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Abstract

This thesis is a compilation of 6 papers that the author has written together with
Alberto Lanconellﬂ (chapters , and |§)) and Hyun-Jung Kimﬂ (ch . The logic
thread that link all these chapters together is the interest to analyze and approximate
the solutions of certain stochastic differential equations using the so called Wick
product as the basic tool.

In the first chapter we present arguably the most important achievement of this
thesis; namely the generalization to multiple dimensions of a Wick-Wong-Zakai ap-
proximation theorem proposed by [1]. By exploiting the relationship between the
Wick product and the Malliavin derivative we propose an original reduction method
which allows us to approximate semi-linear systems of stochastic differential equa-
tions of the It6 type by solving an associated deterministic system of partial dif-
ferential equations. Furthermore in chapter [d] we present a non-trivial extension of
the aforementioned results to the case in which the system of stochastic differential
equations are driven by a multi-dimensional fraction Brownian motion with Hurst
parameter bigger than 1/2.

In chapter [5 we employ our approach and present a “short time” approximation for
the solution of the Zakai equation from non-linear filtering theory and provide an
estimation of the speed of convergence.

In chapters [6] and [7] we study some properties of the unique mild solution for the
Stochastic Heat Equation driven by spatial white noise of the Wick-Skorohod type.
In particular by means of our reduction method we obtain an alternative derivation
of the Feynman-Kac representation for the solution, we find its optimal Holder
regularity in time and space and present a Feynman-Kac-type closed form for its
spatial derivative.

Chapter [§| treats a somewhat different topic; in particular we investigate some prob-
abilistic aspects of the unique global strong solution of a two dimensional system of
semi-linear stochastic differential equations describing a predator-prey model per-
turbed by Gaussian noise. We obtain non-trivial estimations of upper and lower
bounds for the solutions and distribution functions in a "short-time" context. It’s
interesting to notice that our findings are consistent with the asymptotic results
present in the literature.

Key words and phrases: Wick product, Wong-Zakai approximations, stochastic
differential equations, White noise, Malliavin derivative.

AMS 2000 classification: 60H10, 60H15, 60H40, 60H30

!Dipartimento di Scienze Statistiche Paolo Fortunati, Universita di Bologna, Bologna, Italy.
2Department of Mathematics, UCSB, Santa Barbara, CA 93106, USA.



Chapter 1

Introduction

The Wick product was originally introduced by the Italian physicist Gian Carlo
Wick in the context of Quantum Fields Theory as a way to deal with certain infinite
quantities. In its original formulation, the Wick product (which back then was
known as S-product) was more of a renormalization method rather than an actual
product in the usual sense of the word.

Later on Hida and Ikeda proposed to use this same technique in the context of
stochastic calculus. Since then a number of researchers have actively studied prop-
erties and applications of this theoretical tool.

The Wick product , which is denoted by the symbol ¢ could be seen as an actual
product between random Variablesﬂ satisfying the usual properties, namely commu-
tativity, associativity and distributivity.

Surprisingly it is closely related to the It6 (and Skorohod) integration, and in short
words one could say that the Wick product is to Ito integration, the same as standard
product is to Riemann integration.

Motivated by this fact we decided to apply this tool to the study of the Wong-Zakai
approximation method for the solutions of stochastic differential equations of the
Ito6 type, both ordinary and partial.

The fundamental idea behind this approach is that of constructing a smooth ap-
proximation of the Brownian motion driving the equation (in the It6 sense), plug
the latter into the equation and try to solve it; finally one is interested in studying
the behavior of this approximated solution when the let the approximation of the
Brownian motion become more rough. The fundamental result of the Wong-Zakai
theory is that, due to the wild oscillations of the Brownian motion, the approzimated
solution won’t converge to the solution of the original equation we were considering.

! As we shall see later on, we are actually able to compute the Wick product between stochastic
distributions, i.e. generalized random variables.



As we shall see, this discrepancy between the starting point and the final result is
a direct consequence of the use of the standard pointwise product which is not the
natural one when dealing the integrals of the Itd type.

This thesis is devoted to partially answer a question that arise 25 years ago, namely:
what would happen if we incorporate the Wick product into the Wong-Zakai approz-
imation? Will this scheme converge to the solution of original Ito equation?

As we shall see this question is far from trivial and trying to provide an answer
requires the use of several techniques.



Chapter 2

Preliminaries

In this chapter we will introduce some of the important mathematical concepts and
tools that will be used in the following chapters. The first section deals with the
basic concepts from classical stochastic calculus such as Brownian motion, Wiener
space, Wiener integral, It6 integrals and a brief explanation about the Feynman-
Kac representation. The second section deals with an infinite dimensional analysis
i.e. Gaussian analysis and the Gaussian Hilbert space formalism which allows to
treat concepts such as the Wiener chaos and stochastic integration under great
generality. Furthermore this theoretical framework allows for a painless transition
into another infinite dimensional calculus as the Malliavin calculus and the White
noise distribution theory that we will treat latter on-

The idea is to show how this 3 different ways of looking at stochastic calculus are
related.

For the sake of brevity many results are enunciated without a proof although the
more important /enlightening results are treated in detail.

2.1 Brownian motion and SDE

We start by introducing arguably the most important stochastic process out there
and one of the fundamental objects in this thesis, namely the Brownian motion.
The following results can be found virtually in every stochastic processes book but
we will attach to the following great references |2 and [3].

2.1.1 The Brownian motion

Definition 1. Let (€2, F,P) be a generic probability space. A d-dimensional stochas-
tic process indexed by 7 C R is a measurable map

X:Q— (RHYT



given by
Q3w (T3t X(t,w) € RY).

Unless we state it otherwise we will consider the case in which 7 = [0, T for some
positive real constant 1.

Definition 2. A d-dimensional Brownian motion { B(t) };c(o,77 is a stochastic process
indexed by [0, T| taking values in R? such that

1. B(0) = 0 almost surely,

2. For any partition {0 =ty < t; < -+ < t, = T} for any n € N it holds that
B(t,) — B(tn-1), -+, B(t1) — B(to) are independent random vectors.

3. B(t)— B(s) and B(t+h) — B(s+ h) are identically distributed for all 0 < s <
t, h > —s.

4. B(t) — B(s) ~ N(0, (t — s))®% where N(0,t)(dz) = ﬁ exp (—;—i) dx

5. t — B(t) is a.s. continuous.

Choose a finite partition 7 := {0 =ty < t; < --- < ty = T} of the interval [0, T],
and set ||7|| := max;cq01,..n} [ti — ti—1]. The real number ||7| is called mesh of the
partition 7. From now on we will assume without loss of generality that the partition
is equally spaced, i.e. t; = %, for all ¢ € {0,..., N}; in this case we simply have
|7|| :== £ but we will continue to use the notation 7 = {0 =tg <t; < -+~ <ty =T}
and ||7]|.

Proposition 3. Let {B(t)}icpo,r) be a one-dimensional Brownian motion and let 7
be a partition of the interval [0,T] as the one described above. Then

N

||h||m0 |B(t;) — B(t;—1)]> =T convergence in L*(<2).
|| —
i=1

Proof. To ease the notation we set

520,77 : |B(t;) — B(tj—1)[*.

M-

<
Il
-



Notice that

— ZE [|1B(t;) — B(tj—1)|*]
— iv:tj —tj_1 = T

Therefore
E |5310,7) - T|] = v [$¥(0, 7],

where for any random variable X, V [X] denotes its variance.

Now notice that the independence of the Brownian increments allows us to write

V [S2[0,T]] ZV |B(t;) — B(t;-1)|]

= 32 Itj = tj-al”
j=1

N
<3 max |t; —t;_ 1’Z|tj_tj71|

0<:<N

= 3T max |tz — ti—1|-
0<i<N
Clearly the last term goes to zero as N — oo proving the desired result. O]

Proposition 4. The trajectories of the Brownian motion are of unbounded variation
a.s.

Proof. We start by writing

N N

S IB(t) = Bty £ _max | |B(t) = Bltin)| > [B(t) = Bty

and notice that from the previous proposition we know that the lefter side converges
in the L?(£2) sense ( and thus almost surely for a subsequence) to 7. On the other
hand since the paths of the Brownian motion are a.s. uniformly continuous in [0, 7]
we have that lim.|_omax;cq01,..n} |B(t;) — B(ti—1)| = 0. This implies that the
second term on the right must diverge which proves the desired result. n



Definition 5. Let (€2, F,P) be a probability space carrying a one-dimensional Brow-
nian motion {B(t) }ep,r)- The natural filtration {FP }1ep,r) C F is a family of sigma
algebras defined by:

FP =0(B(s5);0< s <t).

Without loss of generality we may enrich FF with all the P-zero measure sets. In
such a case the filtration would be called the augmented filtration.

2.1.2 The Wiener space

In this section we will discuss the canonical construction of the Brownian motion.
For the sake of simplicity we will consider the case for d = 1 since the general case
could be obtain under trivial modifications.

We start by introducing the following spaceﬂ

Co :=Co[0,T]:={f:[0,T) = R : fis continuous and f(0) =0}

Proposition 6. If we equip Cy with the metric of locally uniform convergence

o) =3 & (1 A sup [f() g<t>|) ,

2 0<t<n
n=1

then Cy becomes a complete separable metric space.

Lets denote with O, the topology induced by the metric p and consider the Borel
sigma-algebra B(Cy) := 0(O,) on (.

Definition 7. A cylindrical subset A of Cy is a set of the form
A={f€Co:(f(tr), [(t2), ... f(ta)) € U} (2.1)

where 0 < t; < -+ < t, <T and U € B(R") for any n € N.

From now on we will denote with A the collection of all such cylindrical subsets of

Co.

Proposition 8. We have the following equivalence
B(Cy) = o(A)
Proof. Under the metric p the coordinate projection map

Co> frpulf) = f(t)

IThe construction of the Wiener space can be done in a much more general fashion, in particular
we can costruct it over any metric space M not only on bounded intervals.




is continuous for every ¢ and hence measurable with respect to the Borel sigma
algebra B(Cp). Same thing can be extended to the multi-dimensional projections
and hence we conclude that since the mapping Cy > f — (f(t1), f(t2),..., f(tn)) is
continuous then it’s Borel measurable. This in turn implies that

We now need to show that B(A) D B(C,) and in order to do so it is enough to notice

that the totality of the sets of the form {f : supy<;<, |f(t) = fo(t)| < €}, fo € Co, € >
0,n € N forms a basis of neighborhoods in Cy and

{£: 5w 170~ ol < ef = () {707 € BN,
= QN[on]

Thus such a set is representable as a countable intersection of cylindrical sets. It
follows that B(Cy) C B(A). O

Now suppose that A € A and define PV (A) by

W A) :Aﬁ(@m {—%Ddulmdun.

Since the collection A of cylindrical subsets in an generator of B(Cy) which is stable
under countable intersections it follows from |4, theorem 5.7] that P has a unique
extension to the sigma algebra B(Cy).

The triplet (Co, B(Co),P") is a probability space known as the (classical) Wiener
space

Theorem 9. The stochastic process B(t,w) = w(t), w € Cy, t > 0 is a one-
dimensional Brownian motion.

We can treat each element of the Wiener space as one particular trajectory of a
Brownian motion. Using this same approach we construct Brownian motion indexed
by generic intervals 7 C R.

2.1.3 The Wiener integral

Let T be a positive real constant; for notational convenience, we will identify (un-
less stated otherwise) the triple (Q,F,P) with the Wiener space (Cy, B(Cy),P")
and {B(t)}+cjo,rp will denote the one-dimensional Brownian motion introduced in
theorem



The aim of this section is that of introducing the concept of integration with respect
to a Brownian motion, namely we will be concerned with objects like

/0 f(HdB(t)

where the integrand f is a square integrable deterministic function. This kind of
integral was considered for the first time in [5]. Here we will present a simpler
construction based on approximation by simple functions following [6].

The fact that the paths of a Brownian motion have almost-surely non-finite variation
precludes us to define fOT f(t)dB(t) in the Riemann-Stieltjes sense (e.g. |7]) for a
general continuous function fE| . Nonetheless we can use an alternative approach in
order to obtain a well-defined notion of integration againts a Brownian motion as
follows:

Step 1: Assume that f is a step function given by

N

f = Z C; X[tifl,tf’i) (22)

=1

where the ¢;’s are real numbers and {0 =, < --- <ty = T'} is a finite partition of
the interval [0, 7. In this particular case we define the Wiener integral and denote
it with I(e) as

I(f) = / FOBL) = S elBl:) — Bt )

i=1

Notice the analogy between this construction and the usual definition of the Lebesgue
integral (e.g. [4])

Proposition 10. I(e) is a linear operator and for any f given by (2.2) I(f) is a
N <0> Zf\; it — ti,l)) random variable.

Proof. To show that when dealing with simple functions [ is indeed a linear operator
is trivial from the definition.

On the other hand in this particular case it’s straightforward to see that for any
i €{0,..,N}

ci(B(t:) — B(ti-1)) ~ N(0,¢}(ti — ti1)).

Furthermore since the intervals of the partition are disjoint we have by basic prop-
erties of the Brownian motion that

(B(t;) — B(t;—1)) is independent of (B(t;) — B(t;j—1)), for any i # j.

2In fact the family of functions for which we would be allowed to do so is rather restrictive



Having this in mind and using the fact that linear combinations of jointly Gaussian
random variables are again Gaussian random variables the conclusion follows. [

Corollary 11. It follows from the last proposition that for any step function f we
have

T
B0 = [ oy
0
where E denotes the expectation on (2, F,P). This implies that the Wiener integral
is an isometry between the subspace of step functions in L*([0,T]) and L*(2).

Step 2: From |4, Corollary 12.11] we have that for any function f € L%*([0,T])
there exits at least one sequence of step functions {f, }nen such that

f = lim f,, convergence in L*([0,T]) .

n—oo

Now notice that by linearity of I(e) we have that

and since the linear combination of step functions is again an step function it follows
from the previous proposition that

b
MWM—KMWZ/MM—M@Wt

Since { f, hnen is convergent in L2([0, T']) then it follows that the sequence {I(f,,) }nen
is a Cauchy sequence in L*(2) and thus convergent in the latter.

Definition 12. Let f € L*([0,7]). Then let us define the Wiener integral I(f) as

I(f) = lim I(f,), convergence in L?({2) (2.3)

n—o0

Theorem 13. Let f € L*([0,T]) then
I(f) ~ N (0, 1 fll 2 o.z)

Proof. By proposition [I0] the result holds true if f is a step function. Then the con-
clusion follows from the definition above and the fact that L?(£2) converges implies
convergence in distribution. O]

An important property of the Wiener integral is that for any f € L?([0,¢]) it holds
that

EUmVﬂ=Af@w@-



Another way of putting this is that if we define X; := I(x[04f) then the process
{X: }ep.r) is a {FP }ep,r) martingale.

We will now introduce a family of random variables that will be extensively used in
this thesis.

Definition 14. Let f € L*([0,T]), then the stochastic exponential of f, denoted by
E(f) is defined by

E(f) = exp { / ) - %Hf\l%mo,m}

Furthermore the family & := {&(f) : f € L*([0,T])}f] is dense in L?(2) for any
p> 1.

Notice that this family of random variables posses the following nice properties which
will become handy latter on, namely:

1. For any f € L?([0,T]) we have that E[E(f)] = 1. This result follows trivially
by using the moment generating function of a Gaussian random variable.

2. For any f € L*([0,T]) define &(f) := exp { fot f(s)dB(s)— %||X[07t]f||%2([0,T})}'
Then the stochastic process {&;(f)}ep,r) is & {FP }iejo,r) martingale.

2.1.4 The Ito6 integral

In this section we will extend the concept of “integral with respect to a Brownian
motion” to random integrands (satisfying certain conditions that we will describe in
the following). This construction was proposed for the first time by It6 in [8]. The
strategy we will use could be summarized as follows: we start with step stochas-
tic processes for which we are able to define the stochastic integral in the usual
fashion. Then we will employ an approximation result which roughly states that
for any well behaved stochastic process there exits a sequence of step stochastic
processes converging to the latter in some opportune topology. Then the integral
is extended to the whole family of “well behaved stochastic processes” using the
isometry property.

As usual we let {B(t)}+co,r) be a Brownian motion and let {F;}icpr) be an admis-
sible filtration, i.e. a sequence of sigma algebras satisfying:

(i) Fs C F for any s <t, s, t € [0,7T].
(i) B(t) is F;-measurable for any ¢ € [0, 7.
(iii) B(t) — B(s) is independent of F; for any ¢, s € [0,7].

3We will always use & to denote the family of stochastic exponential independently of the
domain of the associated functions.



Definition 15. Let L; d([O7T] x 1) denote the space of all stochastic processes
satisfying:

1. f(t,w) is adapted to the filtration {F;}icpo1-
2. fo 2 dt < cc.

In this section we will explain how we can extend the Wiener integral to integrands
which belong to L2 ([0, 7] x Q). Again we will divide our exposition in steps.

Step 1: If f is a step stochastic process in L;d([O,T] x 1), i.e. a process of the
form

N

Ftw) =Y &r(@)Xih - (1)

i=1

where &1 is F;,_, measurable and E [ 1-271} < oo for every i € {1,..., N}. In analogy
with the construction presented in section we define

/o ft,w)dB(t,w) := Zfi_l(w) - [B(t;) — B(ti—1)](w). (2.4)

Notice that a consequence of this definition is that

(/OTf(t)dB(t))2 :E[/OT |dt] Zg ol

Step 2: Now in order to extend the concept of It6 integral to more general stochas-
tic processes we need an approximation result which roughly states the stochastic
analogous of |4, Corollary 12.11] .

Lemma 16. Suppose f € L;d([O,T] x Q). Then there exists a sequence of step
stochastic processes { o }nen C L2 4([0,T] x Q) such that

T

lim [ E[|f(t) - fu(t)]?] dt = 0.

n—o0 0

Definition 17. Let f € L;d([O,T] x ) and let {f,}nen be a sequence of step
stochastic processes converging to f in L; d([(), T] x Q). Then we defined the Ito
integral of f as

/f t)dB(t) = lim fn() B(t), convergence in L*(Q).

n—o0
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A consequence of the definition above is the so called It6 isometry, which basically
states that for any f € L2 ,([0,T] x Q) we have

(f Tf(t)dB(t)>2 =y ) o]

i.e. the It6 integral is an isometry between the space of square integrable random
variables L*(Q2) and L2 ([0, T] x Q).

Remark 18. There exists various generalizations of the concept of It6 integral. In
particular one could consider adapted integrands which belong to some space larger
than L; d([O, T| x Q) in which case the resulting integral present weaker properties.
One could also consider stochastic integrals of the It6 type in which the integrator
is not a Brownian motion, but rather a more general semi-martingale with even
discontinuous trajectories (e.g. [6],[2],[9])-

Theorem 19. Let {u(t)}icjor) be a stochastic process in L2 ([0, T] x Q) such that
Elu(t)u(s)] is a continuous function in (t,s) € [0,T)*. Furthermore let {0 = t; <
ty < -+ <ty =T} auniform partition of the interval [0, T (this assumption is just
for the sake of simplicity). Then it holds that

]\}gr(l)o z_: u(t;)[B(tir1) — B(t;)] = /0 u(t)dB(t), convergence in L*([0,T]) .

(2.5)

Remark 20. It’s important to remark the fact that unlike the deterministic Riemann
sum when defining the [to integral we must always use the left evaluation point. If
instead we take the mid-point evaluation ZHZ“ the limit will equal the so called
Fisk-Stratonovich integral fo ) o dB(t). On the other hand by taking the right
evaluatlon point ¢;.; the limit Wlll be given by the Héanggi-Klimontovich integral
fo ) % dB(t). Finally if we consider a generic evaluation point in the interval
[t t,+1] namely we evaluate the integrand at at; —|— (1—a)t;y for some a € [0, 1] the
limit will coincide with the alpha integral fo t)d*B(t) introduced by (Da Pelo,
Lanconelli, Stan)

2.1.5 The 1t0 rule

Theorem 21. Let 0 : [0, 7] x R — R be a functions of class C**([0,T] x R) and let
{Xi}ep,r) be an Ité process given by
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then
011, X (1) = 000.X(0)) + | 5205 X () (5)dB()
b G = s Xt + 555 X))
or which is the same

401, X (1)) = 221, X (1)) h(t)dB(t) + [%,X@» + P4 xwgte) + 220

o ot oz 2oz b X (”)} dat

2.1.6 Stochastic differential equations
Consider an ordinary differential equation of the type

%X(t) — f(t, X(), X(0) = w;

then under certain conditions on f we know that a solution can be found. Now
imagine that this equation describes, for instance, some idealized physical process.
Still we know that there are sources of noise, and then in order to obtain a more
realistic representation of the process under consideration we perturb the equation
with the formal time derivative of a Brownian Motion B(t)H leading to

%X (t) = b(t, X (1)) + o(t, X (1)) B(t), X(0) = 0.

In the Ito calculus the terms B(t) and dt are combined into dB(t) yielding the
stochastic differential equation

dX (1) = b(t, X (t))dt + o(t, X (£))dB(t), X(0) =z,

which is just a shorthand for the integral equation

X(t):xo—i—/o b(s,X(s))ds—l—/O o(s,X(s))dB(s)

where the integral on the right should be understood in the It6 sense.

Definition 22. A jointly measurable stochastic process {X(t)}icpom is called a
solution of the above stochastic integral equation if:

e The stochastic process o(t, X (1)), 7 belongs to ... .

4At this point this is merely an heuristic discussion, latter on we will show how we can do this
in a rigorous fashion.
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e Almost all sample paths of the stochastic process b(t, X(t)),cjo 7 belong to
LY([0,T7).

e For each t € [0, 7] the expression above holds almost surely.

We now present the most important existence-uniqueness theorem for solutions of
stochastic differential equations.

We must bear in mind that here we are dealing with strong solutions. For more
information about weak solutions and general properties of stochastic differential
equations the reader is referred to ...

2.1.7 Feynman-Kac representations

Consider the following homogeneous heat equation

2Yxx

duu(t,x) = 102, u(t,z), (t,x) €[0,T] x R
{U(Oal’) = p(z) € CZ(R). (2.6)

It’s well known that
ult,z) = / o)l — y)dy,
R

where p(t,z) := ﬁexp <—§> solves the Cauchy problem An alternative
probabilistic representation of the solution is given by

u(t,z) = E[p(B(t) + ).

Let us now consider a more general Cauchy problem

{@u(t,m) = 1Z(x)u(t,z) + c(z)u(t,z), (t,z) € [0,+00) x R? 2.7)
u(0,2) = ¢(),
where
1 & o2 : )
2(@) =5 3 ai@) g+ D bl@)g

and we assume that all the coefficients of . and ¢ be bounded and Lipschitz con-
tinuous and the initial condition ¢ is bounded and continuous.

d

The characteristic form of 3 7.,

ijzl a;j(x)v;v; > 0 for any vector v = (vy, ..., v4), * € R. We also assume that the
matrix (a;;(z));; can be represented in the form (a;;(x));; = o(x)o(z)" where o is a

matrix whose elements are Lipschitz continuous.

a;;(z) is assumed to be positive semi-definite, i.e.
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Let us now consider the stochastic differential equation
dX*(t) = b(X*(t))dt + o(X*(t))dB(t), X"(0) =z € R?, (2.8)
where b : R? — R? o : R? — R and {B(t)}+>0 is a d-dimensional Brownian

motion indexed by the interval [0, co).

It follows from [10, Theorem 7.3.3] that .Z is the infinitesimal generator of the
process { X*(t)}+>o i.e.
E[f(X*(@)] = f(x)

T d
gf(l‘)—ltlfg ; , xeRY

(where f is such that this limit actually exists).

Theorem 23. [11, Theorem 1.1] Let u(t,z) be a solution of the Cauchy problem
which, for every t > 0, is bounded and has first and second order bounded and
uniformly continuous derivatives in x and moreover has first order derivative in t
which 1s locally uniformly continuous in t and x. Then

utteo) =[x e [ e} 29)

Notice that the theorem assumes in advance the existence of a classical solution sat-
isfying certain conditions. Nevertheless we can a prior: consider the expression
as a generalized solution of the problem [2.7] Under certain conditions regarding the
coefficients of equation the Feynman-Kac representation is a classic solution (see
for instance the discussion in |11, page 122| ) This is to say that even though a clas-
sical solution may not exist one could still consider the Feynman-Kac representation
as a sort of solution for the problem in some weaker sense.

Proof. Assume that u(t, z) is the solution of 2.7]
Then define
Z,(s) 1= eo X, Zs(s) :=u(X(s)*,t — s).

Applying [t6 rule we obtain the following
dZ,(s) = Z1(s)c(X (s)")ds
dZy(s) = (—0wu(X*(s),t — s) + L(z)u(X"(s),t — s))ds + o(X*(s))Vu(X"(s),t — s)dB(s),
where Vu denotes the spatial gradient of w.
Then by the product rule we have
d(Zl(S)ZQ(S)) = Zl(S)dZQ(S) -+ ZQ(S)le(S)
= 71(s) [0 + L (x)u + cu] ds + Z1(s)oVuB(s)

. 7

~
=0
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Integrating and taking expectations

E[Zi(t)Z:(t)] = E[Z1(0)Z2(0)] = u(t,z) = E [¢(Xm(t))ef$ c<Xw<s>)ds] '

2.1.8 Wong-Zakai approximations

The Wong-Zakai approximation theorem is a key result in the theory of stochastic
calculus and it appeared for the first time in [12| and [13]. Assume we are considering
a SDE of the form

dX (t) = b(t, X (1))dt + o(t, X (£))dB(t), X(0) =z, t € [0,T],

where as usual {B(t)}co,r) denotes a standard Brownian motion.

Now let’s consider a smooth (differentiable) approximation { B¢(¢)} of the Brownian
motion which depends on a parameter € and that converges to { B(t)}cjo,r] in some
opportune topology as € — 0 (we could for instance take the convolution of B with
a mollifier, a piecewise approximation, or a truncated Karuhnen-Loéve series).

What if we replace the Brownian motion in the SDE above with our smooth ap-
proximation? In that case we would be left to consider the following (random)
ODE

X€(t) = b(t, X(t)) + o(t, X(2))B(t), X(0) ==, t €[0,T].
An interesting question then arises; will X¢ converge (in some opportune sense) to

X as e — 07

Surprisingly (or not so much as we will see in the following sections) Wong and Zakai
give us a negative answer; X won’t converge to X but rather to a close relative of
it. In fact X will converge as we let the approximation of our Brownian motion
become more rough to the solution of the following SDE

dX(t) = b(t, X(1))dt + o(t, X(1)) o dB(t), X(0) =z, t € [0, T],

where o denotes the fact that the stochastic integration must be understood in the
Stratonovich sense (e.g. [14]) or equivalently the following SDE of the Ito type

dX(t) = |b(t, X(t)) + %J’J(X(t)) dt +o(t,X(t))dB(t), X(0) ==z, t € [0,T],

For a proof of this result the reader is referred to the original paper [13| and to
[15].
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2.2 Gaussian analysis and elements of Malliavin Cal-
culus

2.2.1 Gaussian Hilbert spaces

In the previous section we presented the concept of Brownian motion and the
stochastic integrals of Wiener and Itd type using tools from the classical stochastic
analysis. In that setting the paths of the Brownian motion where seen as elements
in the Wiener space which acted as our canonical probability space. In this section
we will allow for more general probability spaces, in fact, unless stated otherwise we
won’t assume anything regarding the structure of the underlying probability space.
This will allow to treat concepts in great generality.

The main aim of this section is that of introducing the so called Wiener chaos
decomposition and explain how it relates with the concepts trated so far.

Definition 24. A Gaussian linear space is a real linear space of random variables
defined on an arbitrary probability space (€2, F,[P) such that each variable in the
space is centered Gaussian. A Gaussian Hilbert space is a Gaussian linear space
which is complete.

Theorem 25. If & C L*(Q, F,P) is a Gaussian linear space, then its closure & in
L3(Q), F,P) is a Gaussian Hilbert space.

A nice property of this spaces (which can be shown by linearity) is that any set of
random variables in a Gaussian Hilbert space has a joint normal distribution.

Example 26. Let T be a positive real constant and let (€2, F,P) denote the Wiener
spaceﬂ on the interval [0,7], furthermore let {B(t)}icjo,rp be the canonical one-
dimensional Brownian motion. An example of a Gaussian Hilbert space that will be
extensively used in this thesis is given by

[ " f0aB() - f e (0.1},

where the integral above must be understood in the Wiener sense (see section [2.1.3]).

Example 27. Let (2, F,P) = (R, B(R),~y) where 7 is the one-dimensional standard
Gaussian measure. Let ¢ : @ — R be given by = +— «(z) = x, then it’s evident that
L ~ N(0,1). The space defined by

{Lt: tER},

is a Gaussian Hilbert space.

5We could actually consider any probability space rich enough to carry a Brownian motion but
for the sake of conciseness we shall work with the Wiener space
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Notice that in two examples above each element of the Gaussian Hilbert space could
be identified with an element of a real Hilbert space. This in fact can be formalized
using the following definition.

Definition 28. A Gaussian Hilbert space indexed by a (real) Hilbert space H is a
Gaussian Hilbert space & together with a specific linear isometry h — W(h) of H
onto & (notice that the underlying probability space is not explicitated, and in fact
it’s irrelevant as stated in |16, page 1])

In order to emphasize the indexing space we will write &(H ), then the spaces in the
two examples above will be denotes by &(L?([0,7])) and &(R) respectively.

2.2.2 Wiener Chaos

This section will be devoted to introduce an extremely important result in stochastic
calculus, namely the Wiener chaos decomposition. We start by presenting an ab-
stract version of the latter and later on we will introduce the more usual one based
upon the multiple Wiener integrals.

For the easiness of exposition we will focus our attention on the simpler case illus-
trated by assumption (1| bellow, but the reader must bear in mind that this theory
could be developed under a more general settingﬂ

Assumption 1. Let T be some arbitrary positive real number and let (2, F,IP) be the
Wiener space over the interval [0, T] where we define the canonical one-dimensional
Brownian motion {B(t) }scpo,m. In order to ease the notation we will denote with
the Gaussian Hilbert space we’ve introduced in example [20], i.e.

n=o(o.1) = { [ 10as0);: 1 < 201}

Definition 29. Let {F}icpr be the natural filtration of {B(t)}iepor). Then a
random variable F' defined on (€, F,P) is called a Brownian functional if F is FE-
measurable.

Notice that under assumption [1|it holds that FF = F = o().

From now on we will denote the space of square integrable Brownian functionals
with £? (which in our current setting equals L?(Q, F,P)).

It is important to keep in mind that by definition any element £ € §) can be seen as
the Wiener integral I(f) for some f € L?([0,T)).

6As a matter of fact we could assume that (Q, F,P) is some generic probability space, that H is
some real Hilbert space and that &(H) is some Gaussian Hilbert space indexed by H. Furthermore
we could let W be an isometry of H onto B(H). In that case instead of working with the space of
square integrable Brownian functionals £? we would consider L?(2, o(&(H)),P); see for instance

section @
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Definition 30. Let, for n € Ny, 22,,(9) be the closure in £? of the linear space

Po(9) : = {p(&, ... &) 1 p is a polynomial of degree < n on &y, ..., &, € H;m < 0},

and let the n-th homogeneous chaos be given by
H™ = Pu(9) N Pna(H)

where the symbol L denotes the orthogonal complement. For n = 0 we let $* be
the space of constants.

We are now ready to enunciate the Wiener chaos decomposition theorem in its more
abstract form.

Theorem 31. The spaces $H,n € N are mutually orthogonal, closed subspaces of
L% and furthermore we have that

oo
n=0

Proof. The mutual orthogonality is clear from the definition so the only thing we
need to show is that if F' is orthogonal to £ for all n € Ny then FF =0 a.s. .

Let & € $ then by the triangular inequality and the Taylor expansion of the expo-
nential function we have

e N (66"
=2 !

k=0

n k
§1+Z%Sl+e|£.
k=0

Taking the £ norm on both sides and using the dominated convergence theorem
(DCT for brevity) yields that »_,_, (’gk converges to e in L2 as n — oo. Since £F €
P(9) C B, H™ this shows that e € @)~ ) H™ whenever £ € . Consequently
if F is orthogonal to @, $H™ we have that E [Fe~*] = 0. Finally |16 lemma 2.7|

implies the desired result. O

Corollary 32. Let F € L2 then from theorem[31] it follows that

oo
F= E F, convergence in L*
n=0

where F, := 7,(F) and 7, stands for the orthogonal projection of L* on $H™.

From definition [30]it’s clear that the homogeneous chaoses are formed by orthogonal
polynomials, we will formalize this intuition in the following theorem.
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Theorem 33. Let {m;};en be an orthonormal basis of L*([0,TY]), then it’s clear
that the family of random variables {I(m;)}jen forms an orthonormal basis of the
Gaussian Hilbert space $).

Let J := (NY). denote the space of “multi-indexes”, i.e. the space of integer-valued
sequences with finitely many non-zero components and define

o\ U2 o
_ (Haj!> [T#., (). aca.

where for any n € Ny, H,, stands for the n-th Hermite polynomial and is given by

v
H,(z) = (—1)"e” e *"/2,
() = (=1)"e” e

Then the family of random variables {H,, o € J,} where J,, == {a € J : |a] = n}
and for any multi-index o we write |o| = Z;’il a;, forms an orthonormal basis of

g):n: .
Proof. We start by observing that for any «, 5 € 7, it holds that

1, ifa=p

0, otherwise.

E[HaMs] = HE ai (In(ms)) Hpg,(I(m ))]:{

Thus when n varies the families {#H,,a € J,} are mutually orthogonal. Further-
more it’s clear that the latter belongs to &2,($)). It is then enough to show that
every polynomial random variable in &, can be approximated by polynomials in
{I(m;)} en, which is clear because the latter is a basis of .

]

Corollary 34. A corollary of this lemma due to Cameron and Martin (17] is that
for any F € L? we have that

F = Z F,H,, convergence in L2,
acJ

where F, = E[FH,] and

Il = F2.

acJ

In the next definition we will introduce a tool that will be extensively used in this
thesis, namely the Wick product.
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Definition 35. If &, ..., &, is a finite sequence of elements of § their Wick product
2& - &, 1 is given by

PG = (8 X X ),

sometimes : & - -+ &, : is called the renormalization of & x - -+ X &,.

Remark 36. It’s important to remark the fact that although from the definition above
it could seem that the Wick product is an operation exclusively defined between
elements of some Gaussian Hilbert space this is not actually the case. In fact in
section [2.3.6] we will present a much more general definition of the Wick product.

Proposition 37. (10, Theorem 3.20] If &1, ..., &, and 1y, ..., 0y, are centered jointly

Gaussian variables, such that E[&;n;] =0 for all i and j, then
:51...£n7’)1...77m:::glnc.fn::nl...’r]m:

A proof of this proposition can be obtained using the tools we will develop in section

2.3} see in particular the example [103]

Proposition 38. Let & be a standard Gaussian random variable, then it holds that
(&M= Hy(€), ne N (2.10)
where H,, denotes the n-th Hermite polynomial and we impose Hy(x) = 1.

Proof. Since the Wick product : & ---&,: coincides on any Gaussian Hilbert space
containing &1,...,&,, it is enough to consider the Wick power :£": on the one di-
mensional Gaussian Hilbert space = C § given by the span of some arbitrary & € §).

In particular by theorem =™ is one-dimensional and is spanned by H,,(£). There-
fore

(M= (E) = AH,(€)
a.s. for some \ € R.

To identify A, notice that by standard properties of orthogonal projections

Now since {" € @]_, =7, we have the decomposition £" = 37" E [§" H, ()] H;(§).
Since the leading coefficient of H,, is equal to 1 and n-th order coefficients must
match, we see that E [¢"H,,(£)] = 1. Therefore

A=E[€": Hy(§)] = E[§"Ha(§)] = 1.
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Corollary 39. Let n € Ny be fized, and let H,, denote the n-th Hermite polynomial.
Then we have the following equivalence

9™ =span {H,(£); €€ H} (2.11)

Remark 40. The connection between Wick powers and Hermite polynomials was
already present in the Physics’ literature, specially when computing powers of the
position operator in Quantum Field Theory (e.g. [18],]19] or [20])

If &, ...,&, and nq, ..., n,, are centered jointly normal variables, then

TL E illo(i) | » =n,
E[:fl-..gn;;nl-..nm:]:{OZUEPnHz1 [577()] :#Z

Following |21] we have that since the left hand side above is symmetric, it suffices
to prove it for & = nq,...,&, = n,. Furthermore using the polarization identity it
suffices to consider the case in which & = --- = £, = & where we assume as well
that £ is a standard Gaussian random variable. Then under this assumptions the
formula above reads

E[l:&": ] =E[H,(§)?] =nl,

which is the well known normalization of Hermite polynomials.

Theorem 41. If &, ....&, € $ then the map

1008 &bt

defines a Hilbert space isometry of H°" onto H ™.

Proof. From the definition of symmetric tensor product in the Hilbert space context
we know that

(§1®®€n7 n1®"'®77n)5§®n = Z (517770(1))5"'(ﬁn,%(n))ﬁ-

oEPn

This together with the fact that for any £ € $ it holds that ({,1), = E[{] = 0
implies the result stated above. [

The previous result states that from an abstract point of view the Wick product,
understood as an operation between Gaussian random variables is the same as the
symmetric tensor product if we consider those same random variables as elements
of a (Gaussian) Hilbert space.
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2.2.3 Multiple stochastic integration and Wiener Chaos.

In section [2.1.3] we’ve introduced the concept of Wiener integral in a way that
resembles the construction of the Lebesgue integral, namely we’ve started from step
functions and then extended the definition by a density argument. In this section
instead, we will work under a more abstract framework . For the sake of simplicity
all throughout this section we will work under assumption [I| (the reader is referred
to [16] and [22] for a more general treatment).

From example we have that the Wiener integral I is an isometry of L*([0,T7)
onto the Gaussian Hilbert space $); then the tensor power I®" is an isometry of
L*([0,T])®™ onto $H™ which as we stated in theorem [41| can be identified with
ﬁ:nl‘

In accordance with assumption [1| we will consider only the case of functions defined
on a bounded interval [0, 7] for some positive real constant 7', but the results can
nonetheless be extended to the case of a generic interval 7 C R and more generally
to the case of a metric space M (see |16, chapter 7.2|)

Proposition 42. Let T be some positive real constant and define the simplex
Tior = {(t1, o tn) 1 0 <ty <o <t, <T}h (2.12)
We have the following identifications
L2([0, T))°" = Liym ([0, T]") = L*(Tjy 1),

where as usual the symbol = denotes the fact that the spaces are isomorphism and
Lgym ([0, 7]™) denotes the subspace of symmetric functions in L*([0,T]) where for
“symmetric function” we refer to any function f € L*([0,T|") such that

f(tl, ey tn) =f (to(1)7 ...,ng(n)) , (tl, ey tn) cR"
for any permutation o € P,, where P,, denotes the permutation group of {1,2,...,n}.

With all this in hand we are now ready to introduce the multiple Wiener inte-
gral.

Theorem 43. For each n € Ny there exists a map
Lyt Liym ([0, T]") = $™,
such that

In(f1®"'®fn)::[(fl)"'l(fn): (2'13)

and

E [|In(f1 ORERNO; fn)|2] =nl||fi®-- O fallL2qorpm)- (2.14)
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The idea is now to show that the map I, defines a n-fold multiple Wiener inte-
gral.

Let X(tl, 7tn) = X(&hbl] (OEERNO) X(an,bn](tlv 7tn> where 0 < a < bl < g < -+ <
bn—l S an < bn S T.

Then by the definition above, the independence of the increments of the Brownian
motion over disjoint time intervals and proposition [37 we have that

(@) = TIBO) - Blao) s = [[1B6) - Bla),
and
oo, 10)) = T80 = Bla)xtann )

The latter is clearly Ito-integrable and it’s clear that

L(X) = /0 L1 (X (0, 10))dB(tn);

where the integral above must be understood in the It sense. Proceeding by induc-
tion we obtain

In()()—n!/OT/Otn---/OtzX(tl,...,tn)dB(tl)---dB(tn),

or using a more compact notation

I,(X) = n! X(t1, ..., tn)dB®" (t1, ..., t,) = nlJ, (X)),
Tio,m

where J,, denotes the n-fold iterated Wiener integral. The result holds for any

function in Lgym([o, T)™) since functions like X are dense in the latter.

