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Preface

This book analyzes almost periodic stochastic processes and their applications to
various stochastic differential equations, partial differential equations, and differ-
ence equations. It is in part a sequel the of authors’ recent work [20, 21, 22, 23, 24,
55] on almost periodic stochastic difference and differential equations and has the
particularity to be among the few books that are entirely devoted to almost periodic
stochastic processes and their applications. The topics treated in it range from ex-
istence, uniqueness, boundedness, and stability of solutions to stochastic difference
and differential equations.

Periodicity often appears in implicit ways in various natural phenomena. For
instance, this is the case when one studies the effects of fluctuating environments
on population dynamics. Though one can deliberately periodically fluctuate envi-
ronmental parameters in controlled laboratory experiments, fluctuations in nature
are hardly periodic. Almost periodicity is more likely to accurately describe natural
fluctuations [63]. Motivated by this observation, we decided to write this book that
is devoted to the study of almost periodic (mild) solutions to stochastic difference
and differential equations. Since the beginning of the century, the theory of almost
periodicity has been developed in connection with problems related to differential
equations, dynamical systems, and other areas of mathematics. The classical books
of Bohr [32], Corduneanu [42], Fink [73], and Pankov [151] for instance gave a
nice presentation of the concept of almost periodic functions in the deterministic
setting as well as pertinent results in the area. Recently, there has been an increasing
interest in extending certain classical results to stochastic differential equations in
separable Hilbert spaces. This is due to the fact that almost all problems in a real
life situation to which mathematical models are applicable are basically stochastic
rather than deterministic. Nevertheless, the majority of mathematical methods are
based on deterministic models. For instance, the theory of analysis frequently used
in deterministic models can often be utilized as a tool to obtain the solutions to
stochastic differential equations.

The concept of almost periodicity for stochastic processes was first introduced
in the literature by Slutsky [166] at the end of 1930s, who then obtained some rea-
sonable sufficient conditions for sample paths of a stationary process to be almost

ix



X Preface

periodic in the sense of Besicovitch, that is, B>~almost periodic. A few decades
later, two other investigations on the almost periodicity of sample paths followed
the pioneer work of Slutsky. Indeed, Udagawa [173] investigated sufficient condi-
tions for sample paths to be almost periodic in the sense of Stepanov, and Kawata
[109] studied the uniform almost periodicity of samples paths. Next, Swift [167]
extended Kawata’s results within the framework of harmonizable stochastic pro-
cesses. Namely, Swift made extensive use of the concept of uniform almost period-
icity similar to the one studied by Kawata to obtain some sufficient conditions for
harmonizable stochastic processes to be almost periodic.

This book is divided into eight main chapters. It also offers at the end of each
chapter some useful bibliographical notes.

Chapter 1 provides the reader with a detailed and somewhat concise account
of basic concepts such as Banach and Hilbert spaces as well as some illustrative
examples.

Chapter 2 is devoted to the foundations on operator theory, spectral theory, in-
termediate spaces, semigroups of operators, and evolution families. Some suitable
examples are also discussed. The proofs for several of the classical results are given.
The technical Lemma 2.2 (Diagana et al. [52]) and Lemma 2.4 (Diagana [62]) will
play a key role throughout the book. Detailed proofs of these technical lemmas are
discussed at the very end of Chapter 2.

Chapter 3 develops probabilistic tools needed for the analysis of stochastic prob-
lems in the book. It begins with a review of the fundamentals of probability in-
cluding the notion of conditional expectation, which is very useful in the sequel.
This chapter also offers an introduction to the mathematical theory of stochastic
processes, including the notion of continuity, measurability, stopping times, mar-
tingales, Wiener processes, and Gaussian processes. These concepts enable us to
define the so-called Itd integral, the 1t6 formula, and diffusion processes. An exten-
sion of It6 integrals to Hilbert spaces and stochastic convolution integrals are also
discussed. An investigation of stochastic differential equations driven by Wiener
processes is given at the end of the chapter. Special emphasis will be on the bound-
edness and stability of solutions.

Chapter 4 introduces and develops the concept of p-th mean almost periodicity.
In particular, it will be shown that each p-th mean almost periodic process defined on
a probability space (2,.7,P) is uniformly continuous and stochastically bounded
[132]. Furthermore, the collection of all p-th mean almost periodic processes is a
Banach space when it is equipped with its natural norm. Moreover, two composition
results for p-th mean almost periodic processes (Theorems 4.4 and 4.5) are estab-
lished. These two theorems play a crucial role in the study of the existence (and
uniqueness) of p-th mean almost periodic solutions to various stochastic differential
equations on L”(Q,.7#) where J¢ is a real separable Hilbert space.

In Da Prato and Tudor [46], the existence of almost periodic solutions to Eq. (5.3)
in the case when the linear operators A(t) are periodic, that is, A(f + 7) = A(¢) for
each t € R for some 7 > 0, was established. In Chapter 5, it goes back to studying
the existence of p-th mean almost periodic solutions to the class of nonautonomous
stochastic differential equations
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dX(t)=A0)X()dt +F(t,X(1))dt +G(t,X (¢)) dW (), t € R, 0.1)

where (A(t)),cr is a family of densely defined closed linear operators satisfying the
well-known Acquistapace-Terreni conditions, F : R x LP(Q,H) — L(Q,H) and
G: R x LP(Q,H) — LP(2,L9) are jointly continuous satisfying some additional
conditions, and W(¢) is a Q-Wiener process with values in K. Application to some
N-dimensional parabolic stochastic partial differential equations is also discussed.
Moreover, Chapter 5 offers some sufficient conditions for the existence of p-th mean
almost periodic solutions to the autonomous counterpart of Eq. (0.1).

Chapter 6 offers sufficient conditions for the existence of p-th mean almost peri-
odic mild solutions for the following classes of stochastic evolution equations with
infinite delay

d[X(@,0)+ fi(1.X ()] = [7X(@.0)+ S0.X:(w)) | dr
+ f3(6,X(0)dW(o,r), teR, ocQ, (0.2)

where o7 : 9 = D(«/) C H — H is a sectorial linear operator whose corresponding
analytic semigroup is hyperbolic, that is, (/) NiR is empty, and f; : R x H — Hg
O<a< % <B<1),fr:RxH—H, and f3: RxH — ]Lg are jointly continuous
functions. Chapter 6 also presents some recent results on the existence of p-th mean
almost periodic and SP—almost periodic (mild) solutions to various nonautonomous
differential equations using the well-known Schauder fixed point theorem. A few
examples are also discussed.

Chapter 7 makes extensive use of abstract results of Chapter 6 to study the exis-
tence of square-mean almost periodic solutions to some (non)autonomous second-
order stochastic differential equations.

Chapter 8 deals with discrete-time stochastic processes known as random se-
quences. There, we are particularly interested in the study of almost periodicity of
those random sequences and their applications to stochastic difference equations
including the so-called Beverton—Holt model.

Almost Periodic Stochastic Processes is aimed at expert readers, young re-
searchers, beginning graduate and advanced undergraduate students, who are in-
terested in the concept of almost periodicity and its applications to stochastic differ-
ence and differential equations. The basic background for the understanding of the
material presented is timely provided throughout the text.

Last but certainly not least, we are grateful to our families for their continuous
support, their encouragement, and especially for their putting up with us during all
those long hours we spent away from them, while writing this book.

Paul H. Bezandry and Toka Diagana
October 2010
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Chapter 1
Banach and Hilbert Spaces

In this book, the notations R, C, and Q stand respectively for the fields of real,
complex, and rational numbers. Further, N and Z stand respectively for the set of
natural integers and the set of all integers. Throughout the rest of the book, F will
denote a field and unless otherwise stated, when we refer to the field F, we mean
F=RorC.

This chapter is devoted to the basic material on Banach and Hilbert spaces and
their basic properties needed in the sequel. In each section, illustrative examples
will be discussed in—depth. Classical examples of Banach and Hilbert spaces are
discussed, including quotient spaces, L” spaces, Holder spaces C%, and Sobolev
spaces WKP.

1.1 Banach Spaces

1.1.1 Introduction

Banach spaces are one of the most important tools in functional analysis. In this
section, we introduce and study those spaces and provide the reader with various
examples of Banach spaces. For additional readings on Banach spaces and related
issues, we refer the reader to the book by R. E. Megginson [139].

1.1.2 Normed Vector Spaces

Definition 1.1. Let % be a vector space over the field F. A norm on £ is any map-
ping || - || : & — [0,0) satisfying: for all x,y € B and ¢ € F,

@) ||x|| = 0 if and only if x=0;

(i) ||ox|| = |ex| . ||x]|; and

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 1
DOI 10.1007/978-1-4419-9476-9 1, © Springer Science+Business Media, LLC 2011



2 1 Banach and Hilbert Spaces

(i) [+ y[| < flxl] + Lyl

Definition 1.2. A normed vector space is a pair (4, ||-||) consisting of a vector space
% and a norm ||-|| defined on it.

Example 1.1. Let (4, ]|-||) be a normed vector space and let BC(R, %) denote the
vector space of all bounded continuous functions from R to %.
Define

@]l :=sup[l@()]].
1eR
Clearly, ||-||.. is a norm on BC(R, %), and hance(BC(R, %), ||-||..) is a normed vec-
tor space.
Definition 1.3. Let ||-||, and ||-||, be two norms on Z. We say that |||, is equivalent
to ||-||, if there exist constants K, K> > 0 such that
Kilxllo < llxlly < Kz [lxlly, Vx € 2.

Example 1.2. For the field F, let FY =F x F x ... x F (d—copies of F). Now consider
the norms on ¢ defined for all x = (x1,...,x;) € F¢ by

4 1/2
@) [lxlly = (Z |xk2> :

k=1
d
@) ||x[|, == Z |xk|, and
k=1

(i) ||x]|.. :== [max, ‘xk‘.

Obviously, F is a normed vector space when it is equipped with any of the
previous norms. Moreover, all these norms induce the same topology on F¢.

If (%, ]|-||) is a normed vector space, then the norm ||| induces a metric d on
B x A defined by

d(x,y):=|lx—y|, forall x,ye A.

The ordered pair (%, d) then becomes a metric space. Further, the distance d enables
us to consider the notion of convergence in 4 as follows: a sequence (x,),en C £
is said to converge to x € # as n — oo on A if and only if

d(xy,x) =[x, —x|| — 0 as n — oo.

If the above-mentioned convergence occurs, we then say that the sequence (x;),eN
converges strongly to x € % and write x,, — x or s — limx,, = x.
n
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Definition 1.4. Let (x,),cn be a sequence of elements in a normed vector space
(2. ]|l)- The sequence (x,),en is called a Cauchy sequence if for all € > 0 there
exists Ny € N such that

d (X, Xm) = ||x, — xm|| < €

whenever n,m > Nj.

Proposition 1.1. If (x,),cn is a Cauchy sequence in a normed vector space (A, ||-||),
then the following hold:

(i) If (Xn)nen contains a subsequence (x,, )xeny Which converges to some x € %,
then the whole sequence (x,)nen converges to x.

(ii) There exists a subsequence (X, )ken Of (Xn)nen Such that

1
Hx”k R H < 2%

fork=1,2,...

Proof. (i) Let € > 0 and choose Ny such that k < Ny with Hxnk fo < % and My such
that n,m < Mo with |[x, — x| < §. Let N; > Ny with N; > My. Now for n > Nj,
then

[l = X[ < llon — 23, [| + [z, — x[| <&

(ii) Let Ny such that for all n,m > Nj, we have ||x, —x,| < % Similarly, let
N, > N such that for all n,m > Nj,

1
10 — X || < 7
Proceeding as previously, one obtains the desired result.

Definition 1.5. A metric space (#,d) is said to be complete if every Cauchy se-
quence (x,),eN converges to some x € .

Remark 1.1. Note that if 2 is a normed vector space, then there exists a complete
normed vector space Z such that & is a dense subset of Z. Up to isometry, the
normed vector space % is unique.

Definition 1.6. A normed vector space (4, ||-||) is said to be a Banach space if it is
complete.

In what follows, we provide the reader with a few examples of Banach spaces
encountered in the literature including the so-called quotient Banach space.
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1.1.3 Examples of Banach Spaces

Example 1.3. (Quotient Banach Space) Let (4, ||-]|) be a normed vector space and
% C 2 be aclosed subspace. The cosets of Z consist of all sets [x] =x+ %, x € A.

Set /% = {[x] : x € A}. Observe that [x] = [y] if and only if x —y € 2. Clearly,
one can endow the set %/ with a vector space structure as follows:

=R+l [Ax] =4[
The space £/ 4 is called quotient space.
Lemma 1.1. The mapping |-|| : B/% — [0,) defined by

Xl = [|x+ || = d(x,2) = inf ||x—yl|
yEA

for each [x] € B/ B, is a norm on B/ AB.
Proof. Letx,y € % and o € F. Using the closedness of 4 it follows that d(x, ) =
if and only if x € %. Consequently, ||[x]| = ||x+ %|| = 0 if and only if [x] = x+ % =
0+ 2.

If a #£ 0, then

lax]l| = [Jee(x+ B)|| = d(ax, B) = d(ax, 0B) = || d(x, ) = |et| || []]| -

Of course, if & = 0, then ||0(x+ Z)|| = |0+ 2| = 0=0]|]x+Z||.
It remains to prove the triangle inequality. For that, let x;,y; € 4, then

|(x+B)+(+2)| = | (x+y)+ 2|
< |lx+y+x1+yl
< xe+xill +lly+xlls

and hence ~ } ~ .
|(x+B)+(+2)| < |x+ 2| +]|y+ 2| -

Theorem 1.1. [f # is a Banach space and if B C B is a closed subspace, then the
quotient space (B A, ||-||) defined above is a Banach space.

Proof. Let (Y,),en C %/ 9 be a Cauchy sequence. Using Proposition 1.1(ii), it fol-
lows that it is enough to assume that ||¥,+1 — ¥, || < o forn=1,2,.... Lety; € ¥}
and choose z, € ¥, — 7] such that ||z2]] <2||¥> —Y;]|. Setting y» = zo +y; it follows
that ||y, —y1]| < 2||Y2 —Y1|| and y; € Y} and y, € Y,. Proceeding as previously it
follows there exists a sequence y, € Y, such that

Y1 =ynll < 2[Yo1 =Y

forn=1,2,....
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Now for m > n, we obtain that

m
lym —ynll = Z Vi1 = Yk)
k—n
m
< Y kst — vl
_m
<2Y W =Xl

— 0 as k— oo,

Therefore (y,)qen is a Cauchy sequence in 2 and hence converges to some y € %
as A is a Banach space. Setting Y = [y] it follows that

¥ = Y[ =[] = DI = 1lyn =511 < llyn =¥l — 0

as n — oo,

Example 1.4. (IP-Spaces) Let (4, ]|-]|) be a Banach space over the field F. Define,
for 1 < p < oo, the space [P (%) to be the set of all Z—valued sequences x = (X, )neN
such that [|x[[,, < eo, where

1
p
Ixll, == { X llxnll” if 1<p<o (1.1)
meN

and

[¥llee := sup [lxm|  if p = oo. (1.2)

meN

Theorem 1.2. Let 1 < p < co. The normed vector space (1 (%), ||| ,) defined above
is a Banach space.

Proof. We only provide the proof for the case 1 < p < . The proof for the case
p = oo will be left as an exercise. So suppose 1 < p < eo. Let X" = (X, ) e € 17 (5)
be a Cauchy sequence for || - ||,. Therefore, for every € > 0 there exists ng € N such
that

x| =Y Il gl < e” (1.3)
keN

whenever n,m > ny.
Now since

e =2 [|7 <l = ™[I < €7

for all k € N, it follows that |[x} —x]"|| < & whenever n,m > no, for each k € N, and
hence (x})nen is a Cauchy sequence in the Banach space . Since % is complete,
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there exists x; € % such that [|x] —x|| is small enough whenever 7 is large enough.
From the previous observations, one defines the sequence x = (x)ren Where

Xy 1= limxj.
n

Now using the fact that Cauchy sequences are bounded, for each N € N,

N N
Y [bel” = lim } [lx]]” < sup e[ = M < eo.
k=0 k=0 neN

Hence x € I7(A).
From (1.3) it follows that for all N € N,

N

Y g =) < e

k=0
for large n,m. Letting m and N go to oo respectively in the previous inequality it
follows

=

Y Il —ouel” < €”
k=0

and hence ||x" —x||, < &, which completes the proof.
Example 1.5. (LP(0')-Spaces) Let ¢ C R" be an arbitrary domain and let p be a

positive real number. Define the space L” () to be the class of all (Lebesgue) mea-
surable functions u : & +— C such that

Jull, = (/%If(x)l”dX) e (1.4)

This is understood to mean that in L” (), one identifies functions, which are equal
almost everywhere (a.e.) on 0.

Similarly, one defines L (&) to be the space of all (Lebesgue) measurable func-
tions u : © — C such that

lull.. :==ess sup{|u(x)|:x € O} < oo. (1.5)
Clearly, for each 1 < p <o, (LP(0),||-[|,) is a normed vector space. (Warning:
|||, is not a norm when 0 < p < 1)

Let us recall some basic properties of (L (&), ||| ,).

Proposition 1.2. (Hilder’s Inequality) Let 1 < p,q < cowith p~' +¢q ' = 1. Ifu €
LP(O) andv € LP(O), then u.v € L'(0). Moreover,

[ luvoldx < al, - vl
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The proof of Proposition 1.2 makes use of the following classical result.

Lemma 1.2. Let a, b be nonnegative real numbers. If 1 < p,q < cowithp~' +¢~ ' =

1, then

a? bl

ab < — + —

p q
Proof. (Proposition 1.2) First of all, note that the cases p = oo or ¢ = oo are trivial.
Consequently, we suppose that 1 < p,g < eo. It is enough to suppose that ||ul|, # 0
and [|v||; # 0. Indeed, if ||u||, = O for instance, we obtain u(x)v(x) = 0 a.e. which
yields that Holder’s Inequality holds.
W@l b))

uall Vil

u@] W) JulPG) | W)

lelly ™ IVl — pllellz — qlullg

Letting a = and using Lemma 1.2 it follows that

which, by integration on &, yields

p q
I PRy PRy T PR PO
o Tl Wl ™= Jo plly ™ o gl

Therefore

wv|dx < |{ul|p. |[v|[p-
| uvlax < - 101,

Proposition 1.3. (Minkowski’s Inequality) Let 1 < p < oo Ifu,v € LP(0), then u+
v € LP(0). Moreover,
lJutvll, <lull,+ v,

Proof. Let g be such that p~!' +¢~! = 1. Using Holder’s Inequality it follows that

/|u +v(x |"dx</\ ) v ()P fu(x |dx+/ |u(x) +v(x) [P~ v(x)|dx

< ([ ) +vo e 0ae) ([ o)
n (/ﬁ\um STy ) ([ weor)™
([ ) +verra) ([ acor)”
(L +vera) ([ peor)”
= ([ ) +v0rrax) " (el + 1,

which yields
llutvil, < lull, + v,
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Proposition 1.4. Suppose mes(0) := [,1dx < oo and that 1 < p < g <oo. Ifu €
LP(0), then u € L1(0). Moreover,

1

lull, < (mes(€))7 "5 . |lul,.

Q

Proof. The proof is left as an exercise.

The space (LP(0),|-||,) is a Banach space for each 1 < p < oo, If 1 < p < oo
with p~' ¢~ = 1, then the (topological) dual of (L(&),|-||,) is (L(O), ||-]|,)-
Indeed, for each function g € L(€’), we define a continuous linear functional @,
on L?(0') by setting

(@, f) /f e dx, YfelP(0).

Conversely, it can be shown that every bounded linear functional on L” () is of
the form @, where i € LY(0) with p~! +¢7 ! = 1.

For 1 < p < oo, we also define L} (&) to be the collection of all measurable
functions u defined on & such that u € L” (&) for any compact subset &' C 0.

One says that (u)nen € L7 (€) converges to u as n — oo in L) (&) provided
that ||u, —u|| — 0 as n — oo for any &’ C € compact subset, where ||||/p is the
norm of L? (ﬁ’ ). (Warning: Although L7 (&) is a topological vector space, it is not
a Banach space.)

Remark 1.2. Let (4, || - ||) be a Banach space. As above, one defines L” (R, %) for
1 < p <o as the class of all (Lebesgue) measurable functions u : R — 2 such that

ullor := ess sup{[|u(x) [ : x e R} <o (p=o0) (1.6)

and

Il = ([ Irerar)” <o (1<p<e) a7

The space L? (R, %) equipped with its above-mentioned norm is a Banach space.

Example 1.6. (Sobolev Spaces) Let k be a nonnegative integer and let 1 < p < oo,
Let &' C R" be an open subset.
Define the Sobolev space W5? (&) by

WP (0):= {9 e LP(O): D%¢ € LF(O) for |at| <k}, (1.8)

glel
where D% = S0 2.0 .G’ o= (0617062, ceey Otn), o; € Nfori= ]7...,717 and |OC‘ =
dx;' dxy...0x,"
ap+ o + ... + a,. (The derivatives should be understood in the weak sense, that is,
the sense of distributions, see, e.g., Adams [4].)

One equips the vector space W57 (&) with the norm given by
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1

P
o, = ( Y IID“¢|§> if 1<p<eo, (1.9)
o<k
and
19l = max |Dpl. it p=ce (1.10)

For p = 2, the corresponding Sobolev space W52 (&) is denoted by H*(©).
If C5 () denotes the collection of functions of class C* with compact support in

O, we then define Wé‘ 7(0) to be the closure of C5(€) in the space WEP(&). Here
again, when p = 2, the space W(;“z(ﬁ’) is denoted by HX(0). Notice that if & = R",
then WP (R") = WhP (R").

Theorem 1.3. The Sobolev space WP (0) equipped with the norm | - ||k is a Ba-
nach space.

To prove Theorem 1.3 we need the following technical lemma whose proof is
quite straightforward.

Lemma 1.3. Let (uy)yen € L}, (O) such that uy — uasn—ooin L}

D%u, € L}, (0) and D%y, — vin L}, .(O). Then D%u = v.

(O). Suppose

We are now ready to prove Theorem 1.3.

Proof. (Theorem 1.3) Let (u,),en be a Cauchy sequence in W7 (). Clearly, all
the sequences (D%uy),en for |ot| < k are Cauchy sequences in LP(&). Now since
LP(0) is a Banach space, then there exist two functions u and u, which belong to
L?(0) such that

l|un —ull, — 0 and |[D%up —uql, — 0 as n— oo.

1

In view of the above, we also have u,, — u, D%u,, — ugy in L,

using Lemma 1.3, it follows that D%u = u.

(0) as n — oo. Now,

For more on these spaces and related issues, we refer the reader to the excellent
book by Adams [4].

Example 1.7. (Banach Space of Bounded Continuous Functions) Let (4, ||-||) be
a Banach space over F and let BC(RR,.%) be the space of all bounded continuous
functions equipped with sup norm introduced in Example 1.1.

Theorem 1.4. The space BC(R,.%) equipped with the sup norm ||-||.., given above
is a Banach space.

In order to prove Theorem 1.4, we will make use of the fact that L*(R, %) is a
Banach space (see Remark 1.2).
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Proof. Using the fact BC(R, %) is a subspace of the Banach space L*(R, %), it
is sufficient to prove that BC(R, %) is closed in L”(R,#). Indeed, let (f,)nen C
BC(R, ) be a sequence of functions such that

1fn = Flleo = 0 as = oo,

where f € L*(R, ).
To complete the proof we have to prove that f € BC(R, ). First of all, it is clear
that f is bounded. Now, let xyp € R (fixed) and let € > 0. Choose n such that

€
I =flle < 5.

Since the sequence of functions (f;,),en is continuous, then there exists a neighbor-
hood Wy, of xo such that

o) = fuloo) | < 5

for all x € W,,.
Clearly, if x € Wy, then

1FGe) = F o) | < [1fa(x) = F )+ [1fa () = fa(x0) |
+ [[fa(x0) = f (x0) |
< 1 (x) = Fa(x0) |42 sup [ fa(y) = F Ol

YEWy,

E

<2=
3
= €.

