into R satisfying the following conditions:

(i) H is a vector space over H;
(1i) the constant function 1 is an element of H;

(111) if (fn) is a sequence of non-negative functions in H such that f, 1 f where
f is bounded function on S, then f € H.

Then if H contains the indicator function of every set in some m-system L, then
H contains every bounded o(Z)-measurable function on S.

Taken from and proof contained in [Wil94, Thm. 3.14].

Theorem 3.19 (Monotone class theorem (functional-algebra version)). Let M be
a multiplicative class of bounded real-valued functions defined on a space §2 and let
A = o{M}. If H is a monotone vector space containing M, then H contains all
bounded A measurable functions.

Taken from and proof contained in [Pro05, Thm. §].

Elementary inequalities
Lemma 3.20. For a,b € R we have
a? —20° < 2)a — b|?

Proof. Easily seen by (a+b)? < 2a? + 2b?(equiv. to Hélder) applied to |a — b + b|.
[
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