This implies that if f € Lgym([O, ™)

L(f) :==n! f(ty, .oy tn)dBE" (ty, ... 1),

To,m)
since the simplex T, , occupies a fraction of the box [0,T]" equal to 1/n! is clear
from the symmetric nature of f that we can think of I, as an n-fold multiple Wiener
integral over [0,77".
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In order to show ([2.14)) we iteratively apply 1t6’s isometry to get

E[J2(f)] =E (/ flt, ot dB®”(t1,...,tn)>
[0,7]

2
T
=E / (/ f(tl,...,tn)dB®(”U(tl,...,tn1)) dt,,
0 Tr!

[0,tn]

—_= / f(t17 "'7tn)2dt1 .. -dtn = ||f|‘iQ(Tﬁ)T])

Tio,m)

Then it follows that
E [|L(f)I*] = a)’E [|J. ()] = () ||f||L2<Tn 2 n!| £l 0.19):

where in the last equality we used the symmetry of f.
The n-fold Wiener integral can be extended to a non-symmetric function h €
L3([0,T]™) by letting

I,(h) :=1,(Symh), (2.15)

where

Symh(tl, ...7 : ' Z h p(1)7 ..., ) .

PEPn

is called the symmetrization of h.

Corollary 44. From theorem. and proposztzon. it follows that if f € Lsym([(), ™)
then

I.(f) = Ho(I(f);0) = 0"H,(I(f)/0)

with
g = Hf||L2([o,T}n)-

Now we are ready to present the connection between Wiener chaos expansion and
multiple Wiener integrals.

Lets start by considering any square integrable Brownian functional F' € £2. The-
orem [3]] states that such a random variable can be written as an infinite series of
the form ) >° | m,(F') where 7, (F) denotes the orthogonal projection of the random
variable F' on the n-th homogeneous chaos. Furthermore from theorem |33| we know
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that the family {H, : « € J,} forms an orthonormal basis of $™. Then we must
have that

5™ m(F) =Y E[FHHa (2.16)

In the following we will need the next result which shows the connection between
multiple Wiener integrals and the generalized Hermite polynomials.

Lemma 45. Let {m;};en be an orthonormal basis of L*([0,T]) and let o € Jp,, n €

N then it holds that
00 _1/2 0
H, = (H aj!> I, (@ mf“j> : (2.17)
j=1 j=1

Proof. Let us write a! := <H;<;1 aj!> then by definition (see theorem we have
that

Mo = () ][ Ha,(I(m
j=0

and since the m’s have unitary norm we can use theorem [43| and proposition [38 to
write the latter as

()2 [ oy my).

The orthogonality of the elements of {m;};en together with It6’s isometry implies
that E[I(my)I(m;)] = 0, Vj # k and then by proposition [37| we can see that the
product above could as well be interpreted as a Wick product, i.e. we can write the
last expression as

(ad) 2 T o (my)

Finally the conclusion follows from theorem [3] O

Plugging (2.17)) into (2.16]) we obtain
Tr’”«(F) = In(fn)a

where

Laym([0.T]") 3 fu:= > E[FHa] (o) W@m@“? (2.18)

aEJn

The discussion above allows us to state the most well known form of Wiener chaos
decomposition in terms on multiple Wiener integrals.
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Theorem 46. Let F € L? then

F = Z L.(f,) convergence in L2,
n=0

where f, € Lgym([(), T|™), n € N.

From this theorem we are able to see that each square integrable Brownian func-
tional F € £? is in a one-to-one relationship with a sequence of kernels. This
last consequence could be summarized as (see |16] and [23] for in-detailed explana-
tions)

Theorem 47. Let £? denote the space of square integrable Brownian functionals
then the Ito- Wiener-Segal isomorphism tells us that

L2 = T(L*([0,T)))

where the symmetric Fock space T'(L*([0,T])) over L*([0,T)) is defined by

D(L2(0.7])) = {(fn)?fo o€ (0.7, S allfally o < oo}-
n=0

Remark 48. One could adapt all the discussions we’ve presented in this chapter to
the case in which the Gaussian Hilbert space is indexed by L*(M, M,m) where
(M, M,m) is some arbitrary measure space (see |16} chapter 7.2]).

An alternative (and less technical) derivation of Wiener chaos decompo-
sition.

An alternative derivation of the Wiener chaos decomposition in terms of multiple
Wiener integrals can be obtained by an application of the It6 representation theorem.
This proof based upon the set of notes [24].

Let F' € £?, the Ito representation theorem tells us that there exist a {F }iejon-
adapted (where as usual { F };c0.7] denotes the natural filtration) process {¢1(¢) }epo. ]
such that

F=E+ [ " r(t)aB() (2.19)
with

T
B | [P < 17
0
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Now for any fixed ¢; € [0,7] we can apply the It6 representation theorem to the
random variable ¢y (t1) and find a {F7 }1cp,r) adapted process {@2(t1,t) reosy) Such
that

o1(t1) = Elgr (1)) + / alty. t2)dB(L), (2.20)

and

T
E [ / |¢2<t1,t2>|2dt2} < g1t
0

Plugging (2.20)) into (2.19) we obtain

F = E[F] + /OT]E[QOl(tl)]dB(tj) + /OT /Otl wg(tl,tg,w)dB(h)dB(tl). (221)

We can continue iteratively with this procedure and we would arrive to the following
equality

F:E[F]+Z/ E[pn(t1, ..., tn)|dBE (1, ..., t,)
n=1" T ]

[0,T

+/ N1ty e tne1)dBEN T (4 Lty
TN+1

[0,77]

We can ease the notation by letting g := E[F|, ¢n(t1,...,tn) := E[on(t1, ..., tn)],n €
{1,..., N} and using J,, to denote the n-fold iterated Wiener integral. By doing so
we obtain the following expression

N
F = Z Jn(gn) + /N+1 30N+1(t1, ---7tN+1)dB®(N+1)(t1, ...,tN+1)

n=0 Tio, ]

An iterative application of Itd’s isometry shows that

E

(/N+1 g0N+1dB®(N+1)) Jn(fn)] =0, for any f, € LZ(TT&T}) with n < N,
T

[0,7]

and hence

, for any interger V.

N
1FIZe = > 1n(gn)l[Z: +
n=0 r2

®(N+1)
[ o

0,T1]
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This in turn implies that Y2, J,(g,) is convergent in £? and thus

U= L%~ lim YN dBENTY

N—oo N+1
Tio, )

must exits. By the argument above we must have that
E[WJ.(fu)] =0, forany f, € L*(Tf z), n €N,

and thus it follows from and the density of Hermite polynomials that ¥ = 0. This
implies that

e¢]
F= Z Jn(gn), convergence in £
n=0

but we would like to express the random variable as a series involving [, not J,.
In order to do that we can extend the domain of g, from the simplex to the whole
box by imposing its value on [0,7T ]”\T’["&T] to be simply 0; let us call this modified
function g,. Then take the symmetrization of g, and notice that then

I, (SmeNn) = Jn(gn)a

which finally allow us to write

F= Zjn(fn)

and since ||gn||Lz(%’T]) = nl|| fullL2(0,1pn it follows that

1Fllc2 =Y ol fall 2oy
n=0

2.2.4 Elements of Malliavin Calculus

The Malliavin calculus (also known as the stochastic calculus of variations) is an
infinite dimensional on the Wiener space. The fundations of this theory were set
by Paul Malliavin in [25] in which he proposed a probabilistic proof of Hérmander’s
theorem. Later on this a very rich theoretical apparatus was build upon this original
idea.

In the following we will introduce some of basic ideas regarding the Malliavin cal-
culus, in particular we will be concerned with the computation of derivatives of
random variables with respect to the chance parameter w.

Once again for the sake of uniformity and easiness of exposition in this section we will
work under the setting described in assumption [I| (we should bear in mind the fact
that we could consider much more general settings, see for instance [22],[16],]26])and
in correspondence with the notation used so far we will denote with £? the space of
p-integrable Brownian functionals for any p > 1.
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The Malliavin derivative

In the following we will be interested in calculating the derivative of a square inte-
grable random variable F' € £? with respect to the chance parameter w € €.

Let S denote the class of smooth random variables F' having the form
F=f(I(hy),....I1(h,)), meEN,

where hy, ..., h, € L*([0,T]) and f € C;°(R") which stands for the set of all infinitely
continuously differentiable functions such that each function together with all its
derivatives has a polynomial growth. We will refer to S as the family of smooth
Brownian functionals.

Proposition 49. The space S is dense in L£2. This is easily seen by noticing that
Sp C S where S is the class of random variables of the form F' = f(I(hy),...,I(hy))

where f is a polynomial, and that S, is dense in L.

Definition 50. The Malliavin derivative of a smooth random variable F' is the
L*(]0, T])-valued random variable given by

DF = Zn:aif(f(hl), ey I(ha)) i,

i=1
where 0; denotes the partial derivative with respect to the i-th variable. In the

same way, we can define the k-th derivative of F' for any k£ € N, which will be a
L*(]0, T])®*-valued random variable.

Definition 51. Let S be the space of smooth random variables, and define the
following semi-norm on S for £k € N and p > 1,

k 1/p
1Fllkp = [E(FP)+ D E (HD]FIszqo,Tp@f)] '

Jj=1

We will denote by D¥P the completion of the family S with respect to the norm
| ® ||xp and for any F' € DF?. we will let
D*F = lim D*F, in £P (L*([0,T])®F),

n—o0

where (F,)nen C S is any sequence converging to F in £P. The spaces D*? are
referred to as Sobolev-Malliavin spaces in analogy with the usual Sobolev spaces

(e.g. 27]).

Proposition 52. Let ¢ : R™ — R be a continuously differentiable function with
bounded partial derivatives. Suppose that F' = (Fi, ..., F,,) is a random vector whose
components belong to the space DP for some p > 1. Then o(F) € D and

D(p(F)) = }_0ip(F)DF, (2.22)



29

Notice that the condition regarding the boundedness of the derivatives of ¢ is a
somewhat restrictive condition and it is by no means optimal (see |28, Proposition
2.3.7]). In fact we have the following two well known examples

Example 53. Let f € L*([0,T]) then

DI(f)" =mfI(f)™ Y, meN.

Example 54. Let f € L*([0,T]) then

DE(f) = fE(S),

and since E(f) € LP for any p > 1 we conclude that the family of stochastic expo-
nentials & is contained in D*? for any k € N,p > 1.

Proposition 55. The space DY? is dense in L2

Proof. The proof follows from the fact that the family of stochatic exponentials &
is contained in D2, O

Fix h € L*([0,T]) then we can define the directional Malliavin derivatite of F in the
direction of h by

Definition 56. The space of smooth random variables (in the sense of Malliavin)
will be given by

D> := (| D*2.

k>1

Proposition 57.
Let F' = I,(fa) for some fn € L3y, ([0, T]"). Then

DiF = nl, (ful(est)),  for any t € [0,T]. (2.23)
Proof. We consider a simple symmetric function of the form

N
fn(th atn) = Z Qi ..., inXAil (tl) X X XAin (tn)
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......

where a;,, i, = Qi )iy
some i,] € {1 ,n}, k# 1 and the elements of {A4; },e{l n} are dlS_]OlIlt subsets of

.....

The result follows easily by a limit argument. O]

Proposition 58. Let F' € L2 have the following Wiener chaos decomposition

F =Y IL(f)
n=0
Then

FeD" < Y nnllfullizgomm < oo

n=1

and in this case

DF = Zn[n(fn(o;t)), convergence in L.

Lemma 59. Let F' € D>? have the following chaos decomposition
F =Y L(f)
n=0

1
Then it holds that f, = —E[D"F]. This is sometimes referred to as the Strook-
n!
Taylor formula (see for instance [29]).
Example 60. From example [54] we know that for any f € L*([0,7]) the random
variable £(f) belongs to the space D*%. Furthermore we also showed that E[E(f)] =

1 for any f € L*([0,T]), thus from the lemma above we have the following Wiener
chaos decomposition of the stochastic exponential

o0

=3 L.

n=0
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The divergence operator and Skorohod integral

The Malliavin derivative D introduced in the previous section is an unbounded oper-
ator from £? into £2(L?([0,T])) (space of square integrable L?([0,T)-valued Brow-
nian functionals). Nonetheless it’s densely defined (remember that the Malliavin-
Sobolev space D'? is dense in £?) and that means that we can define its formal
adjoint 0. The domain of this operator denote by Dom(J), is the set of random
variables v € £L2(L?*([0,T])) such that for any F € D2,

}E [(DF, U)L2([07T])} } < || F[ 2,

where c¢ is a constant depending on v. If v € Dom(d) then é(v) is a random variable
in £? characterized by

E[6(v)F] = E [(DF , v) o], for any F € D12, (2.24)

Equation (2.24)) a generalization of integration by parts formula

Proposition 61. Let F € DY? and let u € Dom(d) such that Fu € L*(L*([0,T1])).
Then Fu € Dom(d) and

5(Fu) = Fé(u) — (DF,u) 201y, - (2.25)

Theorem 62. The class of Ito-integrable stochastic processes is contained in Dom(d).
Morover if {u(t) }+cjo,r s an Ito-integrable stochastic process, then

5(u) = /O u(t)dB(t),

where the right-hand side denotes an Ito integral.

Proof. Let {u(t)}tcio,r) be a Ito integrable stochastic process such that Efu(t)u(s)]
is a continuous function of ¢+ € [0,7] and s € [0, 7]} Then lets consider the simple
process
N
uMN () = ulty)xp,ap(t), tE0,T],N>1,

J=1

where {0 =ty < t; < --- <ty =T} is an arbitrary partition of the interval [0, 7.
It’s clear that u™ converges to u in £2(L*([0,T])) and from the discussion present
in section 2.1.4l we have that

T

T
/ u(t)dB(t) = lim u™ (t)dB(t), convergence in L2,
0

N—oo 0

"This assumption is not needed for the validity of the theorem but it eases the presentation of
the proof
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Assume for a moment that u(t;) € S for any j € {0,1,..., N} then we have that

N
- z :u t]vtﬁ-l z :6 t17t1+1
j=

N N
= Z w(t;) (Xt ,t551) Z Du X[tjvtj+1))L2([0,T])

= /OT u™ (t)dB(t),

since Dyu(t;) = 0 for ¢ > ¢;. This holds in general if we approximate u(t;),j =
0,1,..., N with a sequence of smooth random variables in S (such a sequence exists
due to the density of S in £?) This shows that § and the Ito integral coincides on
the class of adapted simple processes. A limit argument shows that if u € Dom(4)

then d(u) = [ u(t)dB(t). O

If the integrand is non-adapted then the operator 6 coincides with an anticipat-
ing stochastic integral introduced by Skorohod in [30]. In that case we will write
instead

5(u) = /0 u(t)SB(t),

where the right-hand-side will be referred to as a Skorohod integral.

2.3 White noise distribution theory.

The basis for white noise calculus were presented by Hida in his work [31] and was
subsequently developed by several authors (see for instance [32],|23],[33] and refer-
ences therein). This theoretical framework allows for a rigorous construction of the
white noise functionals (in analogy with the concept of Brownian functionals we've
introduced in the previous sections ), where the white noise process is identified
with the derivative of a Brownian motion.

Although it’s well known that the paths of Brownian motions are not smooth enough
to posses an actual derivative we are able to compute its derivative in a distributional
sense.

The mathematical framework is based upon an infinite dimensional analogue of the
Schwartz distribution theory where the role of the Lebesgue measure on R is played
by an infinite dimensional Gaussian measure |23].
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So far we have always consider the case in which the indexing interval was given
by [0, 7] for some positive real constant 7. This is due to the fact that in general
we interpret the interval [0,7] as a time interval which for the great majority of
applications can be assumed to be bounded.

Under risk of slight confusion in what follows we shall, instead, use the whole real line
as the indexing space, intuitively this means we will have to do with the derivative
of a Brownian motion indexed by R H This is particularly useful when dealing with
applications in which the indexing space represents (one of the dimensions of ...)
the physical space as we will do in chapters [0] and []] For a construction of the
white noise distribution theory based upon bounded intervals the reader is referred
to [34].

2.3.1 The Schwartz Space

Definition 63. We start by introducing the so called Schwartz space of test func-
tions, which, together with its dual will be two key elements in the development of
the white noise theory.

The Schwartz space of rapidly decreasing functions . (R) is the linear space of all
functions f : R — C satisfying

df (@)

dxb

sup |z < 00

zeR

for all a,b € Ny where % equals the identity operator.

The finiteness condition implies that f € .(R) together with all its derivatives goes
to zero faster than any polynomial as |z| — co. From now on we will refer to any
element of .7 (R) as a Schwartz function. Obviously we can extend the definition
above to functions defined on R¢, d € N this is, let a, 8 € (Ng)? be two multi-indices
then the multi-dimensional Schwartz space is given by the functions f : R — C
satisfying

sup [x*DP f(x)| < oo
x€ER4

where we use the following notation

Yl =+ +7a forall v = (71, ...,74) € (No)*

d
%= Ha:f, and D” =
i=1

8More generally one could use R? as the indexing space, but we attach to d = 1 case for the
sake of simplicity
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Definition 64. If we write

[[®]]ap := Sup

db
l’ﬂ.'

then {[[®]]as,a,b € No} constitutes a family of semi-norms in .7 (R).

Reconstruction of the Schwartz space.

Following [35] and |33] we present a construction of the Schwartz space which will
be extremely useful in the following.

Lets consider the operator

2

d 2

which coincides with the Hamiltonian of the harmonic oscillator (after some op-
portune normalization, e.g. |19]). This operator plays a very important role in the
construction of the Schwartz space as we shall see.

Let n € N and define
1
VA2 (n — 1)

where H,(z) = (—1)"e /2L (¢7%/2) n € Ny is the n-th Hermite polynomial.
The family {e, },en are the so called Hermite functionsﬂ and will be used several
times throughout this thesis.

en(z) = Hy o (V2x)e™ "2 (2.27)

In fact it is well known that the family {e, },en are solutions of the time-independent
Schrodinger equation (e.g. [36]); in particular they satisfy the following eigenvalue
problem

Ae, =2ne,, n €N,

and forms an orthonormal basis of the space L*(R).

An important property that follows easily from the definition (notice the presence
of the Gaussian kernel) is that e, € .#(R) for any n € N and from here we can
immediately see that .#(R) is a dense subset of L*(R).

Now for any p > 0 define

[flp = A" f > @)

9Notice that we use a different numbering of the Hermite functions in order to avoid having a
0 order term.
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Equivalently |f|, is given by

- 1/2
‘f‘p = <Z(2n)2p(f’ 671)??([&)) .

n=1

Let
SH(R) == {f € L*R) : |f], < oo} (2.28)

Notice that the space .7,(R) is a Hilbert space with norm |e|,, furthermore we have
the following facts:

1. Z(R) = mpzo Zp(R).

2. The families {[[®]]o5; a,b € N} and {|e|, ; p > 0} are equivalent in the sense
that they generate the same topology on . (R).

2.3.2 Space of Tempered distributions

The dual space of .(R) is known as the space of Tempered distributions and it’s
denoted by .#’(R). One of the most important examples of a tempered distribution
is the so called Dirac’s delta function dg.

Following the reconstruction of the Schwartz space we’ve presented in the last section
we can conclude that formally

S'(R) = | S-5(R),

where ._,(R) is the dual space of .7,(R) for p > 0.

Finally we arrive to the following chain of continuous inclusions maps

Z(R) € #(R) CL*(R) C 7,(R) € #(R).

Proposition 65. The following properties will be used extensively in this thesis:
1. The Schwartz space . (R) is separable.
2. L (R) is dense in ' (R) in the weak topology on .'(R).

It follows that if ¢ € .#”(R) we have the following series expansion

¢ = Z((b , €n)én, weak convergence on .’ (R),

n=1

where (e, ) denotes the bilinear product between .#’(R) and .(R) and {e, }nen
denotes as always the family of Hermite functions. The latter will be referred to as
the Hermite expansion.
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2.3.3 The White noise probability space.

The aim of this section is that of introducing a particular probability space will play
a role analogous to that of the Wiener space we've defined in section [2.1.2] i.e. that
will constitute the basis for the canonical construction of the so called white noise
functionals.

Definition 66. The white noise probability space will be given by the triplet
("(R), B, n) where B := B(#'(R)) denotes the Borel sigma algebra on .#’(R)
which can be identified with the sigma algebra generated by the family A of cylin-
drical subsets

A:={we S R): ((w,p1),.... (w,on) €U}

where ¢1, ..., 0, € L (R) and U € B(R") for any n € N. The measure p which will
be called from now one the hite noise measure is an infinite dimensional analog of
the Gaussian measure whose existence is guaranteed by the following theorem.

Theorem 67. There exists a unique probability measure pn on ' (R) with the fol-
lowing property:

i) g e em v, e (R
e p(w) =e , Vpe S(R).
S (R)

Remark 68. Interestingly if instead of .#/(R) we consider any infinite dimensional
Hilbert space the theorem above is no longer valid. In particular if H is an infinite
dimensional Hilbert space with norm || e || there is no Borel measure p in H such
that

Alw) = e Helh,
where o denotes the Fourier transform (see for instance 33| or [37]).

Corollary 69. [t’s easy to see that for any ¢ € L (R) the random variable w
(w, @) is well defined for any w € .#'(R). From theorem[67 it follows that o (e, )~
equals the centered Gaussian measure with variance equal to ||g0||%2(R) or which is
equivalent

(0,00 ~ N (0, lellE)) Voo € S(R). (2.29)

So far we've denoted with L£P the space of p-integrable Brownian functionals, i.e.
the space of p-integrable random variables defined on the Wiener space (Co, B,PV).
In analogy with this notation we will write

(LP) := LP(S'(R), B, p), p>1. (2.30)

in particular when p = 2, (L?) denote the space of square integrable white noise
functionals.



37

We can extend the dual paring to elements in L?*(R) by a density argument, let
{fatnen in Z(R) be a sequence of Schwartz functions converging to f in L?*(R)
(the existence of such a sequence of functions is ensured by the density of .(R) in

L*(R).) Then
(o, fu) — (& f)llz2) = I{®, fro = fud lz2)y = I fn — finllL2m),

where in the last equality we used the fact that (e, f,— f,,) ~ N <0, | fr — me%Q(R))

Remembering that the sequence { f,, }nen is convergent, and thus Cauchy we can see
that {(e, f,,) }nen is a Cauchy sequence in (L?) and we can define

(o, f) := lim (e, f,) convergence in (L?).
n—oo

Proposition 70. Let B(WN) be defined by

oim) = {(o.). 1@}
The the latter is Gaussian Hilbert space (see (16, example 1.16]) and by definition
o(&(WN)) = B("(R)).

If (e, f) is defined as a (L?) limit then it must be the case that (e, f) is 2 measurable,
and thus

o(&(uN)) € B("(R)).
On the other hand since by definition (e, f) is o(&(WN))-measurable for any f €
L2(R) then it must be the case that (e, ) is o(&(WN))-measurable for any p € . (R).
If we define

B(t (.U) — <W7X[0,t]>7 if t Z Oa (231)
’ — (w,xp), ift<0,

for any w € #'(R) it is easy to check that {B(t) }+er is a Brownian motion.

Remark 71. We will now provide an heuristic explanation on why ((R), B, i) is
called the white noise probability space.

If for w € .7"(R) we formally write [[]

B(t,w) = (w, &) = “w(t)”

10Tt is clear that the expression above is just symbolic, and it does not have a proper meaning
since, in general, one cannot define the dual product between two tempered distributions. In the
next section we will explain how to make sense of this expression by means of an approximation
result in which the convergence must be understood in some weaker topology.
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then B(t,w) could be regarded as the distributional derwative of the Brownian

motion defined in (2.31)).

In fact for any fixed w € .#/(R) and ¢ € .¥(R) we have that by definition of the
distributional derivative

<%B<w>,s@> ~— [¢wBtwa - [ s
= I S G)B) — B = im0l X )

At]‘ —0

- Alti_;go <w ) Z@(tj)X(tj,tj+1]> = {w, ),
J

where the limits must be understood in the (L?) sense. Formally placing §; in the
place of ¢ we obtain

Blt,w) = (w,8,) = <%B> (t,w).

By this point we are able to see the some similarities between the classical stochastic
calculus, the Malliavin calculus and the White noise analysis.

In the classical stochastic calculus we’ve introduced in the first few sections the
basic probability space was given by the Wiener space (Cy, B,P"). In that setting
the Brownian motion the sample-paths were taken to be functions in the space
Co(R)H] of continuous functions defined over R starting from the origin. Over the
aforementioned space we defined random variables which we referred to as Brownian
functionals and considered in particular the subset £2 of square integrable Brownian
functionals.

In the white noise calculus setting, instead, the underlying probability space is given
by the triplet (./(R), %, 1), where intuitively the space of tempered distributions
' (R) could be seen as the space of sample-paths of the distributional derivative of
a Brownian motion.

Notice that although the Malliavin calculus was originally introduced as an analog
of the calculus of variations on the Wiener space we may extend it as well to the
case in which the underlying probability space is given by (./(R), %, u).

So far we haven’t really introduced anything new, in fact we have only considered
random variables defined on a particular probability space. In the next section we
will be introducing the theoretical framework that allow us to give a rigorous sense
to strange objects such as the derivative of a Brownian motion among several other
things.

HHere we changed the indexing interval to be consistent with the setting used in this section.
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2.3.4 Stochastic distributions and test-functions.

In this section we will mimic the construction of the Schwartz space and the space of
tempered distributions in such a way to obtain stochastic analogs of the latter two.
In simple words the idea will be that of obtaining a pair of spaces, one of which will
contain random variables that are very regular and the other will contain #ll-behaved
objects that cannot be regarded as random variables, but rather, will be referred to
as stochastic distributions.

Z(R) c L*(R) c .7'(R),

For a more detailed treatment the reader is referred to [32].

Just as in section we start by consider the operator A given in . The
second thing we must do is to remember the [t6-Wiener-Segal isomorphism between
a space of square integrable Brownian functionals and the symmetric Fock-Boson
space that we described in ... .

In our current setting the latter could be summarized by
(L) = N(L*(R)) = D L*(R)";
n=0

this implies that every random variable F' € (L?) is uniquely determined by a
sequence of symmetric square integrable kernels f, € Liy;,(R"), n € N via the
representation

F= ZIn(fn), convergence in (L?),
n=0

where I,,(e) denotes the n-fold Wiener integral with respect to the Brownian motion
given in ([2.31]).

Definition 72. Let (L?) > F = > >7  I,(f,) and let A be the operator given by
(2.26]). Assume that

D AT fulfany < 00,

n=0

we then define I'(A)F € (L?) to be

o0

D(A)F =Y L,(A®"f,).

n=0

The operator I'(A) is known as the second quantization of the operator A.
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With this in mind we proceed as in section first thing for p > 0 we define the
norm

[ Elp == [[T(AP)F | 2y,
and we let
(Sp) =A{F e (L% :||F|, < oo},

L.e. the closure of (L?) with respect to the norm || e ||,; then (S,), p > 0 is a Hilbert
space with respect to the latter.

Definition 73. The Hida test-function space denoted by (S) is given by

p=>0

Its dual will be referred to as the Hida distribution space and is formally given by

(8)" = [ J(Sp)-

p<0

Remark 74. This definition implies that any element of ¢ € (S) has a Wiener chaos
decomposition given by

Y= Z In(QOn), Yn € ysym(Rn%
n=0

where .Zsym(R") denotes the symmetric part of ./(R"). In fact notice that if ¢
belongs to (5) then

lollp = Zn'H (A®™Pop || 2®ny = Zn']@n|p < oo, foranyp>0.

n=0
From there it follows that all the kernels ¢,,n € Ny belong to .Zgym (R™).

We thus obtain the following triplet of spaces
(S) C (L*) c (9),
and the bilinear pairing between (S) and (S)* will be denoted by (e, ).

Proposition 75. Any element ® € (S)* can be represented by a formal series as

O = (), Py € Fym(R"),

where S&ym (R") denotes the symmetric part of &'(R").
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Proof. We must bear in mind that this representation is just formal, in particular
notice that for n = 1 we can’t define the Wiener integral of a generic tempered
distribution, because that would be the same as taking the dual product between
two tempered distributions which is not defined in general, but still we can make
sense of it if we consider the duality product. Let & € (S)*, by construction we
know that there exits p € Ny such that ® € (S)_, therefore for every ¢ € (S) it
holds that

(@, @) < (2] llellp:

Consider for instance the case in which ¢ := I,(f,), fn € Fsym(R"). In this case
we would have

(@, o) < Vll|®]| | fuly.

This implies that if we treat ® as a functional defined on () then its restriction
to () N &™(WN) is in one-to-one correspondence with an element @, € gy (R")
such that

«(I)» 90» - n'<q)n> fn)

Since a general ¢ € (S) is a sum of such elements we can write

(@,0) = 3 nl{@, 0),

and thus we identify ® with the formal series Y >, I,(®,,). O

Example 76. The distributional derivative {B(z)}ser of the Brownian motion
{B(x)}ser given in (2.31)) (also known as a singular white noise process, e.g. [38])
is an (9)*-valued stochastic process.

In fact as we’'ve anticipated one can formally write

B(z;w) = (w,6,), for any z € R.

It follows that || B(z)||-, = | A7, 12(®) and using the series expansion

o0

dz(e) = Z en(®)en(z),
n=1
we obtain
AP0, |72y = Z(Qn)_zpen(x)Q-
n=1

It’s well known that sup,g |e,(t)] = O(n~1/12). Hence for any p > 5/12 the series
above converges which implies that for any ¢ € [0, 7], B(t) € (S_,) for such p.
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Remember the definition of stochastic exponential we gave in the section 2.1.3] in
our current setting they are given by

et = o {10 = 5w | f € LR (2.32)

Just as in example ... by applying the Strook-Taylor formula (lemma and notic-

ing that[™]
DFE(f) = FRE(f) and EIE(F)] = L,

we obtain the following Wiener chaos decomposition (c.f. ...)

oo

-y ni (Fom). (2.33)

n=0

Proposition 77. For any n € #(R) the stochastic exponential £(n) belongs to the
space (S).

The proof for this can be done by direct calculations,

o0 o0

n 1 n 2
€6l = =3l = €M < oo, vp2 0

n= 0 n=0

Now imagine that ¢ € ./(R)\L?(R), i.e. ¢ is a non-square integrable temepered
distribution. Then by formally using the formula in equation (2.33) we can define
its stochastic exponential of a tempered distribution, i.e.

1,
=Y =1 (¢"") ¢ € SR,
n=0 n!
where this series must be understood in the sense of proposition Notice however

that in this case we cannot in general write an analog for ([2.32)) since some of the
components wouldn’t be defined.

Still we can make the following interesting heuristic observation. We know that 7(¢)
is not a random variable but rather a stochastic distribution and for this reason the
expression exp{I(¢)} has no actual meaning (just as we cannot define the expo-
nential of a Schwartz distribution). In analogy to we can write the following
informal expression

1 1
£0)" =" exp {10) = 3l0lm, | = exp{1(@)} x exp {5l

2Notice that here we are using a generalization of the concept of Malliavin derivative we’ve
introduced in section where the indexing space is L?(R).
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At this point we notice that in general we have ||¢H%2(R) = 400 so in the expres-
sion above we are subtracting a divergent constant to I(¢) in the argument of the
exponential (or alternatively multiplying “exp{I(¢)}” by “0”)) and we obtain as a
result a well defined object. This is why the stochastic exponential £(¢) is called
the renormalization of the exponential exp{I(¢)}.

2.3.5 S-transform and general Wick products
Definition 78. Let ® € (S)* be given by the formal series

@:55@@@

Then its S-transform is given by

o0

S(@)(n) = (2. Em) =Y (®w "), 1€ S (R). (2.34)

n=0

It’s worth to notice that if we are dealing with a square integrable random variable
F € (L?), then we can extend the domain of S(F) to the whole L?*(R) in which case
we can write

S(F)(h) = (F,E(h)) = E[FE(h)].

Corollary 79. Let ® be a Hida distribution in (S)*. We know that since ® is not
an actual random variable but rather a stochastic distribution it does not posses a
mean. Nonetheless we can compute a generalized mean which is given by

S(2)(0) (2.35)

Definition 80. A function F': .(R) — C is called a U-functional if

1. For every ¢, p € (R) the mapping R 5 X\ — F(\¢ + ) € C has an entire
extension to z € C.

2. There are constants 0 < Ky, Ko, p < 0o such that
[F(o)l < Kiexp (Kaolgly), v € S(R).
We are now ready to introduce a characterization result for the space (S)* due to

Potthoff and Streit [39).

Theorem 81. The S-transform defines a bijection between the space (S)* and the
space of U-functionals.

This result is extremely useful since it tells us that if two Hida distributions ¢ and
U have the same S-transform then they should be equal almost surely, i.e.

S@)(n) =SW)(n), Vne S (R) <= =V a.s.
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2.3.6 The general Wick product

In the previous chapter we briefly introduced the concept of Wick product as an
operation between elements of a Gaussian Hilbert space. This first definition is
closer to the original idea that Wick introduced in [40] as a method for renormalizing
infinite quantities in Quantum field theory.

In fact this is a particular case of a more general definition. In this section we
shall introduce the concept of Wick product in a more general setting and we will
explain the reason why this operation lies in the very core of the theory of Stochastic
integration theory and Gaussian analysis.

It’s important to remark the fact that even though in this section we will work on
the White noise probability space the Wick product can be defined on much more
general probability spaces (see for instance |16, Chapter 3| ).

The Wick product was originally introduced by Wick in [40] (he originally called it
S-product) as a way of renormalizing certain infinite quantities in the Quantum Field
theory (see also |18]). Latter on this concept was brought to the theory of Stochastic
analysis by the pioneer work of Hida and Tkeda (...). Subsequently several authors
have used this powerful tool in many areas of stochastic calculus and applications
(see [33]]|38][41] and references therein). The reason is that the Wick product lies in
the very core of the theory of stochastic calculus and, as we will see in the following,
is closely connected with the It6-Skorohod integration.

Unfortunately many probabilists and mathematicians ignore the relevance of this
tool and for this reason its use is not widely spread across the discipline.

Definition 82. Let &,V € (S)* be two Hida distributions. We define the Wick
product between the two elements, denoted by ® ¢ W, to be the unique Hida distri-
bution satisfying

S(@oW)(n) = S@)(n) - S(V)(n), for every n € F(R).

Remark 83. Notice the similarity between this definition and the well known prop-
erty that relates the Fourier transform with the convolution operator, namely

—

gxh=3-h, g hec.?R).

Proposition 84. Let I}, € S5y (R") and Gy, € Sy (R™) then it hols that

L,(F,) 0 1 (Gn) = Ly (EFn © Gy)
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Proof. The proof is an straightforward application of the S-transform,

S(In(Fn)) () - S(Ln(Grm))(0)

<<fn( ) Em) {Im(Gm),E))

= (Fps "N Gy n™™)

= (Fy ®G 2 F) = S(Lnm (Fr © Gi)) (1),

S(Ln(Fn) o In(Gm)) (1)

the uniqueness of the S-transform implies the desired result. n

Remark 85. A consequence of the latter is that if &, ¥ € (S5)* are given by the
formal series

® = i[n(Fn), U= iln(a )

then the series representation for the Wick product between &, ¥ € (S5)* can be
obtained by computing the Cauchy product between the series and using the propo-
sition above, i.e.

(Z In(Fn)> o (Z [n<Gn)> = Z Z [l<Fl) o [pfl(prl) = ZIP<KP)7

where
P
Y Re6.
1=0

Remark 86. The concept of Wick product we just introduced is strictly related to the
one we gave in defintion [35| which was confined to a Gaussian setting. In particular
if (&1, ...,&,) belong to some Gaussian Hilbert space & then it holds that

§10-- 08 =18 &n:

The following basic algebraic properties of the Wick product could easily be verified
using the definition;

Lemma 87.
1. (Commutative law) &,V € (S)* = Po V¥ =T o P.

2. (Associative law)

U= (9) = Po(VoZ)=(PoV)oZ=
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3. (Distributive law)

DV, Ze(S) = Po(V+E)=boV+do=

The Wick powers are defined inductively as follows

pe(gy, (201
€ (5), Pk = & o d*D  fork=1,2,...

Corollary 88. The Hida distribution space (S)* is an algebra with respect to the
Wick product <.

Definition 89. Let ® € (S)* the Wick exponential is defined by

o0

1
(D) = — o
exp’ (D) 2 - ,

i.e. in the Taylor expansion of the standard exponential function we replace the
regular powers with Wick-powers. In particular we have that

S (exp® (®)) (¢) = exp (S(P)(¢)) -

Remark 90. Using the same reasoning one could construct Wick versions or Wick
composition of entire functions. For instance let h be a entire function and let
® € (S)*. Then the Wick composition or Wick version h®(®) is defined by

S (@) (n) = h(S(®)(n)), ne S (R).

Proposition 91. Let f € L*(R) then it holds that

() = o { [ stas)}

i.e. the stochastic exponential of f equals the Wick exponential of the Wiener integral

1(f)

Proof. From lemma [59], remark [86 and the definition above we have that

=1 =1
;ﬁjn (fo) = > EZ " = exp® {](f)}



47

Proposition 92. Let a € J be a multi-index and let H, denote the generalized
Hermite polynomial, which in our current setting will be given by (c.f. ...)

Ho = ()2 T Ha, (I(e5)).
j=1
Using ... we can rewrite the latter as
Ho = ()2 T ().
j=1

Furthermore by ... and the observation above we can write this as

o

Ho = ()72 () I ()™

J=1

where {) denotes the productory in the Wick sense. By the associativity of the Wick
product we can see that for a, 5 € J it holds that

Moo My = (o) H2(8) 12 <<> f<ej>°‘”> ’ (.<:>lf<ej>°ﬁj) =\ s
(2.36)

For example we have

Hool(ej) = HaoHe; = /oy + 1Hate; =11/ + 1Haj.)

2.3.7 Wick multiplication and stochastic integration.

It’s a well known fact that if f : R — R is a good enough function and g : R — R
is a continuously differentiable function then

[ @) = [ s

where the lefter integral is of Riemann-Stieltjes type and as usual the prime " denotes
the derivative. The aim of this section is that of showing an analog property for
stochastic integrals of the It6-Skorohod type. One issue that we may face is the fact
that if we formally let ¢ be Brownian motion then ¢’ = B and we know that in general
we are not able to compute the point-wise product between Hida distributions. This
is precisely where the Wick product comes into play.
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Remember the definition of the Skorohod integral we gave in section [2.2.4] and
assume that {Y'(¢)}:cr is a Skorohod-integrable stochastic process then it holds
that

/ Y (1)6B(t) = / Y (t) o B(t)dt (2.37)
R R
where the left hand integral must be understood as Skorohod integal and right hand
one as an (5)*-valued Pettis (or Bochner) integral (see for instance [42] and [43] for
the theory of vector valued integrals in a deterministic setting).

The integral on the right must be understood as a vector valued integral since we
have that _
R>t— (Y (R) 3w+ B(t;w))

i.e. R >t B(t) is an (S)*-valued map.

This construction allows us to extend the definition of Skorohod integral to stochastic
processes that do not belong to Dom(d) (sometimes this generalization is referred
to as Hitsuda-Skorohod integral, see for instance [44]), in particular we are able to
deal with (S5)*-valued processes that satisfy certain conditions.

We start this section giving an heuristic and somewhat informal justification for the
equality above. For the sake of simplicity we will consider the case in which the
underlying probability space is given by the Wiener space over of a finite interval
[0, 7], that {B(t) }+c[o,r] is the canonical Brownian motion defined on the latter and
we assume that {Y'(¢)}iepo,r is an Ito-integrable stochastic process adapted to the
natural filtration {F} }ieo7)-

By definition of the S-transform we have that for any h € L*([0,T))
T T
S (/ Y(t)dB(t)) (h)=E {/ Y (t)dB(t) E(h)} .
0 0

Remember that from ... we know that if we define &(h) := £(x[o,qh) then the the
stochastic process {&(h)}iep,r) is a {FP }epr-martingale. An application of the
[t6 formula yields

E(h) = &r(h) = <1+/0 h(t)E[g(h)mB]dB(t)).