Lt
3

1.1.4 Holder and Lipschitz Spaces

Let J C R be a subset (possibly unbounded). Let C"(J, %) (m € N) be the space of
m-times continuously differentiable functions from J into 2.
Define

BC"(J,B)={feC"(J,B): fX eBC(J,B), k=0,1,...m}
equipped with the norm
Ifllsen.z) = Y 1f e, VS € BC"(J, ).
k=0

The Banach spaces of Holder spaces of continuous functions C*(J, %) and
Co"%(J,9) for a € (0,1) and k € N are respectively defined by
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C*(1.B) = {f € BCU.B): [flcapp = sup OISO

tseER s<t (t - S)a

equipped with the norm

Ifllcwr ) = 1l + [flew ey, and

Cok(1,B) = {f € BCK(1,8) : f© e C*(J, B)}
equipped with the norm
Ifllck+a(r, ) = I1flsck,2) + [f<k)]ca(1,33)-
Proposition 1.5. The Holder spaces C*(J, %) and C***(J, ) for a € (0,1) and

k € N equipped with their corresponding norms are respectively Banach spaces.

Similarly, the Lipschitz space Lip(J, %) is defined by

Lip(J, %) = {f € BCU.2): lupyn = sup WLOTON_ y

1,s€ER, s<t (t—s)

and is equipped with the norm defined by

1A zip(r.2) = If llew + [FLip(s,)-

Let © C RN be an open bounded subset and let o € (0,1). As above, we de-
fine the Holder space Cff(&) (when € is bounded, we drop the subscript b) as the
collection of all bounded continuous functions u : & — C such that

|u(x) —u(y)|
[Upaz = sup —————— <o
(@) xtye@ [[x —y/|*

The space C (0) is a Banach space when it is equipped with the norm defined

by

lulleaz) = llulls+ [”]cg(ﬁ)

forallu € CX(0).

Similarly, if k € N, we define C’g*a (ﬁ) as the collection of all differentiable
functions up to the order k in & with bounded derivatives such that DP € C#(0)
for any multiindex 8 with |B| = k. Clearly, C;"%(©) is a Banach space when it is
equipped with the norm defined by

lull ez = Y IDPulle+ Y, (DPlen ).
Bk =

For more on these spaces, we refer the reader to Lunardi et al. [131].
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1.2 Hilbert Spaces

Hilbert spaces play a crucial role in mathematics as well as in fields such as en-
gineering, physics, and quantum mechanics. Hilbert spaces are generalizations of
Euclidean spaces. Key properties of those spaces will be introduced and discussed
in this section.

1.2.1 Basic Definitions

Definition 1.7. Let .77 be a vector space over the field F. An inner product or scalar
product on ¢ is amapping, (-,-) : A x 7 — C, (x,y)— (x,y) satisfying Vx,y,z €
J¢,and A €T,

() (x+y2) = (x,2) + (3,2); _

(ii) (Ax,y) = A{x,y); and (x,Ay) = A{x,y);

(iii) (x,y) = (y,x); and

(iv) (x,x) > 0; and (x,x) = 0 if and only if x = 0.

Definition 1.8. A vector space .7 over F endowed with an inner product is called a
pre—Hilbert space.

If (7,(-,-)) is a pre-Hilbert space, then we define a norm ||-|| on J# by setting
||lx|| := /(x,x) for all x € 5. In this event, we say that the norm ||-|| is generated
by the inner product (-, ).

Example 1.8. Let 7 be the vector of all continuous functions u : R — C such that

L 1/2
N(u):= <lim — |u(t)2dt> < oo,

r—oo 2r J_»
Since there exist nonzero continuous functions on R for which N (1) = 0 it follows
that N is not a norm on .7”. Now let Ker(N) = {u € 7 : N(u) = 0}. It is clear that
N is a norm on the quotient space 77"/ Ker(N). Let 7 denote the completion of the
quotient normed vector space ¢ /Ker(N). The corresponding inner product on ¢’
is defined by

(1,v) = lim — / " u( Dt

r—o 2r J_»
for all u,v € J7.

Clearly, .7 equipped of the inner product (-,-) defined above is a pre—Hilbert
space.

Example 1.9. Let ¢ C C be an open bounded subset and let A>(&) be the vector
space of all holomorphic functions u : & — C such that
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l|lul| == /\ dedy <°<>7 (z=x+1iy).
Define the inner product
(u,v) ::/ﬁu(z)@dxdy
for all u,v € A2(0).

Then, A?(©) equipped with the above-mentioned inner product is a pre-Hilbert
space.

Theorem 1.5. (Parallelogram Law) In a pre-Hilbert space 5, we have
2 2 2 2
eyl fle =yl =2 (Il + 1), ¥y € 2.

Proof. Clearly, |lx+y||* = (x4 y,x+) = ||x[|* + [[y||* + 2Re (x,y). Similarly, re-
placing y by —y in the previous identity, we obtain

2 2 2
[ =17 = llxell” + [ly[|” = 2Re x, ),

and hence

e+ 31+ fle = 3117 = 2 (Il + 91 +2Re fx, ) — 2Re fx,)
=2 (|l + 1)
for all x,y € J7.
Theorem 1.6. (Cauchy—Schwarz Inequality) In a pre—Hilbert space ¢, we have
e < - vl Wy € 22 (111)

The equality holds if and only if x and y are linearly dependent.

Proof. Note that
0 < <x_)‘y7x_2'y> = <)C,)C> —2Re [2'<y7x>] + |}“|2 <y7y>
(x,x)

v, x)

Suppose without lost of generality that (x,y) # 0. Now, taking A = it easily

follows that

(x, ) (y,3)?
[y

which gives the Cauchy—Schwarz Inequality. In addition to the above, one can easily
see that | (x,y)| = (x,x)(y,y) if and only if x = Ay.

0< —(x,x)2+
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Theorem 1.7. (Polarization Identity) In a pre—Hilbert space F,

1 2 2, . 2 )
() = g { I+l = eyl e vl = ]}
forall x,y € 7.
Definition 1.9. A pre—Hilbert space .72 which is complete is called a Hilbert space.
Example 1.10. (The Space C?) The space C, that is, the d—dimensional space of

complex numbers, equipped with the inner product and norm defined by: for all
u=(up,....uy), v=(v1,v2,...,v,) € C",

1/2

n n

vy =Y wvi and [lul ={ )] g |
k=1 k=1

is a Hilbert space.

Example 1.11. (L*(0)-Space) The space L>(&) (see Example 1.5) equipped with
its natural norm || - |2 and the inner product defined for all u,v € L*(&) by

(w,v) = / u()v(D)dt
7
is a Hilbert space.

Example 1.12. (The Sobolev Space H*(¢)) The Sobolev space H* (&) previously
defined is a Hilbert space when equipped with the inner product

(V) g (o) ::/ﬁ Y D*u(x)D%v(x)dx for all u,v € HX(0).

|or| <k

1.2.2 Orthogonality

Definition 1.10. Let (57, (-,-),||-||) be a Hilbert space over the field F. If u and v are
two vectors in .77, then one says u and v are orthogonal and write u L v if (u,v) =0.

An immediate consequence of the orthogonality is the so-called Pythagorean theo-
rem, which says that if u | v, then

2 2 2
[l +v[|" = [lu]| "+ [Iv[|”-
To see it, it suffices to use the identity

et +vI1* = ful]® +2%Re (u, v) + [|ul|?
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for all u,v € 7.
A system of vectors (v, ),cn is said to be an orthogonal system whenever v, L vy,
for all n # m. If in addition, ||v,|| = 1, then the system is said to be orthonormal.

Example 1.13. In >(%), consider the vectors ey = (1,0,...), e; = (0,1,0,...), ...,
e, = (0,0,0,...,1,0,0,...) where the 1 appears in the (n+ 1)-th position. It is then
clear that (e,),cy is an orthonormal sequence of 12(%).

Example 1.14. In L*[—r, ] equipped with its natural inner product and norm given

by
1/2

= [ utowodr ana July= ([ oR)

inx

V2n

one can easily check that the system of vectors { } form an orthonormal
nez

system.

Definition 1.11. A system of vectors (e,)qen is said to be a basis of 7 if each
u € S there exists a unique sequence (u,) with u; € F such that

u—= Z u;e;.

neN

If in addition (e, ),en is an orthonormal system of vectors, then it is said to be an
orthonormal base for J7.

Classical examples of orthonormal bases include those two examples mentioned
above.

Definition 1.12. Let 7" be a subspace of a Hilbert space 7. The orthogonal com-
plement ¥ of 7 is defined by

WL:{ME%Z (u,v) =0, VVG”I/}.

Note that the orthogonal complement ¥+ of a closed subspace ¥ of J# is very
often denoted by 77 © ¥ in the literature.

Proposition 1.6. Let (e; ), for k =0,1,2,...,n be a finite orthogonal system of vec-
tors in the Hilbert space 7. Then the following holds:

n

Y lven? <Ivl*, wve 2.

k=0

n

n
Proof. First of all, write v = Z (v,ex)er + ( Z Vv, ey ek) Using the fact that
k=1 k=1

n n

<Z<V>€k>~ek,1/— Z(v,ek>.ek> -0

k=1 k=1
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it follows that

n

n
v =Y e el + 11 Y (vren) - ell = [Iv]1%,

k=1 k=1

and hence

n
VP> 1Y (vex) el
k=1

Now it can be easily shown that

n
Z v, e ekH —Z\ vek>\2,
k=1 k=1

which completes the proof.

A straightforward consequence of Proposition 1.6 is the next corollary whose
proof will be omitted.

Corollary 1.1. (Bessel’s Inequality) Let (ex)ren be an orthogonal system of vectors
in the Hilbert space H. Then the following holds:

=3

Z |<u7ek>‘2 < ”quv Vue .
k=0

A system (f,)qen in a normed vector space & is said to be a complete system if
the vector space spanned by (f,),cn is a dense set in 4.

Definition 1.13. A normed vector space (4, || - ||) is said to be separable if it con-
tains a dense countable subset.

Theorem 1.8. A Hilbert space F¢ is separable if and only if it contains a complete
orthonormal system (e,)neN-

For the proof of Theorem 1.8 we refer the reader to any good book in functional
analysis, in particular to [69].

Example 1.15. Consider the Hilbert space given in Example 1.8. It can be shown
that . contains an orthonormal system given by (e*)qcr. And since the previous
orthonormal system is uncountable it follows that .7 is not separable.

Example 1.16. 1>(%) and L*|—m, 7t] considered respectively in Examples 1.13 and
1.14 are separable.

1.2.3 Projections

A projection P on a (normed) vector space ¢ is a linear operator (see Section 2
for the definition of the linearity) satisfying P> = P. If P is a projection a (normed)



1.2 Hilbert Spaces 17

vector space 7 and if N(P) and R(P) stand respectively for its null space and range,
then one can easily check that the following properties hold:
()R(P)=N(I—P)={ue A : Pu=u};
(ii) N(P) = R(I - P):
(iii) R(P)NN(P) = {0}; and
(iv) 7 = N(P) + R(P). Moreover, if P is continuous, then 5# = N(P) © R(P).

Definition 1.14. Let /7 be a Hilbert space. A subset C C 77 is said to be convex if,
for all x,y € C and all t € [0, 1], the point (1 —¢)x+1y € C.

Theorem 1.9. If C is a closed convex subset of 7€, and x a point in FC, then there
exists a unique y € C such that

—x|| = inf ||z —x||.
Iy =l = inf |12 |

The unique y € C satisfying ||y —x|| = ing |lz— x|| is then called the projection of
zZ€

x onto C.

Proof. We reproduce here a proof, which was given in Diagana [61]. Set y =
inf.cc [|x — z||. Obviously, there exists a minimizing sequence (z,)neny C C such that
|zal| — 7 as n — . Now since C is convex, it is clear that 3 (z, 4+ z,) € C for all
n,m € N. And hence

1
75 lentanl (1.12)

for all n,m € N.
Using the Parallelogram identity, one can easily see that

1 2
x—=(zn+2m) (1.13)

Iz = zml® = 2 ¥ = zul* + 2l — 2| — 4 >

for all n,m € N.
Since ||x —z,|| — Y and ||x — zu|| — ¥ as n,m — oo, then (1.13) implies by using
(1.12) that
”Zn_ZmH2 < ZHX_Zn”Z"'ZHX_Zm”z_‘WZ —0

as n,m — oo,
Consequently, (z,)qen is a Cauchy sequence and hence there exists y € .7 such
that z, — y. Now since C is closed, it is clear that y € C. Obviously, y =[x —y||.
Now suppose that there exists another § € C such that y = ||x — §]||. Clearly,

2
<0

1 -
x_i(y—"_y) =Y

ly=311* =47 =4 |lx— 5

as %(y +7) € C. Therefore, y = 3, which shows that the element y such that y =

|lx — y|| is unique.
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Example 1.17. This example was first given in [69] as a practice problem and then
discussed in [61]. Let a > 0. Define the subspaces 7,4 and 5., of Lz[fa,a] as
follows:

Hypaa ={f € L*[—a,a]: f(—1) = —f(1)}
and

Hoven = {f 61‘2[_(17‘1] :f(_t) :f(t)}

Obviously, both J7,;,; and 7., are infinite-dimensional vector spaces. More-
over, if f € 7,4, and g € Hoyen, then

o) = [ ro@ar o,

as the function ¢ — f(¢)g(¢) is odd, and hence %%,;4 L .#2yen. Furthermore, each
fe Lz[—r, r] can be uniquely decomposed as

f:feven +fodd

where

foven(t) = LD
and

Joda(t) = 1= (=1) _2f(_t)~

Consequently, L?[—7,r] = g © Hoyen. Therefore, 7,4y is the orthogonal comple-
ment .#5,., and .7, is the orthogonal complement of %y (Hqq = L*[—a,a] ©
FHoven), hence both 77, and 7,,,., are closed.

The projection of each f € L?[—a,a] onto /%44, that is,

t)— f(—t
Pty = foaa(t) = w
Similarly, its projection onto 7., that is,
1)+ f(—t
R%‘éven = feven (t) = w

Furthermore, d(fw%)dd) = ”feven”Z and d(f: f%ven) = ||foddH2-
For instance, if f(t) = t> 41, then

2 " 2 12 2}’3
A(2 +1, Hoyen) = |t]2 = /tdt ==

- 1/2
21, Ha0) = |22 = ) = 22
d(t”+t,7000) = ||t°|2 = tdt = =
—r

and

Similarly, for f(r) = cost + sint, we have
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, 1/2 .
(sint)zdt> =\/r— w

d(cost +sint, Hopen) = || sint||, = (/

and

- 1/2 in2
d(cost+sim,ff;dd>=|<cosr>2||z:(/ <cosr>2df> =5

Theorem 1.10. Let M C 57 be a closed subspace, then x — Pyx is orthogonal to M,
that is, {(x— Pyx,y) =0, VyeM.

Proof. We reproduce here a proof, which was given in Diagana [61]. Let z € C and
let y € M. Since M is subspace of . and Pyx € M it follows that Pyx+zy € M.
Now, let ¥ = ||x — Pyx||. From Theorem 1.9 it follows that

Y < x— (Pux+2)|
= |lx = Puxc[|® + 22 Y ]I* — 20 — Parx, ) = 2{yx — Pagx),

and hence
0 < |2 Iyll* = 2(x — Pux,y) — 2(y,x — Pyx).

As z is arbitrary, then taking z = 7' (x — Pyx, y), where 7' € R it easily follows that
0 < 22|(x = Pyx, ) Pl = 22| {x — Py, y) -

Now since the last inequality holds for each 7’ € R it follows that | (x — Pyx,y)|* =
0, that is, (x — Pyx,y) = 0. Finally, since (x — Pyx,y) = 0 for any y € M, it then
follows that x — Pysx is orthogonal to M.

Theorem 1.11. (Orthogonal Decomposition) Let M be a closed subspace of a
Hilbert space €. Every x € 7 has a unique decomposition given by

x=y+z, where y=Pyx and z= (I — Py)x. (1.14)

Proof. We reproduce here a proof, which was given in Diagana [61]. Suppose x =
y+2z where y € M and z € M*. Now one can write x = Pyx + (x — Pyx) where
Pyx € M and x — Pyx € M (see Theorem 1.10). Obviously,

y—Pyx=(x—Pyx)—z and y—Pyx L (x— Pyx) —z.

Hence, x — Pyyx = 0 = (x — Pyx) — z, as a vector orthogonal to itself.
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Chapter 2
Bounded and Unbounded Linear Operators

In this chapter, unless otherwise mentioned, (4, ]|-||) and (', ||-||') stand for Ba-
nach spaces over the same field F. Similarly, # will denote a Hilbert space
equipped with the norm ||-|| and the inner product (-, -). Further, I and O stand re-
spectively for the identity and zero operators of A defined by Ix = x and Ox = O
for all x € A.

2.1 Introduction

This chapter is devoted to the basic material on operator theory, semigroups, evo-
lution families, interpolation spaces, intermediate spaces, and their basic properties
needed in the sequel. In each section, illustrative examples will be discussed in—
depth. The technical Lemma 2.2 (Diagana et al. [52]) and Lemma 2.4 (Diagana
[62]) will play a key role throughout the book. Detailed proofs of these lemmas will
be discussed at the very end of this chapter.

2.2 Linear Operators

2.2.1 Bounded Operators

A linear operator A : 8 — 2’ is a transformation which maps linearly % in %', that
is, A(ou+ Bv) = aAu+ BAv for all u,v € Z and o, € F.

Definition 2.1. A linear operator A : 8 — %' is said to be bounded if there exists
K > 0 such that

llAu||" < K ||u|| for each u € B. 2.1

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 21
DOI 10.1007/978-1-4419-9476-9 2, © Springer Science+Business Media, LLC 2011
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If A: % — %' is abounded linear operator, then its norm ||A|| is the smallest K
for which (2.1) holds, that is,

1A uH

The collection of all bounded linear operators from % into %’ is denoted by
B(%,%'). In particular, B(%, %) is denoted by B(4). It can be shown that B(#, #')
equipped with the operator topology given above is a Banach space.

JA[] := su sup (2.2)

Example 2.1. Let 28 = C[0,1] be the collection of all continuous functions from
[0, 1] in the complex plan C equipped with its corresponding sup norm defined for
each function f € C[0, 1] by

[1fllee := max [f(@)]-

Define the integral operator A by setting for each f € C[0, 1],

Af = /OIK(t,T)f(T)dT

where K is a jointly continuous function.
Clearly, the operator A is linear. For the continuity, it suffices to see that

1
4 £l < 171l max ([ K ld7).
€[0,1] \Jo
It can be shown that (see for instance [79])

IA]| = max /\Kt'c|dr
r€[0,1]

Example 2.2. Let 2 = BC([0,0),C) be the collection of all bounded continuous
functions from [0, ) in C equipped with its corresponding supnorm || - ||.. Define

the transformation 1
= 7/ f(s)ds
tJo

Using the I’Hopital rule, it can be easily seen that 1iII(1)(A F)@) = f(0). Clearly, A
11—

is linear. Moreover ||A f]| < || /||, that is, A is a bounded linear operator.

Theorem 2.1. If A : B — ' is a linear operator, then the following statements are
equivalent:

(i) A is continuous,

(ii) A is continuous at 0;

(iii) there exists K > 0 such that |Au||" < K . ||ul| for each u € .
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Proof. Clearly, (i) yields (ii). Suppose (ii) holds. Hence there exists 7 > 0 such that
|Ax||” < 1 whenever ||x|| < 1. Now for each nonzero x € %,

'z ()
E

and hence ||Ax||’ < n~!||x|| and (iii) holds.
Now if (iii) holds, it is then clear that

[l

/

_ nllAx]
[~

)

1A% — Axo||" = [|A(x —x0)[|" < K[lx = xo.

, €
Consequently, for each € > 0 there exists n = z such that ||Ax—Axo|" < € whenever

|lx—xo0|| <n. Therefore, A is continuous at xo. Since xo € % was arbitrary, it follows
that A is continuous everywhere in .

Proposition 2.1. If A, B are bounded linear operators on B and if A € C, then
A+ B, AA, and AB are also bounded operators. Moreover,
(i) |A+B| < Al +]B
(i) [|AA] = |A]. [|A
(iii) [|AB]| < [|A]l ||B]

)

s

Proof. (i) We make use of the inequality ||Ax|| < ||A||||x|| for each x € A, which can
be easily deduced from the definition of the norm ||A|| of A. Let x # 0. We have

I(A+B)x| < [|Ax] +||Bx|
< [|A[llx]l + 1Bl

and hence A+ By
+B)x

S <Al sl

and therefore,
|A+B| < [|A[+[IB].

, [|[AAx]| [ Ax]

(i) [AA] = sup =|A[. sup =|[A[. [|All.
0#£xeR [l x| 0#4xeRB [lx]]

S AR — |ABx]| _ ||Bx]|| 1Al 1B

(iii) [AB|| = sup <[A]. sup = [|All- |IB].
o4ez Il oxez |X

2.2.1.1 Adjoint For Bounded Operators

Let A € B(5). Clearly, the quantity (Ax,y) is linear in x, conjugate-linear in y
and bounded. Therefore, according to the Riesz representation theorem [159], there
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exists a unique A* € B(.#) such that
{Ax,y) = (x,A"y)

for all x,y € 7.
The transformation y — A*y is called the adjoint of the linear operator A.

Proposition 2.2. If A : 77 — I is a bounded linear operator, then A* € B(J¢).
Furthermore, ||A|| = ||A¥].

Proof. We first show that A* is a bounded linear operator. Note that

(u, A" (au+ Bw)) = (Au, au+ Bw)

(Au,v) +B£Au, w)
(u, A*v) + B{u,A*w)
= (u,aA"u+ BA*w)

=qa
=qa
and hence A* is linear.

Now

1A% u* = (A*u, A" )

and hence ||[A*u|| < ||A||. ||lu||, that is, ||A*]] < [|A]].
Similarly, ||(A*)*|| < |[A*||. Now using the fact (A*)* = A it follows that ||A]] <
||A*||, which completes the proof.

Corollary 2.1. If A : 7 — 7 is a bounded linear operator, then
* * *(2 2
[AAT|| = lA"A[| = [[A™]|" = [IA]]"

Proof. Using Propositions 2.2 and 2.1 itfollows that || A*A|| < ||A*[| . [|[A]| = ||A|| - |1Al| =
|A||?. Tt is also clear that ||A||> < ||A*A||, which completes the proof.

Proposition 2.3. If A, B are bounded linear operators on 7€ and if A € C, then
I'=1, (2.3)
0" =0, 2.4)

(A+B)"=A"+B", (2.5)



2.2 Linear Operators 25

(AA)* =X A*, (2.6)

(AB)* = A* B*. 2.7

Example 2.3. Let # = L*([a, B]) and let A : L2([et, B]) — L?([et, B]) be the bounded
linear operator defined by

B
A0(s) = [ V(s.00(dr, 6 € (e )

where V : [e, B] X [e, B] — C is continuous.
It can be easily shown that the adjoint A* of A is defined by

* B 2
Ay(s) = [ VTS wdr, Yy e (o B,

Definition 2.2. A bounded linear operator A : J¢ — J¢ is called self-adjoint or
symmetric if A = A*.

Example 2.4. Consider the integral operator given in Example 2.3. Assuming that V
satisfies V (s,¢) =V (z,s) for all 7,5 € [e, B], one can easily see that A is symmetric.

Let A : J¢ — S be a bounded linear selfadjoint operator. Then the following
properties hold. Their proofs are left as an exercise for the reader:
(i) (Ax,x) e Rforall x € 7.
Gy 4] = sup 52
w0l
(iii) If B € B(#) is also self-adjoint and if AB = BA, then AB is also self-adjoint.

2.2.1.2 The Inverse Operator

Definition 2.3. An operator A € B(Z) is called invertible if there exists B € B(%)
such that AB = BA = I. In that event, the operator B is called the inverse operator of
A and denoted by B=A"".

Theorem 2.2. [fA € B(B) is a linear operator such that ||A|| < 1, then the operator
I —A is invertible.

Proof. Note that (I —A)(I+A2+...+A") =T — A" and ||A"!|| < ||A]"*! =0
as n+— oo, since ||A|| < 1. Consequently,

lim(I—A)(I+A%+...+A") =1 in B(%).

n—oo

Now since ||A|| < 1 and that B(%) is a Banach algebra, § := lim, ..(I +A% + ... +
A™) does exist, hence (I —A)S = I. In fact,
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(I-A)S=I1+(I—-A)[S—(I+A*+..+A")].
On the other hand,

II—A)[S—(I+A%+...+A")] | < |I-S|
IS = (I +A% 4. +AY)

— 0 as nr oo,

hence (I —A)S=1.
In summary, (I —A) is invertible and (I —A)~! = S, where

S=Y A* (A° being I).
k=0
Remark 2.1. Note that if A,B € B(#) are invertible, so is their composition AB.
Moreover, (AB) ™! = B~1A~1,
Similarly, if A € B(4) is invertible and if B € B(#) is such that ||A — B|| < WLH’
then B is invertible. Indeed, write

B=A[l-A"'(A-B)].

Since ||[A~!(A — B)|| < 1, using Theorem 2.2, it follows that I —A~!(A — B) is in-
vertible. Now since A is invertible it follows that A[f —A~'(A — B)] is invertible,
too.

Definition 2.4. If A : 28 — 2 is a bounded linear operator, N(A), R(A), o(A), and
p(A) stand for the kernel, range, spectrum, and the resolvent of A, respectively,
defined by

N(A):{ue%’: AuzO},
R(A):{Au: ueﬂ},

o(A) = {l € C: AI—A isnot invertible},

and p(A) is the collection of all A € C such that the operator A — A/ is one-to-one
(N(A—AI) =0), onto (R(A — AI) = A), and bounded.

Remark 2.2. Note that A € (A) if and only if at least one of the following assertions
holds true:
() R(AI —A) # %;

(ii) AI — A is not one-to-one.

Note that if (ii) of Remark 2.2 holds, A is called an eigenvalue of the operator
A with corresponding eigenspace N(A — AI). Therefore, if 0 4 u € N(AI—A) is an
eigenvalue then Au = Au.



2.2 Linear Operators 27

Example 2.5. Let g : [a, B] — C be a continuous function. Define the bounded linear
operator M, on % = L*([a, ]) by

(Mg9)(s) = q(s)9(s), Vs < o, B].

It can be shown that A1 — M, is invertible on L?([et, B]) if and only if

A _q(s) 7é Oa Vs € [avﬁ]' (28)
The inverse (Al —M,)~! of AI — M, is defined by

1) w6) = | = )

with the following estimate:

_ —1 max # .
H()LI Mq) Hgse[a.ﬁ]{m_‘ﬂs)]

The spectrum o (M,) of M, is given by

o(My) ={q(s) :s € [e, B}

2.2.1.3 Compact Operators

Definition 2.5. A bounded linear operator A on 4 is said to be compact if it maps
the unitball U (U = {x € £ : ||x|| < 1}) into a set whose closure is compact.

Equivalently,

Definition 2.6. A bounded linear operator A on Z is said to be compact if for each
sequence (X, )qen in & with ||x,|| < 1 for each n € N, the sequence (Ax;,),cn has a
subsequence which converges in 4.

The collection of all compact operators on 2 is denoted .%# (). The next the-
orem shows that .7 (%) is a two-sided ideal of B(#). Moreover, % (%) is closed
for the operator norm.

Theorem 2.3. If A, B € B(#) are compact linear operators, then
(i) aA is compact;
(ii) A+ B is compact;
(iii) if C € B(A), then AC and CA are compact.

Proof. (1) is straightforward.

(ii) Let (u,) € 2 with ||x,|| < 1. Since A is compact, (Auy),cn has a convergent
subsequence (A, )reN.

Similarly, (Bu,)nen has a convergent subsequence (Buy, )ren. Therefore, ((A +
B)uy, )ren converges.
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(iil) Let (vy)neny C B with ||v,|| < 1 for each n € N. Thus (Cv,),en is bounded.
Now since A is compact, it is clear (ACv,),cn has a convergent subsequence.

Let (Wp)pen C H with |Jw,|| < 1 for each n € N. Now since A is compact,
(Awy,)nen has a convergent subsequence, say (Awy, )ren. Now by the continuity of
C it follows that (CAw,, )ken converges.

Example 2.6. In % = L*|a,b], define the integral operator A by
/ V(t,7)f(t)dt foreach f e L*[a,b].

Assuming that V € L?([a,b] x [a,b]), it can be shown that A is compact.

Remark 2.3. (i) A bounded linear operator is of finite—rank if its image is a finite—
dimensional Banach space.

(ii) A finite-rank operator is compact since all balls are pre-compact in a finite—
dimensional Banach space.

(ii1) Compact operators Hilbert spaces are uniform operator norm limits of finite—
rank operators, and conversely.

(iv) If a sequence of compact operators converges to some bounded operator for
the operator norm, then the limit is also a compact operator.

(v) If A is a compact operator, so is its adjoint A*.

2.2.1.4 Hilbert-Schmidt Operators

An important subclass of compact operators consists of the so-called Hilbert—
Schmidt operators. Here we study basic properties of Hilbert—Schmidt operators.

Definition 2.7. Let (e,),—12... be an orthonormal basis for the Hilbert space #. An
operator A € B(7¢) is called a Hilbert—Schmidt if

- 1/2
1Al := (Z ||Aen||2> < oo, (2.9)
n=1

If Eq. (2.9) holds, the number ||A||, is called the Hilbert-Schmidt norm of A. We
denote the class of Hilbert—Schmidt linear operators on ¢ by LL,(.77”). More gener-
ally, if 7" is another Hilbert space, we denote the collection of all Hilbert-Schmidt
operators from 7 to S’ by Ly (2, 7).

Example 2.7. Let (e,),>1 be the canonical orthonormal basis for the Hilbert space
¢ = 1% and let A be the operator defined by

vk

(x,en) en.

:\'—‘

Clearly, ||A|l, = and hence A is a Hilbert-Schmidt operator.

z
\/63
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More generally:

Example 2.8. Let 7 be a Hilbert space and let A be the diagonal operator defined
by

Au= Z o, (u,en) ey, Yu € H,
n=1

where (e,),>1 is an orthonormal basis for 7.

. 1/2
Clearly, Ae, = Oye,, Yn=1,2,..., and ||A[|, = <Z |a”|2> . Hence, A is
n=1

Hilbert—Schmidt if and only if

- 1/2
2
1]l = (Zlan ) <o,
n=1

For instance, the operator B defined on H by
Bu = i L(u,en> en, Yue i
n=1 \/ﬁ
is not Hilbert—Schmidt while the operator C,

1
—(u,en) en, Yuc A

Cu=
2

F

i Nol

2

3V10

Remark 2.4. Let us notice that the Hilbert—-Schmidt norm ||-||, is independent of the
orthonormal basis (e, ),>; considered in the Definition 2.7.

is since ||C||, =

Proposition 2.4. A bounded linear operator A on ¢ is Hilbert—Schmidt if and only
if its adjoint A* is. Furthermore, ||A|| < ||Al|,, and ||Al|, = [|A*]],.

Proof. Since A is a Hilbert—Schmidt operator then there exists an orthonormal basis
(en)nz1 for 7 such that ¥ [|Ae,|* < oo.
n=1

If (f4)n>1 is another orthonormal basis for .7 , then

YA Sl =Y, ¥ A S em)?

n>1 n>1lm>1
=Y Y [(fuAen)?
m>1n>1
=) llAel?
n>1

and hence A* is a Hilbert-Schmidt operator with ||[A*||> = ||A]|>.
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The converse can be proved using similar arguments as above.
Now

||A”H2 = Z |<fva“>‘2

m>1

< lul® Y A" funl?

m>1
and hence [|A] < [|A*|2 = ||A]l2.

Proposition 2.5. Letr A,B € B(¢). Suppose that A € Ly (), then both AB and BA
are in Lo ().

Proof. Since A is a Hilbert—Schmidt operator then there exists an orthonormal basis
(en)nen for F# such that Z |[Ae,||* < oo. We have

n=l1
Y IBAesl? < B2 Y [[Aen|? < o,
n=1 n=1

hence BA € L (7).
To complete the proof it remains to show that AB is a Hilbert—Schmidt operator.
Indeed, AB = (B*A*)* € L ().

Theorem 2.4. Every Hilbert—Schmidt operator is compact and is the limit in ||-||,—
norm of a sequence of operators of finite—rank.

Proof. We refer the reader to [176].
Proposition 2.6. Let Q C R" be a bounded open subset and let A € B(L*(Q)), then
A € 1L,(L*(R)) if and only if there exists a kernel V € L*(Q x Q) such that

A6() = [ V(xn)90)dy (2.10)

forallx € Q and ¢ € [*(Q).
The adjoint A* of A is the integral operator with kernel W defined by W (x,y) :=
V(y,x). Thus,

A'y(x) = /Q W (x,y)w(y)dy (2.11)

forall x € Q and y € [*(Q).
Proof. See for instance [176].

Remark 2.5. Let (e,),en be an orthonormal basis for a separable Hilbert space 7
and let A and B be Hilbert—Schmidt operators on .7, respectively. Define
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Z (Ae,,Bey). (2.12)

It can be easily shown that ((A,B)) is an inner product on Ly (¢) and that |A| =
(((A,A>>)% In particular, (L (.72), ({-,-))) is a Hilbert space.

2.2.2 Unbounded Linear Operators

Definition 2.8. An unbounded linear operator A from 2 in %’ is a pair (D(A),A)
consisting of a subspace D(A) C # (called the domain of A) and a (possibly not
continuous) linear transformation A : D(A) C # — #'.

2.2.3 Examples of Unbounded Operators

Example 2.9. [51, 130] Set # = %' = L*(R) and consider the one—dimensional
Laplace operator defined by

D(A) =W**(R) = H*(R) and Au= —u"

for all u € H*(R).
Recall that L?(R) is endowed with the norm defined by

—+oo
3= [ lwoPdr, vy e (®).

Now, consider the sequence of functions defined by v, (t) = e, n=1,2,....
Clearly, for eachn = 1,2,..., y, € D(A) = H?*(R). Furthermore,

o0
Il = [ e Mar =

and N
Av,||2 = nte 2 ar = n.
WVnllz
A
Therefore, ”” IZI"HZ =n — o0 as n goes to oo, that is, A is an unbounded linear oper-
nll2
ator on L2(R).

Example 2.10. [51, 130] Set = %' = 1.*(0,1) and consider the derivative operator
defined by
D(A)=C"(0,1) and Au=4u
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for all u € C'(0,1), where C'(0,1) is the collection of continuously differentiable
functions over (0, 1).

Consider the sequence of functions defined by ¢,(t) =", n=1,2,.... Clearly,
foreachn=1,2,..., ¢, € C'(0,1). Furthermore,

2 1 1
2n
= 7' dt =
’(p" 2 /0 2n+1’
and | 5
A 2:/ 262 gy =
H ¢n||2 0 n 2’171
Here again,

404l _, [20+T
foall, "V 2n=1

as n goes to oo, that is, A is an unbounded linear operator on Lz(R).

Example 2.11. (Multiplication Operator) Let ¢ C R be an arbitrary interval and let
Co(0) denote the collection of all continuous functions u : & — C satisfying Ve > 0
then there exists a compact interval Iz C & such that

lu(s)| < e, Vse O\Ig.
Then define the multiplication operator My on Co(&) by
DMy)={ucCy(O): yucCo(0)},
Myu = y(x)u, Yu e D(My),

where y: & — C is continuous.
In view of the above, My is an unbounded linear operator on Co(0). Moreover,
one can show that M, is bounded if and only if y is bounded. In that event,

|My|| = 17|, := sup |y(s)].
s€0

Definition 2.9. If A : D(A) C % — 2 is an unbounded linear operator on 4, then
its graph is defined by

G(A) = {(x,Ax) CBXB: xe D(A)}.

Definition 2.10. If A, B are unbounded linear operators on %, then A is said to be
an extension of B if D(B) C D(A) and Au = Bu for all u € D(B). In that event, we
denote it by B C A. Moreover, B C A if and only if 4(B) C 9(A).

The notion of graph of an operator is very important as it enables us to deal with
the closure of an operator.
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2.2.3.1 Closed and Closable Linear Operators

Definition 2.11. A linear operator A : D(A) C 8 — 2 is called closed if its graph
G(A) C A x A is closed.

The closedness of an unbounded linear operator A can be characterized as fol-
lows: if u, € D(A) such that u,, — u and Au,, — v in % as n — oo, then u € D(A) and
Ax =v.

Example 2.12. Every bounded linear operator A : 8 — £ is closed.

Proof. Suppose (u,)uen € D(A) such that u,, — u with Au, — v in B as n — oo,
Now since A is bounded, therefore D(A) = 2. Again, from the continuity of A it is
clear that u € % and Au = v.

Example 2.13. Let A : D(A) C & — 2 be a closed linear operator and let B € B(%),
then A + B is closed.

Proof. Suppose (up)neny € D(A+ B) = D(A) such that u,, — u and (A + B)u, — v in
B asn — oo,

Now since B is bounded it follows that Au,, — v — Bx in % as n — oo. Since A is
closed, then u € D(A) and Au = v — Bu.

Example 2.13 can be illustrated as follows: Let 2 = L?(R") and define A and B
by
D(A) = W**(R") = H*(R") and Au= —Au, Vu € H*(R"),

and
D(B) = {u € LZ(R”) sy(x)u e Lz(R”)} and Bu = y(x)u, Yu € D(B),

where A is the n-dimensional Laplace operator defined by

and that y € L*(R").
It is then clear that B = My is a bounded linear operator and therefore —A + v is
closed. Furthermore, D(—A +7) = H*(R").

Example 2.14. The multiplication operator My, given in Example 2.11 is closed.

Definition 2.12. An operator A : D(A) C & — 2 is said to be closable if it has a
closed extension.

It is well-known that A is closable if ¥(A) is a graph. Equivalently, u, €
D(A), u, — 0and Au, — v then v =0.

If A is closable, then its smallest closed extension is called the closure of A and
is denoted by A. The operator A is defined by
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D(A) ={u€ P:3u, € D(A), u, — u, Au, converges},

Au = limAu,, Yu € D(A).
Moreover, the closure A of A satisfies 4(A) = ¥4(A).
Example 2.15. Suppose % = L*(R") and consider the linear operator A defined by
D(A) =Cy(R") and Au= —Au, forall u e Cy(R").

Clearly, A is closable and its closure is given by

D(A) = H*(R") and Au= —Au, forall u e H*(R").

2.2.3.2 Spectral Theory for Unbounded Linear Operators

If A:D(A) C # — 2 is aclosed linear operator on 4, then p(A) the resolvent set
of A is defined by

p(A) = {)L € C: Al — A is one-to-one, and (Al —A) ! € B(%)},

and 6(A) the spectrum of A is the complement of the resolvent set p(A) in C.
Now, if A € p(A), then the operator-valued function R(1,A) := (A1 —A)~! :
p(A) — B(A) is called the resolvent of the operator A. It should be mentioned that
p(A) # 0 if A is closed.
As for bounded linear operators, the spectrum of an unbounded operator can be
divided into three disjoint subsets of the complex plane, that is,

o(A) =0.(A)Uoc,(A)Uoy,

where 0.(A),0,(A),0,(A) are respectively the continuous spectrum, the residual
spectrum, and the point spectrum of the operator A defined by:

(i) A €o.(A)if A € C, AI — A is one-to-one, and R(AI —A) = A,

(i) A € 0,(A) if A € C, AI — A is one-to-one, and R(Al —A) # H; and

(iii) A € 0,(A) if A € C, and AI — A is not one-to-one.

Example 2.16. Fix ©,L > 0. In B := LZ(O,L) equipped with its natural topology
|||, define the operator A by

Ap:=—-0u", Vo € D(A),
where D(A) := H}(0,L) NH*(0,L).

The resolvent and spectrum of the linear operator A are respectively given by

2
mm—c-{%ﬁ#:n—hzam}
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and

2
o(A)=0,(A) = {Gszrnzz n= 1,2,3,...}.

Proposition 2.7. If A : D(A) C B — A is a closed linear operator and if A,lL €
p(A), then for any A € p(A), the operator R(A,B) is a bounded linear operator B.

Proof. Let A € p(A). Clearly, R(AI —A) = D((AI —A)~") is dense in % and there
exists K > 0 such that

[[((AI—A)u|| > K|ju|| forall uec D(A).

To complete the proof, we have to show that R(AI —A) = A. Indeed, let (u,),en C
D(A) and suppose that (Af —A)u, — v as n — . Using the above-mentioned in-
equality it follows that there exists some u € 8 such that u,, — u as n — oo. Since A
is closed it follows that u € D(A) and (A1 —A)u = v. Consequently, by the density
assumption R(AI — A) = %, we must have R(Al —A) = A.

Proposition 2.8. Let A and B be two (possibly unbounded) closed linear operators
on A.
(i) If A, p € p(A), then

R(A,A)—R(i,A) = (u — A)R(A,A) R(1,A). (2.13)

Furthermore, R(A,A) and R(l,A) commute.
(ii) If D(A) C D(B), then for all A € p(A) N p(B) we have

R(A,A)—R(A,B) = R(A,A)(A—B)R(A,B). (2.14)
(iii) If D(A) = D(B), then for all . € p(A) N p(B) we have
R(A,A) —R(A,B) = R(A,A)(A— B)R(A,B) = R(A,B)(A—B)R(A,A). (2.15)
Proof. (i) Write

R(A,A) = R(u,A) = R(A,A)[(u] —A) — (A — A)|R(u,A)
= (L=2)R(A,A) R(u,A).

Now, the second statement is obtained from the first one by

R(,A) R(8.A) = —— [R(2,A) ~ R(st,A)

1
- m[R(M,A)—R(%A)}

= R(,A) R(A,A).

(i1) Write
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R(A,A)—R(A,B) = R(A,A)[(Al—B) — (Al —A)|R(A,B)
= R(A,A)(A—B)R(A,B).
(iii) Write
R(A,A)—R(A,B) = R(A,A)[(Al—B) — (Al —A)]R(A,B)

R(A,A)(A—B)R(A,B)
R(A,B)(A—B)R(A,A).

Theorem 2.5. If A : D(A) C 5 — A is a closed linear operator, then p(A) is an
open subset of F. Therefore, o(A) is closed. Namely, if 1 € p(A), then i € p(A) for
all u € F such that |A — u| < ||R(A,A)|| =" and for those , the following holds:

R(u.A) = Y (A —u)"R(A,A)".

neN

IfA € B(SC), then {i € F: |u| > ||A|l} C p(A). Moreover, the spectrum of A is
compact, and
R(A) = ¥ A" forall 1] > A]]

neN
Proof. See [186] for details.

2.2.3.3 Symmetric and Self-Adjoint Linear Operators

Definition 2.13. If A : D(A) C J# — ¢ is a densely defined linear operator, then
its adjoint denoted A* is defined in a unique fashion by

D(AY) = {v € A :ur (Au,v) is S — continuous over D(A)},

and
(Au,v) = (u,A*v), Yue D(A), v e D(A").

Define the mappings U : 5 x I v+ S x & and V : H x I — H x F by
setting U (x,y) = (y, —x) and V (x,y) = (y,x) for all (x,y) € 57 @& . Clearly, U and
V are isomorphisms from 7 ® 5 onto s @ S . Furthermore, their inverses are
defined by

Uil(xvy) = (_y7x)
and
V() = (n%)

forall x,y € .
If A is a densely defined (possibly unbounded) linear operator, that is, D(A) = 7,
one can easily see that

%mﬂziwgmw):(U%mn¥ (2.16)
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Proposition 2.9. [176] If A : D(A) C 5 — S is a densely defined (D(A) = )
unbounded linear operator, then
(i) A* is closed;
(ii) A is closable if and only if A* is densely defined; in this case A = (A*)*; and
(iii) if A is closable, then (A)* = A*.

L
Proof. (i) Using the identity Eq. (2.16) it follows that ¢4 (A*) = (U g(A)) . Conse-

quently, ¥ (A*) is closed.
(ii) Using the fact

g(a) =9

= (U*lg(zﬁ))L
={(u,v) e DA (u,A"z) — (v,z) =0 forall z€ D(A")}

it follows that (0,v) € 4(A) if and only if v € D(A*)". And hence (0,v) € 4(A)
yields v =0 if and only if D(A*) = . Therefore, & (A) is a graph if and only if the
linear operator A* is densely.

Now, if D(A*) is dense, then

G(A™) = (U-I%(A*)L) - (U-lvg(A)u) —G(A) =9 (A).

(iii) Suppose A is closable. Now,

and hence A* = (A)*.

Proposition 2.10. [/76] If A, B are densely defined unbounded linear operators on
I, then

(i) A*B* C (BA)*;

(ii) if B € B(J¢), then A*B* = (BA)*; and

(iii) if A+ B is densely defined, we have (A+B)* D A* + B*.

Proof. (i) Let us show that the operators A*B* and BA are adjoint to each other.
Indeed, let u € D(A*B*) and v € D(BA). Clearly, u € D(B*) such that B*u € D(A™).
Similarly, v € D(A) such that Av € D(B). Using the definition of the adjoint it follows

(A*B*u,v) = (B*u,Av) = (u, BAv).

(i) Using (i) it is enough to show that D(BA)*) C D(A*B*). Indeed, let u €
D(BA)*). Now since B* is bounded it follows that for all v € D(BA) = D(A), we

obtain
((BA)*u,v) = (u, BAv) = (B*u,v),
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and hence B*u € D(A"), that is, u € D(A*B*).
(iii) Letu € D(A* 4+ B*) = D(A*)ND(B*). Clearly, forallv € D(A+B) = D(A)N
D(B), we have

((A*+ B )u,v) = (A%u,v) + (B*u,v) = (u,Av) + (u, Bv) = {u, (A + B)v)
and hence u € D((A+ B)*) and (A +B)*u = A*u+ B*u.

Definition 2.14. If A : D(A) C # — ¢ is a densely defined operator on .7, then
(1) A is symmetric if A C A*.
(ii) A is self-adjoint if A = A*.

Example 2.17. Let 7 = L*[0, 1] and define the linear operator A by
D(A) = {ucL?[0,1]:uc C'0,1], u(0)=u(1) =0}

and
Au=iu' forall u € D(A).

It is not hard to see that
A*u=iu" forall u € D(A*)

where
D(A*) ={u: u is absolutely continuous, u’ € L*[0,1]}.

Therefore, A C A*, that is, A is symmetric. It sllould also be noted that A is not
closed. It is obviously closable and has a closure A defined by

Au=iu' forall ue D(A)

where

D(A) = {u: u is absolutely continuous, ' € L*[0,1], u(0)=u(1)=0}.
Example 2.18. Let 2# = L?[0, 1] and define the linear operator B by

D(B) = {u: u is absolutely continuous, u" € L*[0,1], u(0)=u(1) =0}

Au =iy’ for all u € D(B).
It is not hard to see that B C B*, that is, B is symmetric. Moreover, it can be shown
that B = B*.

Proposition 2.11. Every symmetric operator A on F is closable.

Proof. Clearly A is closable since A C A* and A* is closed by Proposition 2.9 (i).
Now for all u,v € D(A) one can find sequences uy,,v, C D(A) such that u, — u and
v, — v and Au, — Au, Av,, — Av as n — oo. Since A is symmetric it follows that
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(Au,v) = lim (Auy, v,) = lim (u,,Av,) = (u,Av).

n—oo N—so0
Since D(A) is dense it follows that A is symmetric, too.

Remark 2.6. Notice that a symmetric operator A is called essentially self-adjoint if
it has a unique self-adjoint extension.

Theorem 2.6. Let A : D(A) C I +— S be a self-adjoint operator, then
o(A) =0,(A)Ucc(A).
Proof. We refer the reader to [69].

Theorem 2.7. [69] Let {E) },cr be a spectral family of orthoprojections Ej, that
is, Ey <Ey for A <uand Ey —0as A — —oo, E) — I as A — oo (in the strong
sense) and Ej o = Ej. Now let A be the operator defined by

D(A)={ue / A2d(Ejx,x) < oo}

and

A:/ AdE,

that is for each u € D(A), we have
Au= / AdE; u.
Then A is a self-adjoint linear operator on 7 and

Au? = /xzd@u,u).