Plugging this in the expression above
s ( /0 ' Y(t)dB(t)) (h) =E [ /0 Y (1 + /0 ' h(t)E[g(hﬂftB]dB(t))]
—F UOTY(t)dB(t) (/OT h(t)E[g(h)mB]dB(t))] ,
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where in the last equality we’ve used the fact that by assumption Y is an Ito-
integrable process which implies that the mean of its Itd integral equals 0. An
application of It6 isometry, using the standard properties of the conditional expec-
tation and Fubini-Tonelli lemma we obtain that

S < /0 ' Y(t)dB(t)) (h) = /0 B Y (£)E(R)] h(t)dt.

Finally noticing that formally S(B(t))(h) := (I1(6,),E(h)) = (6;, h) = h(t) the latter
implies that

5( /0 Y(t)dB(t)) (h) = /0 S(Y(£)(h) - S(B))(h)dt = /0 S(Y () 0 B(t))(h)dt.

Formally interchaning the S-transform and the time integral (we will latter see that
indeed we are actually allowed to do so, e.g. equation (2.38])) we obtain

S (/OT Y(t)dB(t)) (h) =38 (/OT Y(t) o B(t)dt) (h)

which by the uniqueness of the S-transform implies the desired result.

Definition 93. A function ® : R — (5)* (also called an (S5)*-valued process) is
called (S5)*-integrable if

(®(t), ) € LY(R) for all p € ().

Then the (S)*-integral of Y denoted by [, ®(t)dt, is the unique Hida distribution

satisfying
«/R e(t)dt . o) = /R (®(t), ).

Technically speaking this integral is a (5)*-valued PettisEl integral and in a sense
allows us to extend the concept of Skorohod integral to distributional stochastic
processes.

An immediate consequence of the definition above is that the (5)*-integral commutes
with the S-transform, i.e.

s < /R @(t)dt) (n) = /R S@@®) (dt, 1€ .S (R). (2.38)

In fact both expressions are equivalent due to the density of the stochastic exponen-

tials in (.5).

13In certain cases we are also able to define the integral in the Bochner sense, see for instance
[33, Chapter 13]
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Theorem 94. Assume {®(t)}icr is a Skorohod-integrable stochastic process. Then
® o B is (S)*-integrable and we have

/ B(LIB(E) = / B(t) o B(t)dt. (2.39)

Proof. Assume that for any fixed ¢ € [0, 7] the random variable ®(¢) has the repre-
sentation (e.g. Cameron Martin)

=) o (t)H

acJ

and remembering that B(t) = I(d;) = I (350, ex(t)er) = D pen e(t)He, where
ex :=(0,0,...,0,1,0,0,...) we have that
——

k—1

/@ t)o B(t)dt = /Z@ Ha o Y en(t)Hondt

aeJ keN
= > ( / Cba(t)ek(t)dt> Ho o How
aeJ, keN R
frnd Z (¢O¢ 5 ek)LQ(R) V Oék; + 17{0‘&)7
aeJ ,keN

where a?}g) := a + €. For the left-hand side we obtain

/RCID(t)cSB(t) = /RZ]H(@n(o,t))éB(t)
:/izn ( > @a(a!)—lﬂée?ai 5B(t)
R n—o acJK i=1
:/Zln ( DD (@ en) @ (@) (el @ e | 6B(1)
R n=0 acJK k=1 i=1

= 2 D (Pas ed)ram(al) Py (Q O @€k>
R vV O + 1Ha+ .
) (x)

I
(]
2

aceJ keN

which proves the result. An alternative proof makes use of the integration by parts
formula,
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§(5(2))(n) = E[F@®)E@)] = E [(@, DEW) 1o |
~E|(@, n)m 6<n>]
/ S(@
- [s (<1>< Yo B >) (o)
=S (/RCD(t) <>B(t)dt> (n),
and the conclusion follows from the uniqueness of the S-transform n

Remark 95. An interesting property that follows from the latter is that the Wick
product satisfies the usual rules of calculus, in fact we can see that for any a,b € R

with a < b it holds that
b o(n+1)
[1(2)e
o dt n+1

B(b)o(n+1) _ B(a)o(nJrl)
( n+1

b b
/ B(t)*"dB(t) = / B(t)°" o B(t)dt

), TLGN(),

where by convention B(t)*' = B(t).

Lemma 96. Assume that {Y (t)}icjor) is Skorohod integrable, that X € (S)* does
not depend on t and that {X oY (t) }ieo,r) is Hitsuda-Skorohod integrable. Then

Xo / TY(t)cSB(t) - / TXoY(t)cSB(t). (2.40)

Corollary 97. Using this result we can see theorem [{3 under a new light. Let
fis ey fn € LA(R) then remark and the lemma above we can formally write

Li(fi©- 0 fo) =1(fi)o- o I(fa)

/f1 t1)dB(t /fn )dB(t

. fi(ty) -« fultn)dB(ty) - - - dB(ty,)

1O ® fulty, ..., tn)dB®"(ty, ..., )
Rn

In the following we will discuss an interesting and useful connection between the
Wick product and the so called translation operator.
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Definition 98. Fix wy € .¥'(R).
1. The map T, : (S) — (5) is called the translation operator and is given by
Ty X (W) = X (w4 wp), w € ' (R),

for any X € (S). Notice that if we assume instead that wy € L?(R) then we
can extend the domain of the translation operator to (L?) for any p > 1.
2. The adjoint operator is the map
Ty, (S)" — (9)”

defined by
<<T::0q)7 90>> = <<(I)v TwaD».

Theorem 99. Let wy € '(R) and ® € (S)*, then
T2,@ = ® o exp® ((o,w0).

Proof. By direct computations we have that

S (T2, @) (9) = (15,2, exp® ({0, 0)))

= (@, exp® ({8, 9))) - exp ((wo, @)) (because (wp, @) is a constant)
= S(P)(0) - S (exp® ((o,w0))) (&)
= S (® o exp® ({o,w))) (),

and the conclusion follows from the uniqueness of the S-transform. We used the fact

that (wg, @) is a constant, and then the Wick exponential of a constant equals the
standard exponential. O

We are now ready to enunciate a key result that will be used in chapter [3] and [ due
to Gjessing (e.g. [45], [38])

Theorem 100. Let ¢ € L*(R) and X € (L) for some p > 1. Then X o E((e,p)) €
(L?) for all ¢ < p and almost surely we have

(X o&((e,9)))(w) =T X - E((w, 9).

It’s important to remark the fact that this hold under more general assumptions
regarding our underlying probability space, see for instance chapter [3| where we
employed Gjessing’s formula in the Wiener space and chapter [ for a fractional
version.
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2.3.8 Relationship between the Wick product and the Malli-
avin derivative

The aim of this section is that of introducing a property of the Wick product that
represent a key tool in this thesis. In simple words it states a relationship between
the Wick product and the dot product of a random variable with an element of the
first Wiener chaos, i.e. a centered Gaussian random variable.

In chapters [3, [ [} [6] this feature is the key ingredient to construct candidate ap-
proximation for the solution of certain stochastic differential equations. At the end
of this section we will present some interesting results that we’ve obtain by making
use of this property.

We now present the result in the simpler setting

Proposition 101. Let T C R be some arbitrary interval, f € L*(T) and F € D'?
then

Fo/f t)dB(t !/f t)dB(t) — (DF, f)2en (2.41)

Proof. We will start by showing the result for stochastic exponentials. By definition
it holds that

E(f)o&(eg) =E(f +eg9), ec R

If we differentiate the expression above with respect to € and evaluate the result at
¢ = 0 we obtain for the left hand side

d

SE(f) 0 Eleg)

:angﬁgmw@. (2.42)

e=0

For the right hand side we have instead

e | [Lotase) - [ oot
=& [awas - £0)- [ soga @)

Notice that £(f) does not depend on ¢ and thus we can bring it inside the integral in
the last term above Now using the fact that fé' ( f ) DE(f) (this follows directly

from definition [50f) we can combine and ) to obtain
£(f)o /T g(O)dB(t) = E(f) - [r g(O)dB() — (DEF) . 9)aer,-

ag(f + €9)

Since the set of finite linear combinations of stochastic exponentials is dense in D!
by using a limit argument we obtain the desired result. n
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In the following we will present a toy example that would allow for a clearer exposi-
tion of the connection between the Wick product and the Malliavin derivative.

Example 102. Consider the one-dimensional probability space (R, B(R),~) where
~ denotes the standard Gaussian measure on R, i.e.

1 —a?
~v(B) = E/Jge?dm, for any Borel set B € B(R). (2.44)

The random variable ¢ : R — R given by the map = +— «(x) = x is N(0, 1) as shown
by the following simple calculation,

v({xr € R} :(x) € B) =~v(B), for any Borel set B € B(R).
From this it follows that
{v:teR}:={te:t e R}

forms a one dimensional Gaussian Hilbert space indexed by R. (e.g. |16, example
1.15])

Let L?(y) denote the space of square integrable random variables defined on this
probability space and let {H,},en, denote the family of Hermite polynomials. It’s
well know that the family of Hermite polynomials forms an orthogonal basis of L?(7y)
and thus any random variable F' € L?(v) has the following series representation

= Z faHp(x), forae zeR,
n=0

and

1E] 22y Zn'|fn|2

This is a one dimensional version of the Wiener chaos decomposition, in fact re-
member that from theorem [43] and remark [R6] it holds that

L(f") = I(f)---1(f) : = I(f)*", for f € L*([0,T]).

In this very simple framework f would be a scalar and as we’ve mentioned before
the isometry between the indexing space (in this case R) and the Gaussian Hilbert
space is given by the multiplication with ¢, hence in a slight abuse of notation we
have that

T(f) = [ (@) = S Ha(u(@) = S Hao)

where we used the relationship between Wick powers and Hermite polynomials
(which holds in any arbitrary Gaussian Hilbert space).
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It follows that the Wick product between F' and ¢ can be simply written as

FOL an n+1

Using the well known recursion formula for Hermite polynomials that tells us that

Hoia(2) = oHy(x) — i, (z)

we can write the latter as

(F o) an (xH ddH (x)).

Given that the series converges we can write this as

(Fou)(x)=1(z) F(x )—%F( )= (x—%) F(z). (2.45)

From here we can see that on the Sobolev space W2(v) (which is the same as D2
in this one-dimension probability space ) the Wick product acts as a differential
operator. Notice furthermore that % coincides with the Malliavin derivative D.

It is important to remark the fact that this property is just a particular case of
a much more general property connecting the Wick product with the Malliavin
derivative which states that for X,Y € (S) (see for instance [46] for the proof of a
more general result) it holds that

_1n
XoY = u/ D, XD, Ydt - dt,
0.1}

n!

Example 103. Let &, ...,&, and 7y, ....,m,, be centered jointly Gaussian random
variables such that E[ﬁznj] = 0 for all 7 and j. In particular we can think that & =
fOT fi(t)dB(t) and n; = fo gi(t t) where B is a one dimensional Brownian motion
and the kernels are determlmstlc square integrable functions. Using the isometry
property of the Wiener integral we have that by assumption fOT fi(t)g;(t)dt = 0 for
all 7 and j.

Using the polarization identity it suffices to show this result in case in which & =
=& =Candm = =nn=1.

In that case we have

,,,,,
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Notice that Dj _, (€") = Dj _, L,(fo") = f€(t1, ..., tx) Ln—x(f©"¥) and analo-

gously for n°™. The result follows invoking the orthogonahty between f and g.

.....

Some applications

The following theorem was obtained by the the author and Alberto Lanconelli and
as far as we know is not present in the literature. It basically states that if in the
construction of the Ito integral (see equation ...) one replaces the pointwise product
with the Wick product then it doesn’t matter whether we select the right or left
point evaluation.

Theorem 104. Let f € C}(R) i.e. a bounded, continuously differentiable function
with bounded derivative. Then for any finite partition m = {0 =ty < t; < ---ty =
T} with mesh ||| we have that

lim f(B(t;)) o [B(t;) — B(tj_1)] = /0 f(B(t))dB(t), convergence in L*().

ll7]|—0 <=
J=1

(2.46)
Proof. For the sake of simplicity we will assume as usual that the partition 7 is
uniform, i.e. that ¢, = £ for any k € {0,1, ..., N}.

Adding and subtracting f(B(t;_1))o[B(t;) — B(t;_1)] to each term in the summation
above we obtain

> f(B(t)) o [B(t;) — B(tj—1)] = Z[f(B(tg)) — f(B(tj-1))] ¢ [B(t;) — B(tj-1)]
o+ Z f(B(tj-1)) o [B(t;) — B(tj-1)]
=17, + 1.

An important property that follows from the disjointness of the increments of the
Brownian motion is that

f(B(tj-1)) o [B(t;) — B(tj-1)]

FB(t-0) - [Blt) — Blty-1)] — (DFB-0)Xoi) s
f(B(tj-1)) - [B(t;) — B(tj-1)]

— f(B(tj-1)) (X[Otg 1) X[t;— 1t))L2([0T})

f(B(t] 1)) [B(tj> (] 1)]7

thus in Z, we can replace the Wick product with the point-wise product.
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The boundedness of f allows us to use the DCT to show that E[f(B(s))f(B(t))] is
continuous function on [0, 7]* and thus (e.g.|6])

N

I, = Zf(B(tj_l)) - [B(t;) — B(tj-1)] =0, /0 f(B(s))dB(s), convergence in L?(1).

j=1
On the other hand by denoting A; f := [f(B(t;)) — f(B(tj—1))] and A; B := [B(t;) —
B(t;_1)] we can write

N N
L= ZAJfOAJB - Z [Ajf OB - (DAJ'fvX[tj—htﬂ)LZ([o,T])] =13 — Iy
j=1

J=1

Now we have that by definition

|7l =0

N
I3 = ZAjf -A;B =9, [f(B), Blr = /OT f'(B(s))ds, convergence in L*(Q)
j=1

where [e, o]7 denotes the quadratic covariation evaluated at time T

By using the chain rule for the Malliavin derivative we obtain

DA;f = f'(B(t;)Xu1 — [ (B(tji-1)) X411,
and thus (thanks to f”’s boundedness )

N

Zi= Y 7B S [ ) as

Jj=1

which by means of DCT (again by virtue of f’ being bounded) implies the L?(£2)
convergence proving the desired result. O]

Theorem 105. Let (2, F,P) be a probability space carrying a one dimensional
Brownian motion {B(t)}iecpr)- Let {X(t)}iepo,r) be an Ito integrable stochastic pro-
cess satisfying:

1. X(t) € D2 for a.a. t € [0,T];
2. {X(t) hep is (uniformly) square-mean continuous;

8. ess sup(; g)ejo72 E [|DsX(1)?] < oo.

Then for any finite partition m := {0 =ty < t; < --- <ty = T} with mesh ||x||, it
holds that

3" X(t;) o [B(t;) — B(t;1)] =25 / TX(t)dB(t), in L2(Q). (2.47)
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Proof. As usual we will assume that the partition 7 is uniform and just as before
we start by adding and subtracting to each term in the summation the quantity
X(tj—1) ¢ [B(t;) — B(t;—1)]. Under our assumptions we can use proposition to
write

X(tj-1)o[B(t;) = B(tj-1)] = X (t;-1) [B(t;) = B(t;-1)] = (DXe, 1+ Xityo1) 2oz -
notice that since by assumption X is an adapted process then D, X; = 0,Vs > ¢t and

thus the second term above vanishes, i.e. X(t;_1) ¢ [B(t;) — B(t;-1)] = X(t;-1) -
[B(tj) — B(tjfl)] for any ] € {1, ,N}

Then
ZX(%') o [B(t;) — B(tj-1)] = Z[X(tj) — X(tj-1)] o [B(t;) — B(tj-1)]
+ ZX(tj—l) [B(t;) — B(tj-1)]
=T+ 1L.

By our assumptions we have that Z, converges in L?(2) to the It6 integral and thus
the result would follow if we manage to show that Z; — 0 in the L*(Q2) norm. Notice

that each Brownian increment on the summation in Z; equals fOT Xit;—1.t;)(8)dB(s)
and using theorem ... we can rewrite each summand as

[(X(t;) — X(tj-1)] o [B(t;) — B(tj-1)] = /0 [X(t5) — X(ti-1)]X[t;_1.6,)(8)0 B(s),
(2.48)

where the stochastic integral must be understood as a Skorohod integral since the
integrand is not adapted. Thus it follows that

T
/
0

Then by letting u(t) := [ijzl[X(tj) — X(tj—l)]X[tj,htj)(t)} we obtain (e.g. [22, eq.
1.60])

N

Z[X(tj) — X(-0)]X1t 1,65 (8)

J=1

SB(s). (2.49)

E[Z, )] = E UOT |u(t)|2dt} +E { o Dsu(t)Dtu(s)dsdt} =TI;+ 1,
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Now by definition we have that

Iy =E /0 (Z[X(tj) - X(tj—l)]X[tjl,tj)(t)> dt | = ||| ZE [(X(t;) = X(t;-1))"]
S o B[00~ Xt
=T Ae{Sllle}]E [(X(tl) — X(tz_l))g} — 0,

as ||| goes to 0, where the convergence follows from the (uniform) square-mean
continuity of {X(Z)}+ejo,r-

Using the definition of u we have that Z, can be treated as follows,

Z,=) E (/tj DSX(tj)d,S)

j=1 i=1

N t;

<7l SR / |DSX(tj)|2ds]
j=1 tj—1
N

—Inl Y. [ B DX ()] ds

j=1"71%

N t]

<=l / ess Uy ) co.7p2 B [|DuX (8)]?] ds
j=17ti-1

= ||7||T ess sup(; ueo. 12 E [|DuX(t)|2] — 0,

as ||| goes to 0, this implies the desired result.

O
We will now present a result which is the analogous of .... . This is yet another
proof that Wick product and It6 integration are deeply connected

Let (2, F,P) denote a probability space carrying a one-dimensional Brownian mo-
tion {B(t)}icpo,r), where as usual T is some arbitrary positive real constant.

As in theorem ... we denote with 7 := {0 =ty < t; < --- < ty = T} a finite
partition of the interval [0,T7]; for the sake of simplicity we shall assume that the
partition is uniform, namely that ¢, = % for any k € {1,2,..., N}.

We define the polygonal approximation of {B(t)}ico,r as

B™(t) := /OT K] (u)dB(u), foranyt e [0,T] (2.50)
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with

N-1
K (u) := Z <X[0»tk)(u) + %X[tkﬂfm—l)(u)) X[tkvtk+1)(t)' (2.51)

Pt k1 — Uk

From here it’s straightforward to see that

' T N-1 1

B(t) = /O QT (B with T (1) = 3 Xt (0 ()

k=0

(2.52)

With this in hand we are ready to introduce the main theorem

Theorem 106. Let f € CZ(R) i.e. a bounded, twice continuously differentiable
function with bounded derivatives. Then it holds that

/0 f(B™(t)) o B™(t)dt — /0 f(B(t)dB(t) in L*() (2.53)
as ||| = 0.

Proof. We start by defining g(z) := [ f(y)dy such that ¢'(z) = f(x) and this

together with our assumptions imply that g is a Lipschitz continuous function.

By means of the usual chain rule we obtain

d ™ T ST ™ ST
EQ(Bt )=4(B})- Bf = f(B])- Bf. (2.54)
From equation ([2.54) and proposition ... we have that

d

9(B7(1) = f(B"(1)) o B™(t) + f(B™(1)) (KT, OKT) 2oy -

Integrating both sides over the interval [0, 7] we obtain
T T
9(B™(T)) = g(B™(0)) = /0 f(BT(t)) o B (t)dt +/0 F (BT 0) (K, OKT) 2oy -

Notice that the lefter side converges in the L?(Q)-norm to the Stratonovich integral
ST F(B(0) 0 dB(t) = g(B(T)), in fact

lg(B™(T)) = g(B™(0)) = ¢(B(T)) + g(B(0))|| < [[g(B™(T)) = g(B(T))I| + l9(B™(0)) = g(B(0))]l

[[=[[—0

< L(IIB™(T) = B(T)|| + | B™(0) — B(0)]|) —— 0.
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where in the last inequality we’ve used the Lipschitz continuity of g.

Then using the equivalency

/OTf(B(t o dB(1 /f (t)+%/0Tf’(Bt dt

it would suffice to show that

T, 1T/
| 1@ e K7 0k it — 5 [ FB@)a

in the L*(Q) norm as ||«| — 0.

H /OT F(B™ () (KT 0KT) 2oy 4t — 1/T o
[ o) [ a8 - 3] ] + "!/ st s

/on’(B“(t)) { K KT o) = ]dtH

(B(1)) - f@Uwﬁ=L+h

where in the last inequality we’ve employed the Minkowski inequality for integrals.

The boundedness of f” allows us to employ the DCT which together with the Lipchitz
continuity of f" (which is implied by the boundedness of f”) implies that

T, — 0 as|x| — 0.

Let’s now consider Z;; we start by adding and subtracting f'(B(t)) [(Kt s O KT) p2 0.1 l]
to the integrand, then by means of the triangular inequality we have that

T
7, <

wwwm—fwwnkmm@Kmm”} 2]

Notice that the function (K7, 0,KT) 2077y = Doic Y t||7fH X(t:,:44] () converges to the
constant 1 in the weak topology of L?([0,71]) (as ||x|| — 0), this implies that

g 1
/ f'(B(t)) {(Kf s OKT) 2oy — 5} dt — 0a.s. when ||7] — 0, (2.55)
0
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then noticing that for any ¢ € [0, 77, [ (K[, 9.K[) 2oy | < 1 an application of the
DCT implies that Z, — 0 as ||7| — 0.

On the other hand applying Mikowski inequality for integrals, using the bound on
| (KT, O:KT) 207 | We can use the same reasoning as for 7, to show that Z3 — 0
as ||| — 0. This completes the proof. O
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Chapter 3

Wong-Zakal approximations for
quasilinear systems of 1td’s type
stochastic differential equations

Based on: Lanconelli, A., & Scorolli, R. (2021). Wong—Zakai approxima-
tions for quasilinear systems of It6’s type stochastic differential equations.
Stochastic Processes and their Applications, 141, 57-78.

Abstract

We extend to the multidimensional case a Wong-Zakai-type theorem proved by
Hu and Oksendal in (1] for scalar quasi-linear Ité stochastic differential equations
(SDEs). More precisely, with the aim of approzimating the solution of a quasilin-
ear system of Ité’s SDFEs, we consider for any finite partition of the time interval
0, T] a system of differential equations, where the multidimensional Brownian mo-
tion is replaced by its polygonal approximation and the product between diffusion
coefficients and smoothed white noise is interpreted as a Wick product. We remark
that in the one dimensional case this type of equations can be reduced, by means of
a transformation related to the method of characteristics, to the study of a random
ordinary differential equation. Here, instead, one is naturally led to the investigation
of a semilinear hyperbolic system of partial differential equations that we utilize for
constructing a solution of the Wong-Zakai approrimated systems. We show that the
law of each element of the approximating sequence solves in the sense of distribution
a Fokker-Planck equation and that the sequence converges to the solution of the Ito
equation, as the mesh of the partition tends to zero.
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3.1 Introduction and statement of the main results

Let {B(t)}cjo,r) be a standard one dimensional Brownian motion and, for a given
finite partition 7 of the interval [0, T, denote by {B™(t) }.cjo,1] its polygonal approx-
imation. Then, under suitable conditions on the coefficients b : [0, 7] x R — R and
o :[0,7] x R = R, the solution {Y™ () };co,77 of the random ordinary differential
equation

dY™(t) dB™(t)
dt dt '

converges, as the mesh of 7 tends to zero, to the strong solution {Y'(t)}:co,r) of the
Stratonovich stochastic differential equation (SDE, for short)

=b(t,Y"(t)) + o(t,Y™(t))

(3.1)

dY (t) = b(t, Y (t))dt + o(t, Y () o dB(t), (3.2)

or equivalently (see [2]) of the Ito6 SDE
dY (t) = |b(t, Y (1)) + %a(t, Y (t)0,0(t,Y (1)) | dt +o(t,Y(t))dB(t).

This is the famous Wong-Zakai theorem [12],|13] whose extension to the multidi-
mensional case can be found in [47].
In [1] the authors suggested how to modify equation (3.1)) to get in the limit the
It6’s interpretation of (3.2]): they considered the case with o(t,x) = o(t)x, where
0 :[0,T] — Ris a deterministic function, and proved that the solution { X7 (t)}:cpo,1]
of the differential equation
dX™(t) dB"™(t)
— =0(t, X" (¢t X" (t
W xm0) +otxm (e .
converges, as the mesh of 7 tends to zero, to the strong solution { X (¢)},co,77 of the
It6 SDE

(3.3)

dX () = b(t, X (£))dt + o(t) X (t)dB(t). (3.4)

Observe that the achievement of |1] is twofold: existence of a solution for and
its convergence towards the solution of (see also the related works 48] and
[49]). As far as the existence is concerned, equation is not a standard random
ordinary differential equation but instead an infinite dimensional partial differential
equation. In fact, by proposition [[01] we have that

dB™(t) dB™(t)

X7 — L = X"(t)——=% — Dy perp N X7 )
(t)o L (t) i ok (t,)X " (1), (3.5)

where K™ (t,-) is a deterministic function that verifies the identity

B”(t):/o K7™ (t,s)dB(s),
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while Dy, gr(,) stands for the directional Malliavin derivative along the function
s — 0,KT"(t,s), one recognizes equation (3.3) as a nonlinear evolution equation
driven by an infinite dimensional gradient. Nevertheless, the particular form of
o(t,x) considered in |1] allows for a reduction method which transforms that into
a random ordinary differential equation. We now briefly describe such method: we
Wick-multiply both sides of by

™ ™ 2
—fg J(s)dBT(S)ds—%IERfOt U(s)dBT(S)ds> }

E"(0,) == e , te€]0,T],
to obtain
dXd T;(” SET(0,4) = b(t, X™(£)) 0 E7(0, 1) + o(£) X™(t) o dBc;(t) SE™(0,1),
or equivalently,
P o7 (0.8) = b(t, X7(0) 0 B (0.8) — X7() 0 T

Here, we utilized the identity
dE™(0,1) dB™(t)
=AY 5(t
a0

Rearranging the terms and exploiting the Leibniz rule for the Wick product we can
write

o E™(0,1).

% (X () o E7(0,)) = b(t, X™(£)) o E(0, ). (3.6)

Now, if we set
X7(t) .= X"(t) oE™(0,t), te][0,T],
and recall that
E"(0,t) 0 &E™(0,t) =1, forallte[0,T],

where

™ s 2
2 a1y o922 )]

E™(0,t) := , t€]0,T],
we can reduce (3.6]) to
Xﬂ'
d dt(t) — b(t, X7() 0 £7(0,1)) 0 E7(0, ). (3.7)

Equation (3.7) doesn’t look simpler than (3.3); however, in (3.7) one can apply
theorem [I00] which produces a Wick product-free expression. First, we observe that
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resorting to the definition of { B (t)}sc0,77 (see equation (3.16|) below) one gets the

representation
t dB™ T
/a(s) d(s)ds:/ o™ (t,s)dB(s),
0 0

S

for a suitable 6™ : [0, 7] x [0, T] — R. With this notation at hand, Gjessing’s formula
(theorem [L00]) can be simply stated as

Z & 57r(07 t) — T_o—ﬁ(t7.)Z N gw(()? t), (38)
and
ZOET(0,t) = Tor) Z - E7(0, 1), (3.9)

for a general random variable Z belonging to LP(2), for some p > 1. It’s important
to notice that here Ty denotes the operator that translates the Brownian path by the
function [, f(s)ds (see formula below), the difference between this formulation
and the one introduced in theorem is due to the fact that in the latter we were
working with the white noise probability space while here we deal with the Wiener
space.

An application to equation (3.7) of Gjessing’s formula yields the following random
ordinary differential equation
dX"™(t)
dt

=b(t, X" () - (E"(0,£))"") - E™(0,1). (3.10)

Standard assumptions on the coefficients ensure the existence of a unique solution
{X7(t) }eo,r) which, together with equality X™(t) = X™(t) o £7(0,t), provides a
unique solution also for (3.3)). It is important to remark that the success of this
reduction method is due to the opposite signs appearing in front of o™ (¢, -) in equa-
tions and ; this results in the disappearance of the translation operator,
and hence of the Wick product, from equation .

Aim of the present paper is the extension to the multidimensional case of the exis-
tence theorem for and its convergence to proven in [1]. More precisely, for
each finite partition 7 of the interval [0, 7] we introduce the Cauchy problem
W — by (1, X7(1) + 0i(t) X7 (1) 0 B2,
for t €]0,7] and i = 1, ..., d; (3.11)
XI(0)=c¢eR, fori=1,..,d,

where {B7(t) = (Bf(t), ..., Bj(t))* }+epo,r) stands for the polygonal approximation,
relative to the partition 7, of the standard d-dimensional Brownian motion {B(t) =
(Bi(t), ..., Ba(t))* }icpo,r); the functions by,...,bq : [0,7] x R — R and oy,...,04 :



67

[0, 7] — R are measurable while ¢ € R? is a deterministic initial condition. System
(3.11) should be thought as a Wong-Zakai-type approximation for the system of
It6’s SDEs

dX;(t) = bi(t, X (t))dt + 03(t) X (1)d By (1),
for t €]0,7] and ¢ = 1, ..., d; (3.12)
X;(0)=¢ R, fori=1,..,d.

We will assume throughout the paper the following regularity properties for the
coefficients: they guarantee the existence of a unique strong solution for (3.12]).

Assumption 2.
e The functions b(t,z), 0,,b(t,),..., 0.,b(t,x) are bounded and continuous;
e the functions o1(t),...,04(t) are bounded and continuous.

Our first main theorem concerns the existence of a solution for . It is worth
mentioning that the reduction method described above doesn’t apply to such sys-
tems, unless very particular cases are considered. In fact, the disappearance of the
translation operator mentioned before takes place only when the same one dimen-
sional Brownian motion drives all the equations in and moreover o (t) = --- =
o4(t), for all t € [0,T]. Therefore, to prove the existence of a solution for (3.11)) we
have to employ a different approach which can be summarized as follows.

Using identity (3.5) we rewrite (3.11)) as

axr - () dBT i -
L = bit, X7 (1) + o (1) X7 () B — () Dy XT(8),
for t €]0,7] and ¢ = 1, ..., d; (3.13)

X[ 0)=c¢ eR, fori=1,...d.

(Here, D stands for the Mallivian derivative with respect to the i-th component
of the multidimensional Brownian motion {B(t)};>0). If we now divide the inter-
val [0, T according to the partition m = {to,...,t5y} and search on any subinterval
Jtk, ty11] for a solution to of the form

X7 (t) = wi(t, B"(tp1) — B™(t)), T €Jte, toa] i =1,....d

7

where u; : [0,7] x R — R are deterministic functions, we see that u = (uy, ..., uq)
has to solve a semilinear hyperbolic system of partial differential equations of the

type

Owui(t, x) = —0i(t) 0y, ui(t, ) + 04(t) Frus(t, ) + bi(t, u(t, ),
for t €]ty tra],z € R and i = 1,...,d; (3.14)
ui(r,r) = a;, forz€R%andi=1,..,d.
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Here, h denotes the mesh of the partition 7w while aq, ..., oy are suitable deterministic
initial conditions. This link to the theory of partial differential equations allows us
to state our first main result whose proof can be found in Section We will deal
with a weak notion of solution, see Definition below, that doesn’t require any
Malliavin differentiability property of the solution (as it should be implied by the

last term in (3.13))).

Theorem 107 (Existence). Under Assumption equation (3.11) possesses a mild
solution {X™(t)}ieo,r) in the sense of Definition[111] below.

Our second main result shows that system is naturally connected with a
Fokker-Planck-type equation which is solved in the sense of distributions by the law
of the mild solution {X7(t)}:co,7). This establishes a further similarity between the
Wong-Zakai approximating equation and its exact counterpart . This
theorem generalizes the one obtained in [50] for the scalar problem (3.3). The proof
is postponed to Section

Theorem 108 (Fokker-Planck equation). The law
pr(t, A) = P(X™(t) € A), tecl0,T],Ac BR?

of the random vector X7 (t) solves in the sense of distributions the Fokker-Planck
equation

d *
<8t + Z oi(t)z;g5(t xl)ﬁimj + Z bz-(t,x)ﬁxi> u(t,r) =0, t€[0,T],r€R%.

1,7=1 =1

(3.15)

Here, g;; : [0,T] x R — R is the measurable function defined in (m and

below.

Lastly, we present the convergence of {X™(t)}icp,m) towards the solution of the Ito
equation (3.12)), as the mesh ||| of the partition 7 tends to zero. For the proof the
reader is referred to Section B.A

Theorem 109 (Convergence). The mild solution {X™(t)}icjor) converges, as the
mesh of m tends to zero, to the unique strong solution {X(t)}cpo,r of the Ito SDE

(3.12). More precisely,

lim E[|XT(s) — Xi(s)|]] =0, forallte[0,T].

=0 &=

Remark 110. In the next chapter we will a similar idea and approach to Ito-type
stochastic differential equations driven by fractional Brownian motions (see Section
6.1 in [51]).
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The paper is organized as follows: in Section 2 we describe our framework and
formalize all the mathematical concepts utilized in the introduction to present the
problem; Section 3 contains the most novel part of our paper that consists in the
link between the Wong-Zakai equation and the semilinear hyperbolic system
of partial differential equations ; here, we describe in details the construction
of the mild solution {X7(t)}c0,77; in Section 4 the proof of Theorem [108| on the
Fokker-Planck equation passes through a careful interplay between the Gaussian
nature of the noise and structure of the hyperbolic system; Section 5 concludes the
manuscript with the proof of Theorem [L09| which greatly benefits from the notion
of mild solution introduced in Section 2.

3.2 Notation and preliminary results

In this section we set the notation and prepare the ground for proving our main
theorems. We fix a positive time horizon 7" and a dimension d € N. Let (2, F, P)
be the classical Wiener space over the time interval [0, 7] with values on R? (see

section [2.1.2); we denote by {B(t) = (B1(t), ..., Ba(t))* }iejo,r] the coordinate process,
le.
B(t): Q —R?
w i B(t)(w) = w(t);

by construction, {B(t)}icp1 is a standard d-dimensional Brownian motion.
We choose a finite partition 7 := {¢o, ..., tx} of the interval [0, 77, i.e.

O=tiy<ti<---<ty=T,

and set ||7|| := maxgeqo1,.. N} [tk — te—1|. The real number ||7|| is called mesh of the
partition 7. We will assume without loss of generality that the partition is equally
spaced, i.e. t;, = %, for all k € {0, ..., N}; in this case we simply have ||7|| := ]Zv but

we will continue to use the notation m = {to,...,tx} and ||7||.
We associate to the partition 7 the polygonal approximation of the Brownian motion

{B(t) }iepo:

t—t

tpy1 — Tk

t—t,

B(tk+1), ift e [tk, tk—H[ (316)
ler1 — Uk

B™(t) := (1 — ) B(ty) +

and B™(T) := B(T). It is well known that for any € > 0 and p > 1 there exists a
positive constant Cj, 7. such that
1/p
> S Op,T,E

(E

sup [B(t)" — B(t)[" Ve

te[0,T

g
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We refer the reader to |15, Lemma 11.8 | for a sharper estimate. For i = 1,...,d, we
set

t
Yi(s,t) = / oi(r)ydr, 0<s<t<T, (3.17)
and observe that
t ) ts : tj+1 . t .
/ oi(r)Bl (r)dr :/ oi(r)Bl (r)dr + / oi(r)BlI (r)dr + - - - + / oi(r)BI (r)dr
s s t; ti

By(t;) — Bz‘(tj—jl) Bi(tj1) — Bi(t)
h

:21(5, t]) :

+ Lt 1)
Bi(t) — Bi(t)

h Y
whent;, 1 <s<t; <--- <t <t, for some j < kin {1,...,N —1}. In particular, if
S, t € [tg, try1] for some k € {0, ..., N}, the last expression simplifies to

/ o5(r) BT (r)dr = zi(s,t)Bi(t’”l)h_ Bilt)

D (t 1) (3.18)

It is important to remark that according to (3.18) the quantity fst o:(r)BF (r)dr is a
linear combination of independent Gaussian random variables with

E Ut Ui(r)BZr(r)dr} —0

(/ ‘7@'(7’)3?(7”>dr> ] - % (Zils,t5)% + ity tyn)? + - - -+ Bty 1)°)

and

E

We now set

o ST 2
S,ZT(S, t) — efst oi(r)B] (r)dr—%E[(f: oi(r)B] (T)dr) ]

and observe that if s,t € [ty, tg11], for some k € {0,..., N}, we get

E7(s, 1) = eSilot) LD w42

2 ? °

It is easy to verify, using the independence of Brownian increments on disjoint
subintervals [t, t;11], that

EF (s, t5)ET (th,t) = EF (s, 1) (3.19)

when s <t <t for some k € {1,..., N — 1} and s,t € [0, 7.

A key role in the following will be played by the notion of Wick product (see sec-
tion . For the sake of completeness we briefly remind two particular cases of
proposition and theorem [100)
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e if X belongs to the Sobolev-Malliavin space D'?, for some p > 1 , and f €
L*([0,T1]) is a deterministic function, then

Xo/Tf(t)dBi(t) =X /T f(t)dB;(t) — DY X, (3.20)

with D?) being the directional Mallivian derivative with respect to the i-th
component of the multidimensional Brownian motion {B(t)}:>o in the direc-
tion f;

o if X € LP(Q), for some p > 1, and s,t € [ty, txs1], for some k € {1,...; N — 1},
we set

X o & (s,t) :=T_,, x. X - EF(s,1), (3.21)

where T_,, ;. stands for the translation operator

(T_g o X)(w) = X (w _ e¥ /0 | 1[tk7tk+l](r)dr> L (322)

Here, {e1, ..., €4} denotes the canonical basis of R? (recall that we are working
with a d-dimensional Brownian motion and hence T_,,  acts only on the i-th
component of {B(t) }ejo.17)-

We observe that both definitions (3.20) and (3.21]) are actually consequences of the
general definition of Wick product: the first one being related to the interplay be-

tween Wick product and Skorohod integral (e.g. theorem and the latter being
nothing else than Gjessing’s Lemma (recall the use we made of that in the introduc-
tion).
It is known (see for instance |16, Theorem 14.1 (vi)|) that the translation operator
maps LP(§2) into L9(Q2), for all ¢ < p; therefore, since E7(s,t) € LP(Q) for any p > 1,
we conclude that X o E7(s,t) belongs to L%(2), for all ¢ < p. It is immediate to
verify using definition (3.21)) that
51.71'(3’t)<>€;.r(57t):gf(s’t)-gj(sjt), if @ # 7,

and

gzr(s,tk) ngr(tk,t) = EZF(S,tk> : gzr<tk7t) = gzr(s,t), if s < tr <t < tht1-

By means of the last identity we can extend definition (3.21]) to the case where s
and ¢t do not necessarily belong to the same subinterval [t, ¢, 1]. In fact, assume
that t,_1 < s <t <t <{1gyq: then,
X o&T(s,t) :=(X o0& (s,tx)) 0 E (g, 1)

:(T—0i7k—1X ’ gz‘ﬂ(sa tk)) < gzﬂ(tlﬁ t)

:T—Uuk(T—Uz‘,k—lX ’ g;r(sv tk)) ’ g;r(tkv t)

:T,Ui,kT,%k,lX . SZT(S, f}k) : (‘:Zr(tk, t)

:T_JhkTJi,k_lX . Sf(s, t)
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The transformation (3.21)) inherits from the translation operator a monotonicity
property:

if X <Y, then X 0&7(s,t) <Y o0& (s,1).
In particular,

X 0 E7(s,1)] < |X| o EF (s, 1). (3.23)

We are now able to formalize the solution concept that we utilize for solving (3.11).