2.3 Sectorial Linear Operators

An important class of (unbounded) linear operators is that of sectorial linear opera-
tors. Such a class of operators will play an important role throughout this book.

2.3.1 Basic Definitions

Definition 2.15. A linear operator A : D(A) C 8 — 2 (not necessarily densely de-
fined) is said to be sectorial if the following hold: There exist constants §{ € R,
6 € (§,m), and M > 0 such that
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D) p(A) DSgr:={A€C: A #(, |arg(A—{)| <8}, and

WR(A,A)| < ﬁ for each A € S

Let us notice that since the resolvent of a sectorial operator A is nonempty, then
A is closed. Therefore, the space (D(A), ||-]|,) where

[1xll4 = llxll + [|Ax]

for each x € D(A), is a Banach space.
Note that the norm ||-||, which depends heavily on the operator A is called the
graph norm of A.

Proposition 2.12. [129] Let A be a linear operator on % such that p(A) contains
the half-plane {A € C: ReA > ('}, and

[AR(AA)| <M, Fed >,

with { € R and M > 0. Then A is sectorial.

2.3.2 Examples of Sectorial Operators

Example 2.19. Tn 2 = L”(0,1) (p > 1) equipped with its natural norm, define the
linear operator A by

Au=u" foreach u € D(A) = {uc W>?(0,1):u(0) =u(1)=0}.
Then the linear operator A defined above is sectorial.

Example 2.20. In 2 = C[0, 1] equipped with the sup norm, define the linear operator
A by

Au=u" foreach u € D(A) = {u € C*[0,1] : u(0) = u(1) =0}.
Then the linear operator A defined above is sectorial.

Example 2.21. Let ¢ C R" be a bounded open subset with C> boundary d&. Let
% = L*(0) and define the second-order differential operator

Au= Au, Yu € D(A) = WP (0)NW, " (0).
It can be shown that A is sectorial.

Example 2.22. Let ¢ C RY be a bounded open subset whose boundary 9 ¢ is of
class C2. Let n(x) denote the outer normal to ¢ for each x € 9.
Consider the differential operator defined by
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Al du Al du
Aou(x) =Y aij(x)m + ;bi(x)g—xi +c(x)u(x)

i,j=1

where the coefficients a;; and b; and c are real, bounded, and continuous on 0.
Moreover, we suppose that for each x € ¢, the matrix [g;;(x)] is symmetric and
strictly positive definite, that is,

N
Y ay(x)&E; > olE]? forall xe B, & e RY.
ij=1

Theorem 2.8. (S. Agmon [5] and Lunardi et al. [131]) Let p > 1.

(i) Let Ay : WHP(RN) — LP(RN) be the linear operator defined by Apu = Agu.
Then the operator A, is sectorial in LF(RN) and the domain D(A,) is dense in
LP(RM).

(ii) Let Ag be defined as above and let A, be the linear operator defined by

D(A,) =WP(0)NWy(0), Apu=Agu.

Then the linear operator A, is sectorial in LP(&). Moreover, D(A,) is dense in
Lr(0).
(iii) Let Ag be defined as above and let A, be the linear operator defined by

D(A,) = {ue WP (0) :Buj,, =0}, Ayu=Aou, ucD(A,)

where
N u
BM()C) = b()l/l(.x) + Z b,(x)g

i=1

with the coefficients b; (i=1,...,N) are in C' (€ and the condition

bi(x)ni(x) #0 x€ 0

=

i=1

holds. Then A, is sectorial in LP(0') and D(A)) is dense in LP(0).

2.4 Semigroups of Linear Operators

2.4.1 Basic Definitions

Definition 2.16. Let (4, ||-||) be a Banach space. The family of bounded operators
(T(1));er+ : B — P is said to be a semigroup or one—parameter semigroup if the
following statements hold true:

(i) T(0) =1; and
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(i) T(t +s) = T(£)T(s) for all 5,¢ > 0.

Moreover if

(iii) limy o || T(t) —I|| = 0, then the semigroup 7'(¢) is said to be uniformly con-
tinuous.

Remark 2.7. If (T (1)),ep+ : & — 2 is a semigroup of bounded linear operator, one
can associate with it an operator (D(A),A) called the infinitesimal generator of the
semigroup defined by

T(t)u—
D(A) := {u €EAB: limM exists} , (2.17)
N0 t
and
T(t)u—
Au = limm, forevery u € D(A). (2.18)
N0 t

Remark 2.8. An operator A is the infinitesimal generator of a uniformly continuous

semigroup of bounded linear operators (7' (¢)),cp+ if and only if A is bounded. In
o (tA)"
that event, it can be shown that T (1) = ¢"* = ) #
n—
Definition 2.17. A semigroup of bounded linear operators (T'(¢)),cp+ : B — B
is said to be a strongly continuous semigroup of bounded linear operators (or cg-
semigroup) if li\rré IT(t)x — x|| = O for each x € A.
t

Example 2.23. Suppose that = (BUC(R), |-||..) is the Banach space of bounded
uniformly continuous functions on the real number line equipped with the sup norm.
Define

($(t)¢)(0) = ¢(1+0), V¢ € BUC(R).

Then (S(7)):er is a co-semigroup with ||S(z)|| < 1 for each z € [0,0). Moreover, its
infinitesimal generator A is defined by

D(A)=H'(R), and Ap=¢', Yo € H'(R),
where H' (R) is the Sobolev space.

Example 2.24. Let 1 < p < oo and let 8 = LP(R) equipped with its natural norm
|| 1|, Define (S(0))u(x) = u(x) for all x € R, and

“hy?

(S(1))u(x) = \/%/j;e 7o u(y)dy, >0, xeR.

Then S(t) is a co-semigroup satisfying
1S )ullp < lfull,

and whose infinitesimal generator A, is defined by
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D(A,) =W*P(R), Au=u", forall uc€ D(A,).

Example 2.25. This is a generalization of Example 2.24. Let 1 < p < o and let
% = LP(RV) (or BC(RV,C) equipped with the sup norm) equipped with its natural
norm || - || ,. Define (S(0))u(x) = u(x) for all x € R, and

1 = x|
(SO = i [ e utay, 1>0, xeR.

Then S(¢) is a co-semigroup satisfying
I1S@)ullp < llull,
and whose infinitesimal generator A, is defined by

D(A,) =W>P(RN), Ayu= Au, forall u€ D(A,).

2.4.2 Basic Properties of Semigroups

Theorem 2.9. Let (T (1));ep+ : BB — P be a semigroup of bounded linear operators,
then

(i) there are constants C,{ such that |T(1)|| < C €%, t € R*;

(ii) the infinitesimal generator A of the semigroup T (t) is a densely defined closed
operator;

(iii) the map t — T (t)x which goes from R into B is continuous for every x € B;

(iv) the differential equation given by

%T(t)x = AT (t)x =T (t)Ax,

holds for every x € D(A);
(v) for every x € B, then T (t)x = )lLi{r})(exp(tA,l))x, with

T(A)x—x

Ayx =
AX 1 )

where the above convergence is uniform on every compact subset of R™; and
(vi) if A € C with Red > §, then the integral

R(AA)x = (AI—A) 'x = /m e T()x d,
0

defines a bounded linear operator R(A,A) on B whose range is D(A) and
(AT—A)R(A,A) =R(AL,A)(AT—A)=1.
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Proof. For the proof, we refer the reader to the book by Pazy [153].

Remark 2.9. In (i) above if { = 0, then the corresponding semigroup is uniformly
bounded. Moreover, if C = 1, then (7 (¢));cp~ is said to be a cp-semigroup of con-
tractions.

Theorem 2.10. (Hille-Yosida) Let A : D(A) — % be an unbounded linear operator
in a Banach space H. Then A is the infinitesimal generator of a co-semigroup of
contractions (T (t)),cgr+ if and only if:

(i) A is a densely defined closed operator; and

(ii) the resolvent p(A) of A contains R' and

1

[(A1—A)""| < 7 ¥A>0. (2.19)

Proof. For the proof, we refer the reader to the book by Pazy [153].

Definition 2.18. Let 2 be a Banach space. The family of bounded operators (7'(¢))c :
B — A is said to be a cy-group if the following statements hold true:
HT0)=1,
(i) T(t+s)=T(t)T(s) for every s,t € R,
(i) lim HT(r)x—xH =0 forx € %.
11—

Remark 2.10. As for semigroups of bounded linear operators, for a given co-group
(T (r))Rr one can associate with it an infinitesimal generator A defined as in (3.3) and
(3.4).

We have

Theorem 2.11. Let A : D(A) — A be a linear operator on %B. Then A is the in-
finitesimal generator of a co-group of bounded linear operators (T (t));cr satisfying
IT(@)[| < C el if and only if:

(i) A is a densely defined closed operator; and

(ii) every A € R such that |A| >  is in p(A) and that for such a A, the following
holds:
C

< o (2.20)

Proof. For the proof, we refer the reader to the book by Pazy [153].

H(;qu)*"

2.4.3 Analytic Semigroups

Definition 2.19. A semigroup 7'(¢) on Z is called analytic whenever ¢ +— T (¢) is
analytic in (0,c0) with values in B(%).
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Let us mention that if A : D(A) C # — 2 is a sectorial operator with constants
{eR, 0 € (n/2,m),and M > 0, then one can construct an analytic semigroup 7 (¢)
associated to A by the means of the Dunford integral as follows (see Lunardi [129]):

_ 1
T 2mi

T(1) / E*R(A,A)dA, Vi >0, (2.21)
4T

where r > 0, m/2 < s < 0, and I, is the curve of the complex plane given by

),|:r}7

{AE(C: ]argl‘:s,

/l‘zr}u{le(C:‘argﬂgs,

that is oriented counterclockwise.
We have

Proposition 2.13. [129] Let A be a sectorial operator and let T (t) be the analytic
semigroup given in (2.21). Then the following hold:
(i) T(t)u € D(A¥) forallt >0, u € B, n € N. If D(A"), then

A"T(Hu=T()A"u, t > 0;
(ii) there exist constants My, My, ... such that

HT(I)HSMOeC’, t>0, and

(A — CI)”T(t)H <Mye®, 1>0; and
(iii) the mapping t — T (t) belongs to C*((0,00), B(H)) and

d}’l
—T(t)=A"T(t), t>0,VneN.
dr"
Conversely, the next proposition characterizes analytic semigroups in terms of
sectorial operators.

Proposition 2.14. [129] Let (T (t));~0 be a family of bounded linear operators on
P such that t — T(t) is differentiable, and

(i) T(t+s)=T)T(s)forallt,s>0;

(ii) there exist { € R, My,M; > 0 such that

HT(t)H < Moe®, HtT’(t)HngeC‘, vt > 0;

(iii) either (a) there exists t > O such that T(t) is one-to-one, or (b) for every
XERB, s —lin(l)T(t)x =X.
11—
Thent — T (t) is analytic in (0,°0) with values in B(%), and there exists a unique

sectorial operator A : D(A) C H — A such that (T (t));>0 is the semigroup associ-
ated with A.
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Proof. For the proof, we refer the reader to the book by Lunardi [129].

2.5 Intermediate Spaces

2.5.1 Fractional Powers of Sectorial Operators

Let A be a sectorial linear operator on % whose associated analytic semigroup 7T (¢)
satisfies the following: For all > 0,

IT(2)]| < Moe™®, |ItAT (1) < Mye™®,

where Mo, M, ® > 0.
For each o > 0 one defines the fractional powers of —A implicitly by

(—A) %= — /0+°°z°‘*1T(t)dt, (2.22)

oo
where I is defined by I'(x) := / e "4t for each x > 0.
0

Lemma 2.1. For all o, > 0, the following hold:
(i) (~A)(—A) P = A~ (@Fh),
(ii) 1in}) (—A)~%* =1 in the strong operator topology.
o —

Proof.

PR T e B S
A=A = rorE

1 ot [T -
:W/ ‘ 1/ (u— 1P T (w)dud
B)

0 t
_ 1_(0‘)11_(/(fm/out“](u—t)ﬁldtT(u)du

SR lvo‘*l —v)B-lay wua B=1T(w)du
N F(a)r(ﬁ)./o (1=v)™d /o T
_ 1 e o+B—

= F(OH—B)/O u® P (w)du

— (~a)y P,

foo oo
/ 19 BT ()T (s)drds
0
o0

It remains to prove that (—A)~* — I as o — 0. Since (—A)~ % is one-to-one,
if v € D(A), there exists u € H such that v = (—A) *u. Thus (—A) %y —v =
(—A)" 1%y — (~A)"'u — 0 as @ — 0 by the fact that (—A)~% is continuous with
respect to uniform operator norm.
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Remark 2.11. (i) Let o € (0, 1). Using the fact that

(AI—A)"! = /0 T e MT (),

the formula (2.22) can be rewritten as

sin(wa

(-A)"* = ) /0+°°A*“(AI—A)*‘dt. (2.23)

(ii) The operator (—A)~% is one-to-one, and hence has an inverse, which obvi-
ously is (—A)*. The operator (—A)% is closed with domain D((—A)%)=R((—A)~%).
The operators (—A)? are called fractional powers of —A.

(iii) If o > BB, then D((—A)%) C D((—A)P).

(iv) D((—A)%) is endowed with the norm |[u||, = [[(—A)%u|| for each u €
D((—4)%).

(V) (—A)%* commutes with T'(t) on D(—A)%) with

IT ()l 5(p(—ayey) < Moe™ ™, t>0.

Example 2.26. Let A be the operator given by Au = —u” for all u € D(A) where the
domain D(A) is defined by

D(A) == {u e L2(0,]) : u” € L2([0, 7)), u(0) = u(m) = 0}.

Clearly, the operator A has a discrete spectrum with eigenvalues of the form n?,n €
N, and corresponding normalized eigenfunctions given by

(&)= \/Zsin(né).

In addition to the above, the following properties hold:
() {z, : n € N} is an orthonormal basis for L2[0, 7].

(b) The operator —A is the infinitesimal generator of an analytic semigroup R(7)
which is compact for ¢ > 0. The semigroup R(¢) is defined for u € L*[0, ] by

=Ll
(c) The operator A can be rewritten as

Au= Z 02 (1, 2,)2n

n=1

for every u € D(A).
Moreover, it is possible to define fractional powers of A. In particular,
(d) For u € L*[0,x] and o € (0, 1),
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0= Y s lozs

(e) The operator A% : D(A%) C L*[0, ] — L?[0, 7] given by

=

A%y = Z n206 <M,Zn>Z)17 Yu e D(Aa),

n=1

where D(A%) = {ueL20n Z uz,,zneL[On]}

Clearly, for all # > 0 and 0 7£ u 6 L%[0, 7],

=

== Z uZn Zn

n=1

Z eit|<uvzn>zn|
=1

e’ Z | (14, 2n)2n]

n=1
,II

I IA

IN

e ul

and hence [|R(#)||g(2(,5)) < 1 forallz > 0.

2.5.2 The Spaces Dy(,p) and Dy(t)

Let A be a sectorial linear operator on % whose associated analytic semigroup 7T ()
satisfies the following: For all > 0,

IT(6)]] < Moe™ ™, [[tAT (1)]| < Mye™®,
where My, M, ® > 0.

Definition 2.20. Let o € (0,1). A Banach space (%Aq, ||||,) is called an intermedi-
ate space between % and D(A), or a space of class Zq, if D(A) C By C & and
there is a constant C > 0 such that

lullg, < Cllal™*Jlullf.  ue D(A). (2.24)

Concrete examples of %, include D((—A)%) for o € (0,1), the domains of the
fractional powers of —A, the real interpolation spaces D4 (@, ), o € (0,1), defined
as follows:
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Definition 2.21. Let A : D(A) C # — 2 be a sectorial operator and let a € (0, 1).
Define

Da(at,) := {u €B:(uy= sup ||t' *AT (t)u|| < oo}

0<t<1

equipped with the norm given by
[[ll per.e0y = Ileell + [u] g -

One should point out that D4 (¢, ) is characterized by the behavior of the quan-
tity t +— ||t! "*AT (t)ul| near t = 0. Moreover, all the spaces D4 (¢, o) are subspaces
of D(A). Namely, the following embeddings hold with equivalent norms:

D(A) C Da(B,o0) C Da(0t,00) C D(A

~—

forall0< a < f < 1.
If & € (0,1), it is not very hard to see that D4 (o, 0) can be characterized as being
the subspace of all u € & such that

([u]]a = sup ¢ *||T(t)u—ul| <o
1€(0,1]

Furthermore, the norm defined by u — ||u|| + [[u]] « is equivalent to the natural norm

of DA((X,OO).
More generally, we define D (a, p) for o € (0,1) and 1 < p < oo as follows:

Definition 2.22. Let A : D(A) C & — % be a sectorial operator. Define the classes
of intermediate spaces D4 (@, p) and D4 (o) between & and D(A) (for a € (0,1)
and 1 < p < o) by

Da(a,p) = {u EB (1) = Hr“"‘*‘/pAT(t)H e L”(0, 1)}
equipped with the norm given by
ullpia,py = lell + [l gy = Nl - [Vl 00,1 5
and

t—0

Dy(a) = {u € D(a, o) : limt' " AT (t)u = 0} :
Proposition 2.15. For a € (0,1) and 1 < p < e and for (a,p) = (1,e0), then
Da(a,p) = (%,D(A))a.p
with equivalent norms. Moreover, for 0 < o < 1, then
Dy(@) = (#,D(A))q-

Proof. The proof of Proposition 2.15 is too technical and so we refer the reader to
Lunardi [129].
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Proposition 2.16. [129] For o € (0, 1), then
Dy(at,1) € D((—A)%) € (#,D(A))ap-

Proof. First of all, note that D((—A)%) belongs to the class Ji. Notice that for each
ueD(A), (—A)%u = (—A)~ =% (—Au) and hence for each A > 0,

1 A e
A% = ——— (/ +/ )tiO‘Ae’Audt
arul = m=a (L + ) H
1 0 M, .
- 21wl “).
_F(l—a)<1 g Il
Letting A = ] it follows that

| Au|
1(=A)*ull < el|Au |l =

It remains to prove that D(—A)%) is continuously embedded in D4 (a,oo). For
that let u € D((—A)%) and let v = (—A)%u. So for 0 < & < 1, we have

1€ A ul| = | &' *Ae*A (—A) M|
gl ¢ i 10 1 65+t ”
< (N/ A& |
T
- I'(a) Jo &+t

M, oo g1
——dsl||(—A)*
Fa b Tl eacal

d||v]]

and hence u € Dy (Q, ).
Using Dy (o, 00) we can define Dy (k+ @, o) as follows:

Definition 2.23. Let A : D(A) C # — 2 be a sectorial operator. For any k € N and
any a € (0,1), we define

Da(0t+k,o0) 1= {u e D(AF) : Aky ¢ DA(oc,oo)}
equipped with the norm given by
ey = Il + [A%]
Let Ay denote the part of A in Da(ct,o). It can be shown that Ay : Da(1 +

o, 00) — Dy (0, 00) with Aqu = Au is sectorial. Moreover, p(A) C p(Ag). Further-
more, the restriction of R(A,A) to Dg(a, ) is exactly R(A,Ay) and
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IR(2,A0)[[B(Dy (@) < [IR(A,A)]|
forall A € p(A).

Example 2.27. Let A be a realization of the Laplacian in % = BC(R",C). Then for
all @ € (0,1) and & # 1/2, then

Da(a,) = C;*(R") (2.25)
and
Da(1+ a,0) = CFT%(RY) (2.26)
with equivalent norms.

For more on those spaces and related issues we refer the reader to the landmark
book by Lunardi [129].

2.5.3 Hyperbolic Semigroups

Definition 2.24. Let A be a sectorial operator on % and let (7'(¢)),>0 be the analytic
semigroup associated to it. The semigroup (7'(¢));>0 is said to be hyperbolic if there
exist a projection P and constants M, d > 0 such that each 7'(r) commutes with P,
N(P) is invariant with respect to T'(¢), T(z) : R(Q) — R(Q) is invertible, and

T (1)Px|| < Me™%|x||  fors >0, (2.27)
IT(1)0x|| < Me®|x|  for £<0, (2.28)
where Q :=1—Pand T(t) := (T(—t))~! fort < 0.
Recall that an analytic semigroup (7'(¢)),>0 is hyperbolic if and only if (see [70])
o(A)NiR = 0. (2.29)

For the hyperbolic analytic semigroup 7 (¢), we can easily check that estimations
similar to (2.27) and (2.28) hold also with norms || - || (see Definition 2.20). In fact,
as the part of A in R(Q) is bounded, it follows from the inequality (2.28) that

|AT (1)0x|| < e ||x||  forz < 0.
In view of the above, there exists a constant ¢(¢t) > 0 such that
17 (1)0x||a < c(a)e®||x|]|  fors<0. (2.30)

Similarly,
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I7(0)Pxlla < I TVl I TG = DPx| fore>1,
and then from (2.27), we obtain
IT(@Pxlla <Me x|, 121,

where M’ depends on .
Clearly,

IT(£)Pxlloc < M"t~|[x],
and hence there exist constants M(a) > 0 and ¥ > 0 such that
T (t)Px|| ¢ <M(0)t™ % "||x]| fort > 0. (2.31)
We need the next lemma, which will be very crucial for our computations.
Lemma 2.2. (Diagana [52]) Let 0 < ., < 1. Then

AT () Ox|| o < ce‘s‘HxH[; fort <0, (2.32)

AT (t)Px]|| o < ctﬁ’a’le’wﬂxﬂﬁ fort>0. (2.33)
Proof. As for (2.30), the fact that the part of A in R(Q) is bounded yields
AT (1)Ox|| < ce®|lx|lg, [[A’T(£)Qx|| < ce|x||g  forr<0, (2.34)

since g — 2. Hence, from (2.24) there is a constant ¢(a) > 0 such that

|AT (1) Qx| < c(e)e®||x]|p  fort < 0. (2.35)

Furthermore,
|AT (£)Px|o < [|AT (1)||p(2,5,) I T (t — 1) Px]| (2.36)
<ce ¥x|lp  forr>1. (2.37)

Now for € (0, 1], by Proposition 2.13 (ii) and (2.24), one has
AT (1)Px]| o < et %],

and
|AT (t)Px|| o < ct™*||Ax],

for each x € D(A). Thus, by the Reiteration Theorem (see [129]), it follows that

IAT (1) Px|| o < P~ ||x]
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for every x € #g and 0 < B < 1, and hence, there exist constants M(c) > 0 and
Y > 0 such that

|T(1)Px||q < M(a)P~%1e ¥ |x]|p  fort>0.

2.6 Evolution Families and Their Properties

2.6.1 Evolution Families

Let {A(r) : t € R} be a family of closed linear operators on % with domain D(A(z))
(possibly not densely defined), which depends on ¢ € R.

Definition 2.25. A family of linear operators
{U(t,s) :t,5s € R suchthat r > s}

on A associated with A(r) such that U(z,s)% C D(A(r)) for all t,s € R with ¢ > s,
and
@ U(t,s)U(s,r) =U(t,r) fort,s,r € Rsuch thatr > s >r;
(b)U(t,t) =1fort € R;
(c) (t,5) — Ul(t,s) € B(%) is continuous for r > s; and
U
d) U("S) € Cl((syoo)’B(@)), W(tvs) :A(Z‘)U(I,S)

is callled an evolution family.

For a given family of closed linear operators {A(¢) : t € R} on %, the existence
of an evolution family associated with it is not always guaranteed. However, if the
family A(r) satisfies the so-called Acquistapace—Terreni conditions, that is:

(AT) There exists Ag > 0 such that the linear operators {A(z) : t € R} satisfy

ZoU{0} Cp(AM) —A0) 3 A, [IR(LA() —Ao)]| < (2.38)

I+]|A]
and
1(A(t) = 20)R(A0,A(t) — Ao) [R(20,A(t)) — R(A0, A(s))] || < Lt —s[*[A]7Y (2.39)

fort,s e R, A € Ly := {A € C\ {0} : |argA| < ¢}, and the constants ¢ € (§,7),
L,K >0, and u,v € (0,1] with 4+ v > 1, then the family of linear operators A(t)
has an evolution family associated to it. Moreover, the following hold:
(e)
A U (t,5)] <C (1 —5)* (2.40)
forO0<r—s<1,k=0,1;and
() o, U(t,5)x = —U(t,5)A(s)x fort > s and x € D(A(s)) with A(s)x € D(A(s)).
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Remark 2.12. (i) In the particular case of a constant domain D(A(¢)), one can replace
assumption (2.39) (see for instance [153]) with the following:
(AT) There exist constants L and 0 < g < 1 such that

|| (A(z) —A(s))R(Ao,A(r))|| < L[t —s|*, s,t,r € R. (2.41)

(ii)The conditions (AT) were introduced in the literature by Acquistapace—Terreni
in [2, 3] for Ag = 0.

Definition 2.26. An evolution family {U(t, s):t>s with 1,5 € R} C B(%) is said

to have an exponential dichotomy (or is hyperbolic) if there are projections P(r)
(t € R) that are uniformly bounded and strongly continuous in ¢ and constants o > 0
and N > 1 such that

(i) U(t,s)P(s) = P(1)U(t,s);

(ii) the restriction Ug(t,s) : Q(s)# — Q(1)% of U(t,s) is invertible (we then set
Ug(s,t) :=Up(t,s)"'); and

(iii) U (¢,5)P(s)|| < Ne=3=5) and | Ug (s,)Q(t)|| < Ne=%(=%) fort > sandt,s €
R.

Here and throughout the rest of the book, for any projection P we set Q =1 — P.
We recall that the following conditions are sufficient for an evolution family

{U (t,8):t>s with 1,5 € R} associated with A(+) to have exponential dichotomy:

(E1) Let (A(r),D(t));er be generators of analytic semigroups on % of the same
type. Suppose that D(A(r)) = D(A(0)), A(z) is invertible,

sup [[A(r)A(s) |

t,seR

is finite, and
IA()A(s) ™" =1I|| < Lo|t — s/

forz,s € R and constants Lo > 0and 0 < u < 1.
(E») The semigroups (e*());~¢, t € R, are hyperbolic with projection P, and
constants N, 8 > 0. Moreover, let

A0 OB < w(T)

and

IA@)e™ V0| < y(~1)
for T > 0 and a function y such that R 3 s — ¢(s) := [s|* y(s) is integrable with
Lolloll1 ) < 1.
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2.6.2 Estimates for U(t,s)

We need to prove some estimates related to Uz, s). For that, we introduce the inter-
polation spaces for A(¢). We refer the reader to [70], and [129] for proofs and further
information on these spaces.

Let A be a sectorial operator on % and let & € (0, 1).

Define the real interpolation space

By = {x € B ||xllg 1= supoIr*(A = OR(RA = {)x|| < oo},

which, by the way, is a Banach space when endowed with the norm || - ||4. For
convenience we further write

By =B, ||xllg = |x]l, 21 :=D(A), and [x[lf := [ ({ —A)x].

We also need the closed subspace 2" := D(A) of 2. In particular, we will fre-
quently be using the following continuous embedding:

D(A) — 2y — D(({ —A)¥) — By — B C B, (2.42)

forall 0 < a0 < B < 1, where the fractional powers are defined in the usual way.
In general, D(A) is not dense in the spaces %4 and . However, we have the
following continuous injection:

%IB o WH'H/& (2.43)

for0<a<fB <l
Given the operators A(t) for 7 € R, satisfying (AT), we set

B, = B0 G = A0

for 0 < o <1 and ¢ € R, with the corresponding norms. Then the embedding in
(2.42) holds with constants independent of # € R. These interpolation spaces are of
class _Zq and hence there is a constant /() such that

Iyl < 1)yl A@)yII%, ¥ € D(A()). (2.44)
We have the following fundamental estimates for the evolution family U (¢, s):

Proposition 2.17. [ 14, Baroun, Boulite, Diagana, and Maniar] Forx € %,0 < a <
1 andt > s, the following hold:
(i) There is a constant c(o), such that

U (t,5)P(s)x]|5, < c(oz)efg(lﬂ> (t—s5)" %] (2.45)

(ii) There is a constant m(a), such that



56 2 Bounded and Unbounded Linear Operators

1To(s,1)Q(0)xlf, < m(a)e 2. (2.46)
Proof. (i) Using (2.44) we obtain

|U(t,5)P(s)xlly < c(@)[|U e 5)P(s)x]|' =AU (1,5) P(s)]|*
< (@)U, s)P(s)e]' =AU (1,6 = DU — 1,5)P(s)al|
< H@)||U(t,5)P(s)x]|' AU (1 = DI~ 1P
< l((X)Nle S(t—s)(1— oc) S(t— a”xH
< (@)t —s5) "% 2 (1 —5)%e 3|y

fort—s>1and x € 4.
. 3 Lo
Since (1 —s)%e~2(~%) — 0 as t — oo it easily follows that

U (1, 5)P(s)x]]%y < er(0)(t—s) %30 x|

If0<t—s<1, wehave
U (2,5)P(s)xllg < 1)U (t,5)P(s)xl|' " *[|A(1)U (1, 5)P(s)x]| *
< ) U, 5)P(s)xl|' AU (1, U (= 9)P(s)x]|
t
< Ua) U, 9)P()xl|' AU (1, —=)]|
<l Ne_‘s(’_s)(l_“)Z“(tfs)_"‘e_sT%_S)HxH
Q)Ne~ 3-91-009a (y _ o)== 5 1=5) ||

2(a)e 207 (1 —5) =]

IN
o

and hence

7]

U (2,5)P(s)x||", < c(a)(t—s5)" % 2079)||x|| for 7> s.
(i)
1Uo(s.0)Q0)x[ly, < 1(e)|[Ug(s,1)Qt)xl|' || A(s)Ug s, 1) Q(t)x||*
[Tg(s.)Q(1)x]]'~ || A(5)Q(5)Up(s.1)Q(1)x]*
[To(s,)Q(0)x]|'~*[|A(s)Q(s) | “ /| Ug (s,1) Q(¢)x]*
Ne=3=0-9) 1A (5)0() |

N

—~
\_/\./S/\./

—6(t—s a”x”

S e

IN A IA I/\I

m(a)e 2]

In the last inequality we made use of the fact that ||A(s)Q(s)|| < ¢ for some
constant ¢ > 0, see e.g., [162, Proposition 3.18].
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Remark 2.13. Tt should be mentioned that if U(z,s) is exponentially stable, then
P(t) =1 and Q(r) =1—P(r) =0 for all t € R. In that case, Eq. (2.45) still holds
and can be rewritten as follows: for all x € 4,

U sl < ele)e 30 =)~ ). 2.47)
We will need the following technical lemma in Chapters 5 and 6:

Lemma 2.3. [55, Diagana] Let x € 8 and let 0 < o0 < B < 1 with2 > 0.+ 1. Then
forallt > s, there are constants r(o,),d(B) > 0 such that

AU (2,5)P(8)x]| ¢ < r(a,ﬁ)efg(’f‘f) (r— s)fl3 (|| - (2.48)

and
1A To(t,5)0(s)x]| 5 < d(B)e 6,

t<s. (2.49)

Proof. Letx € %. First of all, note that [|[A(1)U (¢, )| 5z %, %5) <K(t—s)~ (1-B) for

all ,s such that 0 <t —s<1land 8 €[0,1].
Suppose t —s > 1 and let x € & < By — K.

AU (¢, 5)P(s)xlle = AU (1,6 = DU~ 1,5)P(s)a|
< JAWU @1 = 1)l gz, 1U 1 = 1,5)P(s)x]
< MKede 309 x|
= K™% |y
= Kie £ )P (1 —5) P 109 .

Now since e~ (=) (t —s)P — 0 as t — oo it follows that there exists c4(B) > 0
such that 5
AU (2,5)P(s)x[ < ca(B)(t —s) Pem507[x|.

Now, let 0 < t —s < 1. Using Eq. (2.45) and the fact that 23 > o + 1, we obtain

AU (@9)PElla = AU S0 5P}
a2,

t+s t+s
[A@)U (1,
t+s t+s
2

IN

IV (—~

IA

ki [[A(OU (1, —=)lpz,20) IU(——
B- 1 t—s\ "% _s
’ —4(t—s)
kK( 5 ) c(oc)(—2 ) e 7 [lx]l
e 9 (t—s
= cs(a,B)(t—s)P "% 107 |x]

)

< cs(a, B)(t —s) Pem 2]

IA
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In summary, there exists (¢, ) > 0 such that

[A@)U (1,5)P(s)xlo < r(0t, B)(t —5) e 30 |1y|

forallz,s € R with t > s.
Let x € 4. Since the restriction of A(s) to R(Q(s)) is a bounded linear operator
it follows that

JA()To(t.5)00s)x]| 5 = [ADAG) AW Tole,)0(
< A0S |55, 1) T e, )00s)|
< cif|A(D)A(s)” 1”3 B.Bp) A (s s)U(1,5) (S)XHﬁ
< cic0||A(s)Ug(t,5)Q(s xHﬁ

< 5||0Q(I7S)Q(S)x||[3

< am(B)e 7 |||

= d(B)eC"|
for t < s by using Eq. (2.46).

We have also the following estimates due to Diagana [62]. Here, we still assume
that the Acquistapace-Terreni conditions hold and that the evolution family U (z,s)
associated with A(+) has exponential dichotomy.

Lemma 2.4. [62, Diagana] Suppose 0 € p(A(z)) for all t € R such that

sup [A($)A™ (1)l p(2,24) < co: (2.50)

t,seR
and that there exist 0 < a0 < B < 1 with 23 > o+ 1 such that
By = PBo and By = By

Sorallt € R, with equivalent norms. Then, there exist two constants m(o, B),n(a, ) >
0 such that

1A(5)Ug (t,5)Q(s)xllac <m(et,B)e ||l for 1 <, (2.51)

and

JAU & )P(s)x]l o <t B)(t—5)"% 3 xllp for t>5. (252)

Proof. Let x € %pg. Since the restriction of A(s) to R(Q(s)) is a bounded linear
operator it follows that
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1A(s)Up (t,5)Q(s)xllac < k() [[Ug(t,5)Q(s)x]|g
< c/<(06>fn(l3>e"s 0 |l
< m(a,B)e 1 ||x| g

for t < s by using (2.46).
Similarly, for each x € %ﬁ, using (2.50), we obtain

AU (1,5)P(s)xla = [A(s)A() " AU (1,5)P(s)x]|
< JAGA®) ™ 5,20 [AOU (1,5)P(s)x]
< oAU (t,5)P(s)x]
< cor(a, B)(t —s) Pe T x|

— n(a,B)(t—s) P ﬁ‘WM

fort >s.
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Chapter 3

An Introduction to Stochastic Differential
Equations

3.1 Fundamentals of Probability

In this section we review some basic concepts of probability theory and illustrate
them with various examples. The review includes among other things the concepts
of sample space, o-field, events, probability measure, probability space, random
variable, expectation, convergence of sequences of random variables, and condi-
tional expectation.

3.1.1 Probability and Random Variables

The mathematical model for a random quantity is a random variable. Prior to giv-
ing a precise definition of this, we first recall some basic concepts from general
probability theory.
Definition 3.1. A collection of subsets of a set 2 is called a o-field or c-algebra,
denoted by .7, if it satisfies the following three properties:

(1) Qe .7,

(ii) if A € .7, then A° € .F (.7 is closed under complementation);

(iii) if A1,A,,... € Z, then UA,- € .% (Z is closed under countable unions).

i=1
The pair (2,.%) is then called a measurable space.

Remark 3.1. Note that property (iii) also tells us that .% is closed under countable
intersections. Indeed, if Aj,A,,... € ., then A{,AS,... € F by property (ii), and

therefore UA,C € .#. However, using DeMorgan’s law, we have

i=1

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 61
DOI 10.1007/978-1-4419-9476-9 3, © Springer Science+Business Media, LLC 2011
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Thus, again by property (ii), ﬂAi €Z.
i=1
Here are some elementary o-fields on the set Q.
1.7 = {07 Q }
2. Fp = {Q,Q,A,AC} for some A # 0 and A # Q.
3. 73=2(Q) = {all subsets of Q, including Q itself}.

Remark 3.2. In general, if © is uncountable, it is not an easy task to describe .#3
because it is simply too big, as it contains all possible subsets of 2. However, .73
can be chosen to contain any set of interest.

Now, let 77 be a collection of subsets of 2 and define

o(%)= (9,
9o

where the ¢’s are o-fields on Q.

Then o(% ) is a unique o-field, called the o-field generated by 7%/. There is no
o-field smaller than 6(% ) that includes % . The Borel o-field is generated by the
collection of open sets of a topological space. The elements of this o-field are called
Borel sets. For instance, the Borel o-field on R is generated by the intervals in R
and is denoted by #(R).

Definition 3.2. A probability measure on a measurable space (2,.%) is a set func-
tion P:.% — |0, 1] with the properties

HPQ)=1;

(i) if A,A2,... € F and (A;)Z is disjoint (i.e., A;A; = @ if i # j), then

P( DA,-) - f{P(Ai).
i1 i=

The triple (2,.%,P) is then called a probability space. The subsets A of Q2 which
are elements of . are called .% -measurable sets. In a probability context, these sets
are called events and we interpret P(A) as “the probability that the event A occurs.”
Note that if P(A) = 1, we say that “A occurs almost surely (a.s.).”

Example 3.1. Let Q = [0, 1], # = %(][0, 1]), the Borel o-field on [0, 1], and P = A,
the Lebesgue measure on [0, 1]. In this case, the open intervals of the form (a,b),
where 0 < a < b < 1, could be taken as the generator sets, and 4 ((a,b)) =b—a.

Hence, the triple ([O, 1],%([0, 1]),1) is a probability space.

Definition 3.3. A probability space (2,.%,P) is said to be complete if for every
A CBsuchthat Be .7 and P(B) =0, then A € .%.

We assume throughout the book that all probability spaces are complete.
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3.1.2 Sequence of Events

For a sequence of events A; € %, i =1,2,... on this space, define the limit superior

limsup A; = ﬂ UAi
i j=li=j

= {a) : @ € A; for infinitely many i ’s}
= {(o : @ € A; for infinitely often}
= {a): wEA;, i.o.} .

Similarly, we define the limit inferior

liminf A; = | J A

1—00 . .
j=li=]

= {w : o € A; for all but finitely many i ’s} .

It is not difficult to show that limsupA; and liminfA; belong to .% and that
i—o00 o0

liminfA; C limsupA,.
= [—00

14
If liminfA; = limsupA;, the sequence (4;) is said to be convergent with limit A,

[ [—o0

where A = lim A;.
[—00
The following lemma due to Borel-Cantelli is extremely useful for the deriva-
tions of many limit theorems of probability theory.

=

Lemma 3.1. (i) If (A;) is a sequence of arbitrary events and Z P(A;) < oo, then

i=1

P(limsupAi) =0.

[—o0

(ii) If (A;) is a sequence of independent events satisfying Z P(A;) = oo, then

i=1

P(limsupAi) =1.

[—o0

Proof. (i) Note first that limsupA; C UA,-. Now, using the monotonicity and sub-
additivity of P, we have

=

P(limsupA;) <P(|JA) < Y P4), j=12,...,
i i=j i=j
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which implies that the extreme right term in these inequalities tends to zero as j — oo

since the series Z P(A;) is assumed to be convergent. Hence, P(lim supAi) =0.
i=1 i
(i1) Note that

1 —P(limsupAi) = P{ (limsupAi)C}
i i

= P(liminfAY)

= limP{("Af}.
i=j

Jj—ee

Since the A;’s are independent, we have that for every i,

oo n
P((147) = lim P([47)
i=j i=j

n
= Jim [ TP(4f)
i=j

= lim ﬁ(l —P(4)
n—o0 -~ =&
i=Jj

=

< }Elgoﬁexp [—P(A;)] = limexp [— ZP(Ai)] .
i=j

n—oo —
=J

Now, using the fact that the series ZP(Ai) is divergent, we can conclude that the
i=1
right-hand side of the last inequality approaches zero. This completes the proof.

Definition 3.4. A function Y : 2 — R is called .% -measurable if
Y l(U) = {co cQ:Y(0) e U} cF

forallU € A(R).

We are now prepared to give a precise definition of a random variable.

Definition 3.5. An R-valued random variable X is an .%-measurable function X :
Q — R. Every random variable X induces a probability measure (y on R, defined
by

ux(B) = P(X " (B)), VB € B(R).

Ly is called the distribution of X .

Definition 3.6. Suppose that X is a random variable with / ’X (a))’ dP(®) < oo.
Q

Then the expectation of X is the number
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E[X] ::/ X(w)dP(w):/xduX(x).
Q R

Here are some standard inequalities which will frequently be used throughout
this book.

Proposition 3.1. (i) The Markov inequality:
If h: R — (0,00) is a strictly positive, even function that increases in (0,0) and
E[h(X)] < oo, then

E|h(X
P(|X|>a) < El((a))] a>0.
(ii) The Chebyshev Inequality:
Var | X
P(|]X —EX|>a) < ‘“£ ) , a>0.

a

(iii) The Cauchy—Schwarz Inequality:
E[xY| < (Ex?])"*(E[YY)"*.

(iv) The Holder Inequality:
Ifl<p<ocoandqisgivenby 1/p+1/q=1, E|X|P < oo, and E|X|? < oo, then

E‘XY‘ < [Exp] " [Elx )] v

(v) The Jensen Inequality:
Let f be a convex function on R. If E|X| and E|f(X)| are finite, then

F(EX]) <E[f(X)].

Proof. (i) For any a > 0, we have
Eh(X) = / h(X)dP > / h(X)dP > h(a)P(|X| > a) |
Q HIX|=za}

which implies the desired result.

(ii) This property can be obtained from part (i) by replacing X by X — E[X] and
taking (x) = x°.

(iii) & (iv) Property (iv) is an extension of the Holder Inequality in the context
of probability. Its proof is almost identical to that of Proposition 1.2 and may be
omitted. As to property (iii), it is a particular case of (iv) with p =g = 2.

(v) To establish this property, let /(x) be a tangent line to f(x) at the point x =
E[X]. Write /(x) = ax + b for some a and b. Now, by the convexity of f we have
f(x) > ax+b. We then have
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E[f(E[X])] > ElaX +b]
= aE[X]+b = I(E[X])
= f(E[X]).

The latter identity is true since / is tangent at the point to f(x) at E[X]. This com-
pletes the proof.

3.1.3 Convergence of Random Variables

Let X and X,,, n = 1,2,... be real-valued random variables defined on a probability
space (2,.7,P). The convergence of the sequence (X, ) toward X has various defi-
nitions depending on the way in which the difference between X,, and X is evaluated.
In this subsection, we discuss the following modes of convergence: convergence in
distribution, convergence in probability, almost sure convergence, and L” conver-
gence.

3.1.3.1 Convergence in Distribution

Definition 3.7. The sequence (X,,) converges in distribution to X if for all continuity
points x of distribution Fy,

lim FX,, ()C) = FX (x) .

n—oo0
Here, Fx,, Fx are the cumulative distribution functions of X,, and X, respectively.

Among the important characterizations of convergence in distribution is the fol-
lowing.

Proposition 3.2. The sequence (X,,) converges in distribution to the random vari-
able X if and only if for all bounded, continuous functions f,
lim E[f(X,)] =E[f(X)] .

It is well known that convergence in distribution is equivalent to pointwise con-
vergence of the corresponding characteristic functions: _ '

(X,) converges in distribution to X if and only if lim E [E”X”} =E[e""].

n—oo
Also, note that although we talk of a sequence of random variables converging

in distribution, it is really the distributions of those random variables that converge,
not the random variables themselves.
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3.1.3.2 Convergence in Probability

Definition 3.8. The sequence (X,) converges in probability to the random variable
X if for any € > 0,

tim P{|x, —X| > e} =o0.

n—oo

Example 3.2. (Convergence in distribution, not in probability) Consider a sequence

(X )n>0 of independent random variables defined on the probability space (2,.7,P)

taking the values one and zero with probabilities P(X, = 1) = P(X, = 0) = 1. This

sequence converges to Xy in distribution but does not converge in probability to Xp.
To see this, let us compute the cumulative density function of X,,. We have

0if r <0,
Fx,(t) =< Fif 0<r <1,
1if > 1.

Clearly, Fy, (t) = Fx,(t) for all n and ¢. Therefore, (X,,) converges in distribution to
Xo. However, for n # 0, note that

—1 with probability {,
X, —Xo= 4 0 with probability %,
1 with probability .
Let us now compute P{ |Xn 7X0| > %} We then have
P{\Xn—xoy > %} - P{(X,,—XO < —%) U (X, —Xo > l)}
=P{X—Xo=-DUXK~Xo=1)}

{
{x X = )}+P{(Xn—X0:l)}

[\

=P
1
T4 4 2'
Now, take € = %.We obtain
1
tim P{[X, — X | > 5 } = £0.
n—oo 2

Hence, (X,) does not converge in probability to Xp.

The above example shows that the convergence in distribution does not imply the
convergence in probability. However, we can establish the following.
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Proposition 3.3. If a sequence (X,,) converges in probability to X, then it converges
in distribution to X.

Proof. Let t be a point of continuity of F. Then,

PX<t—n)=PX<t—1n,X,<1)+P(X <1-1,X,>1)
<P(X,<t)+P(|X,—X|>7).

Similarly,

P(X, <t) =P(X, <t,X >14+1)+P(X, <1,X <t+n)

<P(|X,—X|>n)+P(X <t+1).
Since F is continuous at ¢, we have
P(X<t4+n)<F(r)+e¢

and
P(X<t—-1n)>F()—¢.

Combining these inequalities, we obtain
F(r)—e—P(|X,—X|>€) <P(X,<1) <F(t)+e+P(|X,—X| > ¢).
Now, letting n — oo and using the fact that X,, — X in probability, we obtain

F(t)—e<limP(X, <t) <F(r)+e,

n—oo
which implies the desired result.

The following proposition shows that the converse of Proposition 3.3 is true if X
is degenerate.

Proposition 3.4. If (X,,) converges to the constant [ in distribution, then (X,) con-
verges to L in probability.

Proof. Suppose that (X,,) converges to i in distribution. Then, we have
Fx,(t) =P(X, <t) — 0 forallt < u (3.1)
and
Fx,(t) =P(X, <t) — 1 forallt > u. (3.2)
It follows from (3.1) and (3.2) that for any € > 0, one can find ng and n; such that
PX,<pu—-g¢)< ; for any n > ng

and
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€
PX,>u+e)< 5 for any n > n; .

Now, let N = max(ng,n; ). Then, for any n > N,

P(|X,—p|>€) =P(X,—pu < —€)+P(X,—pu >¢)
=P(X,<u—e)+P(X,>u+e)

<8+£*8
2 2

Thus, (X,,) converges to (L in probability.

3.1.3.3 Almost Sure Convergence

Definition 3.9. The sequence (X;,) converges almost surely (a.s.) to the random vari-
able X if

n—oo

P{a): limX,,(a)):X(a))} ~1.

Example 3.3. Let sample space Q be the closed unit interval [0, 1] with the uniform
probability distribution A. Define random variables X,,(®) = w4+ " and X (0) = o.
For every @ € [0,1), ®" — 0 as n — o and X,,(®) — . However, since X,,(1) =2
for every n, X,,(1) does not converge to 1 = X (1). But, since the convergence occurs
on the set [0,1) and A ({1}) =0, (X,,) converges to X almost surely.

Note that the almost sure convergence has some equivalent definitions. For in-
stance, it can be easily shown that X,, — X a.s. if and only if for any € > 0 we
have

lim P{|X, — X| > & for some n >m} =0. (3.3)

m-—oo

The following proposition provides an important sufficient condition for almost
sure convergence.

Proposition 3.5. If Y P(|X, —X| > €) < oo for every € >0, then the sequence (X,)
n=1
converges to X almost surely.

roof. Let £,(€) = n— > Er. en, assumption, the series nl &
Proof. Let E X, — X| > €. Then, by ption, the seri P(E
n=1

is convergent. By Proposition 3.1(i), P(lim supEn(s)) = 0 for each € > 0, which
n
implies the desired result.
Using property (3.3), we can now establish the following.

Proposition 3.6. If a sequence (X,,) converges almost surely to X, then it converges
in probability to X.
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Proof. Let E;(k) = {|X;—X| > }}. Then A, = UEi(k) is the set of those ® such
i=n

that | X;(w) — X ()| > % for all i > n, and observe that
P(A,) > P(E,(k)) foralln, k> 1.