Definition 111. A d-dimensional stochastic process {X™(t)}ico1) is said to be a
mild solution of equation (3.11) if:

1. the function t — X™(¢) is almost surely continuous;

2. fori=1,....,d and t € [0,7T], the random variable X;(¢) belongs to L?(2) for
some p > 1;

3. for i =1,...,d, the identity
¢
X7 (t) = & (0,1) +/ bi(s, X™(s)) o0& (s,t)ds, te€][0,T], (3.24)
0

holds almost surely.

Remark 112. The way one can go from (3.11) to (3.24) is pretty similar to the
reduction method described in the introduction for the scalar case. Namely, if we
Wick-multiply by ET(0,¢) both sides of

dX7 (1)
dt

dB (1)
dt

=bi(t, X7(t)) + 0:(t) X[ (t) ©
and employ the properties of Wick product mentioned there, we will end up with

the corresponding multidimensional analogue of (3.7)), i.e.

47 (1)
dt

=b;(t, X" (t) © ET(0,1)) ©EI(0,1), (3.25)
where
XT(t) .= X[ (t)oE(0,t), tel0,T).

1

We now write (3.25)) in the integral form

1

XT(t) =¢ + /t bi(s, X7 (s) o & (0,5)) ©ET(0,s)ds;
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this identity together with
X7 (t) = &7 (t) o £7(0, 1),

gives
t
X7 (t)©oEF(0,t) =¢; + / bi(s, X7 (t)) ©EF (0, s)ds.
0

If we now Wick-multiply both sides above by £7(0,t), we obtain (3.24). We recall
that the application of Gjessing’s Lemma here doesn’t reduce the previous equation
to a random ordinary differential equation and hence to prove the existence of a
solution for we have to resort to the technique described in the next section.

3.3 Proof of Theorem 107

3.3.1 An auxiliary semilinear hyperbolic system of PDEs

To prove the existence of a mild solution for equation (3.11)) we introduce the fol-
lowing auxiliary semilinear hyperbolic system of partial differential equations

Owui(t, x) = —0i(t) 0y, ui(t, ) 4 04(t) Frus(t, ) + bi(t, u(t, x)),
fort €|r,Rl,x € R and i = 1, ..., d; (3.26)
ui(r,z) =z, forz € R¥andi=1,..,d,
where aq, ..., ag are constant initial conditions and h denotes the mesh of the par-
tition under consideration. The validity of Assumption [2 implies the existence of
a unique classical solution for the Cauchy problem (3.26|) (see for instance [52] and

[53]).
Now, if u solves (3.26)), then from the trivial identity

= ET R _l=?
O, | wi(t,x)e™ 20 | = Oy, ui(t, x)e” 2% —Eui(t,x)e 2h

we can argue that the function

||

2
v(t,x) ;== u(t,x)e” 2, tec[r, R],z R, (3.27)
is a classical solution of

Oi(t,x) = —0y(t) 0y, vi(t, ) + b; (t, v(t, x)eT> e’%,
J,

O
for t €]r,R),x e R and i = 1, ..., d; (3.28)
[

vi(r,z) = aue” 2, forz € R7andi=1,..,d.
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Rewriting system (3.28)) in the mild form

_le=%irt)e
vi(t, ) = aue 2h

2
|z (s, )]

z—3; (s, 51'2 i(s,
+f: b; (t,v(s,:c - Ei(s,t)ei)el S > e~ = ds

forter, R,z €R%andi=1,..,d,

(recall the definition of ¥;(s,¢) in (3.17)) and using identity (3.27)), we obtain that

u solves

_l=? _lz=re)?
wi(t,x)e 2 = aue 2h
le—%; (s,t)e;12

+ 7 b (uls,w = Si(s, )e)) e ds
forter,Rl,z€R%andi=1,...,d,

or equivalently,

ui(t, ) = ayen S =g Ti(rt)?
00 (tu(s, o — Bi(s, t)e)) e TS50 g (3.29)
forte[r,R,z€R%andi=1,..,d.

Note that from the previous identity we get the estimate

i t, )| <Jole 0o =0

/ b (£ u(s, 2 — Su(s, £)e;)) [e 7S 0=F (s g
§|Oéi|67izi( r,t)— E (r,t)? + M/ Si(s,t)— 2h (S’t)2d8
<| ;e =it —|—M/ en Tt s, (3.30)

Here, M denotes a positive constant satisfying |b;(t,z)] < M, for all t € [0,T],
reRandi=1,..,d.

3.3.2 Construction of a mild solution for [3.11]

In the sequel, in order to stress the dependence on specific initial conditions, we will
write

u(t, z;r, @) = (uy(t, z;7, @), ..., ug(t, z;r, Q) t€r R,z cR?
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to denote the unique classical solution of (3.26]). We define the process { X7 (t)}+cpo,n
inductively:

u(t, B(t)); 0, ¢), it t € [0,t);
u(t, B(ts) — B(t1); t1, X™(t1)), if t €]ty to]:

X" (t) = ’ ’ (3.31)
u(t, B(T) — B(tn_1);tn_1, X" (ty_1)), ift €lty_1,T].
We now verify that X (¢) is a mild solution of (3.11)), that is we check the conditions
of Definition [Tl

The almost sure continuity of ¢ € [0, 7] — X (t) follows immediately from the conti-
nuity of ¢ € [r,T] — u(t,z;7,«), for all x € R? and o € R? (u is a classical solution
of (3.26)) and the fact that for all k € {1,..., N — 1} we have by construction

lim X7 (t) = lim X™(¢).

- +
t—t, t—t)

We now verify that X™(t) € LP(Q), for some p > 1 and all t € [0,T]. If t € [0,¢4],
then by the definition of X™(¢) and estimate (3.30|) we can write

R

=lu(t, B(t1); 0, c)|

<Je;|e HEEOD +M/ PS04,

and hence

t
Bi(t1) s~ Bi(t1) 5~
X5 @)ooy <leille hlzz“’“umﬁM / 520 g ds

pz 1(0,8)2 pz i (s, t)2
=lgle?" 2 + M [ e

3,(0,t)2

=|c;|eP™ 2 —i—MteﬁS“pse[OvtlEi(s’t)Q. (3.32)

This proves the membership of X7 (¢) to LP(Q2), for all ¢ = 1,...,d, t € [0,¢;] and
p > 1. Let us now take t €lt,ts]; again, by the definition of X™(¢) and estimate
(3-30) we can write

| X7 ()] =[u(t, B(ta) — B(t1);t1, X" (t1))]

t
Bi(t2)=B;(t1) s Bj(t2)=B;(t1) v,
<IXT(t)e 7 2z<t1"f>+M/ e ey,
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and hence, using Holder inequality,

t
Bi(t2)—B;(t1) ¢ Bi(t2)=B;i(t1) s
IXT ()l zo) STt 7 20 g +M/ le™ 7R |y ds

i (t2)—B; ( ) i (t2)—B; ( )
<X () oy lle o m T “”\ +M / [

l< t>2

- q z(t1 t)2 p
<[ X7 @) || 2aeye? +M [ e

1 Ei(t1, t)

0 ™5 4 20— e

This last estimate combined with provides the desired upper bound for
| X7 (t)||Lr() on the interval |¢;,¢5]. It also clear that in a similar manner one ob-
tains analogous estimates for the LP(§2)-norm of X;(¢) on any subinterval |ty, tx1]
for k =2,...,N — 1.

We are left with the verification that {X™(¢)}icpo as defined in (3.31) satisfies

identity (3.24). To this aim we prove the following auxiliary result.

Proposition 113. Identity (3.24)) is equivalent to

X,Zr( ) Xﬂ(tk 1) <>€ (tk 1, )—{-/t bi(S,Xﬂ(S)) ogf(s,t)ds, t e [tk_l,tk],
o (3.33)

forallk € {1,...,N}.
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Proof. Assume identity (3.24)) to be true; then, for ¢ €]t)_1, tx] we can write
t
X7 (t) =c;E7(0, ) +/ bi(s, X™(s)) o E(s,t)ds
Otk,1 t
=¢;E(0,1) + / bi(s, X™(s)) o ET(s,t)ds + / bi(s, X™(s)) © ET (s, t)ds
0 tk—1
lk—1
=¢;ET(0,t,_1) © ET (L1, )+/ bi(s, X™(5)) 0 ET (s, tp_1) 0 ET (tr_1,t)ds
0

/ (s, X7(s)) 0 & (s,t)ds

=¢;E(0,th—1) 0 E (ty—1,t) +

c\

(S Xﬂ( ))05 (S tk 1)d ) Ogﬂ-(tk 1, )

VA

/ (5, X7 (s)) 0 £7(5, 8)d
~ () + [ b X6 0 st ) 0 €700
/ (5, X7(5)) 0 £ (s, )ds

t
:Xf(tk_l)ogf(tk_l,t)—l—/ bi(s, X™(s)) 0 E (s, t)ds.
tp—1

This proves (3.33)). If we now start from (3.33) and replace iteratively X (tx_1) with
lk—1
X7 (ths) 0 £ (ths, tir) + / bi(s, X7(s)) 0 £7 (s, £)ds
tp—2
and then replace X (tx_2) with
tp—2
X;r(tk_g) <& gzr(tk_g, tk_g) + / bi(S, XW(S)) <& S;r(s, t)dS,
t

k-3

and so on, we will end up with ([3.24)). O

Remark 114. We observe that according to the definition of X™(¢) in - for any
ke{l,..,N} and t < t;_; the random vector X™(¢) depends only on the Brownian
increments on the intervals [0, ¢1],...,[tx_2, tx_1]. Therefore, the term

er(tk—l) <& gzr(tk_l, t), t E]tk_l, tk]
in (3.33]) can be rewritten for our particular mild solution as

X;r(tk_l)gzr(tk_l, t), t E]tk_l,tk].
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In fact, according to ([3.21]) one has

X (te—1) 0 & (tee1,t) = Tg o1 X (th1) &7 (tr—1, 1)
= X (tp-1)ET (tr—1,1).

(The translation acts on a part of Brownian path which is disjoint from the incre-
ments on which X7 (¢;_1) depends).

We are now ready to prove that X7™(t) defined in ([3.31]) verifies identity ((3.24])
through the equivalent equalities (3.33). Let ¢ € [0,¢;]; then, identity (3.29) and

definition (3.31]) give

Bilt) s, 0,t)— & %4(0,t)

=ce h
/ C(tu(s, B(th) — Si(s,t)es 0, ¢)) e 7 SilsD =30 g
=¢;ET(0,1) —i—/ b; (t,u(s, B(t1) — 3i(s,t)e; 0,¢)) E (s, t)ds
=;E](0,1) +/ T_s,00; (t,u(s, B(t1);0,¢)) & (s, t)ds
0

=¢;E(0,1) +/ b; (t,u(s, B(t1);0,¢)) ¢ ET(s,t)ds

This corresponds to (3.33]) for ¢ € [0,¢;]. Let us now consider the general subinterval



Jtk, tisa], with k& € {1,..., N — 1}; identity (3.29)) and definition (3.31)) give

X7 () =uilt, B(tka) — Bltw); te, X" (1))

Bi(tgy1)—Bi(tg)

X (e hE e St~ g Bt )’

t
+/ b (t, u(s, B(tkt1) — B(te) — Bils, t)es; te, X7 (tk))) ¥
tg

« @B(tHlf)L B( tk)z( - St)2d8

=X7(tr)E (tr, 1)

+ /t b; (t,u(s, B(try1) — B(tr) — 2i(s, t)ei tr, X™ (L)) EF (s, t)ds

173
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t
=X7(tr)E (tr, 1) +/ T_o,k0i (£, u(s, B(tri1) — B(te);te, X" (te))) & (s,t)ds
tg

:X?(tk)gzr(tk,t) + /t bz (t,u(s, B<tk+1) — B(tk),tk,Xﬂ(tk») OgZT(S,t)dS

ty

t
=XT(tg)ET (tg, 1) +/ b (t, X™(s)) 0 E (s, t)ds.
tr
This corresponds to (3.33)) and the proof is complete.
3.4 Proof of Theorem

Let ¢ € C2(]0,T] x R%); then,

0

—~

(T, X™(T)) = ¢(0,¢)

@(tkza X™(tr)) — p(tr—1, X" (tk-1))

Z/ Z@IZ t U t B tk) B(tk_l);tk_l,XW(tk_l)))

klzl

- X Oy (t, B(tg) — B(tk—1); tk—1, X" (te—1))dt.

d

[atgp t XW )) Z@CCZgO(t,XW(t))%XZT(t) dt

i=1

?TMZ i Pnﬂz ||M2

t‘P t Ut B(tk) B(tk 1) tk_1,X7r(tk_1)))dt

To ease the notation, we now suppress the explicit dependence on the initial con-
ditions in the function u and set Z(k) := B(tx) — B(tx—1); therefore, the previous
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identity reads

0= Z &ggotutZ( dt+ZZ/ O, p(t, u(t, Z(K)))Opus(t, Z(k))d.

k=1 Y tk—1 k=1 i=1

(3.34)

We recall that u; is a classical solution of (3.26)) and hence we get

Owui(t, Z(k)) = —0y(t)0p,ui(t, Z(k)) + o4(1) Zi}(lk)ui(t, Z(k)) + bi(t,u(t, Z(k))).

Substituting this identity into (3.34]) yields

0= Z/t lﬁtgotutZk)))d
—ZZ/ Do (b, u(t, Z (k) ()it Z (k) )l

k=1 i=1

+ZZ/ 0ot utt, 2o N, 20

k=1 i=1

+ ZZ Op,o(t,u(t, Z(k)))bs (t, u(t, Z(k)))dt

k=1 i=1 Y tk—1

=A-B+C+D,

where

N

A= Z t at<p (t, u(t, Z(k)))dt,
k=1 Ytk-1
N d

B = zz/ Dot ult, Z(K)))os(1) s, Z() )t

=3y / 0. o(t.utt. 20 2 w1,z
N d

D= ZZ/ O, p(t, ult, Z(k))bi(t, u(t, Z(k)))dL.

k=1 i=1

We now take the expectation of the first and last members above and get

0 = E[A] — E[B] + E[C] + E[D). (3.35)
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Let us analyse E[C]:

Mg_

-3}

/ E[% (t,u(t, Z(k)))o (t)Zi}(lk)ui(t,Z(k:))] dt
=§i/ E[ {wtu(t 20 21, 2(k)| 7 1”d;

(3.36)

here { F }1¢(0,71 stands for the natural filtration of the Brownian motion { B(¢) }+ejo 7.
We remark that u(t, Z(k)) depends implicitly also on the increments Z(1), ...., Z(k—
1) through the initial condition; however, these increments are measurable with re-
spect to the sigma-algebra }—tf,l- Therefore, the conditional expectation can be
computed as follows

E{axigo(t,u(t,zw)))ai(t)@ i(t, Z(k))|F }
o—z12/2h

)(27rh)d/2 du

Dr o, ult, 7))o (8) S (t,
]Rd h

o—lal?/2n
_ /R Dt ult, ) (), 2)0, <W> d
o—ll? /20

_ /R (000, Oapltsult 2)) st 2)) (s

e_|$|2/2h

d
_ ; /R 00,001, 2))0. 0,42l 2)

o~ lzl?/2h
+ /Rd O—z<t)ax190(t7 U(t, x))al“zul(t’ .T) (27Th)d/2 d[L’

=K

d
Y ()0, 0up(t ult, Z(K)))Oru (¢, Z(K))uilt, Z (k)| Fiy 1]

J=1

fB

t— 1];

+E [ 0i(1)0n (0, ult, Z(K))0u,ui(t, Z(K))
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in the third equality we performed an integration by parts. Inserting the last ex-
pression in (3.36]) gives
e T Zi(k)
EC)=> ") t E |E | Dup(t ult, Z(k))ou(t) =it Z(R))| Fiy_, || dt

- ' /tk E Zm(t)ﬁxj(‘?xigo(t,u(t,Z(k)))amuj(tz(k))ui(t’ Z(k))

Lj=1

dt

/k E [0i(t)0z; 0 (t, ult, Z(k))) 0z, ui(t, Z(k))] dt.

k=1 i=1 7 tk—1

Note that last term above coincides with E[B] which appear with a negative sign in

(B:35): hence,

E[B] + E[C]
=3 / B [03(0)02, e, ult, Z06)) D (6 Z () uslt, Z(1))]

Before recollecting all the parts of our computation, we make a further step; if we
denote by g}fj) the sigma algebra generated by the random variable w;(t, Z(k)), for
t € tp-1,ti], k=1,..,N and i = 1,...,d, we can rewrite the expectation inside the
integral above as

E [03()0s, 0, 0(t, u(t, Z(k)))Op,u;(t, Z(k))ui(t, Z(k))]
:EE@t@%( @ﬂ»%wwﬂmzt%ﬁ

Z
Z(k))
A

ui(
= E |01(t)0s, 00, ot ut, Z(K))Jus(t, Z(k E[amu](t,
=E Ul(t)azﬁzz (t,ult, Z(k))uilt, Z(k))gls (t, ui(t, Z(k))

(k)

where g;;” : [tg—1, ;] xR — R is a measurable function, whose existence is guaranteed

by Doob’s Lemma, chosen to satisfy

9, wit, Z(k))) = E |9pus(t, Z(k))

], (3.37)
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Now, starting from ([3.35)) and using the last two identities we obtain

0 =E[A] — E[B] + E[C] + E[D]

-y /t " Bl (t, ult, Z(K)))dt

k=1 -

+ Z Z / ) E [Ji(t)axjami90<t7 U(t, Z(k)>>uz(t7 Z(k))gz(]k) (tv ui(ta Z(k)))] dt

k=11d,j=1" k-1

N d tr,
S / B[O, (¢, ult, Z(k))bi(t, ut, Z(k)))dt

1 i=1 Ytk-1

> / b E [o—i(t)axjamigo(t,)(ﬂ(t)) x7(t)gM ¢, Xiﬂ(t))] it

k=11d,j=1" k-1

£y / E [03(8)0, O, ot X7 (1) XT (£)915(, X7 (1))]

3,j=1

T d
[0 Bl X7 @) X0
0
where g;; : [0,7] x R — R is defined by

9ii(ty) = g (ty), it € [, ). (3.39)

Observe that the last member above contains expectations of functions of the random
vector X7 (t), for t € [0, T]; therefore, writing the law of this random vector as

pr(t, A) == P(X™(t) € A), Ae B(RY),
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we can write

0 :/ 8tg0(t x)dp”™ (t, x)dt + Z / / t)0y, 00, (L, ) 23935(t, 25)dp”™ (t, z)dt
0

4,7=1
d T
+Z//@mwwmm%mﬁ
i=1 0 R
T d
=/t/[&ﬂt@+}:mwﬁw¢@@%%@w0+®wwﬂwwx»dﬁﬁwﬂt
0 R4 ij=1

The last equalities hold for any test function ¢ € C2(]0,T] x R?) and this completes
the proof of Theorem [LOS]

3.5 Proof of Theorem 109

The aim of this section is to prove that the mild solution of

axy ™ ™ dBf
a0 = bt X7(1) + ot X7 (1) o T,
for t €]0, 7] and ¢ = 1, ..., d; (3.39)
X[ 0)=c¢eR, fori=1,...d,
as defined in (3.31]), converges in L'(2) to the unique strong solution of the Ito6
SDE

dXi(t) = bi(t, X (t))dt + o:(t) X;(t)dB;i(t),
for t €]0, 7] and ¢ = 1, ..., d; (3.40)
X;(0)=¢ eR, fori=1,..,d.

First of all, by means of the Itd formula we rewrite equation (3.40f) in a form that
resembles identity (3.24)). In fact, setting

Ei(s,t) 1= e~ Ja 0B =5 [[oit)®dr g < g <4 < T,
and

Eis,b) = elsoiMdBi(r) =3 [Joi(mPdr g < g <t < T,
we write

d (Xi(t) ©Ei(0,t)) =d(T,, Xi(t) - Ei(0, 1))
ZE(0,4) - dT, Xi(t) + T, X(t) - dE:(0,1)
- dT, Xi(t) - dE5(0, ).
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Now,
ATy, X;(t) = [bs(t, To, X (1)) + 04(t)* T, Xi(t)]dt + 0:(t)T,, Xi(t)dBi(t),
dEi(0,1) = —03(H)E:(0, )dBy(t),
and hence
d (X,(t) o E5(0,1))

= [bi(t, T, X (£))Ei(0, 1) + 04(t)* T, Xi(1)Ei (0, 1)]dt + 03 (t)To, X (t)E; (0, t)d B (t)
— (1) Ty, Xi()E:(0,8)dB;(t) — 04(t)*T,, Xi(t)Ei (0, t)dt
= b;(t, Ty, X (t))E; (0, t)dt
= bi(t, X (t)) o E;(0,t)dt.

This is equivalent to

X;(t) ©E;(0,t) = ¢; + /Ot bi(s, X(s)) ©E;(0, s)ds,

or

t

bi(s, X (s)) ©E;(0,s) ¢ &(0,t)ds

t

bi(s, X(s)) o & (s, t)ds.

Xz(t) = ciEZ-(O, t) +

S— S—

Here, we utilized the equality
EZ<O,t) 051'(0, t) = 1, for all t € [O, T]

Therefore, the solution of the Itd6 SDE ([3.40f) verifies the integral identity

Xi(t) = ¢;&(0,t) + /t bi(s, X(s)) o &(s,t)ds, (3.41)
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for all t € [0,T] and i = 1, ...,d. We are now ready to prove the convergence:

| X7 () — Xi(t)]

¢ (EF(t,0) — &(0,1)) + /0 bi(s, X7(s)) 0 & (s,t) — b; (s, X(s)) 0 &(s,t)ds

< |ei] |EF(0,8) — &(0,8)] + /Ot 1ba(s, X7 (5)) 0 EF(5,1) — b (s, X (5)) © Ex(s, )| ds

< [oi] 1E7(0,1) — £,(0, )] + /Ot 1bi(s, X7 (5)) 0 E7 (5, £) — bils, X (s)) o E(s, )| ds
b [ I X69) 0 €75.8) = by (5. X)) (5.0 s

< 616700 = E0.00+ [ (s, X7(6) = i, X(6)) €751

+/0 b; (s, X (5)) © & (s,t) — b (s, X(s)) o &i(s,t)| ds
<|eil EF(0,t) — E(0,¢)] + L/O Z | X7 (s) — Xj(s)| 0 & (s, t)ds

+/0 |bi(s, X (s)) o (& (s,1) — Ei(s, 1)) ds;

In the last two estimates we utilized inequality (3.23]) together with the Lipschitz
continuity of b, which is implied by Assumption [2 We now take the expectation of
the first and last members above to get

E[IX7 (1) — Xi(1)]]

< IelE €70, = 0.0 + L [ SEIXT(s) - X,05)]] ds

0

n / E [[bi(s, X(s)) o (€7 (s, ) — E(s,1))]] ds.

The previous inequality is valid for all i = 1,...,d and ¢ € [0, T]; therefore, summing
over i and setting
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we obtain
K1) <3 lelB(€70,0) — £(0,0)] + Ld/o X" (s)ds
=1 ] t
+ZAEmammw$@W¢@mws
M (t) + Ld / X7 (s)ds,
with

M (t) :ZZ |GIE[IE7(0,8) — &£(0,1)]]

d t
£ 37 [ Bl X)) o € (5.0) - i) ds.
i=1 70
According to Gronwall’s inequality the previous estimate yields
t
X7(1) < M™() + Ld / M (s)eb0-9) g (3.42)
0

the proof will be complete if we show that M™(¢) is bounded for all ¢t € [0,7] and
any finite partition 7 and that

lim M™(t) =0, foralltel0,T];

[[]|—=0

this will allow us to use dominated convergence for the Lebesgue integral appearing
in (3.42)) and conclude that

lim X7(t) = lim S E[|X7(s) — Xi(s)]] = 0.

[|(|—0 fl7ll—0 <=
=1
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We start with the boundedness:
<Z lci (B [IE7(0,8)[] + E [|€:(0,8)]])
+ Z/o E|bi(s, X (s)) o & (s,t) — bi(s, X (s)) © &E(s,1)]] ds
<2 Z lei| + Z/o E[|bi(s, X (s)) 0 ET (s, t)|]] + E[|bi(s, X (s)) o Ei(s,t)]] ds
zzl zzl t
S2Z|C¢| +Z/O E[|bi(s, X(s))] 0 & (s,t)] + E[|bi(s, X (s))] © Ei(s, 1)] ds

d
<2 ai| + 2dMt.

i=1

We now check the convergence:

lim M = lim Z|CJE 1E7(0,t) — &(0,1)]]

||7T||—>0 e =0

+hm§;/ [16: (s, X (5)) © (E (s, ) — &E(s,1))|] ds

||| —0

=3 lim / [bi(s, X () o (7 (s, ) — Ex(s, 1))} ds.

— ||| =0
=1

We now prove that we can take the last limit inside the integral; first of all, note
that the integrand is bounded: in fact,

E{[bi(s, X(s)) o (& (s, 1) — Eils, 1) [] =E[[bi(s, X (s)) © E(s,) — bi(s, X(s)) © Ei(s, 1)]
<E[|bi(s, X (s)) o & (s, 1)[] + E[[bi(s, X (s)) © Ei(s, 1)]]
<E[|bi(s, X(s))] o & (s,8)] + E[[bi(s, X (s))] & Eils, 1))
=E[[bi(s, X ()] + E[[bi(s, X (s))]]
<2M.

We proceed by proving that

lim E[|bi(s, X (s)) o (E7(5,) — E(s,1))[] = 0.

[[x]|—=0
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Let us rewrite the expected value as follows:

E{[bi(s, X(s)) o (& (s,1) — Ei(s, 1))]]

= E[bi(s, X(s)) 0 & (s,1) = bi(s, X(s)) © Ei(s, 1)]

= E[|To, xbi(s, X (5))&] (5, 1) — To,bi(s, X(
S E([To;xbils, X ()] (s, 1) — To,bils, X (s))E] (s
+ E[|T,,bi(s, X(s))E(s,t) — Ty,bi(s, X(5))E(s,

= E[[bi(s, To, X (5)) — bi(s, To, X (5))|E] (s, 1)]
+E[|bi(s, To, X (5))[|E] (5, 1) — Eils, 1)]]

< LE[|To, x X (s) — T, X (5)[E] (5, 2)]
+ ME[|E] (s, 1) — Ei(s, )]

Hence,

lim [ [[bi(s, X (s)) o (€7 (s,1) — Ei(s,1))]]

[[=[[—0

< lim LE [T, - X(s) — To. X(5)|E7 (s, )]

[|7]|—0
+ lim ME[|E(s,t) — &(s,1)]].

[[7]|—=0

By the properties of the translation operator,

lim T,, »X(s) =Ty X(s), in LP(Q) for all p > 1;

on the other hand

lim & (s,t) = &(s,t), in LP(Q) for all p > 1.

lI=ll—0
These two facts imply

lim LE[|T,, X (s) — Tp, X (5)|EF (s,1)] = 0,

[[x]|—=0

completing the proof.
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Chapter 4

Wong-Zakal approximations for
quasilinear systems of Itd’s type
fractional stochastic differential
equations driven by fBm

Based on : Scorolli, R. (2021). Wong-Zakai approximations for quasi-
linear systems of Itd’s type stochastic differential equations driven by
fBm with H > 1/2. To appear in Infinite Dimensional Analysis, Quantum
Probability and Related Topics.

Abstract

In a recent article Lanconelli and Scorolli (2021) extended to the multidimensional
case a Wong-Zakai-type approzimation for Ito stochastic differential equations pro-
posed by Oksendal and Hu (1996). The aim of the current paper is to extend the latter
result to system of stochastic differential equations of Ité type driven by fractional
Brownian (fBm) motion like those considered by Hu (2018). This extension is not
trivial since the covariance structure of the fBm precludes us from using the same
approach as that used by Lanconelli and Scorolli. Instead we employ a truncated
Cameron-Martin expansion as the approximation for the fBm. We are naturally
led to the investigation of a semilinear hyperbolic system of evolution equations in
several space variables that we utilize for constructing a solution of the Wong—Zakai
approximated systems. We show that the law of each element of the approximating
sequence solves in the sense of distribution a Fokker-Planck equation and that the
sequence converges to the solution of the Ito equation, as the number of terms in the
expansion goes to infinite.
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4.1 Introduction and statements of the main re-
sults.

Our aim is to extend the results introduced in the last chapter to the case in which
the equations are driven by a fractional Brownian motion (fBm for short) with
Hurst paramenter H > 1/2 as those considered by [51]. We stress the fact that the
approach proposed in the previous chapter is not entirely suitable for this particular
situation; in specific the independence of the Brownian increments was a key part
in the proof we proposed, and it’s well known that the fBm does not posses this
desirable property.

To overcome this difficulty we introduce the following Cauchy problem

dt

PO b1, X5(1) + 00X (1) 0 PO 1 €0, T] 1)
X;(0)=¢ eR, for ie{l,..d} '

where {B#%(t)}iej0 stands for the truncated (up to the K-th term) Cameron-
Martin expansion of the d-dimensional fractional Brownian motion { B¥ (¢) }1ejo7y(see
equation for the definition), the coefficients b : [0,T] x RY — R4, ¢ : [0,T] —
R? satisfy certain condition which will be specified later on, while ¢ € R? is a
deterministic initial condition.

We must interpret (4.1) as Wong-Zakai approximation of the stochastic Cauchy
problem of the It6 type:

{dXi(t) = bilt, X (£))dt + 0;(t) X;(1)dBL (1), t €]0,T] 2)

X;(0) =¢; €R, forie{l,..,d}.
It’s important to stress the fact that (4.1)) is not a system of random ordinary differ-

ential equations, but rather an evolution equation involving an infinite dimensional
gradient (see for instance |51, equation 1.5]).

Throughout this chapter we will assume that the coefficients b and ¢ posses enough
regularity to ensure that the Cauchy problem (4.2)) has a unique strong solution (e.g.
[51]). This conditions could be summarized as

Assumption 3.
o The functions b(t,z), 0,,b(t,x),..., 0.,b(t,z) are bounded and continuous;
e the functions o1(t),...,04(t) are bounded and continuous.

We are now ready to state our main results; the first of which ensures the existence
of a solution for the approximating equation.

Theorem 115 (Existence). Let Assumption[d be in force. Then ([L.1)) has a mild
solution in the sense of definition 118
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Our second theorem states that the law of the approximation solves in a distribu-
tional sense a Fokker-Planck-like equation.

Theorem 116 (Fokker-Planck equation). The law
pf(t,A) =P{w e Q: XE(t,w) € A}), te€]0,T],Ac B(RY

of the random vector X*(t) solves in the sense of distributions the Fokker-Planck
equation

<8t+zzgz Ck Zgzk t:L’aZ +Zb tIL‘ ) u(t,:z:):(), (t,x)E[O,T]XRd

i,j=1 k=1
(4.3)

where gi(,? : [0,T] x RT — R is a measurable function defined in (4.23)) and ¢ :
[0,T] — R is introduced in (4.7))

The third and last theorem states that the approximation indeed converges to the
strong solution of the 1t6 SDE;

Theorem 117 (Convergence). The mild solution {X*(t)}iepr converges as K
tends to infinite, to the unique strong solution {X(t)}cpor of the Ité SDE (4.2).
More precisely,

d
lim » E[|X(t) - X;(t)|]] =0, forallte[0,T].

K—o0
=1

4.2 Preliminaries

4.2.1 Elements on fractional Brownian motion.

In this section we will introduce the basic concepts that will be needed in order to
prove our results. For further details the interested reader is referred to the excellent
references |15][54][55].

Start by fixing H € (l 1), and let Q := Cy([0,T],R?) be the space of Ré-valued

29
continuous functions endowed with the topology of uniform convergence. There is

a probability measure P¥ on (€, B(€2)), such that on (Q, B(92), P¥) the coordinate
process B : () — RY defined as

B (t,w) =w(t), wen

is a d-dimensional fBm (c.f. section [2.1.2)), i.e. a d-dimensional centered Gaussian
stochastic process in which for each i € {1, ...,d} it holds that

E [BI()BI ()] = 5 (P + 5% ~ |t —sP"), st € 0.7),
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where from now on E denotes the expectation in the aforementioned probability
space.

Let
P(s,t) := H(2H — 1)|s — t|*72 5.t € [0,T], (4.4)

and define

Ay = {f (0. T) 5 R:|ff = / ) / * F() F(0)(s, Ddsdt < oo}.

If JZ, is equipped with the inner product

- | ' / " J()g(0)6(s. s,

then it becomes a separable Hilbert space, moreover we can see that .77 equals the
closure of L*([0, T]) with respect to the inner product (-, -),. For f € J we denote
with ®[f] : [0, 7] — R the following continuous map

0,T] 5t =R,
t»—)/ f(s

For a deterministic function f € %} we can define in the usual manner a fractional
Wiener integral satisfying the following isometry property

([ s <s>)2] 17 (4.5)

For f € #;, and i € {1,...,d} define the (fractional) stochastic exponential of f

by
) =ew{ [ 100806) - i1}

It can be shown that the linear span of & := {&(f); f € 7, i € {1,...,d}} is dense
in LP(Q2) for any p € (1,00) (e.g. [59]).

4.2.2 Approximating equation.

The first step when constructing a Wong-Zakai approximation is to choose a sequence
of smooth stochastic processes converging to the Brownian motion that drives the
original equation.
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The key feature that the approximation must have in order to employ the approach
proposed in the previous chapter is that of separating the random coefficient from
the time parameter. In the previous chapter we have employed the polygonal ap-
proximation however the independence of the Brownian increments was a key feature
when proving the result (see for instance the discussion following) and this precludes
from using the same approach.

Instead let’s assume that {eg}r>1 is a complete orthonormal system (CONS) of
the Hilbert space %, then (e.g. |56l equation 3.21] ) the d-dimensional fractional
Brownian motion has the following Cameron-Martin expansion

o0

Ty [/Ot (/OT ek(r)qb(v,r)dr) dv] /OT ex(s)dB (s), t € [0,T], for i € {1,...

k=1

d}.

From this expression it’s then straightforward to see that a natural approximation
for the fractional white noise is given by

@ = i (/OT ek(r)d)(t,r)dr) /OT ex(s)dB;' (s), t €10, 7], fori € {1,....d};

k=1

(4.6)

i.e. the time derivative of the truncated Karuhnen-Loéve expansion. The conver-
gence of this object to the “singular fractional white noise” as K goes to infinity
must be understood in a space of generalized random variables (see [56] for further
details).

Notice that due to (4.5)) and the orthonormality of {ey }r>1 if we let Z( D fo ex(s)dBH(s),

then (Z,gi)> is a family of i.i.d. standard Gaussian random vari-
. (ki) e{1,... K}x{1,....d}
ables.

For the ease of notation let
() = Ple)(-), forallke{l,. K (4.7)

and hence our approximation for the fractional white noise can be written as
d .
ng ZW te[0,7), forie {1,..,d}. (4.8)

Just as in the previous chapter we remind some properties of the Wick product that
will be used latter on:

o if X € LP(2) for some p > 1 and f € 7, we set

X o&(f) = T-ayX - &(f) (4.9)
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where T_g[f), stands for the translation operator

(T X)) =X (= [ alfioyir) . (110

Here {¢, ..., €4} denotes the canonical basis of R?. This is the fractional analog
of the Gjessing’s formula (theorem [100) From the latter we are able to see that
the Wick product with a stochastic exponential preserves the monotonicity, i.e.

if X <Y then X o &(f) <Y o&(f).

e A consequence of the latter and the density of the linear span of & is that if

g € Ay, F e LP(Q) and (D((;)F : g) . € LP(QY) for some p > 1 then

Fo /0 ' g(s)dBH(s) = F /O ' g(s)dBH (s) — (Df;)F, g)m(m) (4.11)

where Déf) denotes the ¢-derivative (e.g. [56][55]) with respect to the i-th fBm
(c.f. proposition [101]).

With all this in hand we are able to provide a solution concept for (4.1)):

Definition 118. A d-dimensional stochastic process {X* (¢)}ico77 is said to be a
mild solution of equation (4.1)) if:

1. the function t — XX(#) is almost surely continuous;

2. foralli € {1,...,d} and t € [0, T], the random variable X * (¢) belongs to L?()
for some p > 1;

3. for all ¢ € {1,...,d}, the identity

t

XE(t) = c:E5(0,1) +/ bi(s, X5 (s)) o EX (s, t)ds, t€0,T], (4.12)
0

holds almost surely, where for any ¢,r € [0,T],7 < t, EX(r,t) is a shorthand

for &0 (r,t)) where o (r,t;-) denotes the orthogonal projection of x.q04(:)

on span{ey, ..., ex } C H.

4.3 Proof of theorem 115

In order to prove the existence of a mild solution for (4.1]) we will introduce a system
of partial differential equations which is related to (4.1)) by the following heuristic
considerations.
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Remark 119. Using (4.8) and formally applying identity (4.11) we can rewrite (4.1))

as

BED = (0. X5(0) + i) Xu(1) - (Ti5 G02) — S 0:(0G(0) (DY Xil0). 1)
t €]0,T]
X;(0) =¢; €R, forie{l,..,d}.

r2(o,1))’

If we now search for a solution of the form
XF(t,w) = wi(t, 2(w)),

for w; : [0,7] x RE*4 — R where we identify R¥*? with the space of (K x d)
matrices and zg;(w) = Z,gi) (w) then by a simple application of the chain rule for
the ¢-derivative we see that u = (ug,...,uq) has to solve the following semilinear
hyperbolic system of partial differential equations

8tul- = bi(t, U) + O'Z‘(t) Zle Ck(t) [ZL’]ﬂuZ — 6@“1%] s
(t,x) €]0,T] x RE*4, (4.13)
u;(0,x) =¢; € R, fori e {1,...,d}.

Unfortunately to the best of our knowledge the latter does not satisfy the basic
assumption of the main existence-uniqueness theorems present in the literature. For
that reason we will introduce the following auxiliary Cauchy problem

Ao = by (t,0(t) exp {311x[17}) exp { = §lIxlI3} = 0u(t) Spey Gu(8)rivi
(t,x) €]0,T] x RExd (4.14)
v;(0,x) = ciexp { — 3|Ix[|%}, fori € {1,...,d},

where || - || denotes the Frobenious norm, ie. [x[|% = 3¢, S8 |zml?. Our
motivation for doing so will be clear in a moment.

A closer inspection would allow the reader to see that the latter is a d-dimensional
semilinear symmetric hyperbolic system of evolution equations in (K X d) spatial
variables.

Remark 120. Just as in the previous chapter using the properties of the Wick product
we are led to consider a system of evolution equations. The difference relies in the
fact that in the latter we were able to partition the problem and we considered
multiple Cauchy problems with a single spatial variable. The difficulty in that case
was that of “glueing” the pieces together. In current setting we must study a single
Cauchy problem with multiple space variables.

The validity of assumption [3] implies the existence of a unique classical solution of
(4.14)) for any arbitrary time interval [0, 7] (see for instance [53|,[52] and [57]).
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If we let

t
Yik(r,t) == / 0i(5)Ck(s)ds = (X[m:}Uz‘ ; Gk)d), (4.15)
then we can write down a mild solution for (4.14]) as

vilt,x) = ciexp { — gllx = O (1)][3}
+ Jo bi (5, 0(s,x = SO (s, 1)) exp {[x = ZO(s,8)[3}) exp { — §lx — O (s,8)[13.} ds,
fort € [0,T],x € RE*4 e {1,...,d}
(4.16)

where for any pair r,t € [0,T],t > r, we denote with X (r,¢) the (K x d)-matrix
where the i-th column is given by [%;1(r, 1), ..., % k(r,t)]" and all the remaining
components are equal 0.

Now if we let u;(t,x) := v;(t,x) exp {1||x||%} for alli € {1, ..., d} a simple application
of the chain rule shows that u solves (4.13]), furthermore using (4.16|) we have that
the following mild representation holds

ul(t, X) = C; Xp { Z?:l [wzkELk(O, t) — %|217k<0, t)|2:| }

+ fot bi(s,u(s,x — E(i)(s,t))) exp { Zle [xikZi’k(s,t) — %|Ei7k(s,t)|2} } ds,

fort € [0,T],x € RE*4 j € {1,....d}.
(4.17)

Remark 121. This equation is the analog of [58, equation 3.4|, where instead of
shifting the i-th component of the vector of spatial variables we shift the i-th column
of the matrix of spatial variables.