Now, since X, — X a.s., P(A,,k) — 0 for all k. The latter property shows that
P(E,(k)) — O for all k, which implies the desired result.

The converse of Proposition 3.6 is false. However, we can establish the following
proposition.

Proposition 3.7. If (X,,) converges in probability to X, there exists a suitable subse-
quence (ny) such that (X, ) converges almost surely to X.

Proof. Pick an increasing sequence (n) such that

1 1
P{|X"k_X| > %} < ﬁ

This can be done since X;, — X in probability. Then, for any € > 0, we have

s

1
P(X,, —X|>¢) < Y P(x,—X|>e)+ Y P(\XnkfX\>%)

k=1 kik<e! kik>e~!
2
< Y P(Xy—X[>e)+ )} <
kik<e! k=1

Consequently, X, — X a.s. as k — o by Proposition 3.5.

The following proposition extends some properties of algebraic operations on
convergent sequences of real numbers to sequences of random variables.

Theorem 3.1. (Slutsky’s Theorem) If X,, converges in distribution to X and Y, con-
verges to a, a constant, in probability, then

(a) X,, +Y, converges X + a in distribution.

(b) Yo Xy, converges to aX in distribution.

Proof. (a) We may assume that @ = 0. Let x be a continuity point of the cumulative
distribution function Fx of X. We then have

P(X,+Y, <x) <P(Xy+Y, < x,[Yy| <€) +P(X,+ Y, < x,|Va| > £)
< P(Xn §x+€) “!‘P(lYn‘ > 8) .

Similarly,
P(X,<x—¢) <P(X,+Y, <x)+P(|V,| > €).

Hence,

P(X, <x—¢€) —P(|Vy| > &) <P(X, +Y, <x) <P(X, <x+e) +P(|,[ > ).
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Letting n — oo and then € — 0 proves (a).
(b) To prove this property, we use Proposition 3.2. We prove that

E[£(X,%,)] — E[f(aX)]

for every bounded continuous function f.
Let M = sup | f(x)| < e, fix € > 0, and choose K such that =K are continuity points
X

of the cumulative distribution function Fx and P(|X| > K) < {, which implies that
P(|X,,| >K ) < ¢ for all sufficiently large values of n. Then, one can find 17 > 0 such
that | f(x) — f(y)| < § whenever [x—y| < 1. Also, the convergence in probability of
the sequence (Y,,) toward a constant a allows us to choose Ny > 0 such that

P{|Y, —a| > %} < @
whenever n > Ny. We then have
[E[£(6%)] ~E[£(@X)]| < E[|£0Y,) - f(aX,)
E[f(XY,) - f(aX;)
E [ f(XY,) — f(aX;)

+‘E[f(ax,,)} —E[f(aX)H

< 2MP{|Y, —a| > %} +2MP(|X,| > K) +§

s Yo —al > %}

{1 —al < 7, %] > K}

A —al <L |x,| <K}
K

+|E[#(ax,)] ~E[f(ax)] |
On the other hand, we can show that the sequence (aX,) converges to aX in distri-

bution. Indeed, take a bounded and continuous function A(x) = f(ax) and use the
fact that the sequence (X,,) converges X in distribution. It follows that

E[f(aX,)] =E[h(X,)] = E[h(X)] =E[f(aX)] .
The latter allows us to choose N; > 0 such that
’E[f(aXn)] fE[f(aX)]’ < Z

whenever n > Nj.
Now, take N = max(Ny,N;). For any n > N, we obtain

as desired.
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The following proposition due to Skorohod relates convergence in distribution
and almost sure convergence.

Proposition 3.8. (Skorohod Representation Theorem) Let (X,) be a sequence of
random variables, and assume that (X,,) converges to X in distribution as n — oo. Let
F, be the cumulative distribution function of X, and let F be the cumulative distri-
bution function of X. Then, there exists a probability space (Q',. %' ,P') and random
variables Y, and Y all defined on (Q', %' P’ such that Y has cumulative distribu-
tion F and each F,, has cumulative distribution function F,, and (Y,) convergesto Y
almost surely as n — oo,

Proof. For a proof, see. e.g., Billingsley [29].

3.1.3.4 L?-Convergence

Definition 3.10. Let p > 1. The sequence (X,) converges in L to the random vari-
able X if E|X,|” +E[X|” < oo for all n and

lim E|X, —X|" =0.

n—oo

1
By Markov’s inequality, P{w L X (0) - X (0)] > 8} < 87E|Xn —X‘p for any
€ > 0. Thus, if (X,,) converges in L” to X, then (X,) converges in probability to X.
The converse is in general false.

Example 3.4. (Convergence in probability, not in L?)

Let ([0, 1],4(]0,1]),P) be a probability space with P(dw) = dw), the uniform
probability distribution on [0, 1], and let X,, = 2" 1 ©0,1) be a sequence of random
variables defined on this space. The sequence X, convélrges in probability to zero as
n — oo but does not converge in L, p > 1.

To see this, fix € > 0. Then we have

1 1
P(|X,| >8):P(0,;):;H0 a.s. n— oo,

Hence, (X,) converges in probability to zero. On the other hand,

1 2P
E|X,|P =2"P(0,—) = — — o0 as.n— oo.
n n

Hence, convergence in probability does not imply L”-convergence.

Example 3.5. (Convergence in L”, not almost surely) Let sample space Q2 be the
closed unit interval [0,1] with Lebesgue measure A. Define a sequence (X;) of

random variables as follows: X; = 1,1, Xo =11 ,1, X3 =1, 1,, Xa = 1,1 2,
[0,5] [3.1] [0,3] (3.5
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X5 = 1[ 2 1) and so on. We claim that this sequence converges to zero in L? but
3 k)
does not converge to zero almost surely.
To see this, let us compute the pth moment of some random variables and observe
the pattern. We have

! 1
B |7 =Bpa)” = 5. B =B <) = 5.

so that E’Xn{p — 0 as n — oo. In addition, by Chebyshev’s inequality, the latter
implies that (X,,) converges in probability to 0. However, (X,) does not converge to
0 almost surely. Indeed, there is no value of @ € [0, 1] for which X, (®) — 0. For
every @ € [0, 1], the value of X,,(®) alternates between 0 and 1 infinitely often. No
pointwise convergence occurs for this sequence.

Remark 3.3. For proofs of the various results discussed in this subsection, we refer
the reader to for instance Bauer [17], Casella and Berger [34], or Métivier [140].

3.1.4 Conditional Expectation

Let X be an integrable random variable defined on a probability space (2,.%,P)
and ¢ denote a sub-o-field of .%.

Definition 3.11. The conditional expectation E[X |4] of X with respect to ¢ is
defined to be the class of ¢-measurable functions satisfying

[xap= [E[X|9]ap, vaeq. (34)
A A

It is important to note that the random variable E [X |9 ] can be understood as an
updated version of the expectation of X, given the information .%.

We list here some properties of the conditional expectation E [X |9 } that are
frequently used in calculations.

Proposition 3.9. (i) Expectation Law: E [E [X |€§H =E [X }
(ii) If X is G -measurable, then E[X | %} =X a.s.
(iii) Stability: If Y is &/ -measurable and bounded, then
E[XY|¥4]| =YE[X|¥9] as. VY €Y.
(iv) Independence Law: If X and the 6-field 4 are independent, then E[X |4| =
(ME|(X-E[X|9])Y| =0, v¥e¥.

(vi) The conditional expectation E [X | %] is the projection of X on 9 and
X —E[X |9] is orthogonal to 4. In other words, E[X | 4] is the &-measurable
random variable that is closest to X in the mean square sense.
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Proof. (i) This property follows immediately from (3.4) with A = Q.

(ii) This property follows from the fact that X is &-measurable and E[X14] =
E[X14] forallA €.

(iii) To prove this property, we show that YE[X|¢] is a version of E[XY|¥].
The &-measurability of YE[X|#] follows from that of ¥ and E[X|%]. It remains to
show that

/YE[XM] dP:/YXdP, AcY. (3.5)
A A
IfY =1g, G €49, then for any H € ¢, one has

/E[de%]dP:/XlGdP: X dP
H H HNG
and
/ 1E[X|9] dP:/ EX|¥]aP= [ XaP.
H GNH GNH
Hence, (3.5) holds for this case. One can also show that (3.5) holds for a simple
random variable Y =Y, o, 14,, A, € ¢ by linearity of expectation. The extension
to any random variable follows immediately from the representation of Y by a dif-
ference of two positive random variables, which can be defined as limits of simple
random variables.
(iv) Let A € ¢4. Then by independence

/XdP /IAXdP E[14X] = /E

from which the property follows.

(v) The proof of this property is similar to that of property (iii). It is left to the
reader as an exercise.

(vi) This property is a straight consequence of property (v).

We now collect essential properties of the conditional expectation that are similar
to the properties of the expectation operator.

Proposition 3.10. If X and X,, are integrable random variables, then
(i)Lineaity: E[aX; +bX, |9 = aE[X; |4] + bE[X; |9] as.
(ii) Positivity: X > 0 implies E[X |¢] > 0 as.
(iii) Monotonicity: X; < X, implies E[X| |¥9] <E[X,|¥] as.
(iv) Monotone convergence: if X,, T X a.s., then E [Xn |§4] T E[X | %] a.s.
(v)Dominated convergence: |X,| <Y, E[Y] < oo, and X, — X a.s. imply
2
(vi) Cauchy—Schwarz inequality: ( (XY | g]) <E[X?|9]|E[Y?|¥]as.

(vii) Jensen inequality: y(E[X |¢]) <E[y(X)
(viii) Modulus inequality: |E[X |¢ ‘ <E[|x]|

} a.s. for a convex function .

X)|%
9] as
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Proof. (i) This property follows immediately from the linearity of the integral.
(i) To prove this, let X > 0. Then, for every A € ¥, we have

/E[X|5¢] dP = /XdPZO
A JA

so that E[X|¢4] > 0 a.s.

(iii) This property follows immediately from (ii).

(iv) By monotonicity, there is a ¢-measurable random variable Y such that
E[Xn|g] 7Y.Let A€ . Using the Lebesgue Monotone Convergence Theorem,
one has

E[Y1;] = lim E[E[X,[4] 1,] = im E[X,14] = E[X14],
which proves that Y = E[X|¥].

(v) To prove this property, let ¥, = sup;~,, |[Xy —X|,n>1.Then ¥, >0, Y, | as
n — oo and Y, < 2Z almost surely for n > 1 so that ¥, is integrable for each n > 1.
Also, since X,, converges to X almost surely, ¥, converges to 0 almost surely. On the
other hand, we have

E(X,|9) —E(X|¥)| <E[|X, — X||¢] <E[Y,] as.

Thus, it is sufficient to show that 12101o E [Yn | ] =0 a.s. From the fact that ¥;, > 0 and
Y, | it follows that E[Y,|¢] > 0 Zmd E[Y,|¢] | and hence V = }E};E[Yn\%] exists
and E[V] <E[E[Y,|¢]] = E[Y,]. But lim ¥, =0 as. and ¥, < 2Z so that by the
Dominated Convergence Theorem r}grolo E[Y,] =0.

(vi) Define the random variables
U= (E[XP19])"", v = (E[rPl])"”
and note that they are %-measurable. Observe
E[|X|*1y—o] = E[ly—E[|IX|*]|4] =E[ly_oU?] =0.
Thus, |X|1y—o = 0 a.s., which implies that
E[|IXY||¥]1y—0 = E[|XY|1y—o|4] =0.

Similarly, we can also show that E[|XY||¢] 1y—o = 0. Therefore, the conditional
Cauchy-Schwarz holds on the set {U =0} U{V =0}.

On the set {U =0, V >0} U{U >0,V = oo}, the right-hand side is infinite and
the conditional Cauchy—Schwarz inequality holds too. Dividing by the right-hand

E[|lxY||¥]

side, it is then enough to show that 1y <1 as. on the set H := {O <

U<o,0<V <oo}.
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To prove this, let G € ¢4, G C H. Using the measurability of U, V, and 15 with
respect to ¢, the properties of the conditional expectation, and classical Cauchy—
Schwarz inequality, we have

o[ E 1] e[k [ 5] 1ojo]
:E% m 1]

(E[le2 Dl/z(E[mz GDI/Z
< (<[5 (e )

V2
= (E[16])*(E16])"* = E[14],

which implies the desired result.

(vii) To prove this property, we use a classical characterization of a convex func-
tion, namely, every convex function ¥ is the upper envelope of a countable col-
lection of such lines: a,x+ by, n > 1. Define L, (x) = apx + by, for all x. We then
have

L,(X|9) =E[L,(X)|9] <E[¥(X)|¥]

and thus
w (B[X[4]) = supL, (E[X|2]) < B[¥(X)[].

(viii) The proof of this property is left to the reader as an exercise.

3.2 Stochastic Processes

In recent years there has been an ever-increasing interest in the study of systems
which evolve in time in a random manner. Mathematical models of such systems
are known as stochastic processes.

More precisely, let X be the random variable of interest depending on a parameter
t, which assumes values from a set T C [0, o). In many applications, the parameter
t is considered to be time. Thus, X(¢) is the state of random variable X at time
t, whereas T denotes the time set. Furthermore, let S denote the set of all states
(realizations) which the X (¢), r € T, can assume.

Definition 3.12. A stochastic process X with parameter set T and state space R is a
collection of R-valued random variables

{X(t),tGT} = {X(a),t), (NS ON ZE'JT}

defined on the probability space (Q2,.%#,P).
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Note that for each fixed ¢ € T we have a random variable
0—X(w,1).
On the other hand, for each fixed ® € £2 we have a function
t—X(w,1),

which is called a sample path of the process. The stochastic process X may be
regarded as a function of two variables (®,¢) from Q x T to R.

If T is a finite or countably infinite set, then {X (1),t € ’]I‘} is called a discrete-
time stochastic process. Such processes can be written as a sequence of random
variables (X;). Conversely, every sequence of random variables can be interpreted
as a discrete-time stochastic process. If T is an interval, then {X (1),t € ']I‘} is a
continuous-time stochastic process. The stochastic process {X (t),t € ']T} is said to
be discrete if its state space S is a finite or countably infinite set. It is said to be
continuous if S is an interval.

This section introduces three types of stochastic processes, Brownian motion,
Gaussian processes, and martingales, that play a central role in the theory of stochas-
tic processes.

3.2.1 Continuity

In this subsection, we give some of the most common definitions of continuity for
stochastic processes.

Let {X (1),1 € ']I‘} be an R-valued stochastic process on a complete probability
space (Q,.7#,P).

Definition 3.13. (i) X is continuous in probability at r € T if for any € > 0,

nmp{|x(m,s) —X(w,1)] > e} =0.

st
(i1) X is continuous in the p-th mean at ¢ € T if
}iLI}E[}X(s) —X(t)\"] ~0. (3.6)
(iii) X is almost sure (a.s.) continuous at ¢ € T if
P{weg:}Er;|x(w,s)fx(w,t)|:o}:1. 3.7)

Remark 3.4. (i) In Definition 3.13(iii), Eq. (3.7) is equivalent to

P{w € Q:limX(w,s) #X(a),t)} —0.
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@11) If p =2 1in Eq. (3.6), X is said to be continuous in the mean-square sense at
t. The p-th mean continuity is used extensively later in the following chapters.

The stochastic process X is continuous in probability, continuous in the p-th
mean, and almost surely continuous in an interval I C T if it is continuous in prob-
ability, continuous in the p-th mean, and almost surely continuous at each ¢ € I,
respectively.

Definition 3.14. Two stochastic processes X and ¥ with a common index T C R
are called versions of one another if for allr € T,

P{w L X(w,1) = Y(w,t)} ~1.
Such processes are also said to be stochastically equivalent.

Proposition 3.11. If X and Y are versions of one another, they have the same finite-
dimensional distributions.

Proof. Let1 be an arbitrary finite collection of indices. It suffices to show that P{ o}

Xi(w) = YH((O)} = 1. For this purpose let I = {#;, 1 < j <i}. Using additivity of P,
we have

P{w : Xi(0) = Yﬂ(w)} - P{w CX(0,0) = Y(0.1),... . X(0,1;) = Y(a),t,-)}

b (0 X(00) #7(00))

Jj=1

> 1 ;P{thj #Y (o, t])}
=1.

There is a stronger notion of similarity between processes than that of versions,
which is sometimes useful in applications.
Definition 3.15. Two stochastic processes X and Y are indistinguishable if their
sample paths coincide almost surely, that is,
P{a) :VreT, X(o,t) =Y(w,t)} =1.
In the following example, we describe stochastic processes that are versions of
one another, but not indistinguishable.

Example 3.6. Let X = {X(¢),0 <t <1} and Y = {¥(¢),0 <t < 1} be real-valued
stochastic processes defined on the probability space ([O, 1], A([0,1)), l), where
A is the Lebesgue measure on [0, 1], such that X (®,7) = 0 and
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lif o=t,
Y(o,t) =
0if o #t.

Note that for each o € [0, 1] fixed,

sup X(@,t) =0 while sup Y(w,t)=1.
0<r<1 0<r<1
It follows that the sample paths of X and Y differ for @ € [0, 1]. Therefore, they are
not indistinguishable.
On the other hand, for each 7 € [0,1] fixed, let Q; = {®: X (@,1) #Y (o,1)} = {t}.
Then, we have A ({t}) = 0, which means that the processes X and Y are versions of
one another.

We now state a famous theorem of Kolmogorov.

Theorem 3.2. Suppose that the process X = {X (1),te ']I‘} satisfies the following
condition: for all T > 0 there exist positive constants @, 3, and C such that

E[X(1)—X(s)|* < Clt —s|"P
for0<s,t<T.
Then there exists a continuous version of X.

For a proof, see, e.g., Strook and Varadhan [168] or Bakstein and Capasso [15].

3.2.2 Separability and Measurability

Let X = {X(r), 0 <1 < 1} be a stochastic process. In general, sup X(#) does not
0<r<1

define a random variable. For instance, take Q = [0, 1], .7 = #([0,1]), and P = A,
the Lebesgue measure on [0, 1]. Let A C [0, 1] be a nonmeasurable set and define a
stochastic process by

lifreAand o =1,
X(w,1) =
0 if otherwise.

Then the function ® — sup X(w,?) is given by
0<r<l1

1if @€ A,
sup X(w,1) =
0=l 0if weA”.
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Clearly, ® — sup X(,?) is not measurable. Hence, it does not define a random
0<r<1
variable. In order to overcome this difficulty involving supremum and infimum, we

impose the condition of separability of stochastic processes.

Definition 3.16. The process X = {X(t), 7 € T} is said to be separable if there is a
countable dense subset S of T, called the separating set, and a set £y with P(Qq) =
0, called the negligible set, such that if @ € QF and 7 € T, there is a sequence
Sp €S, sy — t, with X(0,s,) — X (0,1).

The following proposition is well known.

Proposition 3.12. Every real stochastic process X = {X (t),t € T} possesses a sep-
arable version. Moreover, if a separable stochastic process X is continuous in prob-
ability, then any countable dense subset in T is a separating set.

Proof. See, e.g., Ash and Gardner [12].

Remark 3.5. By virtue of Proposition 3.12, we may therefore only consider separa-
ble stochastic processes.

Example 3.7. (Nonseparable stochastic process) Consider a probability space (Q2,.#,P)
on which is defined a positive random variable Z with continuous distribution
P(Z =x) =0 for each x. Fort > 0, put X (w,7) = 0 for all ® € £, and put

lif Z(w) =t,
Y(o,t) =
0if Z(w) #t.

Since Z has continuous distribution, P{® : X(w,1) #Y(w,r)} =P{o: Z(0) =
t} =0 foreacht, and so X and Y are versions of one another. However, the stochastic
process Y is not separable unless the separating set S contains the point Z(®). The
set of @ for which Y (,-) is separable with respect to S is thus contained in {w :
Z(w) € S}, a set of probability zero since S is countable and Z has a continuous
distribution.

Definition 3.17. A filtration is a family (.7 ),>¢ of increasing sub-o-fields of .7 (i.e.
G C Fy C F forall 0 <t < s < oo). The filtration is said to be right continuous
if 7 = ﬂ Z, for all + > 0. When the probability space is complete, the filtration

s>t
is said to satisfy the usual conditions if it is right continuous and .%#; contains all

P-null sets.

From now on, unless otherwise specified, we shall always be working on a fil-
tered probability space (2,.7, (%;)>0,P), where the filtration (.%; );>¢ satisfies the
usual conditions.

Let X = {X(t), 1 € [0,0) } be an R-valued stochastic process.
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Definition 3.18. X is said to be adapted if for every t, X(t) is .%;-measurable. It
is said to be measurable if the stochastic process regarded as a function of two
variables (®,7) from Q x [0, ) to Ris .7 x #([0,0))-measurable, where £([0,0))
is the family of all Borel subsets of [0, ).

Definition 3.19. Let X = {X(r), 1 € [0,00)} be a stochastic process. The natural
filtration FX = (X (s),0 < s <t) of X is the smallest filtration with respect to
which X is adapted.

Example 3.8. Let ([0,1],.2(]0,1]), ) be a probability space defined in Example 3.1
and a random variable X (@) = ® defined on this space. Now, consider a stochastic
process ¥ : Q x [0,1] — R defined by Y (®,t) = X (). Clearly, the filtration .7 of

Yis
FY :c( U o(Y(s))) — o(X).

0<s<t

Because X (®w) = o is the identity random variable, the o-field o(X) generated
by the random variable X is ([0, 1]). Thus, the natural filtration of Y is .#} =
#([0,1]),t > 0.

Definition 3.20. The stochastic process X is said to be progressively measurable or
progressive if for every T > 0, {X (1),0<r< T} regarded as a function of (®,7)
from Q x [0,T] to R is .%; x %B(|0,T])-measurable, where %([0,T]) is the family
of all Borel subsets of [0, T].

Proposition 3.13. If the process (X;) is progressively measurable, then is also mea-
surable.

Proof. Let B € #(R). Then

X~\(B) = {(m,s) cQ xR, : X(,s5) € B}

- ngo{(w,s) € x[0.1]: X(0,5) € B}.

Since
{(w,s) € Qx[0,1]: X(w,5) eB} € 7, 2([0,n)
for all n > 0, we have that X_I(B) e FRABRY).

Before giving an example of a progressively measurable stochastic process, we
need the following definition.

Definition 3.21. A stochastic process X = {X(a)7t), r> 0} is said to be (1) right-
continuous, if P-almost all of its paths + — X(,7) are right-continuous, i.e., if
X(w,t) = liinX(a),s) forallz e Ry,

st

(2) left-continuous, if P-almost all of its paths + — X (o,?) are left-continuous,
ie,if X(w,1) = li%nX(aLs) forallt e Ry,
st
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Example 3.9. Any right- or left-continuous adapted stochastic process X = {X W,1), 1>
0} is progressively measurable.

To see this, let us assume that X is a right-continuous stochastic process and
define the sequence of stochastic processes

X(o,kyif $UE gkt g,
Xn.t(was):
X(®,0) if s=0,
forn=1,2,...,nandt > 0. Now, for any F' € .7, write

{(w,s) L0EQ,0<s<1, X (0,5) eF}

~{o:x@oer}x{olul ({o: x@. ) e r) (LD H),

=1 n n

Clearly, this set belongs to .%; x %([0,1]) since X is adapted. Hence, for each n > 1
andt > 0, X, ; is % x Z([0,t])-measurable. By the right continuity of X we have
X, 1(0,5) = X(w,s) asn — oo forall @ € Q and 0 < s <. Since limits of measur-
able functions are measurable, we conclude that X is progressively measurable.

It is worth mentioning that the class of progressively measurable process is too
large. Motivated by this remark, we define the so-called predictable process.

Let .Z denote the family of all real-valued functions Y (@, ) defined on Q x R
which are measurable with respect to .7 ® #(R) and have the following proper-
ties:

(i) Y = (¥;) is adapted to (%),

(ii) For each o € Q, the function r — Y (w,?) is left-continuous.

Now, let & be the smallest o-field of subsets of Q2 x R, with respect to which
all the functions belonging to . are measurable.

Definition 3.22. A stochastic process X = (X;) is predictable if the function (®,1) —
X(w,t) is &-measurable. Alternatively, the predictable processes are sometimes
called previsible.

Predictable processes are extensively used as integrands for stochastic integrals
and are often not restricted to the adapted and left-continuous case.
Below are some simple examples of predictable processes.

Example 3.10. All F @ #(R, )-measurable, adapted, and left-continuous processes
are predictable.

Example 3.11. A simple process (®;) which is defined to be of the form
D(w,1) = Po(w)I) (1) + Z Dj(0),4,,)(0), (O=10<t1<...<1,) (3.8)

is predictable if each ®; is .%;-measurable.
The process given by (3.8) is adapted and left-continuous.



3.2 Stochastic Processes 83

Example 3.12. Let 1, be an adapted, right-continuous step process given by

n

n(w,t) = Z n(o, t])l[tj t,+1)(t)

i=0

Let (%) be the process defined by ¥ (w,1) = n(,t ™), the left limit of N (e, -). Then
(W) is predictable.

The o-field & has another characterization.
Proposition 3.14. The o-field & is generated by all sets of the form

AX (s5,8],0<s<t <o, Ac.F or Ax{0}, AcF.

Proof. We follow the proof given in Kallianpur [107]. Denote by % the class of all
functions of (@,t) of the form Ip(®)I(,,|(t), where B € o and u,v € Ry (u <v)
or of the form Iz(®)ly(t), where B € .. Clearly, each member of % is Z-
measurable, so that 6(% ) C &2, where 6(% ) is the smallest o-field with respect
to which all functions in %/ are measurable. To prove the converse inclusion, let
@ € . Then, for each (@,t), P is the limit of a sequence of step processes
of the form given in Example 3.11. Such a sequence is given by ("), where

Jn—1
" (@,1) = (o)) (1) + Z D (w In %](z) and 0 =15 < <...<t})is

a subdivision of [0,7] such that the length of each subinterval is less than or equal
to % Since P (-, t;’) is ,%;?-measurable, it is the pointwise limit of a sequence of step
functions of the }; a;lp, (@) where B; € ﬁ,;. Hence, "(w,t) is measurable with

respect to 6(% ), which implies the measurability of @ (w,) with respect to 6(% ).
This shows that & C 6(% ) and completes the proof.

Remark 3.6. The o-field &2 given in Proposition 3.14 is called a predictable o-
field and its elements are called predictable sets. It plays an essential role in the
construction of stochastic integrals.

The following result gives the relation between predictable and progressively
measurable processes.

Proposition 3.15. Every predictable stochastic process is progressively measur-
able.

Proof. For a proof, see, e.g., Meyer [141].

3.2.3 Stopping Times

In what follows we are given a filtered probability space (2,.7,.%,,P). We are often
interested in events that occur at a random time. A random time is simply a [0,0)-
valued random variable on the probability space. A very special class of random
times is the so-called class of stopping times.
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More precisely, we have the following definition.

Definition 3.23. A random time 7 is a stopping time for the filtration (.%;);>¢ if
{r<t} e.Z foreveryt > 0.
The stopping time is said to be finite if P(7 = o) = 0.

Suppose 7 is a stopping time for the filtration (% );>0. The o-field .% is defined
to be the set of events A € .# such that AN{t <t} € % forevery t > 0. % can be
viewed as the set of events determined prior to the stopping time 7.

Example 3.13. Any positive constant is a stopping time.
To see this, let T = a, where a is a nonnegative number. Then, for r > 0,

0 if a>rt,
{weQ:1(w) <1} =
Qif a<rt.
Hence, for t > 0, {w € Q : 1(w) <t} € .F,.
Example 3.14. If X = {X,,, n> 0} is a sequence of real-valued random variables
and %, = 0(Xo,Xi,...,Xy), the hitting time
7(0) =inf{n>0: X,(w) >a}, aeR,

is an .%,-stopping time.
To prove this, observe that

n
{‘L’Sn}:{Xo>a} U {Xoga,...,Xk,] ga,Xk>a}.
k=1

Now, note that {’L’ < n} consists of finite intersections and unions of events in .7
and that .%; C .%, for k < n. Thus, {T < n} € Fy.

Stopping time has some nice properties.

Proposition 3.16. (i) If 7| and T, are stopping times, then T AT, = inf {7), %, } and
Ty V Tp = sup {’Cl, Tg} are also stopping times.

(ii) If T is a stopping time and a € [0,0), then T Aa is also a stopping time.

(iii) If T is a finite stopping time, then it is F-measurable.

(iv) If T and T are stopping times and T) < T, then Fy, C F,.

Proof. See, e.g., Métivier [140].

3.2.4 Gaussian Processes

Definition 3.24. The real-valued stochastic process X = {X (t),t € ']I‘} is called a
Gaussian process if, for any finite subset /' C T, the random vector X := {X (t),t€
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F } has multivariate Gaussian distribution, with probability density

fr(x) = W exp{ 3 -z -}

with parameters 4 € R” and X.

(Here, y' denotes the transpose of the vector y.) The quantity X is a symmetric
positive-definite n X n matrix, X —1is its inverse, and detX its determinant.
Equivalently, X is Gaussian if every finite linear combination Y, X (r) has a Gaus-
sian distribution on R. The covariance function of Gaussian process X is the bivari-
ate function

R(s,1) = Cov(X(s),X(t)) = E [(X(s) —EX(s)) (X () - EX(t))} .

Like the Gaussian vector, it is important to note that the mean function and
covariance function of a Gaussian process completely determine all of the finite-
dimensional distributions.

Example 3.15. LetZ = (Zy,...,Z,) € R™ be a Gaussian vector. Define X as follows:

X(I) = ikak(t), t>0
k=1

where wy(t), k = 1,...,m are real-valued, deterministic, and continuous functions.
We claim X is a Gaussian process. Indeed, let X, = (X (#),...,X(,)), where n > 1
is an integer and (¢, ... ,#,) denote arbitrary elements in [0, ). The vector X, can be

expressed as a linear transformation of the Gaussian vector Z so that it is Gaussian.

3.2.5 Martingales

In this subsection, we introduce and study a very important class of stochastic pro-
cesses: the so-called martingales. Martingales arise naturally in many branches of
the theory of stochastic processes. In particular, they play a key role in the study of
the Brownian motion. They are also crucial for the understanding of the It6 integrals.
Indefinite It6 integrals are constructed in such a way that they constitute martingales.
Throughout this subsection, the index set T denotes an arbitrary interval of R...

Definition 3.25. The stochastic process X = {X (t),t e T} is called a continuous-
time martingale with respect to the filtration (%, t € T), we write (X, (%)), if
() E[X(r)| <eoforallr € T;
(ii) X is adapted to { % };
(iii)
E[X(t)| Z] =X(s) P—as. (3.9

forall s <tinT.
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It follows from the definition of conditional expectations that the identity (3.9) is
equivalent to the statement

/X(t)dP:/X(s)dP7 for F e Z, 0<s<t
F JF

and that the expectation function EX is constant (that is, E(X(s)) = E(X(¢)) for all
s and t).

When equality is substituted with <, the process is called supermartingale. When
it is substituted with >, the process is called submartingale.

It is also possible to define a discrete-time martingale X = {Xn, n=20,1,2,... }
In this case, the property (3.9) becomes

E X,k | Zu| =Xu, k>0.

The basic properties of conditional expectations give us the following properties
of a martingale.

Proposition 3.17. Let X be an integrable random variable and (F;)cr a filtra-
tion. For t € T, define M(t) = E[X | % |. Then M = {M(t), t € T} is an (F)-
martingale and M is uniformly integrable. In addition, if ¢ is a convex function
such that E’ oM (t))| < oo forallt € T, then the stochastic process ¢(M) is a sub-
martingale.

Proof. By the Jensen inequality for conditional expectation (Proposition 3.10 (vii))
and the integrability of X, we have

E|M(0)| <E[E[|X|7] ]| =E[x| <.

Also, M is #;-adapted because E {X \ ﬁ,] is .%,-measurable for each t > 0. Proper-

ties of the conditional expectation give
E[M()| 7] =E[E[X()| 7] 1.7 =E[X()| 7] =M(s)

for all s <t. Hence, M obeys the properties of a martingale.
Similarly, the Jensen inequality applied to a convex function ¢ and properties of
conditional expectation yield

E[p(M(1)| 7] = o(E[E[X| 7] | 7] ) = 0 (E[X| 7] ) = (M(s)).

Thus, @(M) is a submartingale.

Let us now define a Brownian motion which plays a key role in the construction
of stochastic integrals.

Definition 3.26. A (standard one-dimensional) Brownian motion is a continuous
adapted real-valued process (B(z), ¢ > 0) such that
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(i) B(0)=0;

(ii) B(r) —B(s) is independent of .%; for all 0 < s < t;

(i) B(¢) —B(s) is A (0,7 — s)-distributed for all 0 < s < ¢.

Note that the Brownian motion B has the following properties:

(a) B has independent increments, that is, for 1 < < --- <ft,, B(f;) —
B(0), B(t2) —B(#1),...,B(ty) — B(t,—1 ) are independent random variables;

(b) B has stationary increments, that is, B(¢ +s) — B(¢) has the same distribution
as B(s) — B(0).

The following proposition gathers some simple examples of stochastic processes
which have the martingale property.

Proposition 3.18. Let {B(t),1 > 0} be a Brownian motion, and define 7, = & (B(s);
s < t). Then the following stochastic processes are martingale with respect to the
same filtration:

(i) (B(2), Z)i>0 itself;

(ii) (B(1)* =1, F)i0;

(iii) for every 6 € R, the process (exp [GIB(I) — %Zt], 5‘41) . (called an expo-
nential martingale). =
Proof. Letus first verify that (B(r), ‘%20)»0 is a martingale. Since B(z) ~ .47(0,1),
B(t) is clearly integrable, and second, since B(¢) — B(s) is independent of B(s) by
Definition 3.26(ii), E {B(r) —B(s)| 9}} =0, equivalently, E {B(t) | ﬁ}} =B(s).

Likewise, using the properties of conditional expectation,

E[(B()~B(s))*| 7] = E[B()> - 2B0)B(s) + B(s)*| 7]
- E[B(r)%%} _B(s)2. (3.10)
On the other hand, since B(t) — B(s) ~ .4(0,¢ —s) is independent of B(s),
E [(B(t) —B(s))’| f/}} ~E [(B(r) - B(s))z} —— 3.11)
Hence, combining (3.10) and (3.11) we obtain
E[E(r)2—t|ﬁs} =B(s)?—s.
This concludes that B(¢)? —¢ is an (.%; )-martingale.
As to part (iii), since B(¢) — B(s) ~ .4 (0,7 — ), its moment-generating function
is
E[exp [0(B(1) ~ B(s))] | = exp 5671 —5)]

forany 6 e Rand 0 <s <t.
Then, using the fact that B(z) — B(s) is independent of .%;,
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E[exp [0B() — 10%1] | 7] = Eexp [0(B() ~B(s)) + 0B(s) - 0] | 7]
— exp [6B(s) - %th] E[exp [0(B() B ()]
= exp [6B(s) — %921] exp [%Oz(t —s)]
= exp [0B(s) — %9%] .

Hence, the process (exp [6B(1) — %zt} , %) - is a martingale.
>

For continuous martingales we have the following inequalities due to Doob.

Theorem 3.3. (Doob’s inequality) Lez {M(t) },_, . be a continuous martingale.
(i)If p>1and M(t) € LP(2;R), then o

_EMr)P

= Cp s

P{a): sup ’M(a),t)‘>c}

0<I<T
(ii) If p> 1 and M(t) € LP(Q;R), then
P oA\P
| e my] < (557) B My

Further discussions on this topic may be found in Stroock and Varadhan [168] or
Revuz and Yor [158].

3.3 Stochastic Integrals in One Dimension

3.3.1 Motivation

In applications, it is typical to characterize the current state of a physical system
by a real function of time x(¢), r > 0, called the state. Generally, the behavior of a
physical system based on an input w(z) for 7 > 0, can be specified by a differential
equation of the form

dx(t)
dt

=W (x() +o(x(1)w(), 1 >0, (3.12)

where the functions (t and o depend on the system properties. In classical analysis,
the study of the solutions of such an equation is based on the assumptions that the
system properties and the input are perfectly known and deterministic.

Here, we generalize Eq. (3.12) by assuming that the input is a real stochastic
process. Because the input is random, the state becomes a real stochastic process.
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Now, let X denote the solution of (3.12) with w replaced by a stochastic process Z.
It is customary to assume that Z is a “white noise” process for which E [Z(t)} =0
and Cov(Z(s),Z(r)) = 1 if s =t and is zero otherwise. It is important to note that

fort) <t <ts,
3

(5] 3
Cov| / 2s)ds, [ 2(s)ds| =0 (3.13)

5] 1%
whereas

Var{/otz(s)ds} _— (3.14)

The Gaussian white noise process is often used. Such a stochastic process {Z (t),te
R} has irregular sample paths and is very difficult to work with directly. As a result,
it is easier to work with its integral. This suggests writing (3.12) in the form

X(1) = X(0) + /Ot,u(X(s))der/Ot o(X(s))Z(s) ds. (3.15)

In this integrated version, we need to make mathematical sense of the stochastic
integral involving the integrator Z(s) ds. From a notational standpoint, it is common
to write

dX(t)=u(X(t))dt+o(X(1))Z(t)dr. (3.16)

Note that given a Brownian motion B, it is not difficult to verify that
Cov []B(tz) “B(n), B(13) —B(tz)] — 0 and Var [B(x) - B(O)} —1.

Given the similarity with (3.13) and (3.14), the latter hints that B can be viewed as
integrated white noise so that we can rigorously define [ Z(t) dt to be B(t). This
is quite an oversimplification. To write B(¢) = J; Z(¢) dt would require that B is
differentiable almost everywhere (in time ¢). Unfortunately, this is not the case: B is
non differentiable at #. This oversimplification comes from the fact that white noise
does not exist as a well-defined stochastic process. On the other hand, Brownian
motion is well defined, so this suggests that we should replace (3.15) with

X(1) :xo—l—/ot,u (X(s))ds—!—/ot o (X(s))dB(s) (3.17)

and (3.16) with
dX(t)=pn(X(1))dt+0o(X(t))dB(r)
(3.18)
X(0) = xop.

Note that in (3.17), the integral [ u(X(s))ds can be defined via a standard Rie-
mann approximation. On the other hand, [jo(X(s))dB(s) must be defined differ-
ently since the integrator is a non differentiable stochastic process.

This leads us to outline the construction of the so-called It6 integral.
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3.3.2 It6 Integrals

Let (,.%,.%,,P) be a filtered probability space and B = {IB%(I), r> O} be a one-

dimensional Brownian motion defined on this space.

Definition 3.27. Let 0 < § < T < oo. Denote by #'([S,T];R) the space of all real-
valued measurable (.%;)-adapted processes @ = {cb(t), t> 0} such that

o2 =] [ o0 a] <=

We identify @ and @ in 7 ([S, T|;R) if qu CPH » = 0. In this case we say that ¢
and P are equivalent and we write <I> .

It is routine to show that the space ¥ ([S, T];R) equipped with the norm || - H// is
a Banach space. Furthermore, without loss of generality we may assume that every
stochastic process @ € ¥'([S,T|;R) is predictable.

T
Since full details on the construction of the Itd integral / D(1) dB(z) for
s

stochastic processes @ € ¥([S,T];R) can be found in either @ksendal [150] or
Mao and Yuan [135], here we shall outline only its construction. The idea of con-

T
struction is as follows. First define the integral / ¥ (1) dB(t) for a class of simple
s
processes . Then we show that each @ € ¥/([S,T];R) can be approximated by
T
such simple processes ¥’s and we define the limit of / ¥ (1) dB(t) as the integral
s
P(1) dB(1).
Let us first introduce the concept of simple stochastic processes.

Definition 3.28. A stochastic process ¥ € #([S,T];R) is called simple if it is of the
form

lIl(a)7t) ( l[to t1 + Z al t,,1‘1+1] )

with a partition S =179 <t} <... <ty =T of [S,T] and bounded .%; -measurable
random variables o, 0 <i<k—1.

For any simple stochastic process ¥ € #([S,T];R) we define

/q/ 1) dB(t Za, (tia1) — B(1)]. (3.19)

Obviously, the integral [ ¥(t) dB(t) is a well-defined random variable. Moreover,
the following properties hold:
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T

E[ W(r)dﬁ(r)} ~0, (3.20)
S

E‘/ST ‘I’(t)dIBS(t)’z . /STE\III(z)fdt. (3.21)

To prove these identities, note that o; is .%;,-measurable and that B(z;,1) — B(;)
is independent of .%;,. Hence,

E/ST Y(t)dB(t) = kilE[ai [B(tis1) —B(’i)]}

i=0
k-1
=Y E(a)E[B(1i41) —B(r;)] =0.
k=0
Moreover, note that B(;,1) —B(¢;) is independent of oot (B(41) —B(r;)) if i < j.
Thus,

= Y E(o) (1141 - /\w

Also, for any simple stochastic processes ¥, ¥ € 7 ([S,T];R) and ¢y, ¢2 € R,
we have

T T T
/ 1WA (1) + 2 (1)] dB(r) = e / W (1) dB(t) + e / W (1) dB(r) . (3.22)
S S S

The proof of (3.22) is left to the reader as an exercise.
We can now extend the It6 integral from simple stochastic processes to stochastic
processes in ¥ ([S,T];IR). This is based on the following approximation result.

Lemma 3.2. For any @ € ¥ ([S,T|;R), there exists a sequence (W) of simple
stochastic processes such that

T
lim [ E|®()— ()| di =0.
n—o |g
We are now prepared to outline the construction of the Itd integral for a stochas-
tic process @ € ¥([S,T];R). By Lemma 3.2, there is a sequence (\F;,) of simple
stochastic processes such that
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2

lim TE|<I>(t)—'P,,(t)| dr=0.

n—eo J¢

Thus, by property (3.20),

E‘/ST‘I’,,(t)d]B(t)—/ST‘P,,,(t)dIBS(t)‘Z:/STE"P,,(t)—‘Pm(t)‘zdt—>0 as m, n— oo,

T
Hence, the sequence {/ Y, (1)dB(t), n > 1} is a Cauchy sequence in L*(Q;R)
s

which, in turn, implies that it is convergent.
This leads us to the following definition.

Definition 3.29. Let @ € ¥/([S,T];R). The It6 integral & with respect to (B(¢)) is
defined by

/cp 1)dB(t) = lim ‘P()dIB(t) in L*(Q,R),

n—oo

where (¥,) is a sequence of simple stochastic processes such that

lim E| / @)~ w(0)[ ar] =0.

n—oo

It is important to note that this integral does not depend on the choice of approxi-
mating sequence.
We now gather the main properties of the Itd integral.

Proposition 3.19. Let @, ¥ be stochastic processes in ¥ ([S,T);R), and let 0 < S <
U<T. Thei%

(a)E / ®(1) dIB%(t)} —0;

(b)E‘/ ®(1) dB(1 ’ —/S E|0()[ dt (It Isometry);

(c)/ (c®(1)+ ¥ (1)) dB(r —c/ ®(1)dB(t +/ W (1)dB(1) (c constant);
(d) / ®(1)dB(t / & (1) dB(t / & (1) dB(1);

(e) /S &(s)dB(s) is Fr-measurable.

The proof is left to the reader as an exercise.

Definition 3.30. Let ® € ([0, T];R). Define
!
) :/ ®(s)dB(s), for0<r<T,
0

where, by definition, 7(0) = 0. We call I(z) the indefinite It6 integral of .

The indefinite integral /(¢) has the following interesting properties.
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Proposition 3.20. The following properties hold.
(i) 1(¢) is F;-adapted and square-integrable;
(i) I(t),t > 0} is an F-martingale and

T
E| sup [1(0)]] §4/ E|® ()| ds; (3.23)
0

0<r<T
(iii) {I(t), 0<t< T} has a continuous version.

Proof. Clearly, for each t in [0,T], I(¢) is .%;-adapted and square-integrable. To
prove part (ii), we fix 0 < s < ¢t < T and use the properties of conditional expectation
and Brownian motion to obtain

E(I(t) |f/1.) - E[/Osdl(r) dB(r)m] +E[/Std5(r) dB(r) |9}}
— E(I(s) |ys) +E([<p(r) dB(r) |3rs) —1(s).

The inequality (3.23) follows from Doob’s martingale inequality.
As to (iii), let (¥,) be a sequence of simple stochastic processes such that

T
lim [ E|®(s)—¥(s)| ds =0.
0

n—oo

Note from the continuity of the Brownian motion that the indefinite integrals

1(t) :/Ot‘E,(s)dIB%(s), 0<i<T

are continuous. By Proposition 3.20(ii), the stochastic process {In(t) —Iy(1),1€0<

r < T} is a martingale for each pair of integers n, m. Hence, by Doob’s martingale
inequality, it follows that for any € > 0,

P{(x) : oi?gr |Ii(0,1) = Ly(w,1)] > 8}
S éEVn(T) _Im(T)|2

1 T
= L [ B ) s — 0 s mm oo,
0

Hence, we may choose a subsequence ny T oo such that

P{w: sup |In

0<t<T

(0,0) = Iy (@,1)] =27} <27,

k+1

By the Borel-Cantelli lemma, we have
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k+1

P{a): sup |I,,

,t)— I,,k(a),t)| > 27 for infinitely many k} =0.
0<i<

That is, there exists a set Qy € . with P(2() = 0 and a positive integer k(®) such
that for every @ € Qf,

sup L,y (0,1) = I (0,1)] < 27k for k> k(m).

0<t<

Therefore, (I, (®,-)) is uniformly convergent on [0,7] for each @ € Qf and the
limit, denoted by J(@,?), is continuous in # € [0, 7. Since I, (-,t) — I(-,t) for all ¢,
we must have

I(t) =J(r) as. forall r € [0,T].

3.3.3 It6 Integrals with Stopping Time

Let 7 be a stopping time and define

1if r <,

Lo (1) =
0if r >,

the indicator function of [0,7]. Then, the stochastic process {1[0,1:] (t),t > O} is
Zy-adapted. Indeed, for each z > 0,

0 if a <0,
{w:l[o,f(a,)](t)ga}: {o:t1(w) <t} eZif 0<a<l,
Qe % if a<1.

Thus, {I[O,r] (), > 0} is F-adapted. It is also predictable.
We can now define the stochastic integrals with stopping time.

Definition 3.31. Let ¢ € ¥/([0,7];R) and let T be an .%-stopping time such that

0 <1 <T.Define
T T
/0 ®(s) dB(s) :— /0 10,4/ () D(5) dB(s) . (3.24)
Furthermore, if ¢ is another stopping time with 0 < ¢ < 7, we define

/<15 )dB(s /d) )dB(s /<15 )dB(s (3.25)

Note that the integral (3.24) is well defined because the stochastic process
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{1[071] (1)P(t),t €0, T]} belongs to #'([0,T];R). Hence, the integral (3.25) can be
rewritten as follows:

/qb ) dB(s /1(” (s) dB(s). (3.26)

The following properties can be deduced easily from Proposition 3.19.

Proposition 3.21. Let @ € ¥ ([0,T];R) and let 6, T be two stopping times such that
0<o0<1t<T.Then

(z)E/q> )dB(s ]
(n)E‘/cD dB(s ’:

/|q> ) as)

3.3.4 Ito Formula

In the last two subsections we defined the Itd integral of the form [ @(s) dB(s) and
collected its properties. However, with the exception of simple processes we do not
have tools to calculate Itd integrals and to proceed some simple operations on them.
It is now our objective to provide such a tool like the it6 formula. Here, we present
two versions of the Itd lemma.

In what follows, we use the following notation for the partial derivatives of f:

i=1

X]=t,Xp=X

iE.3) = - f,2) 2

)

ij=1,2.

X1=1,X=X

d
fij(t,x) = mf(xbxz)

Theorem 3.4. (Version I of It6 formula) Ler f(t,x) be a function whose second-
order partial derivatives exist and are continuous. Then

f(t,B()) — f(s,B(s))
—/ £(0,B(c)) + fzz( B(o ))}dﬁ[fz(a,]ﬂa(a))dﬁ(o),s<t.