At this point we define the candidate solution {X*(t)}sei0.1] as
XK (t,w) = ui(t, z(w)), t € 0,T),w € Q, fori € {1,...,d} (4.18)

where again z(w) is the K X d-matrix in which the (k,7)-th component is given by
40 w)

Next we must verify that { X" (¢) };ep0,r] is indeed a mild solution of the system ([{£.1)),
i.e. that satisfies the conditions imposed by definition 118

The almost surely continuity of the path is given by the continuity of [0,7] >

<17
t = u(t,x) ;= v(t,x)e 2z for all x € R¥*? (remember that v is a classical solu-

tion).
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Noticing that
K

exp { 2 [“E (00 = gl tﬂ } -

_ {/ i (/ (5)Cu(s)d ) ex(q)dB{ (q) — %é <[t m(S)Ck(S)ds>2 }
_ { OT;I; (Xpy0is ex) , ex(@)dB; (q) — %g (X[nt}(’i’ek)js}

~exp { /OT (r,t0)dBY (q) — 5ok (1 ~>Ii} = £l(r.1) (4.19)

and using assumption [3] we have that

o) < laleo | [ o0 sainia} - [Cen{ [ ok tgasto}as

where M > 0 is a constant such that |b(¢,x)| < M. Taking the L?(£2)-norm on both
sides above and using the triangular inequality we obtain

T
exp{/ Uf(O,t;Q)dBZH(Q)}
0 Lr(Q)
ds

t T
+M/ exp{/ o (s, t; Q)dBiH(Q)}
0 0 Lr ()

t
< ledexp { 2ot 0,600 + 1 [ exp {Blo (s, b
0

< lefexp { o (0,62 b+ 01t sup exp { 2ot 112 | <

s€[0,t]

X Ollze@ < leil

where we used the fact that the fractional Wiener integral of o (r,t; ) is a Gaussian
random variable. This proves the membership of XX (t) to LP(Q2),p > 1 for all
ie€{l,2,...,d} and t € [0,T]

Last thing we need to do is to prove that the process X (t) satisfies the represen-
tation (4.12)). First we notice that for any [ € {1,..., K} and i € {1,...,d}

Z() —Xi(s,t) = Z() X[s t]az,ek / / ex(r)el(q)o(r, q)drdq, = T_@[JZK(SJ)]ZZ(Z')

=1

where = T_g[,k (4 is a shorthand for = T_g[,r(4y,. Then it follows from (4.17)

and - that

t
XK (1) = €5 (0,1) + / T_gpor oy (5, XX(5)) - €5 (5,1) ds.
0
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Using identity (4.9) we have that for all ¢ € [0,7] and i € {1,...,d} the following
holds a.s.

(2

XE(t) = c;&5(0,1) + /Ot bi(s, X" (s)) 0 & (s, 1) ds;

completing the proof.

4.4 Proof of theorem 117

The aim of this section is to show that the mild solution of

dt

DO _ (1, XE(1)) + 03(H) XK (£) 0 LZO 4 €], 7]
X;(0)=¢; €R, forie{l,..,d}

converges in L'(Q) to the unique strong solution of

dX;(t) = bi(t, X (t))dt + o;(t) X;(¢)dBI(t), t €]0,T]
Xi(0)=¢ eR, forie{l,..,d}.

Let

t 1
Ez'(O;t) = exp{ —/ Ui(S)deH@) - Q‘X[o,t]ai@};
0

and
t 1
El(O,t) = exXp {/ O'Z(S)dBlH<8) — Q‘X[O’t]alli}
0

Using equation (3.41) of we can formally write (4.2)) as

WO (1, X (1) + 0:(8) Xa(t) 0 2@t €]0, T
X;(0) =g¢, forie{1,..,d},

where we must bare in mind that the time derivative of the fBm is not well defined
as a random variable, so in order to make sense of the expression above we must
interpret it as a differential equation in some space of generalized random variables
(like the fractional Hida space e.g. |54]|56]). Then we can Wick-multiply both sides
of the equality above by E;(0,¢) which gives, after rearranging

dX;(t)
dt

dBH (1)
dt

o Ei(0,t) — 0y (1) X;(t) ©

o E;(0,) = bi(t, X (1)) 0 Ei(0, 1).
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By means of the identity

dE; (0, ¢)

dBH(t)
dt ’

dt

= 0i(t)E;(0,1) o

and the Leibniz rule for the Wick product we obtain

dX;(t)
dt

= b(t, X (1)) o E;(0,1), (4.20)

where

It follows that

or which is equivalent
¢
Xi(t) = ¢:&(0,t) + / bi(s, X(s)) o E(s,t)ds
0

where we used the identity

£i(0,t) ©E;(0,t) =1, a.s. for all t € [0,T].

We conclude that the unique strong solution of (4.2)) satisfies the following integral
equation

Xi(t) = ¢;&(0,t) + /t bi(s, X(s)) o &(s,t)ds (4.21)
for all ¢t € [0,T] and i € {1, ...,d}.

Remark 122. Under assumptionit follows that for any ¢ € [0, T'] the strong solution
of (4.2) belongs to L?(2) for any p > 1.
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Now we are ready to prove the convergence;
[Xi(t) = X5 ()] < |ail€:(0,8) — £5(0, )]
+ /t [bi(s, X (5)) © Eils, 1) — bils, X" (5)) 0 & (s, 1)]ds
= \(ZH&(OJ) —£5(0.1)]
[ s, X0 0 E5.8) = s X)) 0 €55

+ bi(s, X(8)) 0 EF (s,) — bi(s, XX (5)) 0 EX (s, t)|ds
< |cil|€:(0,) — £(0,1)]

+/0 1bi(s, X (5)) o (Eu(s. ) — EX(s,0))] ds
+ /0 (s, X (5)) = buls, X (5))| 0 £ (5. 1)ds.

Using the Lipschitz continuity of b; and the fact that the Wick product with a
stochastic exponential preserves the monotonicity we have that

|Xi(t) = X (0)] < Icillgi(O,t)—&K(U,t)H/O [0i(s, X (s)) o (Eils, 1) — EF (s,1)) | ds

+ L/O Z 1X;(s) — X ()] 0 EF (s, t)ds

where L is a positive constant such that for all t € [0, 7] it holds |b;(¢t, X)—b;(t,Y)| <
L|X —Y|;; here | - |; denotes the ¢! norm. Now we take expectation yielding

E [|Xz(t) — XZK(t)H < |g|E [|5¢(0,t) — EZ»K(O,t)H +/0 E [|bi(s,X(s)) o (Ez»(s,t) — Ef((s,t))u ds
. d
w1 [ R[N - XK ds

The previous inequality is valid for all i = 1,...,d and t € [0, T]; therefore, summing
over ¢ and setting

d

XE() =) E[1X5(0) — X[ (1)]]

i=1
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we obtain

K0 < Y lelE (0.0 X000 + 3 [ B [s X(s)) o (i(s.0) = £ s,1) ] ds

t
+Ld/ XX (s)ds
0

= M) +Ld/t XK (s)ds,

where

:Z|ci|E [1€:(0,8) — £F(0,1)]] +Z/O E [|bi(s, X (s)) o (Ei(s, t) — EF(s,1))|] ds.

According to Gronwall’s inequality the previous estimate yields
t
XK(t) < M5(t) + Ld / ME (s)ekdt=9)gs; (4.22)
0

and hence the proof will be complete if we show that MX(¢) is bounded for all
t € [0, 7] and it holds that

lim M (t) =0, forallte[0,7];

K—oo

this will allow us to use dominated convergence for the Lebesgue integral appearing
in (4.22) and conclude that

lim X*(¢) = 0.

K—o0

In order to prove the boundedness we write
<Z|cz [1€:(0,8)] + E [£(0,1)[])
t
+/ E Hbz<S7X<S)) Ogi(sut) - bz(qu(S>> ngK(Sut)H ds
0
d d t
<23 jel+ Y [ Bl X(5) 0 &0+ B [[(s, X)) o €55, 0)]
i=1 i=1 70
d
<2 el + 2dMt;

i=1

the boundedness also follows from the continuity of ¢ = M (¢) and the compactness

of [0, 7.
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Thus it suffices to prove that
lim MX(t) =0, forallte [0,T).

K—o0

Using the fact that £X(0,t) converges in LP(2),p > 1 to &(0,t) (see Appendix A)
it follows that

d
i M(6) = tim 3 6B [£0.0) - £(0.0)]

K—o0

+ Jim Z/O E [[bi(s, X(s)) o (EX(s,8) — &(s,1))[] ds

K—o0
=1
d

=3 Jim. / E [[bi(s. X(s)) o (€ (5.1) — &i(s.1))][] ds.

We now prove that we can take the last limit inside the integral; first of all, note
that the integrand is bounded: in fact,

E [|bi(s, X (5)) o (X (s,t) — &(s H Hbl(s, (s)) 0 & (s,t) — bi(s, X (s)) 0 E(s,1)]]
<E [|bi(s, X (5)) 0 EF (s, t)|] + E[|bi(s, X (s)) © Ei((s, t)]]
<E [[bi(s, X ()| 0 & (5,1)] + E[|bi(s, X (5))] © &ils,1)]
=E[|bi(s, X (s))]] + E[[bi(s, X (5))]]

<2M.
We proceed by proving that
lim E [|bi(s, X(s)) o (X (s.t) — &(s,1))|] = 0.

K—o0

Let us rewrite the expected value as follows:
E [|bi(s, X (s)) o (EF(s,t) — Ei(s, 1)) |] = E [|bi(s, X () 0 EF (s,t) — bi(s, X (s)) 0 & (s, 1)]]
Using we get rid of the Wick product and write

=E [|T_apr(sbi(s, X (8)EF(5,1) = Tafo, (s bi(s, X (5))Ei(s,1)|] -

Adding and subtracting T_a[s, (s, bi (s, X (s))EX (s,t) inside the absolute value and
then using the triangular inequality yields

< E [|T_apr(sbi(s, X (5))E (s,1) — q>[az(st)}b(8 X(s))E (s, 1)]]
FE [T i pbils X(8)E (5.1) = Tafoonpbils, X (5)Ei(s, )]
—E |[bi(s. T_ay K(stm 9)) = b3, T-afo, (o1 X () [EX (s.1)|
+ E [|6i(8, T-ajo, sty X (S)IE (5,1) — Eil(s,1)]]
< LE [T ik (X (5) = Toalooan X (5)|€X (5, 1)
+ ME [|EX (s, 1) — E(s,1)]] -
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Hence,

lim E Hbl(s, X(S)) < ((S;I{(S,t) — Sl(s,t)) |] S lim LE |:‘T—<I>[JZK(s7t)]X(S) — T,cp[gl(s’t)}X(S)ygf(S,t)

K—o0 K—oc0
+ lim ME[|EF(s,t) — Ei(s,t)]] -
K—o0
The second term above converges to zero by the discussion on Appendix A.
At this point we will need the following lemma;

Lemma 123. Let Y € L) for some q € (0,00) and let {f,}n>1 be a sequence
converging to f in €, then it holds that

lim T@fnY = Tcpr, m Lp(Q) fOT all0 < p<qg< o

n—o0

Proof. For simplicity we will consider the case of random variable Y depending
only on a one dimensional fBm that can be seen as one of the components of our
d-dimensional fBm, the general case does not present further difficulties. Notice
that

TcpanH(t):BH(t)—i-/O/o fn(s)o(s,r)dsdr
:BH(t)—i—/O /0 X0, (1) fr(s)(s,7)dsdr

= BH(t) + (fn,X[o,t1)¢>

at this point we use the fact that convergence in norm implies the weak convergence,
and hence if f,, converges in JZ; to f as n — oo we have that ( fn, X[O,t]) , converges

to (f7 X[O,t])(z,'
This implies that

E[|Tes B (t) — Tos B (t)|"] = | (fnaX[O,t])¢ - (f,)([o’ﬂ)(]ﬁ [P — 0, as n — co.

Furthermore notice that this holds for any random variable in the Gaussian Hilbert
space

o) = { [ sty g e )

At this point if Y € L%(Q2) we have that for any € > 0 there’s a polynomial random
variable P (which is a polynomial in some random variables in &(.77;)) such that
|Y — P|ls() < € (the existence of such a random variable is guaranteed by [56,
Theorem 3.2] together with |16, Theorem 2.11]). By the triangle inequality we have
that for 0 < p < ¢

1Tas, X — Tor X zr) < |Taos, X — Tas, Pllze) + | Tos, P — Taf Pllor) + |Tof P — TopY || o)
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Now using the fractional Girsanov’s theorem we have

|TasP — TosY o) = E[|P — YPE(F)”
<E HP _ Y’ppl]l/(ppl) E [5(f)pz/p] 1/(pp2)
=[P =Yl EEH Y || ey

where ¢ := p1p, r := pop and p%—i—p% = 1. Same happens with ||Tes, P —Tar, Y| r@)
At this point we notice that

T 1/r
€GP irey < E [exp {T/pQ [ hsan H

.
< sup exp {2—p4|fn|3s} =C

It follows that

§ (2C + 1)e
provided n is large enough; since € was arbitrary the proof is complete. O

From remark [122] lemma [128] and the fact that

lim &% (s,t) = &(s,t), in LP(Q) for all p > 1

K—oo

it follows that

im LE | |T_gx (59X (5) = T_do,(s,1)X (5 $)[EX (s, )] =0,
K—oo 5

completing the proof.

4.5 Proof theorem 116

Let ¢ € C2([0,T] x R%), i.e. a two times continuously differentiable function on
[0, 7] x R? with compact support, and in order to ease the notation we set z :=

X|$ki:Z£i).
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Then by [£.18 we have

0= (T, X*(T)) = ¢(0,c)

:/0 latgp(r,u(r,z))+Z@ig0(r,u(r,z))8tui(r,z) dr

=1

:/0 Op(r,u(r,z))dr
+ Zl/o Dip(r,u(r,z)) (bi(t,u(r, z)) + oi(t)

— A+B+C+D,

Nk

Ce(t) [Triui(r, z) — kalul(r,z)]> dr

where

T
A= Oyp(r, u(r, z))dr,

T
Vo(r,u(r,z)) * b(s,u(r,z))dr,

(O
Il
&.o\o

C= Z;Z/ Oip(r,u(r, z))oi(r)Ce(r) [zru(r, z)]dr,

1

_ZZ/O Oip(r,u(r, z))os(r) G (1) Oiwus(r, z)dr

=1 k=1

where * denotes the inner product in R%. Taking expectation to the first and last
term above we obtain

0 = E[A] + E[B] + E[C] + E[D).

Now using the fact that z is a standard Gaussian matrix where the components are
mutually independent, we have

Kxd

Be) =3 /0 o s(r)Ca(r) /R Do, ) s, X) s (20) K <26~ 5 ey,
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integration by parts yields

:ZZ/ oi(r)C(r / &(p(r,u(r,x))ui(r,X)(27r)’KXd/28x,ﬂ.e’%”x“%dxdr

i=1 k=1 R
= Z Z/ 7i(r)Gi(r / 0;0:p (1, u(r, X)) Dy 5 (r, X)us(r, %) (27) 420, e 2 dxedr
1,7=1 k=1 RFCxd
d K T )
2.2 / 7i(1) k() / 0up(r, u(r, X)) Dy, i1, ) (2m) <20, e dxdy
i=1 k=1"0 R
d K
=F Z Z/ 0i(1)C(1)0;0;0(r, u(r, 2)) Oy, s (1, 2) 0 (T, z)dr]
i,j=1 k=1 0
d K
ZZ/ Oip(ryu(r, z))oi(r)Ce(r) O, wilr, z) T]
1=1 k=1

and now notice that the last term above equals —E [D].

At this point we have that

0=E[A]+E[B]+E Z Z/ 0i(1)C(1)0;0;0(r, u(r, 2)) Oy, ws (1, 2)wi (1, z)dr] :
ij=1 k=1

Using Tower’s property yields

0=E[A] +E[B]+E Z Z/ 03i(r)Gr(r)0;0ip(r, u(r, 2) ui (r, 2)E[Ou, u; (1, 2) | Gi(r)]d ]

L2,0=1 k=1

=E[A|+E[B]+E Z Z/ ai(r)Ce(r)0;0;0(r, u(r, z) )w;(r, z)g,(m)(r w;(r,z))dr ]

L2,0=1 k=1

where G;(r) is the sigma algebra generated by the random variable u;(r,z), and the

function g(] ) 0, T] x RE*4 is a measurable function, whose existence is guaranteed
by the Doob’s lemma chosen to satisfy

90 (r,ui(r, 2)) = E[Dy,,u;(r, 2)|Gi(r)]. (4.23)

Putting everything together and using (4.18]) we obtain

E[/ Oyp(r, XK )dr+/T Vo (r, XE(r) = b(s, XX (r))dr

+ 35N [ air) ()00 (r, XX () XE(r) g (r, X (1)) dr

i,7=1 k=1 0
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Observe that the last member above contains expectations of functions of the random
vector XX (r), for r € [0, T|; therefore, writing the law of this random vector as

pr A) =P{w e Q: XX (r,w) € A}), recl0,7T],A c B(RY)

0= /OT /R {@gp(r, )+ Veo(r, ) * b(s, )

d K T ]
+ Z Z/ ai(r)Ce(r)0;0;(r, x)mig,g]i)(r, x;)dr | dp® (r, z)dr.
0

i,j=1 k=1

The last equalities hold for any test function ¢ € C2([0, 7] x R?) and this completes
the proof.

Appendix A

Fix s,t € [0,T] and without loss of generality assume that ¢ > s, then using the
basic inequality |eX — e¥| < |eX + Y| - |X — Y] it holds that

r 1
| ot st - 5ok sl - |
< [Ef (s,t) + Eis, 1))

T 1
(| [ o8 es0) - @B @] + 1o 0598 = a2

t
X

1
oi(s)dBf (s) + §|X[0,t]o-i|q2i>

Now let’s write

o (¢, 5315 = Ixsaoils] < [0t si)lo + [xpsaoile) (107 (8 s:)lo = [xisg0ils)|
< 28°T*M|of (t, 5) = X(s0ilo

where we used the triangular inequality and S is a constant such that |o;(t)] < S
for all t € [0, 7.

At this point we raise both sides to the p > 1 and take expectation yielding
E |:|51K(S7 t) - gi(sv t>|p] S QP_IE |8'LK(S7 t) + gz'(S? t)‘p(|l(o-zK(t7 S) - X[S,t]0i>|p

+ S2pT2HP|giK(t, s) — Xp,t]@'ﬁ)]
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where I(-) denotes the fractional Wiener integral. Using Holder’s inequality where

L 4+ L — 1 e have
p1 ' p2 p

< 2p‘1{r|ef (5.1) + &, DI, (G (2, 5) = xiso) 2,
+ ST ER (5,1) + Ei(s, t)|[E] o (1, 5) — X[Svﬂ“"g}
< 2p—1{ <2pep(p1—1)/2\><[s,t]<fi|i) 22T (po + 1)P/72 [\/mlo (¢, 8) = Xisnjoilf

| g2pRHp <2pep(p—1)/2l><[s,t]°’i@> o (L, 8) — Xs t]Ui’g}

and hence
E [|EF (s, 1) — E(s, )] < Clof(t,5) = Xsaoil’y, = 0,
as K — oo where

C = 2317/2—1ep(m—l)/?bqs,t]ﬂi|§,F(p2 + 1)13/172/\/} + 2213—1SZPTQH:DeP(p—l)/?lX[s,t]Ui|§>_



111

Chapter 5

A small time approximation for the
solution to the Zakai Equation

Based on: Lanconelli, A., & Scorolli, R. (2021). A small time approxima-
tion for the solution to the Zakai Equation. Potential Analysis, 1-11.

Abstract

We propose a novel small time approzimation for the solution to the Zakai equation
from nonlinear filtering theory. We prove that the unnormalized filtering density s
well described over short time intervals by the solution of a deterministic partial dif-
ferential equation of Kolmogorov type; the observation process appears in a pathwise
manner through the degenerate component of the Kolmogorov’s type operator. The
rate of convergence of the approximation is of order one in the lenght of the interval.
Our approach combines ideas from Wong-Zakai-type results and Wiener chaos ap-
prozimations for the solution to the Zakai equation. The proof of our main theorem
relies on the well-known Feynman-Kac representation for the unnormalized filtering
density and careful estimates which lead to completely explicit bounds.

5.1 Introduction and statement of the main result

In this chapter we derive an original small time approximation for the solution to
the so called Zakai equation

u(t, ) = up(x) —i—/o L (z)u(s, z)ds —i—/o h(z)u(s,2)dY (s), (t,x) € [0,1] x R
(5.1)

Here:
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o Z*(x)is the formal adjoint of Z(x), infinitesimal generator of the d-dimensional
signal process { X () }1c(0,1) which is assumed to solve the stochastic differential
equation

X(t) = Xo+ /O b(X (s))ds + /0 o(X(s)dB(s), te0,1]; (5.2)

the process {B(t) }+cjo,1) is a standard d-dimensional Brownian motion defined
on a complete probability space (2, F,P);

o {Y(t)}tco,1 is the one-dimensional observation process described by
t
Y (t) = yo +/ h(X(s))ds +W(t), tel0,1], (5.3)
0

with {W () }+cj0,1) being a standard one-dimensional Brownian motion defined
on (£, F,P) and independent of {B(t)}ico1)-

The solution {u(t,)}ie0,1),zere to the Zakai equation (B-1), usually called unnor-
malized filtering density, plays a crucial role in the nonlinear filtering problem since
it identifies uniquely the conditional distribution of X (¢) given F¥ (¢) := o (Y (s),0 <
s < t). The reader is referred to the original paper [59]| and the references quoted
there; for an exhaustive treatment of the subject we suggest the excellent review
[60], as well as the books |61] and [62].

Existence, uniqueness and regularity properties for the solution to can be found
for instance, under different sets of assumptions and solution concepts, in the classic
works 63],]64],[65],|66] and the more recent paper [67]. We also mention a useful
Feynman-Kac representation for the solution {u(t, z)}c(o,1) serae Obtained in [65] and,
in a slightly different form, in [67]. This representation will play a crucial role in
our investigation.

From the applications point of view, closed form expressions for the solution to the
Zakai equation are certainly desirable; however, as pointed in [68] only few partic-
ular cases of allow for explicit computations. The important issue of deriving
simple approximation schemes for the solution to have been considered in [69|
and |70] which employ splitting up methods and time discretization, respectively;
Wong-Zakai-type results were investigated in |71] and [72] while [63] and |73] pro-
posed a Wiener chaos approach. We also mention the so called pathwise filtering
that steams from the problem of having a robust, with respect to the observation
process, filter; this has been discussed in |74] and [75].

The approach proposed in the current paper combines ideas from the Wong-Zakai
approximation proposed in|72|, where the signal process is smoothed through a
polygonal approximation, and the Wiener chaos approach presented in [63] and
[73], where one relates equation to a system of nested deterministic partial
differential equations solved by the kernels of the Cameron-Martin decomposition
of the solution {u(t,*)},c(0,1],0ere- We refer the reader to Remark below for the
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heuristic idea supporting our analysis and its link to the aforementioned approaches.
The main novelty of our result is the connection between equation ([5.1]) and a deter-
ministic partial differential equation of Kolmogorov type (see e.g. |76|), where the
observation process enters as a degenerate component of the second order differential
operator .Z*(x). We prove that the solution {u(t,)},c(,1]serae to the Zakai equa-
tion can be approximated over small intervals of time by the solution of the
aforementioned degenerate partial differential equation, with the observation pro-
cess having a pathwise role. This approximation has the same rate of convergence
of one obtained in [73| and is described by completely explicit constants.

To be more specific, we now introduce some notation and state our main result. In
the sequel the following regularity conditions will be in force.

Assumption 4.

1. For1<i,j <d, the functions b; : R* = R and @j R¢ — R?, where

d
a;;(z) == Zaik(x)ajk(x), r € RY, (5.4)
k=1

are bounded with bounded partial derivatives up to the third order. Moreover,
the matriz {a;j(x)1<ij<a is uniformly elliptic, i.e. there exists two positive
constants py < po such that

d
pu)zl® < Z aij()ziz; < pol2l?, for all 2 € RY,
ij=1

with |z|* == 23 + -+ - + 22

2. The initial data Xo in (5.2) is random, independent of {B(t)}ico,1) and its
distribution is absolutely continuous with respect to the d-dimensional Lebesque
measure; its density ug : R? — R is bounded and acts as initial data in (5.1)).

3. The function h : R* = R is bounded and globally Lipschitz continuous.

Remark 124. We observe that, according to Assumption 4, there exists a positive
constant L such that

|h(z1) — h(x2)| < L|xy — 25|,  for all ;1,25 € RY. (5.5)
Moreover, there exists a positive constant M such that
max{|a(z)|?, [b*(2)|} < M, for all + € R?, (5.6)

where bf(x) := Z;l:l O, aij(x) —bi(r), i =1,...,d,. We will need these two constants
in the statement of our main theorem.
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According to the Girsanov theorem and thanks to the assumption of boundedness
on h, the prescription

B(A) = / e~ I3 HX () @)AWs (@)=} [§ X () @)Pdsgp() A € F,
A

defines a probability measure on (2, F); moreover, the stochastic process {Y () —
Yo }eefo] in becomes on the probability space (€2, F, ﬁ)) a one dimensional Brow-
nian motion independent of {B(t) };>0. In the sequel we will write E to denote the
expectation under the probability measure P.

We are now ready to state our main result.

Theorem 125. Let Assumption[]] be in force and, for 0 < T < 1, let
[0, 7] x R x R > (t,2,y) — v(t,z,y)
be a classical solution of the Cauchy problem
{@v(t,x, y) = Z*(x)UQ(t,x, y) — h(z)o,v(t,z,y), (t,x,y) €]0,T] x R* x R;

(0, 2,y) = ug(x)e 3, (z,y) € R x R.
(5.7)

Then, for any ¢ > 1 and K > 0, we have

(Y —yp)?

~ a7 1/q
sup E [ w(T,x)—e 20 o(T,z,Yr — yo) ] < CT,

x| <K

with

2 a1 —
1= oI5 M) (i) 4 VTl ) £/2(1+ K21+ T)

Here L and M are defined in (5.5) and (5.6)), respectively; the constants qi,qs > 1
: : : - 1/

verify the identity qil + q% = é; K(q2) is given by /2 (D(2H)/ /) 2 Juolloe and

|h||oe denotes the L>=(R?)-norms of uy and h, respectively.

Remark 126. The heuristic idea that links equation (5.1]) to equation (5.7) is as
follows. Write (5.1)) in the differential form

dY (t)
at

Owu(t,z) = L*(x)u(t,x) + h(z)u(t, z) o u(0, ) = up(x), (5.8)
where ¢ denotes the Wick product associated to the Brownian motion {Y(t) —
Yo }teo,1) on the probability space (§2, F,P). The use of the Wick product is dictated
by the It6’s interpretation of (5.1)) (see [38], [16] or section for a discussion on
this issue and detailed analysis of the Wick product). If equation (5.8) is considered
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on a small time interval [0, 7], one may replace %}Et) with w (this amounts at

considering a Wong-Zakai approximation with the rudest possible partition of the
interval [0, 7T); this gives

Owu(t,x) = L*(x)u(t, z) + @u(t, z)o (Y(T) —yo), u(0,z)=mue(z). (5.9)

Since, Y(T) — yo = fol X[o,r](5)dY (s) is an element in the first Wiener chaos asso-
ciated with the Brownian motion {Y'() — o }icpp,1] and probability space (2, F,P),

we can formally apply proposition to transform equation ([5.9) into
. h(x

duu(t, ) = L*(@)ult, x) + % [u(t, z) - (Y(T) = o) — Dy pult, x)} . (5.10)

We now search for a solution u(t,z) to equation (5.10)) of the form
u(t,r,w) =u(t,z,Y(T)(w) — yo), (5.11)
for some @ : [0, 7] x R¢x R — R to be determined. A substitution of (5.11]) in (5.10)
yields, together with the chain rule for the Malliavin derivative,
. PR h(x) .
i(t, 2, Y (T) — o) =2 ()it 2. Y (T) — ) + "t Y (T) 1) (Y (T) ~ o)
= h(x)0yu(t, z, Y (T) — yo);
note that here the term Y (7T') — yo can be tackled at a path-wise level. Equation
(5.7)) is now obtained via the simple transformation
y2
v(t,z,y) = a(t,x,y)e T, t€[0,T],r € R yecR.

It is not difficult to see, using Theorem 4.12 in [16] and the Feynman-Kac represen-
tation for {u(t, z)}e(o1]sera in |67, that we also have

~ (Yp-v0)®

Elu(T, z)|Yr —yol = e 27 (T, 2,Yr — yo);

this spots the analogy between our approach and the one in |73] where projections
of w(T,z) on suitable families of elements from the Wiener chaos were utilized to
propose approximation schemes for the solution to (/5.1]).

Remark 127. The existence of a classical solution for the Cauchy problem is
actually not needed for the validity of Theorem [125| (the statement is presented this
way for easiness of exposition). In fact, in the proof of our main result we deal with
the Feynman-Kac representation for the solution to ([5.7) (see formula below)
without using its differentiability properties with respect to ¢t and x. The right hand
side of is well defined under mild conditions on the coefficients of equation
(5.7) (largely covered by Assumption {4)) and this makes our proof consistent. It is
worth mentioning that the right hand side of becomes a classical solution if
suitable regularity assumptions on the coefficients of are in force. For more
details on this issue we refer the reader to [77] and |11, page 122] .
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5.2 Proof of Theorem [125

We start with some notation. The infinitesimal generator .Z(x) of the signal process

{X(t) }epo,yy in (.2 is
d

d
L)) = 5 3 ag(@) fr) + b0, f )

ij=1 i=1

where the a;;(x)’s are defined in (5.4). The adjoint operator .£*(z) is given by

d d
o) =5 3 a5, 0) + 300 (0) + () 2),
with
d

= Oy a(x) —bi(x), i=1,..4d,

(see Remark [124)) and
d 1 d
= ; (5 J;l ax xkalj a’fkb ( ))

It is convenient to split the operator .£*(z) as

L () f(x) = L7 (2) f(x) + c() f(x)

where we set

d
1 *
Lt 52_ +Zb )0 (2
With this notation at hand, the Cauchy problem ({5.7)) takes the form

Opo(t, z,y) = L (x)v(t, x,y) + c(x)o(t, x,y) — h(z)oyu(t, =, y)
(t,z,y) €]0,T] x Rd X R; (5.12)

v(0,z,y) = ug(x)e 7r.

Now, assume

0,T] xR x R > (t,2,) — v(t, z,y)
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to be a classical solution of (3.26)). According to the Feynman-Kac formula (see, for
instance, Theorem 1.1, page 120 in [11]) we can write

—~ ~ (y [0 h(§s>d5)
(T,2,y) =E |up(&)e " a0 eh <@ (5.13)
y2 ~ -~ T n nyT h(g‘;)ds (foT h(gf)ds)2
= ¢ 2T (5 ) Jo e(€5)ds T - 2T ,
where {Eg}se[o,l] solves the SDE
A€ = b (%) + o(E9)dB(s), & =, (5.14)

on the auxiliary probablhty space (Q ]—" [P’) with d-dimensional Brownian motion
{B (5)}seo1) and where E denotes the expectation on that space. This gives

(Y (T)-yg)?

e 2 o(T,2,Y(T) —y) =E

~ T Fu
G

—~ 2
(Y (T)—yp) JT n(E%)ds (.foT h<€?§>ds) ]

(5.15)

It is well known that the solution u(t,x) to the Zakai equation (5.1)) also possesses
a Feynman-Kac representation: see formula (1.4) page 132 in [|65]. Here, we use
instead an equivalent formulation due to [67] (see formula (2.9) there), namely

'U/(T, x) E |:u0(€T)€f0 fs dsefo gT s)dY fO h2 fs :| ) (516)
where {Eg}se 0,1] is defined in ([5.14)). A comparison between ([5.15] and 5.16|)gives
(Y(T) vo)?
u(T,z) —e (T x Y(T) )

A~

el € 22 -

. 2
(1)) T n@rds _ (J§ nEds) ]

-~ ~ o) ST n@Eyas (ST nEas)?
= E [ug(Ep)eh (efo @ vy [ e @an _ P mmglrene UTG )>]
and hence
V(1) =yg)?
(T, z) — T o(T. 2. Y (T) — o)
7 2(fr () —yo) T n@as (I n(Eas)”
< E | |uo(E2)|efo c@)ds |Jo hE_)aY (=3 i B*(E)ds _ ¢ . _o B

2 (Y(T)—yo)fOT h(€Z)ds (foT h<5§>ds)2
efo h(fT $)AY (s)— fo h gz)d T - 2T .

< ||UO||OO€TIICIIOOI’@
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We now take ¢ > 1 and compute the L?(P)-norm of the first and last members
above; an application of Minkowsky’s inequality gives

(Y<T> v0)?

u(T',x) — o(T,2,Y(T) = yo)

La(P)

_ 2
YV (T)—yo) [T n@E®yas  (J§ pED)As
fo 5T SdY (s fo h%( fs)d —e = Tfo * _( 2T )

< ||UO||006THCHOOIE

=N

La(
(5.17)

)

We need the following result.

Lemma 128. Let f,g:[0,T] — R be bounded measurable deterministic functions.
Then, for any q > 1 we have

B e

fo dY(S _*|f‘2 _ 6‘[0 9(5 dY( )—%\glg

1
Q}g

gq1—1 q1—1 \/T
< (o7 VIR 4 TR ) <m<q2> 5 (Il + llglls) ) 1F gl

where q1,q0 > 1 satisfy 1/q1 + 1/q2 = 1/q while k(q2) = \/ﬁ(F(qz—;l)/ﬁ)l/qQ.
Moreover, |@ |y and || || stand for the L*([0,T]) and L>=([0,T]) norms respectively
(not to be confused with the p-seminorm defined in sectionm}

Proof. By means of the elementary inequality |e* — e’| < (e® + €b)|a — b| we can
write

’efoT FE&AY (=317 _ ofg 9(s)dY ()~ g3

S (efo 2|f‘2 + efo g(s)dY (s)— \g\%)

T
- X

[ 1760) = (s (o) - S (175~ o)

< T F@aY (=317 4 ofd a(s)av( 5)_*‘9‘2>

- X ( —\Iflz \g\%\)

Now, for ¢ > 1 we take the Lq(ﬁ’)—norm of the first and last members above and
apply Holder’s inequality with exponents q1,q2 > 1 satisfying 1/¢; + 1/¢2 = 1/q.

/0 () — g(s)]dY(s)
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This gives
HefoT FOAY ()=31f13 _ ofo 9()dY (5)=319l3
La(P)
< HefoT Y () =317B o ol 9(9)ay (s)-S1ol3
o La1(P)
T
1
X (] [ U@ gy 38 |g|§\) SN CEL)
0 L2 (P)

Under the measure P, the random variables fOT f(s)dY (s) and fo (s)dY(s) are
Gaussian with mean zero and variances | f|3 and |g|3, respectively. Hence,

s)dY (s)— 2|f‘2 + efo s)dY(s)—%Lq\%

La1(P)
< HefOT F()dY (s)-31f13 i HefOT 9(s)dY (s)~ $1913
- La1(P) L1 (P)
— U oMLl
< eq BT 4 M5 Tllol% | (5.19)

Moreover, using once more the normality, under the measure IT”, of the random
variable fOT[f(s) — g(5)]dY (s) we get

where £(qz) == V2 (F(%)/\/?)l/q2 (see, for instance, Formula (1.1) in |16]). Fur-
thermore,

/0 () — g(s)dY (s)

= k(@)|f — gl (5.20)
L2 (P)

1715 = 1913 = (1f]2 + |gl2) [| fl2 = |gl2]
< (Ifl2 +1gl2) If = gl2
< ﬁ(”f”oo + H9||oo)|f —9gla. (5.21)

Therefore, combining ((5.18)) with ( and ( we get

H Jo 1)y (s)=3173 _ J 9(s)aY (s)-1lgl3

La(P)

< (BRI 4 (BT (m«m L+ ngoo>> 7 =gl

The proof is complete. n

Thanks to the identities

)= w) Ji n(Eds /OT (% / Th(gf)dr) av (s),
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and

/OT (7 /OTh<2f>dr)2ds _ Ugh?”)i

we are in a position to apply Lemma to the last term in ([5.17)with

F5) = h(E ) and g(s) =7 [ @D

note that such choices imply || f|lco < [|2]|oo and ||g]lco < |||loo (here, the norms are
on the corresponding domains). Therefore,

(Y (T)—yg)?

w(lT,x)—e 20 (T, z,Y(T) — y)

La(P)

< 2o || o€ (S <H(QQ) + ﬁ”h”oo)

T 2 1/2
-x E / ds
0

We now focus on the last expectation; using a combination of Jensen’s inequalities
and Tonelli’s theorem we get

—1
T (llelloo+5

- 1 (T
MG - | HEr

2 1/2

(/

h(é\%—s) -

1T
7| nEar

ds

2 1/2
ds] )

(ot
_ (/OTI@ _ ;/T( h(€E_.) — h(EF))dr 2] ds) 1/2
< (/OTIE —/ h(EE_,) — h(E))| dr] )1/2

(L &L

< 2L2(1 + |$|2)(1 +T)62(m+M/2)T|T _

B @) - h@)PF] ar ) @) .

The Lipschitz continuity of h and Theorem 4.3, Chapter 2 in 78| yield

E (1) - h@)P) < LB |16, - &1

S —T,
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where L and M come from (5.5)) and (5.6). Moreover,

T /q /T ) )1/2 T
— T—s—rldr)ds = —.
L (2] | V3

Combining all our estimates we obtain

(Y (T)-y0)?
2T

w(T,z)—e (T, z,Y(T) — yo)

Lo(B)
2 c a1—-1 2
< Tallugllae I A2 MIEEE) (1) 4 VT

X Ly2(1+ [22) (1 + T)T,

as desired.
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Chapter 6

An alternative derivation of the
Feynman-Kac formula for the heat
equation driven by spatial white
noise potential

Abstract

We present an alternative derivation of the Feynman-Kac formula for the 1-dimensional
stochastic heat equation (SHE) driven by a space-only Gaussian white noise poten-
tial, where the noise is interpreted in the Wick-Ito-Skorokhod sense. Our approach
consists in constructing a Wong-Zakai-type approzimation for the SHE from which
we are able to obtain an “approximating Feynman-Kac” representation via the reduc-
tion of the approxzimated SHE to a deterministic partial differential equation (PDE).
Then we will show that those “approzimating Feynman-Kac” converge to a well de-
fined object we will call “formal Feynman-Kac” representation which happens to co-
incide with the unique solution of the SHE.

6.1 Introduction.
In this work we will deal with the 1-dimensional stochastic heat equation

{atu(t, ¥) = 202 u(t,x) + ult,z) o W(z), (t,x) €]0,T] x R 61)

u(0, z) = ug(x),

driven by the (distributional) derivative of the Brownian motion {W(x)}.cr aka a
(spatial) spatial white noise process.
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The initial condition ug : R — R is assumed to be a bounded, deterministic Borel-
measurable function. In light of what we discussed in section the use of the
Wick product in equation (6.1)) implies that the noise should be interpreted in the

Ito-Skorohod sense.

In the case of space-time white noise potential, equation has been extensively
studied (e.g. [79],[80],81],|82] and references therein). On the other hand if the
noise is assumed to be only time-dependent equation is just a particular case
of the well known Zakai equation that we treated in chapter

Nevertheless the case of spatial white noise hasn’t received the same attention.
In |83 the author has showed that in this one-dimensional setting, equation
admits a unique mild solution which is square integrable for any (¢, z) € [0,7] x R;
such a solution is constructed employing the Wiener Chaos expansion (see also
Theorem 3.9 of [84] ).

In [85] and [86] the author treated the SHE with spatial noise in the d-dimensional
case, showing existence, and providing numerous estimations of the Lyapunov ex-
ponent of the solutions. The former treats the case of fractional Brownian motion,
while in the latter the solution is showed to exist in a flat Hilbert space similar to
those introduced by Kondratiev (see for instance [38]).

In |84] the authors studied, among other things, the existence and regularity of
the multidimensional version of when the covariance structure of {W(z)}, cpa
satisfies certain conditions. They also propose some formal Feynman-Kac represen-
tations for the solutions of the SHE in various settings. Although they hinted a way
for constructing the Feynman-Kac representation for the solution of equation
the details were omitted.

In [87] the authors studied the SHE with space-only white noise potential in a
bounded interval using the concept of Wiener chaos solution and propagator intro-
duced in [88] (see also [73]). They obtain original estimates of the Holder regularity
of the solutions (in particular in space).

The aim of this chapter is to construct a Feynman-Kac representation for the unique
mild solution of (6.1f), using an alternative approach to that in [84], the main differ-
ence between the two being the way in which the noise is regularized.

As in the previous chapters we introduce an “approximating equation” which is re-
duced to a deterministic partial differential equation by means of the connection
between the Wick product and the Malliavin derivative. Applying the classical
Feynman-Kac formula to the latter we are able to derive a probabilistic represen-
tation for the Wong-Zakai approximation of the SHE. Then we show that as the
regularization of the noise vanishes this representation converges to a well-defined
random variable (for fixed ¢t and z) and that this limit-object coincides with the
unique mild solution of present in the literature. It’s worth noticing that
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due to the structure of the approximated noise the sequence of “approximated so-
lutions” converges not only in the LP(£2) norm for any p € [1,00), but also almost
surely.

Thus our achievement is two-fold, first we propose an alternative and original deriva-
tion of the Feynman-Kac formula for the solution of the SHE with purely spatial
noise, and on the other hand it spots an interesting interconnection between the
SHE and an approximating deterministic PDE.

6.2 Construction of the approximating equation.

For technical and notational convenience we will denote with (2, F,P) the White

noise probability space which was defined in section[2.3.3] Furthermore let {W ()} ,cr
denote the Brownian motion defined in [2.3T] and let E be the expectation operator

in this space.

The aim of this section is that of introducing a Wong-Zakai-type approximation for
, and thus the first thing to do is to construct an opportune smooth approxima-
tion of the singular White noise process {W(z)}zcr. As we already mentioned (see
section the point evaluation of singular white noise at x € R could formally
be seen as

() = / 5, ()W (3)",

i.e. the stochastic integral of a Dirac delta function with mass at x € R.

One possible approximation could be obtained by truncating the Hermite expansion
of d, (see section [2.3.1]) up to a certain finite value K yielding:
. K
W) = 3 i) [ v, (6.2

Jj=1

(notice that the latter is nothing more than the derivative of a truncated Karuhnen-
Loéve expansion of the Brownian motion W) clearly WX converges to W in (S)*
(e.g. [38]). We can also write

W (z) = T(Pr)W (z),

where Py is the projection operator on span(ey,...,ex) (see definition [I139)) and
['(Pk) denotes its second quantization.

If we substitute the singular white noise in (6.1)) with (6.2)) we obtain the following
“ala Wong-Zakai approximating equation

(6.3)

8tuffx = %@%xuf{x + uth WK, (t,z)€]0,T] xR
u(0, ) = up(x),
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where in order to simplify the notation we write W for W% (x).

Since the equation above involves non-trivial operations, such as taking the Wick
product between the solution and a random potential we should state what a “solu-
tion” of the latter actually is. Following [80] we have:

Definition 129. Let K be any arbitrary positive integer, then random field u” :
[0,7] x R x Q@ — R is said to be a mild solution of (6.3)) if for any fixed (¢,x) €
[0,7] x R we have that u/%, € L*(P) and for any random variable F' € D"? it holds
that:

E [up, F] = (Peuo)(2)E[F]

+ E (/0 /Rpt_s(x — ) (Z ej(y)ej(o)) ufydy ds D(.)F>

=1 L2(R)

(6.4)

where D denotes the Malliavin derivative and D2 the Malliavin-Sobolev space.

Remark 130. This definition is essentially equivalent to the concept of soft solution
(e.g. 189]90]).

6.3 Reduction method

From now on we will write Z; := [, e;(y)dW(y), j € {1,..., K}, then using the
linearity of the Wick product we can rewrite equation (6.3) as

Ot = 02, uf, + Z]K:l ej(x)uls, 0 Z;,  (t,x) €10,T) x R
u(0, ) = ug(x).

We can formally use proposition [L01] and write

K _ . K K
Uy o < Zj = Uy - Zj - (Dut,gm ej)L2(R) :

Thus replacing this into the equation above yields

uf, = 302 uf, + Z]}; [uth - Z; — (Duf,, ej)LQ(R)] , (t,z)€]0,T] xR
u(0, ) = ug(x).

If we assume that the solution of this equation is of the form

K

u (W) =u(t, 2, 21, .0 21|
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for some (well behaved) function u : [0, 7] x R x RX — R that must be determined
then an application of the chain rule implies that

K
(Duﬁz? 6]‘)L2(R) = Z aziut{(z,z (DZi7 ej)LQ(R) = azjuK(t, Ly 215 e ZK)‘zk:Zk(w), k=1,...K
i=1

It follows that u (¢, z, z) must solve the deterministic Cauchy problem

atu{,(x,z = ;agccut,x,z + Zszl ej (z)[u{,(z,z : Zj - azju{,(x,z]v
(t,z,2) €]0,T] x R x RE (6.5)

uf(0,2) = up(x).

Notice that by doing so we’ve managed to reduce the approrimating Wong-Zakai
equation to a deterministic partial differential equation. This in turn implies
that we can obtain an approximation for the solution of by solving a determin-
istic PDE. This by itself is an interesting result since it’s generally true that dealing
with PDEs is considerably easier than solving SPDEs.

Upon multiplying both sides of the equation by exp (—% ZJK 1 ]) and defining

K
1
K ._ K 2
Ui,z = Yia,z OXP (_5 Z Zj) )
j=1
we are able to get rid of the zero-order term and obtain the following:

{@nK 102,05 =31 ej(2)0.,0%,

K(0,2) = up(z) X exp (—% Z]K:l z?) ‘ (6.6)

Proposition 131. Straightforward computations show that the differential operator
2
= iacm: Z 6]
is the infinitesimal generator of a (K + 1)-dimensional stochastic process given by

(B”(t),zl — /Ot e1(B*(s))ds, ..., zx — /Ot eK(Bx(S))dS)te[O,T] ;

where {B*(t) }+epo,r) s a 1-dimensional Brownian motion defined on the auxiliary
probability space (2, F,P) starting at z € R.
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Proof. Let
dX(t) =0b(X(t))dt + o(X(t))dB(t), t€]0,T], X(0)=(z,21,...,2K)

where b = (0, —e1 (X1 (t)), ..., —ex(X1(¢)))T and ¢ = (1,0,...,0)T. Then by |14
theorem 7.3.3| the infinitesimal generator of X is given by .Z. O

The last proposition and a formal application of the classical Feynman-Kac formula
yields

o (t,x,2) =E

where E denotes the expectation with respect to P.

The expression given by is sometimes referred to as a “generalized solution” of
. It is worth mentioning that the latter becomes a classical solution if suitable
regularity assumptions on the coefficients of are in force. For more details see
the discussion on |11}, page 122] . By definition the latter implies that

K K

wir)en{ S ([ ewrones) =25 ([ }] .

j=1 j=1
(6.8)

uwk(t,x, 2) —E

\)

Letting u;, (w) := u*(t, z, Z1(w), ..., Zx (w)) we obtain the formula in theorem (133

6.3.1 Wong-Zakai and propagator.

There exists an interesting connection between our approach and the concept of
Chaos solution (e.g. [88||73]). For fixed (¢,x), it is easy to shown that the gen-
eralized solution belongs to L? (R, 7®%) where ¥ stands for the standard
K-dimensional Gaussian measure where the matrix of covariance equals the identity.
Then, u (¢, z, 2) can be written as a series involving the Hermite polynomials. Thus

formally replacing u* (¢, z, z) by Z U (t, ) (H LZ?) =: Z U (t, 2)Ho(2),
j=1 v Ot

acJK aeJK

where 7% :=={a € J : a; = 0,Vi > K} and H,(2) := [T, Hj/jo%)) we obtain

after reordering the terms and formally bringing the differential operators inside the
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series:

(Z crx Opua(t, z)H ( Z 28536% (t,z)H (z))

acJK
+z%ﬂz£@umwwﬁ%@%—%muﬂ
(t,z,2) €]0,T] x R x RE
\ZaejK e (0, 2)Hy (2) = ug(x).

Note that the term inside the square brackets above is equal to

ﬁ%w>me—%wﬂ
iy

Ho(2)zj — aszoc(Z) =

2=

H Hak (Zk) Hocj+1(zj) =\ + 1Haz;)(2),
=y

2=

where ozz;.) = a+¢; (cf. ...) and thus we can rewrite the system of equations
as

(e Ortia(t, 2)Ha (E:Q@wamr @O

acJK

| S e S es(a)ualt )/ F T (2)
(t,z,2) €]0,T] x R x R¥

\ZaeJK o (0, 7)Ho(2) = uo(7).

By comparing the coefficients of H,, we can obtain the following triangular system
of equations which is equivalent to the propagator presented in [87]

Oyuoy(t, x) = —62 (), u0(0,2) =u(x),

K

Qg (t, ) = iﬁgmua(t x) + Zej(a:)ua(j)(t,x)\/a_j, ua(0,2) =0, a € J¥,
j=1

(6.9)
where Qg =a—¢ = (aq, a9, ...,max{a; — 1,0}, ...).

Then, solving this propagator ([6.9) gives us u®(¢,2,2) and by evaluating it at
(t,z,7Zy,...,ZK), we can obtain the solution of (6.3]).

Remark 132. This same technique should work for any linear equation in which the
noise enters in a multiplicative fashion like this one.
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6.4 Statements of the theorems.

Theorem 133. The random field u’ : [0,T] x R x Q — R defined by:

uo(B* Xexp{/Z(/ (B*(s ds)ej( )dW (y) —%i(/ot Bx(s))ds)Q}],

"~ (6.10)

u =K

, T

is a mild solution of (6.9) (in the sense of definition [129 )
Theorem 134. The family of random variables {VE ; K € N} given by:

t:v7

K 2

s Z(/ B s ) st ()~ 3 3 ([ esimrisnas)

7j=1

converges in L*(P ® EN”) to a well defined random variable given by

Vo= [ L0 avty) -5 [ L0Pda

where { Ly (t)} denotes the local time of the auziliary Brownian motion { B*(t) }iejo,)
defined on (Q, F,P).

Furthermore, conditional on F it holds that W, , ~ N (=% [, |La(t)?da, [, |La(t)|?da),
where {Lq(t); (t,a) € [0,T] x R} is the local time of {B(t)}icpom-

Theorem 135. For fized (x,t) € [0,T|xR, p € [1,00), let ufs, := E [uo(B*(t)) exp{U{,}]
and denote uy 5 = B [ug(B(t)) exp{W,,}], then it holds that:

Jim [, = o) = (6.11)
and

lim uth =U,, P—a.s. (6.12)

K—oo

Furthermore we have that
0, T] xR x Q5 (t,x,w) — u.(w)

is the unique solution for (in the sense of theorem 3.1 of |83]).

Using our Feynman-Kac representation we are able to derive the following formulae
for the moments of the solution (this formula has also been obtained in |84] but the
proof was ommited).
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Theorem 136. Let ¢ > 2 then the gq-th moment of the unique solution of is

given by
<Hu0 ) 4 g ) exp{Z/ / 5o(B B(r)(j))dsdr}],

1<)
(6.13)

E[ utx

(BW, ..., B@) are q independent 1-dimensional Brownian motions defined on (fNZ, .?E, Iﬁﬁ’)
and f(f fot do(B(s) — B(r)")dsdr denotes the intersection local time of the Brownian
motions B and B'(e.g. [91)).

6.5 Proof of theorem [133|

We will only consider the case in which F' = £(h), h € L*(R) (which amounts to
deal with the S-transform ) because the general case could be obtained by a density
argument. We then have

E[uf.E(h)] =E :JE [uo( B (t)) x exp{¥X}] x E(h)]
E [uo(B*(t))E [exp{TX,} x E(h)]]

5 -uO(Bm(t))eXP{/ Ze] B*(s / i(y)h(y)dy ds}],

hence by the classical Feynman-Kac formula we can see that the latter is the solution
of

{&S(um)()—l@QS( K (h)+ 8 (uF )().( K es(@) fes(y) ),(t,x)e]O,T]xR
Sﬂ,x( ) = UO(:E)7
for any h € L*(R), where as usual S (uf%,) (h) = E [u}*,F] for any fixed K.

The solution of this equation can be written in mild form as

S (uf5) (h) = (Paso) / [ psta- Zej ) [ eitenz)dz dy,
— (Puso)( / [ peste =[] emﬂfej(y) [ e@ntz a,

j=1 R

or which is equivalent,
K
E [uf.E(h)] = (Pug)(z) + E (/ /pt s(r—y (Z ej(y)ej(°)> ull,dyds h(°)5(h)> :
7=t L2 (R)
which implies since E[E(h)] = 1 and DE(h) = hE(h) and the fact that the
stochastic exponentials are a dense family in D2,
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6.6 Proof of theorem [134

We start by showing that {Uf} ke is a Cauchy sequence in L*(P ® P). .

Without lost of generality assume that N > M + 1 and let || o [, := EE | e []"/?
for any p > 1, then

mxm%%w}éf%X([%@mﬁmﬁ%j%;(ﬂkﬂyﬁ”“yz
. é;%xu?w%w%_i%;Q}@%w;2
_FE <§;sz y (/Oteij(s))ds))
Qéézﬂ(AEMW@mﬁ)Qé;(f@w%m@f>
(& (L))
EL%;(f@@%%“i*i@éél%zﬂw@waj2

It would suffice to show that

N’}‘i}gm]ﬁ i (/otej(Bx(S»ds)2+%1(l_i (/Otej(B””(S))alS)Q)2 — 0.

j=M+1

Using (6.21)) we have that

N([wm@mfsém@mmﬂm

for any positive integers N > M. This together with the fact that the random
variable oy is exponentially integrable (e.g. [91, page 178| ) allows us to use the
Dominated Convergence Theorem to bring the limit inside the expectation.

Finally from (6.21) we know that the sequence

j=M+1

2

5= ([ B |

j=1



is P-a.s. convergent and thus we have that

N 2

Sy —Sul= Y (/Otej(Bm(s))ds) 0, P-as

j=M+1
when N, M — oo.

This implies that

e w3 =0

which shows that {W{ }xen is a Cauchy sequence.

Furthermore notice that

Ai(/otexm(s))ds) gzij(/o (B (s d>2
=2 i tej(Bx(S))ds ej(y)dW (y) — | Ly(t) dW(y) 2
e e e
2
+ EKZ ( /0 tej(B“"‘(s))dsY— /R Lo(t)2da

< [ e “(6)ds) i) - L5 2 dy]

2
]—>0,
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T 1 2 a
- [ o awve) + 5 [ Lk

where in the last equality we’ve employed fact that conditional on j—zﬁ the stochastic
integrals are Wiener integrals and the convergence to 0 follows from an application

of Dominated Convergence Theorem.

6.7 Proof of theorem [135|

The proof of our main theorem will be done in several steps:

1. Show that the “approzimated Feynman-Kac” formula converges in L*(P) to the

“formal Feynman-Kac”.

2. Obtain the Wiener Chaos expansion of the “approximated Feynman-Kac”.

3. Show that the latter converges in L*(P) (as K — oo) to the solution of

represented by the formal series given in (83| and [86)].

2

2
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Then since the limit in L?(P) is P-a.s. unique, we conclude that the solution given by
the formal Wiener chaos series in [83] and [86] coincides with the “formal Feynman-
Kac” formula.

The previous can be summarized by the following diagram,

~ Step 1 ~
E [uo(B* (1)) exp { W15 }] 2 ——— B [uo(B(0)) exp {W..}]
Step 2 | = = (by uniqueness of the limit)
Step 3
20 Il £ (6:2) | T Il fa(t,2))

Step 1:

We start by showing the convergence of the “approximated Feynman-Kac” for-
mula:

E [Juf, = uel’] = B ||E [uo(B* (1)) (exp{®f} - exp{w,.})] ']
< |luol|Z.EE [|exp{¥/} — exp{¥;.}|"].

Since Uf, — ¥y, in L*(P ® P), then exp{¥;5,} — exp{¥;,} in probability, and
in order to show the desired result we just need to prove that [|exp{¥} }[|, —

[ eXp{‘Ijt,x}mp'

Using the Tower rule and the fact that conditional on ]?75 the random variables ¥, ,
and U/, are Gaussian we have that

| exp{®,.} |2 = EE|exp{p¥, . }|
~—F [E [exp{p\lft,xﬂff H

—E {exp{@/ﬂya(m?daﬂ < 00,

Il exp{ T }[2 = EE|exp{pP), }|
=F [E [exp{p\llt,x}\]:f“

{05 feamo) ]

J=1

and

=K

At this point we can use Monotone convergence theorem to bring the limit inside
the expectation, the continuity of the exponential function and (6.21)) implies the
desired result.
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Step 2:

Now we need to obtain the Wiener chaos decomposition of (6.10) and start by
noticing that conditional on F¥ we can write (e.g. lemma

exp{¥;,} = Z X(t,x,®)), convergence in L*(P)

where the n-th kernel is given by the following element of Lgym(R"):

gf(t,x,O) = z:l T 2% (/[Onf]” ei (B*(s1)) X - -+ X €in(Bx(3n)>dS) (e, ®---®e,)(e),

and where ds = ds;...ds,. From the latter it follows that

S IAPOE o

i1=1 ’Ln_l

uo(B(1)) /[ i (B70) X, (B o) ds

ei1®-~-®ein> ;
then the n-th kernel of the Chaos decomposition of uﬁ is given by

K Ko
ZZEE u
=1 ip=1

611®®6Zn

Be(1)) /[O o B x (B (o) s

Using the multi-index notation we can rewrite the series above as

1 1 ~
> 5> E

’ (XEJ,,{( ) O'EPn

UO(Bx(t»/[ | ek(,(l) (Bx(sl)) XX eka(n) (BI(SH)) dS] ek’g(l) Q- ® eka(l)
0,t|"

where for any a € J,, we denote its characteristic vector by ko = (k1,...,k,) (e.g. |87,
Section 2|).

Using the symmetry of the term inside the expectation we see that this equals

1 _
IDDR

acJK

1
uo(Bx(t))/[Ot]n er, (B(s1)) X -+ X ex, (Bx(sn))ds] D Gy @ e

) O'epn

Definition 137. Let o € J and as usual let a! = H] 1 a;!. We define

Cq = \/>@ e (6.14)

Then {e, : a € J,} is an orthonormal basis for Lgym(R”) (e.g. [23, proposition 2.3.7])
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Using the basis we’ve introduced above we can rewrite the latter expression as

n.zf

ek, (B*(s1)) X -+ X ek, (B*(sn)) ds] Ca

m ZK Vol ) (L5 e, @ "'®ekn)L2(Rn)} o
acJ}t
n‘ Z v E UO Bx (Lx i ’I’l‘ Z eko(l) .®ekv(n)> Co
aejK o€Pn L2(Rn)
&
’I’l‘ ZK |:U() Bm (Lx(t) n7 ea)L2(R"):| Co-
acJy,

Using the time occupation formula again we obtain

qXE

aeJK

/[Ot]n (B (¢ ))ea(Bw(sl),...,Bcc(sn))ds] Co.

Now let o € P, be the permutation of {1,...,n} such that 0 < s,(1) < -+ < S5() then by
the symmetry of ¢, we can rewrite the last expression as

T aegK
at this point we can simply compute the expectation and obtain the following

Proposition 138. Let uth be given by then it holds that:

= ZIn(fé((t’ x))? (6'15)
n=0

where
f(]l((ta :E) ZU(O)(t,l’),
frlf(ta Z, .) = Zaej{( ea(.)

a1 Jo.gn Jan w0) (& = So(n)s Ta(n))Psy (n)—sa (n) (To(n) — To(n-1))
- X psa(l) (1‘0(1) — a:)ea(xg(l), ceny wg(n))dx ds

(6.16)

where dx := dz1 -+ - dzy, and o denotes the permutation of {1,...,n} such that 0 < sy(1) <
c < Spn) < t.

In |84] the authors have shown that if the initial condition is deterministic and bounded,
then equation (6.1)) has a unique mild solution given by the Wiener Chaos expansion:

z) =Y I(fa(t,2)), (6.17)
n=0
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where
fo(t,x) = u(t,z) = (Puo)(w),
fn(t,l';l‘l, "'7:1"”) = %f[ﬂ,t]” pt—sg<n) (LU - xa(n)) (618)

X Ds i =501y (Ta(2) = To(1))W(0) (To(1)s So(1))dS,

where o denotes the permutation of {1,2,...,n} such that 0 < sy <+ < 8,(,) <1t ( see
also equations (4.2) and (4.3) of [86]).

Now the idea is to show that converges in L?(PP) to as K — oco. Comparing
(6.16) and (6.18) it is evident, after a simple reordering of the terms, that fX equals the
orthogonal projection of f, on the span of {e, : @ € JK}, ie. the symmetric part of
span{e;, ® -+ ® ein}zll(,..‘,inzl'

Definition 139. Let K be some fixed positive integer. Then Py : L2(R) — L%*(R) is a
self-adjoint projection operator defined by the action

00 K

Pxf =Pk Z(f’ej)m([[g) €5 :Z(faej)LZ(R) €55 (6.19)

j=1 j=1
for any f € L?(R), i.e. the orthogonal projection on span{ey, ..., ex }.

Straightforward calculations, similar to those in Appendix B show that the following
holds

Proposition 140. Let u(t,z), (t,x) € [0,T] x R denote the mild solution of given by
(6.17) . Then for any (t,x) € [0,T] x R it holds that:

uf, = T(Px)ult, z), (6.20)

where I'(Px) stands for the second quantization of the projection operator P .

Step 3:
It’s straightforward to see that
ZIn(ff(ta ) — Zln(fn(t»x)) = Z In(fn(t, ) — P}?"fn(t,@)
n=0 n=0 L2(P) n=0 L2(P)

= 0l falt, ) — PR fult, )| 2mn) — 0
n=0

as K — oo. This together with the results obtained in Step 1 and the unicity of the L?(P)
limit we conclude that

E [ug(B*(t)) exp {Us,}] = > In(falt,z)), P—as.
n=0
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On the other hand from the propositions [I40] and we see that

uth =Eu(t,2)|K], K:=o0(Z1,...,7ZK)

and we also notice that K T F = o(H(W)). Then the martingale convergence theorem
(e.g. theorem 35.6 of |92]) gives us the P-a.s. convergence

6.8 Proof of theorem [136

The convergence in LP(P), p € [1,00) of uf(x to the solution of u;, implies that for any
q € N the g-th moment of uf(x converges to that of the solution.

(] =5 [ [E 00 oo o)
em el ]

f{?]

using the fact that conditional on ]?75 the stochastic integral appearing in the exponential
is a centered Gaussian random variable we can see that the latter equals

Now we must take the limit for K —> oo (we can see that the exponential function is
dominated by exp{gmaxi<i<q [p ]L (t)|?da} which is integrable) yielding
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B ((u)") = Jim B [(uff,)’]

K—oo

<Hu0 ) + ) ) eXp{Z/ / So(B B(r)(j))dsdr}

<7

6.9 Appendix A: Local time

Consider the Brownian local time of a one dimensional Brownian motion {B*(t)}cjo,r)
starting at = € R, at level a € R and time ¢ € [0, T7:

-/ (B () ds

and notice that the latter can be seen as the usual Brownian local time Lg_4(t).

It’s known (e.g. the proof of proposition XIII-2.1. of |93]|) that for a fixed ¢ the map
R 2 a+— L,(t) is a.s. continuous and has compact support, hence it follows that

op = / |La(t)|2da < oo, a.s.
R
this together with the invariance of Lebesgue measure implies that a — LZ(t) belongs to

L?(R) almost surely.

Then the following Fourier-like series expansion holds a.s.

[e.9]

120 =3 ([ Boewiy) e

7j=1

:2(/ e (B (s )ds)e]()

where in the last equality we’ve used the occupation time formula.

By the Parseval’s identity we have:

2

S ([awens) = [T imora= [T iLore <o G

j=1 —00 —00

6.10 Appendix B: Second quantization and Condi-
tional expectation

Let (€2, A, P) be a probability space. Then it’s well know that if X € L?*(Q, A, P) and
B C A is a sub-sigma-algebra, the conditional expectation E[X|B] can be seen as the
orthogonal projection of X on L?(Q, B, P). In this appendix we will show an analogous
property of the second quantization operator.
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Proposition 141. Let Py be the projection operator of definition [I59. Then the second
quantization operator I'(Pg) coincides with the conditional expectation ]E[o|IC]E| on L*(P).

Proof. We consider again the complete probability space (£2,B, P) treated in the intro-
duction. Let X € L?(P) then by theorem [33] X has a series expansion of the form

X = Z ToHa, convergence in L*(P).
acJ

Now let us take the conditional expectation of X given the sigma algebra K. It’s well
known that we are allowed to interchange conditional expectation with an L? convergent
series, yielding

-~ Ha-(Zj)
E[X|K] =) 2aB[HolK] =) z.E |[[ —==|K
ald acd j=1 V!

and at this point we notice that the terms of the product involving Z; for j € {1,2,..., N}
are K-measurable and hence can be pulled outside the conditional expectation, furthermore
the mutual independence of the Z’s yield

w0xk) - o [[ 450 ] &

aceJ Jj=1 K+

Hao, (Z5)
Vil

Furthermore since the Hermite polynomials of a standard Gaussian random variables can be
seen as its Wick power i.e. H,(Z;) = Z3" (proposition, and since E(Z5") = E(Z;)" =0
we see that the only non-vanishing terms are those corresponding to the a’s containing
only positive values in the first K entries (remember that Hy(-) = 1). This allows us to
conclude that

EXIK] = ) zaHa (6.22)

acJK

where JX .= {a €T :a; =0,Vi> K}

On the other hand we could write the Chaos decomposition in terms of multiple Wiener
integrals, i.e.

X =Y I(fa),
n=0

where the kernel f,, is a symmetric function in L?(R™). Then by definition of the second
quantization operator we have

P(P)X = 3 L((Pi)®" i)

n=0
00 K K

=> I (Z D (frrei @ @) a(en) €0 ®®> |
n=0 i1=1 in=1

'Remember that K := o(Z1, ..., Zx)
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using the multi-index notation this could be written as

o0
1
B 7;)]” Z ol Z (f”’e’%u) B eko(n)>L2(Rn) Choy) O @ Chopr)

acJK T oeP,

where as usual ko = (k1, ..., k) denotes the characteristic vector for a € 7,,. Since f,, is
symmetric then it follows that the latter equals

[e.e]
n! 1
> o o€k @0 @ ko) () In (nl 2 ko ®"'®6ka<n>>
n=0 ac JK oEP),
[e.e]
-3 3 v

n:OCYGJ»,{{ ’ og€Py

1 1 1
Valn! D Gy @ ®€k“(">> \/aln (n' D oy @ ® ekv<">> '
o€Pn, LZ(Rn)

Using the identity presented in equation (2.17)

]. Pay (O}
Ho = —=1, e 7|, fora€eJ,
va! 9 J
and letting (c.f.(2.18]))
To = \/ﬁ(fna ea)L2(Rn) >

we can write the latter as

Z Z TaHa = Z CUaHa:E[X“C]?

n=0 qe K aceJK

and this completes the proof.
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Chapter 7

A Feynman-Kac approach for the
spatial derivative of the SHE driven
by spatial white noise potential.

Based on: Kim, H. J., & Scorolli, R. (2021). A Feynman-Kac approach for the
spatial derivative of the solution to the Wick stochastic heat equation driven
by time homogeneous white noise. To appear in Infinite Dimensional Analysis,
Quantum Probability and Related Topics.

Abstract

We consider the (unique) mild solution u(t,z) of a 1-dimensional stochastic heat equation
on [0,T] x R driven by time-homogeneous white noise in the Wick-Skorokhod sense. The
main result of this paper is the computation of the spatial derivative of u(t,x), denoted
by Oyu(t,x), and its representation as a Feynman-Kac type closed form. The chaos ex-
pansion of Oyu(t,x) makes it possible to find its (optimal) Holder regularity especially in
space.

7.1 Introduction

As an extension of the results obtained in the previous chapter, we will further investigate
the (unique) mild solution of the 1-dimensional stochastic heat equation (SHE):

dult,z) = é@gxu(t,x) Fult,z) o W(x), ()€ (0,T] x R,
u(0,z) = up(z)

(7.1)

where T' > 0, ug is a function satisfying certain conditions, {W (z)},cr is a spatial Gaussian
white noise i.e. the distributional derivative of the Brownian motion {W(x)},cr defined
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on the white noise probability spaceEl (" (R), %, 1), and ¢ stands for the Wick product
which by proposition [LO1] implies that the stochastic integration must be understood in
the It6-Skorohod sense.

Definition 142. We say u : [0,7] x R x Q — R is said to be a mild solution of (|7.1)) if for
any fixed (t,z) € [0,T] x R, u(t,x) € (L?) and it satisfies

t
ult ) = /R p(t, — y)uo(y)dy + /0 /R p(t — 8,2 — y)uls, ) o W(y)dyds, p-almost surely,
(7.2)

22
where as usual p(t,z) := ﬁe‘f is the Gaussian heat kernel.

Notice that from the discussion in section we can rewrite equation (142]) using the
Skorohod integral as

u(t,z) = /Rp(t, x —y)uo(y)dy —i—/o /Rp(t — s,z —y)u(s,y)oW (y)ds, u-almost surely.
(7.3)

Let {u(t, )} 2)ep0,r1xr Pe a mild solution of (7.1)). Then for any fixed (¢, z), the random

3

variable u(t, x) admlts the following multiple Wlener chaos expansion (e.g. [86], |84] or

[83]):
x)=> I, (FN(t)), (7.4)
n=0

where I,,(e) is the n-th multiple Wiener integral with respect to the Brownian motion
{W(‘T)}xERa

Rf(ta) = [ plta = pyuoty) dos
F™(t,zy1,. . yn)
= % > oeP, f[O,t]" p(t- Tp(n), T — yp(n))
X P (Tp@) = To(1): Yp(2) = Yp(1) FO (Tp(1) Tp(n)) dr, 1 > 1,

and p denotes the permutation of {1,...,n} such that 0 < r,q) < -+ < 7rypy < t. For
simplicity, we have denoted dr := dridrsy - - - dr,.

To distinguish among different representations of the mild solution, let us call (7.4]) the
multiple Wiener solution u™(t,z) of (7.1). There are a few papers considering this
representation:

!Even though the choice of the underlying probability space is immaterial, we will employ this
in order to ease the presentation of the results
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(i) The paper |83, Theorem 3.1] shows that ' is the unique mild solution in C ([0, T]; L*(R); (L?))
if ug € L?(R) by showing,

2
21 St [ 0050 oy < Gl <0

Note that ug € L?(R) does not cover ug = 1.

(ii) When ug € L*(R), [86, Section 4| shows that

[e.e]

E 2 2
sup n! || (25 0) wy < Clluo|| 700 ry < 00
(t.2)€[0,TxR 55 I HLQ(R ) Le=(R)

Hence, we can say that «™ is the unique mild solution in C ([0,7] x R; (L?)) if
ug € L*(R).

There is an alternative chaos expansion of the mild solution u (e.g. [94, Theorem 3.11]):

= Z uSs (t, 2) Ha.- (7.5)

acJ

As usual we denote with T7, . the simplex {0 < s; < --- < s, < t}, and then we can write

[0,¢]
(o )(t x) = /p(t x — y)uo(y)dy, and for |a] =n > 1,

t x \F/n / — Sp, T yn) X X P(S2 — 51,92 —y1)U€S)(81,y1) ea(yla--wyn) dsdy,

[0,¢]

=1
thonormal basis of Ly (R™). We will call (7.5) the chaos solution u®(t,z) of (7.1).
The existence and uniqueness of this representation can be proved by showing the follow-
ing:

for a € J, :={a € J : |a| = n}, and {e =/ 5 @ = Jn} forms an or-

(i) We can prove that u® is the unique mild solution in C ([0,77]; L?(R); (L?)) when
up € L?(R) by showing (c.f. [87, Theorem 4.1])

Sup Z Z [Jue’ (¢ °)Hi2(R) < CHUOH%%R) < o0. (7.6)
t€[0,T] n=0 a€Jn

(ii") We can also show that u®® is the unique mild solution in C ([0, T] x R;(L?)) if
ug € L*(R) (c.f. |87, Theorem 4.3]) by achieving

sup Z 37 a8t )| < Cllug)? sy < 0. (7.7)

(t,x)€[0,T]xR = 0aed,
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Indeed, (|7.6) and ([7.7]) can be easily obtained as follows:

(7.6) To use the same argument as |87, Theorem 4.1], it is enough to show

Up = /R (/RP(S,?J - Zl)uo(zl)d21> : (/Rp(say - Zz)uo(ZQ)d22> dy < |luol|Z: g,

and it is clear by semigroup property and Hélder inequality,
Up = / /p(S + 1, 21 — 22)ug(21)uo(22)dz1d22
R JR

= / p(s+r,21) / uo(z1 + 22)up(22)dzodz; < ||u0||%2(R).
R R

(7.7) To use the same argument as |87, Theorem 4.3|, it is enough to show
| [p(t,z— y)uo(y)dy‘ < |luol oo (r), and it automatically follows from the fact

Jrp(t,x)dx = 1.

Then, it is not surprising that «"™ = u®® if ug € L>(R) since the mild solution is unique
in C ([0,T] x R; (L?)).

We now discuss one more possible representation of the mild solution. In fact, the condition
(7.2) is equivalent to definition In the previous chapter we obtained a Feynman-Kac
representation of the unique mild solution of ([7.1) when uy € L*°(R). This is given
by

u(t,2) = Elug(B* (1)) exp{¥s.}],

where { B*(t) }+>0 is a one-dimensional Brownian motion starting at x, and for fixed (¢, z) €
[0,7] x R, the random variable ¥, , is given by

€T 1 €T
Vo= [ L0avt) - [ 15 P (79)

Here L% (t) denotes the local time of {B*(s)},~, at level a and time ¢t. Let us call the
Feynman-Kac representation the Feynman-Kac solution u™(t,z) of (7.1)).

Combining all, as long as ug € L>®(R), we can say
u=u* =" =% e C([0,T] x R; (L?)). (7.9)

In this paper, we will provide an alternative proof for the equivalence ([7.9)) using a more
direct approach.

The main motivation for the current article is as follows: As we stated above, the equation
may have three possible representations for the unique mild solution u, namely (I)
Feynman-Kac solution u, (IT) multiple Wiener-It6 integral solution «™ and (III) chaos
solution u®S. Unfortunately, there is no enough discussion on Hélder regularity of the mild
solution. In particular,
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(I) There is no Holder regularity result for u** in the existing literature.

(II) For u™, |83, Theorem 4.1] proves that u™ ¢ C/?2==1/2=¢([0,T],R) for any small
e > 0if up € CH(R) N L?(R). Here, C}(R) (for the definition of this space see the
next section) denotes the space of all bounded differentiable functions on R with
bounded continuous derivatives.

(IIT) On the one hand, no one discusses the regularity of u®® on the whole line. On the
other hand, the paper [87| discuss the same equation as , but on a bounded
domain, say [0, 7]; the authors show that there exists a unique mild solution (using
chaos expansion) u{® € C([0,T7]; L*([0, n1]); (L?)) if ug € L?*([0,7]), and moreover
u$s € C3/4=23/2=2((0, T x [0,7]) for any small € > 0 if ug € C3/2([0, 7]).

Since Holder continuity is a local property, it is natural to expect that u® € C3/4-e3/ 2=¢([0, T
R) for any small € > 0 (under a suitable initial condition on ug) like the bounded case u§°.
Furthermore, it is impossible that the other representations uf* and «™ have a different
regularity from the one of u® (by uniqueness). In this sense, we would say that the existing
Holder regularity results of the mild solution on R should be improved, and in this paper,
we will suggest an idea of how to get the desired result. We emphasize that the regularity
almost 3/4 in time and almost 3/2 in space is optimal in the classical PDE sense, since W

is understood to have regularity —1/2 —¢ for any small € > 0 (c.f. |95, Lemma 1.1]).

The main aim of this chapter is to find the optimal spatial regularity of the unique mild
solution u. The first task is to find d,u and check if it is well-defined. One could formally
¢S using the same argument as in [87], but we will focus on the
FK instead.

compute OJ,u from u
Feynman-Kac representation and compute the spatial derivative of u using u
This approach allows us to obtain a Feynman-Kac-type closed formula for d,u. We remark
that we can also derive the chaos decomposition of d,u using the Taylor-Strook formula,
and it is exactly the same as the one obtained after formally differentiating ©®® with respect
to x directly. With this in hand, we can achieve the optimal Holder regularity of d,u that
is almost 1/4 in time and almost 1/2 in space.

7.1.1 Holder spaces and classical Holder regularity results

In this subsection, we first give a definition of Holder spaces on T C R. For 0 < v < 1, we
let

]f[’y:: sup ’f(zl) — f(ZQ)‘ )

21F£20€T |Zl - 22|7

We say that f is Holder continuous with Holder exponent v (or Holder « continuous) on
T if

sup | (2) 41 f[; < oo.

z€T

The collection of Holder v continuous functions on 7 is denoted by CY (7) with the
norm

£ [lye= sup [f(2)[+] ]y
z€T
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For k € N, we say that f is a k times continuously differentiable function on 7 if the m-th
derivative of f, denoted by 0™ f, exists and is continuous for all m < k. The collection of
k times continuously differentiable functions on 7 such that 8% f € C7(T) with 0 < v < 1,
is denoted by C*+7(G) with the norm

N llkei= > sup|d™ f(2)|+]0" fly< oo.

1<m<k z€T

In a similar manner, we can define the Holder spaces on [0,7] x R for T' > 0 as follows.
For 0 < 71,72 < 1, we define

[f(t,x) = f(s, ) |f(t,2) — ft.y)l

1fl o= sup + sup
TV )£ (s ) E[0.T) xR [t —sm ) Atye0TIxr T —y[”

Then, f is said to be Holder (71, 72) continuous on [0,7] x R if

sup |f(t, )| 4] fh1 72 < 00,
(t,x)€[0,T| xR

and the collection of Hoélder (71,72) continuous functions on [0,7] x R is denoted by
C"72([0,7] x R) with the norm

Hf[[’hﬁz:: sup |f(t’x)’+]f[71772'
(t,z)€[0,T]xR

Let k1, ko € Nand 0 < 71,72 < 1. The Hélder space, denoted by Ck1+71k24+72 ([0, T x R), is
defined by the collection of all functions on ([0, 7] x R) such that f is k; times continuously
differentiable in ¢t and ko times continuously differentiable in z and the norm

U= 3 sw [gjoif(t )] + ook s <o
0<i<ki, 0<j<ky (t:@)E[0.T]xR 1,72

0 0
Here, 0, := g <8I = 8) represents the differentiation operator with respect to ¢ (resp.
x

7.2 Basic regularity of u

We again assume that ug € L>®(R) so that u = u™* = v™ = 4% and we will denote

| ®loc := [l ®||Loo(r) In this section, we will provide a few basic regularity of u using the
Feynman-Kac representation.

Definition 143. [96] For any A € R, let Gy be the closure of (L?) with respect to the
norm HI‘(e/\I) 0H2 , where Z stands for the identity operator. More explicitly,

Ox = {F =Y I(fa) € (L%) : D 0l (| full F2any < 00}7
n=0

n=0
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and now we set

g:= ﬂ Gx.

AER

In particular, it is not hard to see the following inclusions:

(8)cgc(L?)

We note that if F' € (LQ) can be written as Z FyH., then one can show that F € G,
aceJ

ie”‘" Z |Fu|? < o0.
n=0

aejn

if

Theorem 144. For every (t,2) € [0,T] x R,
u(t,z) € G.
Proof. We have for ¢ € #(R),
S(u(t.))(6) = B [u(t. 2)E(0)] = BE [uo B (1) (L7 (1)E(@)
— 5%l wen{ [ Lo}, (7.10)

where the last equality comes from Fubini Lemma and [33, Theorem 5.13].

Let P, : ' (R) = Z(R) be the orthogonal projection of .#/(R) on span{ei,...,emn},
m > 1. Then for n € S (R) == ."(R) & 1.’ (R) and A € R, we have

S(utt )W) =B (B ) exp ] [ ARt Loy}
Using the fact that for ¢,n € /4 (R) it holds that (1, Pn¢) = (¢, Pnn), we can write

S(ult, 2))(A\Py) = EZ {u()(Bx(t))exp {A / n(y)(PmL%))(y)dyH

and

2
|8(u(t7 x))()‘Pmn) |2 =

EP [uo<Bf<t>> exp {A [+ z'm(y))(PmLm(t))(y)dy}]

1

By Jensen’s inequality, we have

[S(u(t, 2))APnm)|* < [|uol|3E”

exp {A [+ z'm(y))(PmLx(t))(y)dy}
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Since |z - 22| = |z1] - |22] for any z1, 23 € C,
S (ult, ) (APrn)|*

exp{A / m(y)(PmLf(t))(y)dy}

2
< Jluoll3E”

exp{m / nz(y)(PmLx(t))(y)dy}

7
~ JulZB [exp {2« PaL*(O)sace |

Thus,

/7’(R) exp {2)\ (m » PnL*(t)) 12w }I/(dn)] ,

C

/ 1S (u(t, 2))(APo) Prdn) < [luo||2.EZ
,E”é( )

where the measure v is given by the product measure p1 ® w1, where 1 is the measure
2 2 2

on ('(R), #) with the characteristic function given by:

6i<w,<p)d (w) _ e—%H‘PHQLQ(R) c y(R)
y’( ) :U’% - ’ ¥ .

-1
It is clear that for any ¢ € (R), p1 o ( e, (p||“02()> is a centered Gaussian measure
2 L4 (R

with variance 1/2 as in |38, Lemma 2.1.2]. Therefore,

/ S (u(t, ) (APmm) v (dn) < |luolE [1 / e”y”PmLz(t)lle(medey]
SL(R) VT IR

= [luol 2 [ Mizo]
Finally, we obtain

lim S (u(t, )Y (APmn) P (dn) < |uol%E [GV Jr \Li(ﬂl%ﬂ < 00, VA ER,

which implies by |97, Corollary 5.1|, u(¢, z) belongs to G. O

Next, we state the basic Holder regularity of u both in time and space.

Theorem 145. Let 0 < e < 1/2 be arbitrary and C be a constant.

(i) Assume that ug = C. Then,

u e C¥4=51/2=2([0, T] x R).

(ii) Assume that ug # C and ug € L*(R) is (globally) Lipschitz continuous on R. Then,

we CY?H1272([0,T] x R).
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~ 1/p ~
Proof. Let || o ||, := (EE\ o |p> be the norm on the Banach space LP(u ® IP) for p > 1.
From the calculations we’ve presented in the last chapter, we have

sup [lexp{ ¥}l < oo. (7.11)
(t,z)€[0,T|xR

Also, (7.8) conditional on B, becomes

Uy N./\/'<—;/R\La(t)IQda,/R|La(t)|2da>, (7.12)

where N (,u, 02) denotes the Gaussian random variable with mean y and variance o2.

(i) Let ug be a constant. Then, using the fact |e® — e¥| < (e* 4 €¥)|z — y| for all z,y € R,
Cauchy-Schwarz inequality, Minkowski inequality, ([7.11), and (7.12), we can obtain for
p =2

P
~ 1/2
E [[u(t,) — u(s y)l?] < {EE (00— W, } — e — Wy I

for some ¢, > 0. Also, the triangular inequality implies

2+ [[Wey = Wy

P D
Ellu(ta) — u(s )] < o [0~ 01, o} = (a2 4

Let us now work with
A= || Ty — Uy |3 = EE [07, — 20,0y, + T7,].

By (7.12), we have

A =FE

z/R | Lo (t)|?da + % </R |La(t)|2da)2 —2E[W; , U, ]

Recall the Dirac-delta function d,(y) = lim(Tre)*lﬂef‘x*y‘z/s, z,y € R. Since

e—0
EE[¥;,V,,] =K l/ot /Ot 80(By — B(r) — (& — y))dudr + % (/R |La(t)|2da> 2] :
we get
A =E [2 /R |Lo(t)|?da — 2/: /Ot 60(By — B(r) — (z — y))dudr} .

The next step is done rigorously (See |15] for instance) by the translation invariant property
of the Lebesgue measure:

A =E [/R |La—z(t)]?da — 2 /Ot /Ot 80(Bu — B(r) — (z — y))dudr + /R |Lay(t)|2da} ,
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and this yields, by |15, Proposition 9.2],

Ay = E[/\L ]da]—élt\x Yl + Oz — ),

which implies u(t, ) is almost Holder 1/2 continuous uniformly for all ¢ € [0, T7.

On the other hand, let us compute, for 0 < s <t < T,

Ay = EE (U7, — 20, U,y + U7 ]

_E[/\L t)[2da + ~ (/ |Lq(t |da) /RyLa(s)y?da+i(/R|La(s)|2da>2

—2E [V, , Vs, ]}

Since

E [T, ,T, [//503 — B(r))dudr + - (/IL Ida)(/L !Qdaﬂ’

we have

E[/R|L )|?da — //503 dd+/yL Qda]

[ eaoran) ([ ieopas) (] iora) « ([ o) |
:E[R]L )2da — //50 _B(» dd+/!L 2da]
35| ([ (a0 - ) )|

We note that

o] 5[ [ 0]
which implies

_~[/t/t50 V)drdz 2/ / 50(B V)drdz +/08/0860(B(r)—B(z))drdz
W //60 mﬂ
—[/s/sao — }

L </;/;60< i [ [Vt - o) |

+-E

=: A3 —+ A4.
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We can easily compute As:
t ot
Az = / / (2r|r — 2|)"Y2drdz = C(t — s)** for some C > 0 independent of z.
For A4, we have
toptoptopt
o= [ [ [ [E6uBE) - B)aBG@ - B)) dpdgdrd:
t z r q __ .
symmetry / / / / E [50(B(z) — B(r) E [50(B(q) — B(p))) dpdadrd:
t z r q 1 1
= 4! / / / / dpdqdrdz
s Js s S 2r(z—71)\/27(q D)

) dpdqdrdz

= C(t — 5)*> for some C > 0 independent of z.
Combining all together, we obtain
Ay < CJt — 532,

which implies u(e, z) is almost Holder 3/4 continuous uniformly for all € R.

(ii) If ug is not a constant function on R, then we have
E (Ju(t, ) - u(s, y)"] = E [|E (uo(w + B(t)) exp{ Wi }) — B (w0 (y + B(s)) exp(¥y,))| |
_E HJ’E ((wo(z + B(t)) — uo(y + B(s))) exp{T;.})

+ B (uo(y + B(s)) (exp{ Ve } — exp(¥s,))) | .

Since |f + g[P < 2271 (| f|P + |g]?) for p > 1,

BlJu(t2) ~ u(s, )17 < 2 (B [[B (un o + B — w0 0+ B expl¥e

l
p] )

+E HIE (uo (y + B(s)) (exp{ ¥y} — exp(¥sy)))

= 2p—1 (14_11 + Ag) .

For A, by Cauchy-Schwarz inequality,

p/2 /2

Alg(ﬁ-«i [|u0(:1c—|—B(t))—uo(y—i—B(s))ﬂ) .E(E[exp{Q\I/t@}])p .
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Since ug is Lipschitz continuous on R, we have

_ ~ p/
A< (jt=s|+ (@ = 9)2)"" B (Efexp{2,.)])
~ /2
< (jt =52+ o = y))" - E (Eexp{21.}])”
By Minkowski inequality, Holder inequality for p > 2, and ([7.11)), we also have

1, < (|t — sV + |z —y|)" - EE [exp{p¥;,}] < o0

For Aj, since ug € L®(R), we can apply the same argument in (i). As a result, we
can say that u is Holder continuous almost 1/2 both in time and space. [

As we argued in the introduction, one expects that we can still improve the spatial regu-
larity of u. We will derive our desired result in Section [7.3]

7.3 The spatial derivative of u

As we anticipated in the introduction, we expect that u(t,e) € C3/2~¢(R) for any small
g > 0. To verify this assertion, we first compute the spatial derivative of u using the
Feynman-Kac representation and then find its chaos expansion to see if it is well-defined
and to get the optimal spatial regularity of w.

Let us start with a useful Lemma. The following result will serve as a key idea for finding

Ozu(t, x).
Lemma 146. For fized (t,x) the map & 3 Q0 — &3”@) € (9)* given by
B0 (@) = E(L7 (1)) © [up (B (1)(@)) + uo (B (D)1 (9, L7 (£;@))] ,

is Bochner integrable in (S)*. Here, 0,L*(t;0) € . (R),& € Q denotes the distributional
derivative of L*(t,w).

Proof. This immediately follows from |32, Theorem 4.51| and the facts

18 (Bea(®)) (6) = (Ji 9B ()(&))ds ) x [up(B(£)(2)) + uo(B*(£)) [y ¢'(B(s)(#))ds]

is measurable for any ¢ € .7 (R).

9. ‘5 (6’5“@)) (@‘ < ([t llso + tlluolloo |6 o) el¥llee < ellubllottiuolioclid’lloo+ldlloe) <

K1€K2|¢|12’ for some p,Ki,Ko > 0. The last inequality comes from the equivalence
between standard seminorms in the Schwartz space and the system of p-seminorms.

O
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Recall the Feynman-Kac representation of u:

u(t, z) = E [ug(B*(t)) exp{ Wz }] = E [ug(B*(#))E(L*(¢))]

and recall C(R) is the space of all bounded differentiable functions on R with bounded
continuous derivative.

Theorem 147. Assume that ug € C}(R). Then, for each t > 0, u(t, ®) is weakly continu-
ously differentiable in (S)*, and

0yu(t,a) = & |e(17(0) o {ub(B7(0) + wa(B ()T 0,2%(1) | .

where 8,L% (%) € ' (R),& € Q is the distributional derivative of L*(;®), and E must

be understood as a Bochner integral in (S)*.

Proof. To find O,u(t,x), we start by computing the S-transform of u. From (7.10)), for
¢ € L (R), we have

S (ult,2)) (6) = EP [Uo(Bw(t)) exp { / L;‘f(tw(y)dy}] & [Uo(Bz(t)) exp { / t ¢><Bx<s>>ds}} ,
(7.13)
where the last equality follows by the occupation time formula.

It is clear that x € R +— S(u(t, x))(¢) is continuous for all ¢ € Z(R), and |S (u(t, x)) (¢)| <
K1%2195 for some Kyi,Ko,p > 0. Then, by [98, Lemma A.1.2|, we can see that u(t,z) =
S7H(S(u(t,z))) is weakly continuous in (S)* (with respect to the z variable).

In order to prove that u(t,e) is weakly continuously differentiable in (S)* we must first
take the spatial derivative on both sides of (7.13)). Using the fact ¢, ¢’ € ¥(R) C L*(R),

by dominated convergence theorem (DCT), we obtain
0.5(u(t, ))(0) =B is(5 (1) exp { [ t o8 (s))ds |
fuE o) e { [ t B (s))is b | t o5 (s))ds].

and it is clear that the map x — 0,S(u(t,x))(¢) is continuous for all ¢ € .7 (R).

We also need to show 8,8 (u(t,z)) is a U-functional (see Definition [80]). By direct compu-
tation, we can verify that, as in the proof of Lemma, [146|

10,8 (ult,z)) (¢)] < Kae2 Vol

where K1, Ko, p are positive real constants. Also, it is clear that the map z — 9,S(u)(z¢+n)
is entire for any ¢,n € #(R) and z € C. Hence, 0,S (u(t,z)) is indeed a U-functional,
and thus there exists a unique ® € (S)* such that 9;S(u(t,z)) = S(®); then from |98,
Lemma A.3|, we can conclude that u(t, ®) is weakly continuously differentiable in the Hida
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distribution space (S)*. Following the aforementioned reference, the weak spatial derivative
Oru of u is defined as the unique element in (S)* such that

Using Lemma [146] we can sece that 8,8 (u(t,z)) = E (S (@x)), and furthermore we have

that E (S (&%J) =S (]E (&)m>) since the Bochner integral E and the S-transform can
be interchanged (e.g. [32, Theorem 4.51]). Finally, by definition [82] we can conclude

0yu(t,a) = B [£(22(0) o {up(B(0) + wa(B* )1 0.2%(0) | .
where E must be understood as a Bochner integral in (S)*. O
From this result, we can only say that dyu(t,z) € (S)* for each (¢,2) € [0,7] x R. But,

in the following subsection, we will show that d,u(t,x) € G using its chaos decomposition,
and furthermore, we will investigate its Holder regularity.

7.3.1 Chaos decomposition for d,u

Let us find the chaos expansion of

dpu(t,z) = [swc(t)) o {Io(uf)(Bx(t))) T u(B())] (9,7 (1)) }] ,

and notice that as usual the Wiener integral of order 0 equals the identity operator, but
nonetheless we explicitly write Iy for notational convenience.

By Lemma we have
= L,
g — “"),  convergent in (L?),
n

and by the definition of Wick product, we see that

o0

E(L*(t)) o {Io(un(B*(t))) 4+ uo(B*(t))I (0:L" (1)) } = Z I,(hy(t,x)), convergent in (S)*,
n=0
where ho(t,z) = ug (B*(t)), and
®(n 1)
L' (R™) 3 hy(t, z; ) =ug(B*(t)) Sym [ ) ® 0, L (t)| (o)

Fap() (4 )() >l
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It is known that (e.g. 33, Chapter 13.3]) if U(u) = > ; I,(Fn(u)) is Bochner integrable
on the measure space (M,o(M), m), then for any n € Ny, F,, is Bochner integrable on
(M,o(M),m), and it holds that

[ - aoms)

In our case, letting (M,o(M),m) = (ﬁ, F, ﬁ”), this would imply that

S NACINEE)E
n=0

where E should be understood as a Bochner integral in ./ (R™).

We can easily check that the first term of du(t,z) is E [u) (B*(t))] = Ozu (o) (t, ). Let’s
check the general n-th terms of d,u(t, x) for n > 1. Since hy,(t, z; o) is a symmetric element
of Z'(R™), we can expand it with respect to {eq : @ € Ty, } as

b (t, x; @) = Z (hn(t,x),eq) eq(e), convergence in ./ (R™), (7.14)
CXEJn

where (e, ®) is the bilinear product between .#/(R™) and .(R™), and
1
ea(yla -~-ayn) = —F— Z eka(l)(yl) X X €k (n) (yn)
vnla! och,

It is clear by direct calculations that (Sym f, Sym g) = (f, Sym? g) = (f, Sym g). Then, we
have

(ha(t, ), e0) = WQL%)@(““ @ 0.5 0], Y [ehay @ e, | >

nlal(n —1)!

c€Pn
GEW) [ 2ot
+ W /n L*(t) (Y1, s Yn) X g;n |:€ko(l) Q- - ®6ku(n)i| (Y1y -, Yn)dy
U() BI / !/ T T
- - ®e B*(s ,...,B Sp)) ds
\/777/—1 Z 0,t]” kf’(n)( ( 1) ( ))

UO Bw x x
Wn' Z /[0 by @B (B(o1) 0 B (o)) ds, (715

where in the last expression we used the occupation time formula and the fact that —d, L*
equals distributional derivative of the Brownian local time.

Also, taking E on both sides of (7.14)), we have

Ehn(t,z;0)] =E | Y (hn(t,7),ca) eals) | - (7.16)

Ctejn

At this point, we need the following Lemma to compute ((7.16]).
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Lemma 148. [}2, Lemma 11.45] Let f : M — X be Bochner integrable on (M,o(M), m)
i X and let Y be a Banach space. If T : X — Y is a bounded operator, thenTf: M —Y
is Bochner integrable on (M,o(M),m) in'Y and it holds that

/Mdem =T (/M fdm> :

In our case, we set Sy (R") := the symmetric part of #/(R") and T' : S'(R") —
Zsym(R") equals the orthogonal projection on gy, (R"), which is clearly a bounded
linear operator. Even though if it is well-known that the space of tempered distributions
is not a Banach space, we can think of .#/(R) as the inductive limit of a family of Hilbert
spaces (e.g [33, Section 3.2] or [99]), and an analogous reasoning extends to the multi-
dimensional case; thus the lemma above holds true by letting Y be some of those Hilbert
spaces.

Then, (7.16) becomes

Elh,(t,z;0)] = E [Z (hn(t,m),ea>ea(o)] => <1E [hn(t, x)],ea>ea(0).

a€Jn a€Jn

It is known that if a function is Bochner integrable, then its Pettis and Bochner integrals
coincide (see for instance the discussion on page 80 of |43|). Therefore, by definition of the
Pettis integral, we have

<1E [ (t, z)] | ea> = E[(hn(t,2), ¢a)] -

Hence, we have

Elhn(t,z;0)] = Z E[(hn(t,2), ea)] ea(e).

Next we compute E [(h,(,2), ¢q)], and so far from (7.15)), we have

E [(hn(t,x),eq)] = E[\/j%i:z(t—))l‘ /Otn Z Chyy © ..®e§€g<n)(3$(31), ..., B%(sp)) ds

uO Bm T T
Fn' Z /Ot €k, @ ®ep,,, (B7(51),...,B"(sn)) ds|.
(7.17)

To simplify the expression in (7.17]), we first observe

Oy [ex, (B (51)) - - ex,, (B (s0))] = e}, (B*(51)) X -+ X ex,, (B*(sn))]
-+ [ekl(Bw(sl)) X oo X ezn(B”T(sn))] .
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Since the Lebesgue measure is invariant under rotations, we see that for any f :
[0,¢]" — R, it holds that

f(s1,--2y8n) ds:/ Sym f(s1,...,8,) ds.

[0,¢]™ 0,4
Thus, for any permutation o of {1,...,n}, we have
u(B*(1) |
- “ .. BZ‘ o B‘/'E . d
/[;),t}” (’)’L — 1)' Z 6ko’(l> ® ®€ka(n)( (81)7 , (S )) S

oEPn

— /[Ot]n U()(Bx(t))ax [le(Bx(sl)) X oeee X ek"(Bz(Sn))] dS7
and

ug(B*(t
/[0} —0( () g ekam®---®ekd(n)(3x(31),...,B“”(sn)) ds
"

n!
o€EPn
- / (B ())ew (B (1)) % - x ex, (B (s1)) ds,
[0,t]?
which implies

B [(ha(t,2), 00)] = ——EE

Ox [ug(B*(t))er, (B*(51)) X - -+ X €, (B*(sn))] ds|

nla!

Tio,1)

(7.18)

where again ng,t] denotes the simplex {0 < s <--- <5, < t}.

Furthermore, we notice that

/[Ot]n [ex, (B*(51)) X - -+ X e, (B*(s,))] ds = / ) Sym [eg, (B%(51)) X -+ x ey, (B%(sn))] ds

[0¢]
1 [a!
= — B* B* :|d: _/ axan ,-..,Bz . d
/{oﬂn n! anPp [ekl( So(1>) X X ekp( So’(’ﬂ)) S ! 0 ¢ ( (51) (S )) S

= Valn! Opea(B*(s1),...,B%(sy)) ds,

o,

and similarly,

B [ex, (B7(51)) % - -  ex. (B*(s,))] ds = v/aln! /T Duea( BE(51), ... B*(s1)) ds.

n

[0,¢]™ [0,]
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Therefore, ([7.18]) becomes

E[(hn(t,z),¢0)] = E Oy [to( B (t))ea(B*(s1), ..., B"(sy))] ds

Tio,

- / ED (B (0)eal B (1), B ()] ds. (719

(0]

where the second equality holds true by Fubini lemma.

By conditioning iteratively on the filtration of B at the sites s, S,_1,...,S1, we can

rewrite ([7.19) as

E [(ho(t, ), ¢a)] / / Owea(Y1 + T, Y2, Yn)P(Sn = Sn-1,Yn — Yn—1)
[0,¢]

X p(s1,Y1)u(0)(t — 8n; Yn)dy ds
:/ / 8@/1% y1+x y27'~'7yn)p(sn_5n 15Yn — Yn— 1)
Rp
[0,¢]

- X (51, Y1)u(0)(t — 5n, Yn)dy ds

/ /ea Y1, Y25 Yn)P(Sn — Sn—1, Yn — Yn—1)

[0,¢]
- X 3@/1]9(51, Y1 — x) (0)<t — Sn, yn)dy ds. (720)

Noticing that —0,p(s,y — :U) = 0,p(s,x — y) and letting r; = t — $,41—; for i €
{1,...,n}, the equation (7.20) becomes

/ / a1y 2, s Y2 — 1Yo — Yt) X -+ X Ouplt — T — y1)utg0y (1, )y d,
[0,¢]

which yields, after relabeling the s,

E [<h t 'T eoz / / 83317 —Tn, T yn) ( —Tn-1,Yn — yn—l) XX p(TQ —T1,Y2 — yl)

[0 t]

X ea(y1, Y2, - 7yn)u(0) (r1,91)dy dr.

Using the definition of ¢,, it equals

1

Oep(t — T, @ — Yn)D(Tn — i1, Y — Yn—1) X - - X p(r2 — 71, Y2 — 1)
\/_\/_ /Ot]/

1
- X eka(l)(?h) Xoves X €k (yn)u(o)(r1, y1)dy dr =: ﬁﬁa(twr)a la|=n>1.
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Putting all together, we obtain

and

[n<E ) 3 Ralt,2)l, ( ) Y Ralt.x)Ho by (72).

a€Jn ' a€Jn

Finally, we have the chaos expansion of d,u(t, z) as follows:

:ifn(iﬁ:[ ) ZZ.@ (t2)Ho = Y Ralt,2)Ha, (7.21)

n=0 a€Jn acJ

where Ro)(t, ) = Oyu0)(t, x), and for |a| =n > 1,

Ralt, ) \/—Z/ /&cp — Ty @ = Yo )PP = Toe1, Yo — Yno1) X - X p(ra — 11,72
[0,t]

c€Py,
- X 6ko’(1)<y1) e X ekcf(n)(yn)u(o)(Tbyl)dy dr.

Remark 149. Using the Feynman-Kac representation of w(t,z), it was possible to
compute the weak derivative of u(t,x) with respect to = in (S)*

as follows:
Oyu(t, ) Zﬁ (t, ) Ha,
aeJ
where Ro)(t, ) = Oyuo)(t, x), and for |a| =n > 1,
ﬁ (t ZE / / axp —Tp,T yn)p( —Tn-1,Yn — yn—l) XX p(’l“g —T1,Y2
0677 [0,t] "
F X e, (Y1) X Xoen, ) (Yn)ugo) (11, 1) dy dr.

In fact, the weak spatial derivative is the usual spatial derivative in (L?) sense (and
hence P almost sure sense). One can verify this assertion by (formally) computing
J,u(t, z) using the chaos expansion of u(t, z) directly and by the uniqueness of mild
solution.

Before we show 0,u(t,z) € G for each t > 0 and = € R, we first need the following
lemma:

Lemma 150. Assume that ug € CL(R). Then, for each « € J, t > 0 and v € R,

Ra(t, x) is well-defined, and moreover, for |a] > 1,

lim & (t,2) = Ra(t, x),

e—0t

— 1)

— 1)
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where

ﬁz(tv .T}) = / / a:]cp —Tn, T yn)p< — Tn—1,Yn — ynfl) X X p(TQ —T1,Y2 — yl)
[0,4—¢ Y R”

O’G’Pn
- X eka(1)<y1> e X eka(n) (yn>u(0) (7"17 yl)dy dr fOT' € > 07

with T%J—E] ={0<s5 < <s, <t—¢€}.

Proof. We will decompose R,(t,z) as a finite sum of well-defined terms. Without
loss of generality, we let || =n > 1. Notice that

Ralt,z) = / / Oup(t — Ty @ — Yn)P(n, — Tne1,Yn — Yn—1) X -+ - X (T2 — 71, Y2 — Y1)

[0,2]

- X ey, 1>(y1) o X ek, (Un)u(0) (11, y1)dy dr

/ / Pt — Ty @ — Yn)D(Th — Tty Y — Yn—1) X =+ X p(ra — 11, Y2 — Y1)
GGP n "

- X eko‘(l) (yl) XX ekd(n) (yn)U(O) (Tl? yl)dy dr
Z / / —Tp, T — yn)ayn (p(Tn —Tn-1,Yn — yn—l)eka(m (yn)>
€EPn [0 t]

(re —71,y2 — yl)ek(,(l)(yl) XKoo X €kg(n,1>(?/n—1)u(o)(7"1, y1)dy dr

xXp
/ / — Tny & = Yn) Oy, (T — T, Y — yn*1>eko<n> (Yn)

[0,t]

X p(ry — 11,2 — yl)eka(l)(yl) Xoeee X €ka(n,1)(yn—1)u(o)(7“1,yl)dy dr
Z / / — Ty = Yu)P(Tn = Tn1, Yo — Yno1)€h,,, (Un)

X p(ra —r1,y2 — yl)ekga)(yl) Ko X ek‘fr(n—l)<yn71)u(0) (r1,y1)dy dr
=:a; + bl-

We note that by is well-defined since ug € L>®(R), and for a1, we do a similar step
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as above:
Z / / — Ty X — yn)aynﬂp(rn —Thn—1,Yn — yn—l)ekgw) (yn)
0’673 [0,¢]
X p(ry =71, Y2 — yl)eka(l)(yl) X X ek(,(n,l)(ynfl>u(0) (r1,y1)dy dr
Z / / —Tp, T — yn)p(rn —Tn—1,Yn — yn—l)eka(n) (yn)
0673 [0,¢]
- X ayn—l (p(/rn_l - TTL—27 yn—l - yn—Z)ekJ(n,l) (yn—1>>
- X p(T2 —T,Y2 — y1)€ka(1>(yl) X X Chy (g (yn—z)u(o) (7“17 yl)dy dr
2/
-—> Pt =Ty @ = Yn)P(Fn = Tt Yo = Y1)k, (Un)
\/a c€Pp Tﬁ),t] R
X Oy 1 P(Tne1 = Tne2,Yn—1 — Yn—2)€k, (1, (Yn—1)
- X p(r2 —T1,Y2 — y1>€kg(1)<y1) XX ekc‘(n—Q) (ynf2)u(0) (Tlv yl)dy dr
Z / / rn, r — yn)p(/’ﬂn - Tn—l) yn - yn—l)eka(") (yn)
0677 ﬁ) t]
Tn 1~ T"h—2,Yn—1 — Yn— 2) U(n l)(yn 1)
- X p('r’2 —T1,Y2 — y1>€k0(1) <y1> e X eko‘(n—?) (yn72>u(0) (Tlv y1>dy dr
=:as + bg.

Again, by is well-defined. By iterating this process, we can get

n—1
ﬁa(ta l’) = Qp—1 + me
=1

n—1

where Z b; is well-defined and

Z/ / — T, & = Ya)P(Tn = Tuety Yo = Y1) X oo X p(ra = 11,42 — Y1)

c€Pn [0,t]

anl—\/_

- X €k, (1) (y1> nee X €k (n) (yn)aylu(O) (Tla yl)dy dr.

Since w(g)(r1, y1)dy = / p(r1, 1 — Yo)uo(Yo)dyo, @n—1 becomes

n-1 = — Ty T — Yn Tn — Tn—1,Yn — Yn—1) X == X o — 11, —
A A

- X eko‘(l)(yl) e X 6ka(n)<yn)p(rla Y1 — yO)u:J(yO)dyOdy dr,

which is clearly well-defined since uj € L>(RR).
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Moreover, one can show that lim R (t,z) = R, (t, x) easily by considering the same
—0

argument as K, (¢, z) for ﬁg(ti x). O
Theorem 151. If uy € C}(R), for eacht > 0 and r € R,

du(t,r) € G.
Proof. From ([7.21]), we have

E|d,u(t,o)* = [Ro)(t,2)]" + D> D [Ralt, 7))

n=1 a€J,
We note that R (t,z) = 0,u0)(t,z) < oo for each (¢t,z) € [0,7] x R. For |of =

n > 1, we use K: For ¢ > 0, we notice that (by Fubini lemma)

R (t, ) \/_/ / Oep(t — T, @ — Yn)D(n — i1, Y — Yn—1) X -+ X p(r2 — 71, Y2 — 1)

[0,t—

- X eoc(yla s 7yn) (0)(7"1, yl) drdy

Using Bessel’s inequality, we have that

IRt < n'/ </ Oup(t = Tny @ = Yu)P(T — Tt Yo — Yn—1)

acJn [0,t—e]

2
X p(r2 = 11,92 — Y1) u) (1, yl)dr) dy

< n'HuU”2 / / / Tnax_yn)aa:p(t_smx_yn)p(rn —Tn—1,Yn _yn—l)

[Ot €]

— Sp—1,Yn — Yn— 1) -p(r2 — 71, Y2 — Y1)p(S2 — S1, Y2 — Y1) drdsdy.

Again using Fubini lemma and the semigroup property of p, we can write the last
expression as

g2, (2r) / / Hskﬂmﬂ—sk—w %

T -

X / &Cp(t — Tpy T — Yn)O0uD(t — Sp, T — yp)dy,, drds.
R

Since

/ a:r:p<t —Tn, T — yn)aa:p<t — Sn, T — yn)dyn = (27T)_1/2(2t — Sp — Tn)_3/27
R
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and (a + b)~Y/2 < 271/2q71/4p=14 for a,b > 0, we can finally see that

n—1 2
S 185,00 < ol (2m) 2 ( [ s [low - sk>1/4ds>

acdn TR, i—q k=1

n—1 2
< n!HUOHgo(QW)fn/Q </1rn (t— Sn)73/4 H(5k+1 - Sk)1/4d5>
k=1

[0,2]

< JJug||A "3 4n"/2  for some C > 0,

where the last inequality follows from |87, equation (4.10)].

For each ¢t > 0 and z € R, the convergence is uniform in € and & (¢, ) — R, (t, )
as € — 0 by Lemma [150},

Z |Ra(t, ) < ||uo||§C>C"15%_ln_"/2 for some constant C > 0.
aejn

Since €™t ~Ln~"/2e2 is summable in n for any A € R, the conclusion follows from
Definition 143l O

Remark 152. We have the following Feynman-Kac type formula for the spatial
derivative of w:

Oualta) =B [£(L7(0) o {uh(B(0) + w5 )1 @.L7(0) |

where E must be understood as a Bochner integral in (S)*. Notice that the integrand
of E on the right-hand side is in fact a Hida distribution. However, after taking the
expectation E, which is interpreted as a Bochner integral in (S)*, we end up with
a regular random variable in G. This means that the white noise integral (or the
Bochner integral in (S)*) has a regularizing effect.

Theorem 153. Let 0 < & < 1/2 be arbitrary and assume that ug € C¥*(R). Then,
for each t > 0,
Oyu(t, ) € CY/?5(R).

Proof. Let p>1,t >0 and x € R. By [87, Proposition 2.1], we have

n=0

() 1/2
(E|0zu(t, @+ h) — Bpult, 2)[P)* =" (p — 1) (Z |Ra(t, 4+ h) — Ral(t, x)]2> .
aéjn
(7.22)
For |a| = 0, we have

Ro)(t, ®) = Oru0)(t,®) € Cl/Q(R).
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For |a| = n > 1, similarly to the proof of Theorem [151] we can get

> Rt + h) — Kt )

Oszn

S n'/ (/ (8xp(t_rnax+h_yn) _8xp(t_rn7x_yn))p(rn_Tn—layn_yn—l)

[0,t—¢€]

2
X p(re — 11, Y2 — y1)u (71, yl)dr) dy

< n!||luol/A (2m) ™ (n— 1/2/ / H Skt1 + The1 — Sk — Tk) 1/2

[0,t— [0,t—e] k=1
- X / (axp(t —Tp, T+ h— yn) - aa:p(t —Tn, L — yn))
R
coo X (Opp(t — Spyx + h—yp) — Oup(t — Sp, & — Yyp)) dy,, drds.
We next compute

(z1-2)% _ (z3-2)2

1 —l =7
3/2 /(Il —2)(zg — 2)e %z
t

27Tt:1))/ ? 5 JR

1 _22 (=(=1-wp)?
= W/RZ (Z — (.751 — ZL'Q)) e 2t 2t2 dz
1 2

/ Oup(t1, 21 — 2)0pp(te, v1 — 2)dz =
R

(z1—w9)*
e 2(ti+ta) _ () (, (e1—w9)ty 2
= g [ a2 BECERY g
L - (21 — 22)°
— e 20t1+t2) (¢ 4t 3/2 (1 _ W m )y
/27'(' ( 1 2) (tl n t2)

The last equality can be verified using the mean and variance of a normal distribution
(z—g)t1 it : : -

N < e, tlﬁg)' Then, we can easily check, using the fact 1 — e™* < 27 for any

z>0and 0 <y <1,

/ (axp(t —Tp,T + h — yn) - axp(t —Tn, T — yn))
R

X (axp(t — Sp, T + h — yn) - axp(t — Sn, T — yn)) dyn

2

2 2,7 3@t—s—1)
= \/§(2t—s—7’)_3/2 1 — e s —i-th— < Ch¥(2t — s — 1) 3%,
s —S—=T

(7.23)

At this point, we restrict 0 < v < 1/2 so that ([7.23)) is integrable both in s and r
variables near t.
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This leads to

Yo IR (w4 h) = 8 () < B fluo|ZC () T AT,

aEJn

with 0 < v < 1/2 for some constant C(y) > 0 depending only on 7.
After taking ¢ — 0, the desired result follows from (7.22)) and the Kolmogorov

continuity theorem. O

Remark 154. Under the same initial condition in Theorem [153] we can achieve the
optimal temporal regularity of 9, in a similar manner, i.c., d,u(e,z) € C'*~% ([go, T])
for every x e R, 0 < g9 < T, and 0 < & < 1/4.
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Chapter 8

Upper and lower bounds for the
solution of a stochastic prey-predator
system with foraging arena scheme

Based on: Lanconelli, A., & Scorolli, R. (2020). Upper and lower bounds
for the solution of a stochastic prey-predator system with foraging arena
scheme. arXiv preprint arXiv:2009.14516.

Abstract

In this chapter we investigate some probabilistic aspects of the unique global strong
solution of a two dimensional system of stochastic differential equations describing
a preypredator model perturbed by Gaussian noise. We first establish, for any fixed
t > 0, almost sure upper and lower bounds for the components X (t) and Y (t) of the
solution vector: these explicit estimates emphasize the interplay between the various
parameters of the model and agree with the asymptotic results found in the literature.
Then, standing on the aforementioned bounds, we derive upper and lower estimates
for the joint moments and distribution function of (X (t);Y (t)). Our analysis is
based on a careful use of comparison theorems for stochastic differential equations
and exploits several peculiar features of the noise driving the equation.

8.1 Introduction

In theoretical ecology the system of equations

{‘“;Sf) (t) (a1 — () — exh(@(t), y(£)y(t),  2(0) =z
WO (1) (—ay — bay(t)) + cah(x(t), y(£)y(t), y(0) =1y,
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constitutes a fundamental class of models for predator-prey interaction. Here, x(t)
and y(t) represent the population densities of prey and predator at time ¢t > 0,
respectively; a; the prey intrinsic growth rate; ao the predator intrinsic death rate;
a1 /by the carrying capacity of the ecosystem; by the predator intraspecies competi-
tion; h(x(t),y(t)) the intake rate of predator; co/c; the trophic efficiency. We observe
that equation encompasses the classic Lotka-Volterra model |[100]|101] which
is obtained setting by = by = 0 and h(z,y) = .

To catch the different features of specific environments, several choices for the so-
called functional response h(x,y) have been suggested in the literature; we mention,
among others,

e Holling II function [102]: h(z,y) = 533;

e ratio dependent functional responses [103],]104]: h(z,y) = h(z/y);

o foraging arena models [105],[106]: h(z,y) = 577

Beddington-DeAngelis model [107],[108]: h(z,y) = L

T Btaiztasy’

Crowley-Martin model [109]: h(z,y)

. T .
T BHaiztasytaszTy?

e Hassell-Varley model [110]: h(z,y) = >

arz+agy™”

(B, a1, s, ag, are positive real numbers, m € N and h: R — R a suitable regular
function). What distinguishes the Holling II function from other models is the ab-
sence of y; on this issue the paper [111] presents statistical evidence from 19 predator-
prey systems that the Beddington-DeAngelis, Crowley-Martin and Hassell-Varley
models (whose functional responses depend on both prey and predator abundances)
can provide better descriptions compared to those with Holling-type functions (see
also [112]). Moreover, as remarked in [113], models based on ratio-dependent func-
tional responses exhibit singular behaviours.

With the aim of introducing environmental noise in the model, different types of
stochastic perturbation for the system (8.1) have been considered and studied.
Among the most common, we find the [t6-type stochastic differential equation

dX(t) = [X () (a1 — 01 X (1)) — c1h(X(2),Y ()Y ()] dt + o1 X (t)dB1(t), X(0) = x;
dY (t) = [Y(t)(—ag — bY (t)) + coh(X (1), Y (£))Y ()] dt + 02V (t)dBsy(t), Y (0) =y,
(8.2)

where {(Bj(t), B2(t))}+>0 is a standard two dimensional Brownian motion and oy, oy
positive real numbers. System tries to catch random fluctuations in the growth
rate a; and death rate as. Some references in this stream of research are [114], in the
case of foraging arena schemes, [115], [116], [117] treating the case of Beddington-
DeAngelis functional response, and [118| dealing with Hassell-Varley model. Tt is
worth mentioning that all these papers are devoted to the study of global existence,
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uniqueness, positivity and asymptotic properties for the specific model of type (8.2))
considered.

Our investigation is focused on the system

AX(0) = [X()(ar - bX (1) - e 5050 dt + o X(ABI (). X(0) = 59
aY (1) = V() (—a2 = b:Y (1) + 5950 dt + oY (DaB(t), Y(0) =y,

which is proposed and analysed in |[114]. It corresponds to equation (8.2) with a
foraging arena functional response. It is proved in |114] that system (8.3]) possesses
a unique global strong solution {(X(¢), Y (t))}+>o fulfilling the condition

P(X(t) > 0and Y(¢) >0, forallt >0) = 1.

Moreover, the authors investigate the asymptotic behaviours of X (¢) and Y (¢), as t
tends to inﬁnity, and identify three different regimes:

o if a; < Z-, then

lim X(t) = lim Y(t) =0, (8.4)

t—+o0 t—+00
almost Surely and exponentially fast;

o if 3 L g <4 —i— blﬁ” g ubs ¢, then almost surely

2co
tl}gloo Y (t) =0, exponentially fast, (8.5)
and
1 /[t — 2
lim — [ X(r)dr= @ 01/ (8.6)
t—+oo t 0 by
0'2 . .
o ifa; > m and az+-5 < g, then system 1) has a unique stationary
distribution.
The case
P <a < ¢

1—0’%/202 —ag/CQ’

2
with as + %2 < 9, is not investigated but the authors mention that computer
simulations indicate the existence of stationary distributions for both X (¢) and Y (t)
also in that regime (see for this case the general results proved in |119)]).

The goal of our work is to present a novel analysis for systems of the type (8.2)),
which in the current study take the form ({8.3]). We derive explicit upper and lower
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bounds for the components X (¢) and Y (¢) of the solution of equation at any
fixed time ¢ > 0. Such almost sure estimates depend solely on the parameters de-
scribing the model under investigation and the noise driving the equation. Their
derivation is based on a careful use of comparison theorems for stochastic differential
equations and standard stochastic calculus’ tools. The estimates we obtain reflect
the intrinsic interplay between the parameters of the model and enlighten the prob-
abilistic dependence structure of X (¢) and Y (¢). We also remark that our bounds,
which are valid for any fixed time ¢t > 0, agree in the limit as ¢ tends to infinity with
the asymptotic results proven in [114] and summarized above. We then utilize the
previously mentioned bounds to get upper and lower estimates for the joint moments
and distribution function of (X (¢),Y(¢)). We propose closed form expressions which
rely on new estimates for a logistic-type stochastic differential equation.

It is important to remark that, while systems of the type with Beddington-
DeAngelis or Crowley-Martin or Hassell-Varley functional responses can be treated,
as far as finite time analysis is concerned, with a change of measure approach, the
unboundedness of h(z,y) = m, as a function of x, prevents from the use of a
similar approach for . We will in fact prove in Section 3.1 below the failure of

the Novikov condition for the corresponding change of measure.

The paper is organized as follows: Section 2 collects some auxiliary results on the
solution of a logistic stochastic differential equation that plays a major role in our
analysis; in Section 3 we state and prove our first main theorem: almost sure upper
and lower bounds for X (¢) and Y(¢), for any ¢ > 0. Here, we also comment on the
impossibility of a change of measure approach and compare our findings with the
asymptotic results from [114]; Section 4 contains our second main result, which pro-
poses upper and lower estimates for the joint moments of (X (¢), Y (¢)); in Section 5
upper and lower bounds for the joint probability function of (X (¢),Y (¢)) constitutes
our third and last main theorem; the last section contains a discussion of the result
obtained in the paper and some numerical simulations of the proposed bounds.

8.2 Preliminary results

In this section we will prove some auxiliary results concerning the solution of the
logistic stochastic differential equation

dL(t) = L(t)(a — bL(t))dt + o L(t)dB(t), L(0) = . (8.7)

Here a, b, o and A are positive real numbers and {B(¢) }+> is a standard one dimen-
sional Brownian motion. It is well known (see for instance formula (4.51) in [120] or
formula (2.1) in [121] for the case of time-dependent parameters) that equation
possesses a unique global positive strong solution which can be represented as

)\e(a—02/2)t+aB ()

— 1 n bf(;f )\e(a—a2/2)r+aB(T’)dr7

L(t) (8.8)
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We start focusing on the asymptotic behaviour of the solution of equation . We
also refer the reader to the paper [122] for a small time analysis of {L(¢)}+>o.

Proposition 155. Let {L(t)}:>0 be the unique global strong solution of (8.7). Then,

e ifa<o?/2,

lim L(t) =0 almost surely, (8.9)

t——+o00

e ifa > 0?/2, then L(t) is recurrent on |0, +0oo|;

e ifa > 0?/2, then L(t) converges in distribution, as t tends to infinity, to the

unique stationary distribution Gamma(i—;‘ — 1, 3—2)

Proof. See Proposition 3.3 in [123]. O

From formula (8.8) we see that, for any ¢ > 0, the random variable L(t) is a function
of the Geometric Brownian motion e(@="/2t+eB(®) and its integral fot ela=o?/2r+oB(r) gy,
Using the joint probability density function of the random vector

t
(e(ag2/2)t+aB(t)7 / e(a02/2)r+UB(r)dr> ,
0

which can be found in |124], the authors of |125] write down an expression for the
probability density function of L(t): see formula (40) there. However, the authors
mention that, due to the presence of oscillating integrals, the numerical treatment
of such expression is rather tricky.

In the next two results, instead of insisting with exact formulas, we propose upper
and lower estimates for the moments E[L(¢)?] and distribution function P(L(t) <
z); the bounds we obtain involve integrals whose numerical approximations do not
present the aforementioned difficulties. We also mention the paper [126] which uses
an approach based on power series to approximate the moments of L(t).

In the sequel, we will write for ¢ > 0

1
N r) = —e g’ rc R’
0.6(7) NG
and
d r 1 2
6715(7") = %No’t(r) = —;Ee . re R.

For notational convenience we also set

m(t) ;== inf B(r) and M(t):= sup B(r). (8.10)

T‘G[O,t] TG[O,t]
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Proposition 156. Let {L(t)}:>o be the unique global strong solution of (8.7). Then,
for any p > 0, we have

E[L(t)?] < 2k,(t) /+<>° (14 bAe K, (t)) " Nou(2)dz, (8.11)
and
E[L(t)?] > 2k,(t) /+°° (14 0Xe"*K,(t)) * Nos(2)dz, (8.12)

where

e(a—o2/2+p02)t -1

._ (a—02/2)t+p2a?t/2 L
ky(t) == APe? P and  K,(t) == A Ry

Proof. Fix p > 0; then,

\Pepla—a?/2)t+poB(t)

(1 +b f(f )\e(a—02/2)r+03(r)dr)p

)\pep(afa2 /2)t+p? 02t/26pch(t) —p202t/2

(14 fy ActomorreoBgr )’

E[L(t)] = E

epch(t) —p202t/2

(1 +bf! Ae<a—02/2>r+oB<r>dr)p

_ /\pep(a—02/2)t+p202t/2E

6p(fB (t)—p202t/2

— k,()E
T (1 fy aetemetrreso g )

We now observe that, according to the Girsanov’s theorem, for any 7" > 0 the law
of {B(t)}icp,r) under the equivalent probability measure
dQ = ePoBO—P T 2gp o FB

coincides with the one of {B(t) + pot}ico,r) under the measure P. Therefore,

epch(t)prJQt/Q

(14 fy ActamoreoBgr )’

1
<1 +b ! A€<a_a2/2>r+g(3(r)+pm)dT,)p

t -p
= k‘p(t)E (]_ + b/ )\e(a—a2/2)7"+<7(B(r)+pU7")dr) ] ‘
0
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Now, adopting the notation (8.10)), we can estimate as

t -p
E[L(t)"] = ky()E (1+b / )\e(“"2/2)’"+"(B(’”)+p"’”)dr> ]
0

t p
> ky(H)E (1+be"M(t) / Ae(“"z/”p”Q)rdr) ]
0

RS-

and similarly

t —-p
E[L(t)"] = k,()E (1+b / Ae<a—f’2/2>r+"<3<r>+w>dr> ]
0

t 14
< ky(HE (1+be"m(t) / Ae(“_”2/2+p”2)’"dr> ]
0

— k,()E [(1 + bem“)Kp(t))’p} .
Moreover, recalling that, for A € B(R) and ¢ > 0, we have
P(m(t) € A) = QANo,t(Z)l]w,o}(Z)dZ and P(M(t) e A) = 2/}4/\/'07t(z)1[07+00[(z)dz,
(see formula (8.2) in Chapter 2 from |2]) we can conclude that
E[L(t)"] > k,()E [(1 + beUM<t>Kp(t))*p]
=200 [ (bR 0) Ao
and
BIL(Y] < ky()E [(1+ b0, (1) ]
= 2k,(1) /0+OO (14 be " K,(t)) " Nou(z)dz.
O]

Proposition 157. Let {L(t)}:>o be the unique global strong solution of (8.7). Then,
for any z >0 and t > 0, we have the bounds

. 0.4(2v — u)dudv, (8.13)

P(L(t) < 2) < —2 /

<z}n{v>0}n{u<v}
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and

P(L(t) < 2) > —2 v 0. (u—20)dudv, (8.14)
%Sz}ﬁ{v<0}ﬂ{u>v}
with
ela—a?/2)t _ q

o a—o2/2 o

Proof. We first prove (8.14)): from (8.8) we have

)\e(afch/Q)t+oB(t) k<t>eaB(t)
14+ beoM() fo \ela—02/2)r dp 1+ bK(t)eUM(t)

The last member above is a function of the two dimensional random vector (B(t), M (t)),
whose joint probability density function is given by the expression

—2Ng,(2v —w), ifv>0andu<w,
0, otherwise

fB(t),M(t) (U7 U) = {

(see formula (8.2) in Chapter 2 from [2]) Therefore, for any z > 0, we obtain

egB(t)
P(L(t) < 2) <P (1 fzfQ(t)eow = )

=2 ou (;,t(ZU — u)dudv,
#&)evvﬁz}ﬂ{v>0}ﬂ{u<v}
completing the proof of (8.14). Similarly,
\ela—0?/2)t+aB(t) 1 (£)eoB®)
L(t) < c (t)e

= 1+ berm® [T xela—o?/2rdy 1+ bE (H)eem

The last member above is a function of the two dimensional random vector (B(t), m(t)),
whose joint probability density function is given by the expression

—2Ng,(u—2v), ifv<0andu> o,

0, otherwise.

IB)m@ (U, v) = {

Therefore, for any z > 0, we obtain

coB)
PlLit)<2) 2 P (1 +kl§2 (Derm® = Z)

= -2 No i (u = 2v)dudv.

%gz}ﬁ{v<0}ﬂ{u>v}

The proof is complete. O
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Remark 158. We observe that the inequality u < v implies

k() k() k(1)
T4 0K 0e = T4 bK(0)e = bR (1)

k(1)
DK (1)

k(t)eo k(t) k(t)e
{u<vi= {1 TR (e = bK(t)} = {1 TR (B = Z}

which yields

Therefore, the upper bound (8.13)) becomes trivial for z > ; in fact, in that case

/ o —2Ng (20 — u)dudv

Tt Y n{us0bn{u<o}

= / —2N} (20 — u)dudv = 1.
{v>0}n{u<v} '

8.3 First main theorem: almost sure bounds

Our first main theorem provides explicit almost sure upper and lower bounds for the
solution of (8.3 at any given time ¢. It is useful to introduce the following notation:
let

o Gi(t)
Ly(t) :== —y f(]t i t>0, (8.15)
and
._ Go(t)
Ly(t) := h G0 t>0, (8.16)

where for ¢t > 0 we set
G1<t> — xe(alfU%/Q)t+UlBl(t) and Gz(t) — yef(a2+a'§/2)t+0232(t);
the parameters ay, as, by, by, 01,09, x,y are those appearing in equation (8.3]). Ac-

cording to the previous section, the stochastic processes {L;(t)}i>0 and {La(t) }>0
satisfy the equations

dLl(t) = Ll(t)(al — blLl(t))dt + UlLl(t)dBl<t>, L1<O) =, (817)
and
ALy(t) = Lo(t) (—ay — byLo(t))dt + ooLo(D)dBo(t), Lo(0) =y,  (8.18)

respectively. Therefore, the two dimensional process {(L1(t), La(t)) }+>0 is the unique

strong solution of system (8.3) when ¢; = ¢ = 0, i.e. when the interaction term
XY (t)

BV D) is not present.
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8.3.1 Comments on the use of Girsanov theorem

We have just mentioned that, by removing the ratio );(j)yy( o)

(8.3)) reduces to the uncoupled system

from its drift, equation

{dLl(t) = Li(t)(a1 — biLa(t))dt + o1 Li(t)dBa(t),  L1(0) = a3 (8.19)

dLQ(t) = Lz(t)<—a2 - bQLQ(t))dt + UQLQ(t)dBQ(t), LQ(O) =Y,

whose solution is explicitly represented via formulas and . Since drift
removals can in general be performed with the use of Girsanov theorem, one may
wonder whether the almost sure properties of can be deduced from those of
under a suitable equivalent probability measure. Aim of the present subsection
is to show that this not case: we are in fact going to prove that the Novikov condition
corresponding to the just mentioned drift removal is not fulfilled.

First of all, we notice that system (8.19)) can be rewritten as

(
ALy (t) = Ly (t)(ar — by Ly (t))dt + oy L (1) <d31 (1) + ol dt — ol dt)

dLa(t) = Lo(t)(—as — by La(t))dt + oo La(t) (dBQ(t) ey Mcgi—%dt) :
\LQ(O) =Y,

or equivalently

dLi(t) = Li(t)(ar = biLa(t))dt — ;20 dt + o1 Li(dBi(),  L1(0) =
dLy(t) = La(t)(—as — byLo(t))dt + QLﬁlf;L;t dt 4+ 05 Ly(t)dBs(t), Ls(0) =y,
(8.20)
where we set
t
— ClLQ(T’)
Bi(t) :== By(t +/ — 2 _dr, >0,
1) 1) o o1(B+ La(r))

and

Ba(t) := BQ(t)—/O M?i—%dr, t>0.

Now, if the Novikov condition

1 (7 L ? L ?
2.Jo \o1(B+ La(r)) o2(B + La(r))
is satisfied for some 7" > 0, then the stochastic process {(E(t),éz(t))}te[o,ﬂ is
according to the Girsanov theorem a standard two dimensional Brownian motion

E <400 (8.21)
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on the probability space (Q, Fr, Q) (here {F;}+>¢ denotes the augmented Brownian
filtration) with

W= o {_ /oT M?i—%d& (r) - % /OT (alélfﬂm ) 2 dr}

X exp {/OT M?i—%d&(ﬂ - %/OT <M?i—%)2dr} dP.

Moreover, in this case equation (8.20|) implies that the two dimensional process

{(L1(t), La(t)) }tepo,r) is a weak solution of 1) with respect to (€2, {F: }eepo,r), Q, {(Bi(t), Bi(t)) bejo,n)-
We now prove that condition (8.21]) cannot be true without additional assumptions

on the parameters of our model. In fact,

ooli [ Gt + (i)
>E exp{%/o <02(;2i—1(L?(r))) dr}
-=lor {5 [ i)

>E -e % /T L3 (r)dr
Xpd —2
- L p ZU%MQ 0 !

E

where we introduced the notation

My = sup (B + Lo(r))>

rel0,T]

We now apply Jensen’s inequality to the Lebesgue integral and use the identity

/OT Ly(r)dr = bllln (1 +b /OT Gl(r)dr)
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to get

o3[ (i) + (i) o)

2
—62 (111 (]. + b1K1 Ulml 2}:|

)
C—% (hl (b K Ulml }
1 1

sy 7z (orma(T) + In(b Ky (T )))QH

Here, we set

d T) := min By(t).
a; —o3/2 an mi(T) tg[lol,r%} 1(t)

Using the independence between B; and B,, we can write the last expectation
as

E [exp {20%/\0/1% (oymy(T) + In(b K, (T)))QH

+oo 0 ( +D) 2 w2
= ezrs (o1 ———e 2Tdu | du(z),

where p stands for the law of My, C' := % and D :=In(b; K (T)). It is now clear
271

that the inner integral above is finite if and only if 2 > C'o?. Since z ranges in the

interval |32, oo[, we deduce that the last condition is verified for all z €]3?, +o0]

only when 3% > C'o?, which in our notation means

01

8= (8.22)

[

10

[\
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Therefore, if the parameters describing system ([8.3)) do not respect the bound (8.22)),
then inequality

{3 () (i) ]

+o00 0
c 2 1 u?
> 2 62T2(Ulu+D) —e_ﬂdu) du(z) = +00,
B /2 </oo V 27TT /‘L( )

which is valid for all 7" > 0, implies the failure of Novikov condition (8.21)). From this
point of view the almost sure properties of the solution of (8.3) cannot be deduced
from those of the uncoupled system (8.19)).

E

Remark 159. The functional response in the foraging arena model formally ap-
pears to be a particular case of the one that characterizes the Beddington-DeAngelis
model (take oy = 0). However, referring to the change of measure technique men-
tioned above, we see that the Novikov condition corresponding to the Beddington-
DeAngelis model would amount at the finiteness of

exp 1/T < ciLa(r) )2 + ( 21010 >2dr .

2 Jo \o1(B+ ar1Li(r) + asla(r)) oo(B 4+ a1 L1 (1) + agla(r))
Since the two ratios in the Lebesgue integral are upper bounded almost surely by
% and 0531, respectively, we get immediately the finiteness, for all T' > 0, of the
expectation above. Therefore, in the Beddington-DeAngelis model one may utilize
the change of measure approach to study almost sure properties of the solution on
any finite interval of time [0,T]. The same reasoning applies also to the Crowley-
Martin and Hassell-Varley functional responses.

E

8.3.2 Statement and proof of the first main theorem

Recall that, according to the discussion in Section 1, the quantity

b = 0_% i bifas + b1 B3

2 Co 262

is a threshold determining the asymptotic behaviour of X (¢) and Y (¢).

Theorem 160. Let {(X(t),Y (t))}i>0 be the unique global strong solution of (8.3).
Then, for allt > 0 the following bounds hold almost surely:

c

Lo(t) < V() < Lo(t) (1 +by /0 t Gl(r)dr) o (8.23)

if a1 < ¢, then
co
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if ap > ¢, then

Li(t)e " < X(t) < Ly(t). (8.25)

Remark 161. We assumed at the beginning of this manuscript that the Brownian
motions {Bj(t)}i>0 and {Bs(t)}i>0, driving the two dimensional system (8.3), are
independent. However, this assumption is not needed in the derivation of the almost
sure bounds stated above, as long as system (8.3]) possesses a positive global strong

solution. Therefore, the estimates (8.23), (8.24) and (8.25]) remain true in the case

of correlated Brownian motions as well.

Remark 162. The bounds in Theorem [160|are consistent with the asymptotic results
obtained in [114]. In fact:

o a; < %%: taking the limit as ¢ tends to infinity in the second inequality of

(18.24]) we get

0< lim X(¢) < lim L4(¢),

t——+o0 t——+o0

which, in combination with for Ly, gives

lim X(t) =0.

t—+00

On the other hand, if we take the limit in (8.23)) we obtain

c:

t Bby
0

t——+o0 t——+o0

According to formula 1.8.4 page 612 in |127] the random variable f0+°° G1(r)dr
is finite almost surely; this fact and for Loy yield

completing the proof of (8.4));
b150'§

o 4 < <¢*ﬁ—|—bl/l2+ . first of all, we write
5 < ai =3 - 30, LT , We Wri

Ly(t) < Gy(t) = e~ (a2+03/D)t+o2Ba(t).

moreover, since

t
/ G1(r)ds < e MO (1),
0



183

where M, (t) := max;cjo4 B1(r) and

(a1—0/2)t _ q
K\(t) = 25—,

a; — o/2

we get

€2

t Bby €2
(1 + bl / Gl(’f’)dT> S (1 + bleglMl(t)K1<t)) ﬂle
0

< (1 + CeU1M1(t)e(a1a%/2)t>;‘721

for a suitable positive constant C. Therefore,

€2

t 2
Lz(t) <1 " bl / Gl(r)dr) Bby S 6_(a2+05/2)t+0232(t) (1 + CeglMl(t)e(al_U%/g)t> Bby
0

€2
(ag+03/2)Bby ,  00Bb (ag+03/2)Bb1 , | o9Bb Bby
= (e c22 t+ 2c2 FBa(t) +Ce 32 tr 202 1B2(t)ealM1(t)6(a1_J%/2)t

c2

2 Bor

(ag+o2/2)8b gb _o2 /o (02t03/2)Bh 22581 o
= (6_ A 210 +Ce(a1 7/ °2 e BQ(t)e‘”Ml(t) -

(8.26)

Recalling that

P(lim @: )zP(lim Ml—(t):O>:1,
t—>+oco t——+o00 t

(see for instance [78]), we can say that both terms inside the parenthesis in
(18.26)) will tend to zero as t tends to infinity if the constants multiplying ¢ in
the exponentials are negative. While this is obvious for the first exponential,
the negativity of the constant

(az + 03/2)Bb;

al—af/Q— -
2

is equivalent to the condition a; < ¢, i.e. the regime under consideration.
Hence, passing to the limit in (8.23)), we conclude that

lim Y (t) = 0;

t——+00

this corresponds to (8.5). In addition, from (8.24) we obtain

1 [ 1 [ —o2/2
lim - Xmmghm—/mmwzﬂ—ﬁL
0

totoo t J, t—too T by
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Here, we utilized Proposition for Ly with a; > 0}/2, in particular the
ergodic property
1 t
lim —/ Ly(r)dr = E[L],
0

t—+oo t

with E[L.] being the expectation of the unique stationary distribution. This

partially proves .
1

Proof. We start finding the It6’s differential of the stochastic process ROk
1 1

Iy = ~ (0 + gL
S _szf)l(t) dt — Lf(lt) dBy(t) + L(:(%t)dt
_oi- azit;’lLl(t)dt - L‘l’(lt)dBl(t).
Combining this expression with the first equation in we get
d X0 _xtnat o+ L axy+ax.1/m) o)

Lo Wi L1<>

:X(t) ((71 - azl—i(—t()?lLl(t)dt Ll( )dBl( ))

+ Lf(t) {X(t) <a1 X () — %) dt + o1 X (£)dB, (t)}
—o? 2(((1?) dt
- X(t) 2 Cly(t) 2
_Ll(t) l 01 CL1+b1L1()+CL1—b1X(t)—6+—}/(t)—O'1:| dt
X(t) _ 01Y(t)
Since % = 1, the last chain of equalities implies
X)) _ ' toY()
O exp {bl/o (Li(r) — X (r))dr — 01/0 mdr} : (8.27)
Following the previous reasoning we also find that
1 1
T~ T 0+ gy
L —boLo(t) ,, 02 o3
- —L2 0 dt Lol >de(1€) + (0] dt
_ o5 +az + b2L2(t)dt 02 dBs(1).
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Combining this expression with the second equation in ({8.3]) we get

O | 1
Lo WS+

:Y(t) (U%+a2+b2L2(t)dt_ 02 dBQ(t))

d dY (t) +d (Y, 1/Ls) (t)

Lo(t) Ly(t)
n Lzl(t) {y(t) (—a2 — b X (t) + ;iL;z)) dt + UQY(t)dB2<t>:|
— o3 z/((tt)) dt
:I};((I?) |:U§ + as + szg(t) — Qg — b2Y<t) + ﬁcj-LY('té) — U%:| dt
Y(t) o X (t)
:L2(t) |:b2(L2<t) - Y(t)) + ﬁ+—Y(t)] dt.
Since %((g) = 1, the last chain of equalities implies

[’;% — exp {bz /0 (Lalr) = Y()dr + /O t%&)dr} (8.28)

We now observe that

X(BY () _
P(B+—W>O)—1, forany t > 0

(remember that X (¢) and Y'(¢) are positive for all ¢ > 0); therefore, by means of
standard comparison theorems for SDEs (see for instance Theorem 1.1 in Chapter

VI from [9]) applied to (8.3) we deduce that

X(t) < Ly(t), forallt>0, (8.29)
and
Y(t) > Lo(t), forallt>0, (8.30)

where {Ly(t)}+>0 and {La(t)}+>0 solve (8.17) and (8.18]), respectively. Therefore,
equation (8.27)) leads to

ool [ )=

or equivalently,

Lo [ XYW,
Ll(t)exp{ 1/0 B—I—Y(T‘)d }SX(t) < Ly(t), (8.31)
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while equation (8.28) leads to

=g =0l Feve )

or equivalently,

Lo(t) < Y(t) < Lo(t) exp {cg /O %dr} . (8.32)

The lower bound in (8.31]) and upper bound in (8.32)) are not explicit yet since they
depend on the solution itself. To solve this problem we first recall that the process

{Ly(t) }+>0 is positive and converges almost surely to zero exponentially fast, as ¢
tends to infinity. Now, by virtue of (8.29), (8.30) and the infinitesimal behaviour of
Lo, we can upper bound the right hand side in (8.32)) as

e for [ X0 0} < Lo s [ S50_a)

gL2<>exp{;/0L1< jir
Ll(t)—a%ln<1+bl/G1 >

the last member above can be rewritten as

La(t) exp {% /Ot Ll(r)dr} — Lo(t) exp {Eln (1 by /Ot Gl(r)dr>}

€2

— Lo(t) (1+b1/0 Gl(r)dr) o

Combining this estimate with (8.32) we obtain ({8.23]).

For the lower bound in , we observe that the function y +— ﬂ , for y > 0, can
be sharply upper bounde by affine functions in two different ways: the upper bound
y — 1 is sharp at infinity but not accurate at zero while the upper bound y % is
sharp at zero but very bad at infinity. Therefore, according to the asymptotic results
proved in [114] and mentioned in the Introduction, we now proceed distinguishing
two different regimes:

In addition, since

e when a; < ¢, the process {Y;}+>0 tends to zero exponentially fast and hence
we utilize the process - 8.31)) is

,3+Y
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15

05

Figure 8.1: Upper bounds for the function y — ﬁ (blue line) with the function

y — ¥ (yellow line) and the function y + 1 (red line).

then simplified to

b {-a [ 2> e {-% [ v
> IO {E [ 1 (1o [ i) }
> L) {E (o0 [[Gow)” [ Mdr}

. {5_6 (on [ Gl<r>dr)5fl (140 [ Gt } |

(8.33)

Here, in the second inequality we utilized the upper bound in (8.23) while in
the last equality we employed the identity

1d !
Lg(t) = Ealn (1 + b2\/0 GQ(T)CZT) .
Inserting (8.33) in the left hand side of (8.31)), one gets (8.24));

e when a; > ¢, the process {Y;};>0 has a more oscillatory behaviour; therefore,

we prefer to upper bound the ratio B}:}T with one. This gives

Li(t) exp {—cl /0 t #}%dr} > Ly(t)e ",
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and (8.31)) reduces to (8.25)).
O

Remark 163. It is important to emphasize that both the lower bounds in and
remain valid without restrictions on the parameters: this is clear from the
proof of Theorem [I60] and in particular from the use of the comparison principle we
made. In fact, one may combine the two lower estimates as

€2

Ly (t) max {e‘ﬁ?z(l*‘“ Jo Grrydr) 2P In(Ltbe Jo GQ(’""”),eClt} < X(t) < La(t),

and argue on the different values attained by the maximum above. However, such
analysis would necessarily involve the non directly observable quantities fg G1(r)dr,
fot Go(r)dr and their probabilities. That is why we preferred to suggest which lower
bound is better suited for the given set of parameters.

8.4 Second main theorem: bounds for the moments

The next theorem presents upper and lower estimates for the joint moments of X (¢)
and Y (t) at any given time ¢. These bounds, which rely on the almost sure in-
equalities , and are represented through closed form expressions
involving Lebesgue integrals; such integrals can be evaluated via numerical approx-
imations or Monte Carlo simulations.

We also mention that in |114] the authors prove an asymptotic upper bound for the
moments E [(X (¢)? 4+ Y (¢)?)"/?] with 6 being a positive real number.

Theorem 164. Let {(X(¢),Y (t))}i>0 be the unique global strong solution of (8.3).
For all t > 0 we have the following estimates:

1. ifp,g >0 with%—pzl, then

? By P
(a1+<§%+p—1>%)t ) Bby

E[X(17Y (1)7) <2k (t) k(1) | 1+ bia

ap + (% +p— 1) %%
+00
« / (14 baye " Koy (1) " Nou(2)dz.  (8.34)

0

2. if p,q >0 and ay > ¢, then
—+o00
E[X(6)PY (t)1] >4e Pk, (t)ka 4(t) / (1 + bize® Ky ,(t) " Nos(2)d=
0

+oo
« / (14 byye™ Ko,y (t)) Noyo(2)dz. (8.35)
0
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3. ifp,q >0 and ay < ¢, then

]
palul—%(l—&-blfﬁ(t)e"l”l)ﬁbl In(1+bo Ko(t)e?2v2)

e
E[X (t)P] > —4k,(t)P
X(er) = ~ama(ey [ RN AnE
x Np +(2v1 — u1)No o (v2)duydvydvg, (8.36)
where
A= {(u1,v1,02) € R* : 01 > 0,uy < vy,v9 > 0},
while
+oo
E[Y (£)] > 2ks.(£) / (14 baye™ Ky o (£)) " Noo(2)dz. (8.37)
0
Here,
(a1—0?/2)t _ 1 e(a2—U%/2)t —1
() = we@—ot2t gy =S T )=
1() re ’ 1() Z al—o%/Q ’ 2() Yy a2_03/2 )
a —0’% 2 cr% t_
Fip(t) == :L‘pep(al_a%ﬂ)t—i—pza%tpa Kip(t) == 376( i 17

a1 — 07/2 + poi
6(a270§/2+po'§)t -1

koo (1) 1= yPePa2—o3/AtHp%0dt/2 4y o :
2p(t) =y 25(1) =y ay — 02/2 + po3

Proof. 1. Using (8.23)) and (8.24) (or (8.25))), we can write

E XY (0] <E | La(6)] Lo(1)" (1 " /0 Gl(mdr) ]
& | Ly (1 v o) dr) it

- <1+bi1<2p<r>dr)p (1+m otGl(”drV Sl

E [Ly(1)7]

Q

- qac2

—E |G, (t)" (1+b1 /0 t Gl(r)dr> o

:IIIQ )

where we set

qac2

T, =E |Gi(t) <1+b1 /OtGl(r)dr> B p] and T, := E [Lo()].
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From (8.11) we get immediately that
+oo
I, < kavq(t)/ (1+ baye " Ky o(t)) " Nou(2)dz
0

Now, mimicking the proof of Proposition [I56| we can write

2.2 t ?;T?_p
Iy = kip(t)E |eror Br-proit/2 (1 + by / Gl(r)dr)
0

¢ , B P
= k1 ,(t)E (1 —|—b1/ Gl(r)ep"lrdr)
0

aco
poy P

acz _ ’
L7 P(Q)

t
= k(1) H1+51 / Gy (r)eP i dr
0

Observe that the condition ﬂ — p > 1 allows for the use of triangle and

Minkowski’s inequalities for the norm of the space I35 7 (Q); therefore, we
obtain

acy _
t , 2 —p
Ty = k(1) Hl + b1/ G1(r)ePei"dr ses
0 L7 P (Q)
t , G2 D
<kip(t) | 1+ b / Gi(r)e’i"dry| .,
0 LA P(Q)
Bos P

t
c poir
< oy (8) (1+b1 /0 G, g3 € dr)

qc

2 b -p
(a1+(%+p_1)%1)t o
e —1

= kl,p(t) 1 + blx 2
a + (% +p— 1) 5

Combining the estimates for Z; and Z, we obtain

qac

qc 2 P
e(al-i-(gb? +p— 1)71)t 1 ph1
E [X(t)pY(t)q] S2]€17p(t>k27q(t) 1 + bllL’
ayp + (qcz —l—p— 1)

ERCS)
8 / (1+ baye " Ky o(t)) * Nou(2)dz
0

2 From and we can erte
E[X( PY (1)1 > e PR [Ly (1)P Lo (t)]
e PR [Ly (t)P]E [Ly(t)7] .

Inequality (8.12) completes the proof of (B8.3F).
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3. The lower bound (8.37)) is obtained setting p = 0 in (8.35)); to prove the lower
bound (8.36)) we observe that

X(8) > Li(t)e 7 (0 b G (0)de) P n(14b2 [ Gatr)i)

€2

Gy (t)e‘za%(“rbl Jo Gi(v)dv) PP1 In(1+bs [§ G2(r)dr)
1+b fot G (r)dr
- el (t)ef;le(lerlKl (t)e"lMl(t))ﬁcTzl In(14+b2 K (t)em2M2(1))
a 1+ by K (t)en1 M@
IO i (t)— 5 (1+b1 K ()et Mm)t%% In(1+b3 Ka(H)e2M2(0)

N 1+ b1K1(t)e”1M1(t) . (838)

The last member above is a function of the three dimensional random vector
(B1(t), My (t), Ms(t)) whose joint probability density function is given by

Iy ), Mo (1) (U1, V1, V2)

) ANG (2o — un)Noyg(va), i v1 >0, uy < vy and vy > 0,
0, otherwise.

Therefore, for any p > 0 we get

< P
e (t)€U1Bl(t)—;T12(1+b1K1(t)e"1M1<t))5”1 In(1+b2 Ko (t)e72M2(®)
1

EX ()| > E
[ < ) ] = 1 +b1K1<t)601M1(t)

c2
po‘l’ulf%(l+blK1 (t)ealvl ) Bby 1n(1+b2K2(t)e”2“2)

= —4k(t)P
1( ) /A (1 + blKl(t)ecrlUl)p
X Né’t(Q’Ul — ul)/\/'()7t(v2)du1dvldv2,

where

A= {(ug,v1,v) €R?:vp > 0,u; < vp,v9 > 0}

This proves (8.36)).
[l

Remark 165. Due to the complexity of the left hand side in we were not able
to obtain a lower bound for the joint moments E [ X (¢)PY (¢)?] in the regime a; < ¢.
However, according to the argument of Remark inequality can be utilize
also in that regime.
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8.5 Third main theorem: bounds for the distribu-
tion functions

The last main theorem of this paper concerns with upper and lower estimates for
the distribution functions of X (¢) and Y'(¢).

Theorem 166. Let {(X(t),Y (t))}i>0 be the unique global strong solution of (8.3).
Then, for allt > 0 and z1, 2o > 0 we have the following bounds:

1.
P(X(t) < z1) > —2 . Nos(2v — u)dudv, (8.39)
{m%%gzl}ﬂ{v>0}ﬂ{u<v}
and
4gb, /e 0) /
P(Y(t) < 29) > — N No (v — 2v)dudv
a1C2 Jo {Wg(}m{v<o}ﬂ{u>v}
Bby Bby
z | 2 z\ 2
(@) B
—1 —d¢; 8.40
X Noy o1 " b1 K1 (t) Z>Bcb21 1C ¢ ( )
: _

2. if ay > ¢, then

P(X(t) < 2, Y(t) < 25) < 4

0.4(2v — u)dudv

k o1 U
(et <areett Jn{v>0pn{u<o)

X . 0.4(2v — u)dudv;
{WSZZ}H{U>O}H{U<U}
(8.41)
3. if ay < @, then
]P(X(t) S Zl) S —4/ /\fo’,t(Zvl — Ul)./\/’o’t('ljz)duld?)ld’l)g,
Azlﬁ{’l)1>0,u1<v1,v2>0}
(8.42)
where
€2
o1u1 — A (14-b1 K1 ()e?1¥1) P21 In(14-bo Ko (t)e?2V2)
ky(t)e”™ Aba (
A, = , U1, eR?: < ,
1 (u1 U1 UQ) 1 +b1K1(t)60'1v1 =4
and
P(Y(t) < z) < -2 0.4(2v —u)dudv.  (8.43)

o - k edu
{ H@;W S22 }ﬂ{v>0}ﬂ{U<v}



Here,

ky(t) = welar—oi/
while

ka(t) 1= yeleaed/n
Proof.
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- plar—a3/2)t _ q

=g——
and  Kall) = o=
plaz—03/2)t _ 4

as — 03 /2

and  Ks(t) =y

1. The upper bound in (8.24]) (or (8.25)) yields

PX (1) < 21) 2 P(La(t) < 21)

which in combination with (8.14)) gives (8.39).

estimate

We now prove (8.40)); the

t
/ Gy (r)dr < Ky(t)er M ®)
0

together with the upper estimate in (8.23)), entails

P(Y(t) < z) > P (Lg(t) (1 +b /Ot Gl(r)dr> “ < 22>

=E|P

=E|P

=E [P

t 5
Lo(t) <1 by / Gl(r)dr> <z ff)]
0

(1+bl /0 t G’l(r)dr> "< Lit)

Bby
O’1M1(t) < 22 2 o 2
Ki(t)e < ((L2(t)) 1) /by | F )]
Bby
1 (Lj%t)) 62 1 ,
—1
Ml(t) S o n blKl(t> ft

Here {F?};>0 denotes the natural augmented filtration of the Brownian motion
{B2(t)}+>0. Note that the almost sure positivity of the random variable M (t)
implies that the probability in the last member above is different from zero if

and only if

By

29 €2
(Lz(t)) -1
b1 K1 (t)

> 1
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which is equivalent to say that

La(t) < 2

N (1+ b1K1(t))5T21.

Therefore,
by
() -

POY() < 2) >E |P| Mi(t) < —1n | 20" ||z

=2 = ! - 01 b1K1<t) t

co &

z2/(1+b1 K1 (1)) P01 1 <§ C -
= PlMG@) <—In| —~4r—— dF.
/0 1( ) = o n b1K1<t) 2<C)7

where Fy denotes the distribution function of the random variable Lo(t). We

8oy
now integrate by parts and notice that P <M1(t) < Uil In <M>) =0 if

¢ = 2/(1 + b K, (t)) P while F5(¢) = 0 when ¢ = 0. This gives

Z2/(1+b1K1(t))Bch 1 (%) 2 4
P(Y(t) < > plume b\ —° .
(Y (1) < 2) —/0 (0) < | S ()

01C2 01 blKl(t> (z %
z) 2
¢
Moreover, since from (8.14)) we know that
F3(Q) =P(La(t) < () =2 2 0.1 (4 — 2v)dudov,

80211,
{&WSC}H{U<O}D{7¢>U}

7 z\ °2 z
_ 20 / B(QNoy | —n
0
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we can conclude that

) = &
L2 z c9 z c2
25() 20 /(1+b1 K1 (1)) Pb1 1 (Z) —1 (E) 1
PY(t) < F: —1 —d
V() < 22) 2 01C2 /o (O Mo o1 . b1 K, (1) (,z)ﬁcbzl 1C ¢
2 _
48b, z2/(14+b1 K1 (t)) Po1
> j— it 2
162 Jo {Wgc}m{v<0}m{u>v}
Bby Bb1
R EN IO O Lic
— n - .
L b1 K (t) (z = 1C
: _

2. Using the lower bounds in (8.23) and (8.25) we obtain
P(X(t) < 21,Y(t) < 20) <P (Li(t)e " < 21, Lo(t) < 20)
=P (Li(t)e " < 1) P(La(t) < 20)
=P (Ll(t) S zleclt) P (Lg(t) S 2’2) .

With the help of (8.13]) we conclude that

P(X(t) <2z,Y(t) < z) <4 0.+(2v — u)dudv

k glu
{71%1126@801” <z 6clt}ﬂ{v>0}ﬁ{u<v}

0.(2v — u)dudv

ko (t)e?2%
{IH%WSZQ}O{U>O}H{1L<U}

3. We now prove (8.42)); we know from and - ) that

X(t) > L1< )6 Bb2 (1+b1 fo G1(v) dv)ﬁ 1n(1+b2 fg Gz(r)dr)

Lk (t>60131(t) (1+b1K1() UlMl(t))BCTQI1n(l+b2K2(t)e”2M2(t>>
1

>
= 1+ by Ko (t)eorMa()

Hence, we can write

k (t)ealBl(t)—ﬁc—le(1+b1K1(t)e°1M1(t)>5cT21 ln(l-i—bng(t)e”QJwQ(t))
1

<
- - L+ by Ky (t)enM®) =

= —4/ ./\fé’t(Qvl — ul)./\fo,t(vg)duldvldvg,
Az N{v1>0,u1 <vi,w2>0}
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where

€2
w1 — = (14b1 K1 (¢)e?1v1) A1 In(14by Ko (t)e?2v2
kl(t)egl 1= gy (101 K1 (F) ) (14+b2 Ka(t) )

Az1 = <u17U17U2> € R3 : < 21

1+ blKl(t)eglvl -

This coincides with (8.42). Moreover, from the lower estimate in (8.23) we get

inequality (8.13]) completes the proof of (8.43)).

8.6 Discussion

In this paper, we propose a finite-time analysis for the solution of the two dimen-
sional system (8.3) which describes a foraging arena model in presence of environ-
mental noise. We derive in Theorem [160] almost sure upper and lower bounds for
the components on the solution vector; these bounds emphasis the interplay between
the parameters describing the model and different sources of randomness involved
in the system. While such relationship is hardly visible in the description of the
asymptotic behaviour of the solution, our estimates agree, if let the time tend to in-
finity, with the classification in asymptotic regimes obtained by [114]: this is shown
in details in Remark [162] The accuracy of our bounds, which are obtained via a
careful use of comparison theorems for stochastic differential equations, is evident
in the simulations below (see Figures 2-6 below). There we plot for a given set of
parameters the solution of the deterministic version of , i.e. with o1 = g9 = 0,
a computer simulation of the solution of the stochastic equation for different
noise intensities and the corresponding upper and lower bounds from Theorem [I60]
Then, we utilize the bounds for the solution from Theorem to derive two sided
estimates for some statistical aspects of the solution. More precisely, in Theorem
[164] and Theorem [I66 we propose upper and lower bounds for the joint moments and
distribution function of the components of the solution vector, respectively. These
estimates are expressed via integrals whose numerical approximation is pretty stan-
dard. Again, the roles of the parameters describing our model are explicitly de-
scribed in the proposed estimates. Figure 7 and Figure 8 below provide a numerical
implementation for the bounds obtained in Theorem for p=¢q =1 and a given
set of parameters.
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