Proof. Assume that f(¢,x) has continuous partial derivatives of at least second or-
der. Write B(z + dt) —B(z) for the increment of B on [r,7 + df]. Using Taylor expan-
sion we can write
ft+dt,B(t+dr))— f(s,B(s)) (3.27)
= fi(t,B(z))dt + fo(t,B(t)) dB(r)

3 [ B0) + 27120, B)) de dB() + £l B0 (@B ()
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Now, let us introduce formally a multiplication table.

dtdt =0, dB(t)dt =0,
dB(t)dB(t) =dt, dtrdB(r)=0

As in classical calculus, higher-order terms in (3.27) are negligible, and so are the
terms with factors dt dB(¢) and (dt)?. However, since we interpret (dB(¢))? as dt,
the term with (dB(z))? cannot be neglected. We then have

f(6,B(t)) = f(s,B(s))
1 t
_ / f1(0,B(0)) + 3 f22(0, B(0))] dG—i—/ 50, B(c))dB(c), s <1,
s
as desired.
Theorem 3.5. (Version II of Ito formula) Let X be an Ité process given by
dX(t)=a(t)dt+b(r) dB(t) (3.28)

with both, a(t) and b(t), being adapted to Brownian motion B, and let f(t,x) be a
function whose second-order partial derivatives exist and are continuous. Then

[, X (1)) = f(s,X(s)) (3.29)

= [ [(e.x(@)+a(0) f0.X(0)) + 3 6(0 (0. X(0)| do

+/ &) fo(c,X(0)) dB(c), s < 1.

Proof. To justify formula (3.29), we proceed as before. We use a Taylor expansion
for f(t+dt,X(t+dt)) — f(¢,X(t)) as in (3.27), where B is replaced with X, and X
is defined in (3.28). Now, neglecting high-order terms, starting with terms involving
(dt)? and dt dB(t), and making use of (dB(z))? = dt, we obtain the desired formula.

Formula (3.29) is often written as follows:
J(,X(t) = f(s,X(s))
= / [fl(G,X(G)) + % b(6)fr(0,X(0))|do

+/1b(6)f2(G7X(G))dX(°)7

where
dX(t) =a(t)dt+b(r)dB(t) .
To illustrate the usefulness of It&’s formula, we provide some examples.
Example 3.16. Let us evaluate the stochastic integral / t B(s)dB(s). To do this, take
f(t,x) = 1x2. Noting B(0) = 0 and applying Itd’s f0r£ula yield



3.3 Stochastic Integrals in One Dimension 97
1, [ '
1By = / Zds+ / B(s) dB(s)
2 02 0

l !
_ Et+/0 B(s) dB(s).
Hence, /0 "B(s) dB(s) = %B(r)z - %t.

Example 3.17. Consider the following stochastic equation:
dX(tr) =rX(t)+cX(t)dB(1),

where rX (r) dt represents exponential growth, r > 0, and where ¢X (r) dB(t) repre-
sents environmental variation, ¢ > 0. Now, take f(#,x) = Inx. Applying It6’s formula
gives

InX () — InX(0) = /Ot (r— % 2) ds+c/0t dB(s)

In (;((((t)))) = (r— %CQ)IJrCB(t) .

Thus, X (¢) = X (0) exp [(r — % AN+ cIB%(t)} .

3.3.5 Diffusion Process

To end this section, we now define infinitesimal drift and variance of a diffusion.
Let us first introduce the following definition.

Definition 3.32. A stochastic process X = {X (t),t > 0} is said to be a Markov
process if

E[£(X(+9)| 7] =E[f(X(+5) 1X()]
forall#,s > 0and all f: R — R Borel measurable functions such that
E|f(X(1))] < oo forall .
Under reasonable conditions on p(-) and o(-), there exists a solution X =
{X (t),t> O} to (3.18). The state stochastic process X is called a diffusion or It6

process. It is a Markov process with continuous paths and is time-homogeneous in
the sense that

P{X(t+h)€ -|X(u): 0<u<t}=Ph,X(1),),

where
P(h,x,B) = P.{X(h) € B} .
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Note that when /4 > 0 is small,

X0 X(0)= 1OX(5) s+ [ (X (5)dB(5)~ (X (0)) -+ G (K(0) [B)-B(0)].

Hence,
Eq[X(h) —x] = p(x)h +o(h)

and
E.[(X(h) —x)*] = 6*(x)h+o(h)

as h — 0. As aresult, t(x) is called the infinitesimal drift of the diffusion X at x and
o2 (x) is the infinitesimal variance of X at x.

Further discussions on this topic may be found in Doob [65] and Karlin and
Taylor [108].

3.4 Wiener Process and Stochastic Integrals in a Hilbert Space

In the previous section, we presented the elements of Stochastic Calculus for real
stochastic processes. These elements are also valid for stochastic processes taking
their values in a separable Hilbert space. However, the extensions can be connected
with some difficulties when we would be interested, for instance, in analytical prop-
erties of sample paths of such processes.

Of interest to us will be operator-valued random variables and their integrals.
Let K and H be two separable Hilbert spaces with norms H . | and inner

K HIHI
products (-, -)p, (-, ). respectively. From now on, without further specification
we always use the same symbol || : H to denote norms of operators regardless of the
spaces involved when no confusion is possible.

3.4.1 Wiener Process in a Separable Hilbert Space

Let (,.%,P,.7) be a filtered probability space and let 3,(¢) (n =1,2,3,...) be a
sequence of real-valued standard Brownian motions mutually independent on this
space.

Set

W) = Y v/ Balt)en, 120,
n=1

where A, > 0 (n > 1) are nonnegative real numbers and (e,),>; is the complete
orthonormal basis in K.
Let 2 € B(K,K) be the operator defined by Ze,, = A,¢, such that
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Tr2 = Z A < oo,
i=1

Clearly, EW(¢) = 0 and for all + > s > 0, the distribution of W(r) — W(s) is
N(0,(t—5)2).

The above-mentioned K-valued stochastic process W(z) is called a 2-Wiener
process. In case the time set is R, W can be obtained as follows: let {W;(z), 1 €
R}, i= 1,2, be independent K-valued 2-Wiener processes, then

Wi(r) if +>0,
W(r) =
Wo(—1) if ¢ <0,

is a Z-Wiener process with R as time parameter and with values in K.

3.4.2 Stochastic Integrals in a Hilbert Space

In order to define stochastic integrals with respect to the 2-Wiener process W, we
. 1 _ . . .
introduce the subset Ko = 22K, which is a Hilbert space equipped with the norm

lallg, =122l we Ko,
and define a proper space of operators

L9 = LY(Ko, H) = {lp € B(Ko, H) : Tr[(P2'/2)(w2'/2)"] < oo} :

the space of all Hilbert-Schmidt operators from Ko into H. It turns out that L9 is a
separable Hilbert space with norm

||'y||ig =Tr[(W2'?)(¥2'?)"] forany WeLS.
Clearly, for any bounded linear operator ¥ € B(K, H), this norm reduces to
]y = el o).

Forany T >0, let @ = {D(z), t € [0,T]}, be an .%;-adapted, }Lg—valued process,
and for any ¢ € [0, T], define the following norm:

@l == {E/Ot Tr[(@2'2)(2.2'7)] ds}l/z. (3.30)

In general, we denote all L(z)-valued predictable processes @ such that ||®|7 < o

!
by %?([0,T],LL9). The stochastic integral /0 P (s)dW (s) € H may be well defined
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for all @ € %2([0,T];L9) by

/0, (s) dW(s) —hmZ/ (s) vV AieidBils), t €[0,T],

n—oo

where W is the 2-Wiener process defined above.

Proposition 3.22. For arbitrary T > 0, let ® € % *([0,T];LY). Then the stochastic

t
integral / D(s)dW (s) is a continuous, square integrable, H-valued martingale on
0

[0,T] and
EH/cb £ dW(s)||% =

o el0,7]. (3.31)

1
In fact, the stochastic integral / P(s) dW(s), r > 0 may be extended to any
0
]Lg-valued adapted process P satisfying

ot
o: [ | o(@.s)[fyds <= 0<r<T) =1,
Jo 2
Moreover, we may deduce the following generalized relation of (3.31):
t t
EH/ D (1) dW(s)||7, < E/ l®(s)|[fgds. 0<1<T. (332)
0 0

Note that the equality holds if the right-hand side of this inequality is finite.
The following proposition is a particular case of the Burkholder—Davis—Gundy
inequality.

Proposition 3.23. For any p > 2 and for arbitrary Lg—valued predictable process
D(t),t €[0,T], one has

[sw || [ e)aws)”] <ce] [ o] 63

s€(0.1]

for some constant C), > 0.

For a proof, see, e.g., Da Prato and Zabczyk [47] or Seidler and Sobukawa [164].

Finally, let us quote Theorem 3 from Da Prato and Zabczyk [46], which is a
stochastic version of the Fubini theorem and enables us to interchange stochastic
and Bochner integrals.

Proposition 3.24. Let (G,9, 1) be a measure space, let h: Q x [0,T] x G — L9 be
an 7 @ A(]0,T)) @ G-measurable mapping such that h(-,-,x) is an (% )-adapted
stochastic process for each x € G and

/G (/(;TE’|h(t7x)’|@2Lg) " () < .
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Then

//htxdW())du //htxd,u W(t) P as.

3.4.3 Stochastic Convolution Integrals

Let (2,.7,P,.%) be a filtered probability space. Let A = {(s,¢): 0<s<r<T}
and suppose that U = {U((t,s) : (s,1) € A} is an evolution operator as in Chapter 2.
Denote by . the o-field of (.%;)-progressively measurable sets over 2 x R and
by ¥ an .#/ -measurable Lg—valued process.

Define

ot
1) :/ Ut, ) (s)dW(s), 0<1 <T.
0
This integral is well defined provided that
't
/ [U(t,5) (s)|Pgds < oo Pas, 0<t<T.
Jo 2

Such an integral is called a stochastic convolution integral.
From the formula

/Gl(t—s)g_l(s—c)_éds: ﬁ, foro<s<t, £ €(0,1),

established in Da Prato, Kawapian, and Zabczyk [45], it follows that

/0 U (t,5) % (s) dW(s) = Smﬁ”é (ReSw) (1) as. (3.34)

where .
(ReSw)(0) = [ (=95 1U(1,5)2(s) ds
0
with :
Sw(s) = / (s—0)SU(s,0)¥(c) dW(0).
Jo
The use of the representation (3.34) is the very core of the factorization method as
treated in Da Prato, Kawapian, and Zabczyk [45] and Da Prato and Zabczyk [48].

It is possible to derive estimates for /(¢) provided that the evolution operator U is
exponentially stable, that is,

Ul(t,s)|| < Me80) (3.35)
(t,5)

for some constants M > 0 and 6 > 0 and for all > s > 0.
Let Hy, o € [0, 1] be intermediate Banach spaces such that Hy = H, Hpg is con-
tinuously embedded into H, whenever 1 > > v > 0, and for each p € [0, 1] there
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exists a constant L, such that

Ul(t,s) € B(H,H,) and [|U(t,s)| < (tfi”s)p

forall0 <s<t<T.
As in Chapter 2, we shall denote the norm in Hy, simply by || -||,-
We now state the maximal inequality.

Proposition 3.25. Let p > 2, a € [0, 5 ) Let ¥ : Q x [0,T] — L3 be an (F)-
adapted measurable stochastic process such that

/EH'P (5)[2g ds < .

/ Ult,s) W(s) j SC/OTEH'P(S)HE(Z)C{S

where the constant C depends only on p, o, T, and U.

Then

[ sup

0<t<T

For the proof, we refer the reader to Seidler [163].
The above proposition can be extended to (.%;)-adapted measurable stochastic
processes whose time set is R.

Proposition 3.26. Let p > 2, 0 < a < 1, (x+% <é< %, and ¥ : Q xR — L3 be
an (%,)-adapted measurable stochastic process such that

E||®(r)]|7y < oo.
supE|[#(1)]|7

Then .
(i)EH [ (1= FU(1,5)P() P (s) W)

p

< C,NPC\(I",&,8,p)supE|| (1) |7 o:
teR 2
t P
(ii) EH / U (t,5)P(s)¥(s) dW(s)
- o
<C,M(a)PCo(I', e, &,8,p)Ci(I',E,8,p supEH'I/ H]LO’
I P
(iii) EH / U (t,5)0(s) ¥ (s) dW(s)
! o
<CpM(a)’Cy (", a,8,8,p)C1(I",6,8,p supEH‘P )iy

where



3.4 Wiener Process and Stochastic Integrals in a Hilbert Space 103

Gr &5 =N (1= 25| % ag)

1
g =[S (L)1 2] s,

T

(T, 0, E,8,p _]S”‘ 5)‘ (5)[1"(1——(14—05 g))} Pl plat)

with I a classical Gaussian function. Here, P(t), t € R are projections that are
uniformly bounded and strongly continuous in t, Q(t) =I1— P(t), and W is a 2-
Wiener with values in K and with time set R.

Proof. (i) A direct application of Proposition 3.23 and Holder’s inequality with the
help of (3.35) allows us to write

p

EH/_;(t—6)_5U(t,G)P(G)‘I’(G)dW(G)

t /
<C,E [/_m(t —0)7% HMr,c)P(o)‘P(c)HiQ alcf}[J ’

<C,NE [/’ (1—0) e -9 | (o)| |y do] "

<Nt ([ -0y e 0a0)" ([ ook ||y do)

<, (r(i- 2’”52)(26) —)*(;5>supEuw 0ty

<CyCi(I,E,8,p)supE[¥(0)], -
teR 2

To prove (ii), we use the factorization method of the stochastic convolution integral:

sinzwé

/;U(”)P (5) ¥ (5) dW(s) = (ReSw) (1) as

where .
(ReSw)(0) = | (155 U(t.o)P(Sw(s)ds
with 5
Su(s) = [_(s-0) SV (s.0)P(0)¥(0)dW(0).
and & satisfying 06—1-% <&<3.

p

!
We can now evaluate E / U(t,s)P(s)¥(s) dW(s)

o
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p

6|/ NU(,,s)m)qf(s) aws)|

g(sm ’E[/ (1 — s)_5HU(t,s)P(s)Sny(s)Hadsr
e

T

< M(a)? ‘sm( 5)’ (/:w(t_s)ﬁ(i—a—l)e—sa—s)ds>p71x

x ([ SRy (s)]” ds)

<M(a)PCy(T, 0, E,8,p supEHqu |7 (3.36)

On the other hand, it follows from part (i) that

E[[Sy(1)||” <C,Ci(I,&,8,p) su}gEH'P(t) [ (3.37)
te
Thus,

| [ u ) aw(s)|[;

< CM(@)' Gl @,€,8,p)C1 (.5, p)supE|[ (1)

To prove (iii), we also use the factorization method:

/ U(t,5)0(5)¥(s) aW(s)||
g(sm ‘E[/ (5= 1) U (1,9)Q(5)Sw (s) | ds|”
< M(ay|207S) e[ [CG-05 e ¥ sy (s)as]
< M(a)? )Ll(;é)’ (/tw(s NFETED 30 t>ds)p71><
( e SO |[Sy (s)[ ds)
<M(a)’C3(I",,,8,p) supEHSyu )7 (3.38)

It follows from (3.37) that

p
E

/t “U,5)0(s) P (s) AW (s)
<C,M(a)’C5(T",a,&,8,p)C1(T,E,8,p supEH‘P

HILO
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3.5 Existence of Solutions of Stochastic Differential Equations in
a Hilbert Space

During the last few decades, stochastic differential equations in a separable Hilbert
space have been of great interest to several mathematicians and various results on
the existence, uniqueness, stability, and other quantitative and qualitative properties
of solutions have been established. For example, in their book [47], Da Prato and
Zabczyk established systematic theory of the existence and uniqueness and ergodic-
ity theory for infinite-dimensional systems. The literature relative to those equations
is quite extensive; for more on this topic and related applications we refer the reader
to Appleby [9], Caraballo and Kai Liu [33], Kai Liu [106], and Luo [133, 134].

3.5.1 Existence and Uniqueness

Let us first consider the following stochastic differential equation on H of the form

dX(t) = f(X (1)) dt +g(X (1)) dW(t), t€[0,T]
(3.39)
X(O) = X0,

where f:H—Handg: H — ]L(Z) are Borel measurable, xo € H is either nonrandom
or .#-measurable, and W is a 2-Wiener process on H. This can be written as a
stochastic integral equation

X0 =0+ [ X)) ds+ [ g(X(5)dW ().

Moreover, we assume that f and g satisfy the following Lipschitz condition:
(A) There exists a positive constant C such that

1Fe) = F Ol < Cllx =1l

and
s = g0y <€ flx =l -

Therefore, according to Yor [185] and Miyahara [144], we have

Proposition 3.27. There exists a unique solution X of Eq. (3.39), which is a diffusion
with generator L:

Lh(x) = (' (x), £ () + (1/2)Tr 2" (D" (x)g(x)] -
Moreover, X has continuous paths, i.e.,

P{o:1im||X (@,1) = X(@,5)];; =0} = 1.

1—s
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Proof. See Yor [185].

3.5.2 L?-Bounded Solutions

Here, we are interested in studying L?-boundedness of the solution of the following
stochastic differential equations of the form

dX(t) =X @)+ f(t,X(¢))dt +g(t,X(¢))dW (), t € R (3.40)

with the initial condition
X(0)=xpeD(H),

where o/ : 9 = D(«/) C H — H is a densely defined closed (possibly unbounded)
linear operator, f: RxH — Hand g: RxH — ]Lg are jointly continuous functions,
and W(t) is a 2-Wiener process with values in K.

In what follows we adopt the following assumptions:

(3H)o The operator A is the infinitesimal generator of a uniformly exponentially stable
semigroup (7 (¢)):>o defined on H, that is, there exist constants M, 6 > 0 such
that

| T@)| < Me™®, 1>0.

3H); The coefficients f(-, -) and g(-, -) satisfy the following Lipschitz and linear
y g Lip
growth conditions: there exist positive constants C;, i = 1,2 such that the fol-
lowing conditions are satisfied:

’|f(t,)€)—f(t,y)" <G H-x_y
||g(t7x)_g(t7y)“]]_‘g <G ||X—)’H7

)

forallz € R, x,and y € H.
(3H), There exists a constant C such that

a0l + o)y <

forallt € R and x € H.
For convenience, we recall from Ichikawa [104] two kinds of solutions of (3.40).

Definition 3.33. A stochastic process {X (t),t € R} is said to be a strong solution
to (3.40) if
(i) X (¢) is adapted to .Z;;
(ii) X (¢) is continuous in ¢ almost surely;
T
(iil) X (¢) € 2 for any 1 > 0, / |AX (1)|| dt < eo almost surely for any T > 0,

and
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X(t) = X(s) + /ZAX(G) dcr—l—/tf(o,X(o)) do + /Otg(c,X(G))dW(c)
for all # > s with probability one.

In most situations, we find that the concept of strong solution is too limited to
include important examples. There is a weaker concept, mild solution, which is
found to be more appropriate for practical purposes.

Definition 3.34. A stochastic process {X (1)t € R} is said to be a mild solution to
(3.40) if

(1) X () is adapted to F;

(ii) X (¢) is continuous in ¢ almost surely;

(iii) X is measurable with [ ||X (1) ||2 dt < oo almost surely for any 7 > 0, and

X() :T(t)X(s)+/;T(t—O')f(G,X(G))dG—&—/S[T(t—G)g(G,X(G))dW(O‘)

for all # > s with probability one.

Let p > 2 and denote by L”(,H) the collection of all strongly measurable, p-th
integrable H-valued random variables. It is then routine to check that L”(Q,H) is a
Banach space when it is equipped with its norm defined by

1/p
IVl m = [EIVIP]

foreach V € L7(Q,H).
Let BUC(R; LP(Q;H)) stand for the collection of all processes X = {X (t),te

R}, which are bounded and uniformly continuous in L”(Q,H). We can, and do,

speak of such a process as a function X, which goes from R into L7 (Q;H). It is
then easy to check that BUC(R; LP(£;H)) is a Banach space when it is equipped
with a norm defined by

X le = sup X (1)l . () -
teR
In this section for simplicity we assume that p = 2.
We have the following well-known theorem.

Theorem 3.6. Suppose that the assumptions (3H )o, (3H)1, and (3H), hold. Equa-
tion (3.40) has a unique uniformly continuous and L*-bounded mild solution X (1),
which can be explicitly expressed as follows:

X(t):/_:OT(t—G)f(G,X(G))dG+/_ImT(t—G)g(G,X(G))dW(G)

¢, C
for eacht € R whenever O := 2M2(5—; + 32) 1.
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Proof. Define an operator @ on BUC(R; L*(Q;H)) as follows:

t) :/jmT(lfG)f(G,X(G))dO'Jr/ij(t—G)g(c,x(g))dw(o)'

Let us first show that ¢X(-) is uniformly continuous whenever X is. Clearly, the
mappings ¢ — f(0,X (o)) and 6 — g(o,X (o)) are continuous and uniformly L2-
bounded. That is, for any € > 0, there is an 7 > 0 sufficiently small such that

E||f(t+hX(t+h))— || <W6
and 5
E||g(+h,X (0 4-h) = g(t.X(1)|[[g < 575€
forall t € R.
Then

E||®X (1 +h) — &X (1)
' 2
< ZEH/_ T(t—o)[f(c+hX(c+h))—f(0,X(0))]do

+2H/ T(t—0)[g(c +hX(c+h)—g(o, (G))]dW(G)2

Using assumption (3H ), the Cauchy—Schwarz inequality, and isometry identity, we
have
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E|| DX (1 + 1) — dX (1)
2
< 2E[/_mHT(r—G)HHf(G+h,X(G+h)) - f(0.X(0))] do|

+2/_:<, |IT(t— o) || E||g(c+hX(c+h) —g(c,X(0))||" do

<2mE( [ 3o [ | f(o1h x(6+h) - f(o.X(0) | do)
+2M2/t e B E|g(c+h,X(c+h) —g(0,X(0))| do

< 2 M? ([ ¢~ 8—0) dg)z supEHf(G—l—h,X(G—Fh)) —f(G,X(G))Hz)

ocR

+2M2(/t e 2079045 ) supE||g(c+h,X (0 +h)) ~ 8(0,X (o))
—oo oeR
M? 2
<2 ? SupE||f(G+h,X(O'+h)) 7f(O-vX(G))||
oeR

M? 2
+ < sup E|[g(c+h,X(0+h))—g(c,X(0))]
ocR

<
Next, we show that ®X () is L>-bounded. For a fixed # € R, we have
Bl @x()|* < 28] [ 7(-5)5(s:X(5)) as]
28] [ T 5)gl.X () aWo)|
=1 +L.

Using assumption (3H)o, an application of the Cauchy—Schwarz inequality, fol-
lowed by (3H )a, gives us

b2 B[( [ e x)])]
< ZMZ(/jwefS(t—s)ds)(/O[ SR f(s.X(5)) | ds)

<2(f_eoas) sl x|

5>0
2

y .

As to I, in a similar manner (with the additional help of It6 isometry), we have

<2C-
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! 2 2
L2 [ || E]ss, %)y ds
<202 [ IE|g(s, )|y ds

<2 Mz(/t e~ 2809 g )supEHg 5, X (s H]LO

M2
< C-—.
- o
Combining, we conclude that
E||ox (1| < 2M2-c(i+l) (3.41)
- 62 48

forallt € R.
Finally, we will show that @ is a contraction. Let X and Y in BUC(R;L?*(,H)).
Proceeding as before, we obtain

E||®X (1) — Y (1)
2

<[ 16-0)[f(eX(0) - f(o¥(0))] do

' 2
+2EH/_OOT(I_G) [(0,X(0)) —g(0,Y(0))] dW(0)

Using assumption (3H )y, an application of the Cauchy—Schwarz inequality, isome-
try identity, followed by (3H),, gives

E||®X (1) — @Y (1)||°
< 2M> (/_;e*(’*") dc) (/_lme*5<f*0>E||f(c,X(c)) f(o,Y(c H do)

+2M2/l ¢ 0E|3(0.X(0)) ~g(0.¥(0))|*do

<G (/t e 0 dc) (/t 675(176)EHX(0)—Y(G)szc)

+2M* - Cz/t e B-9E||X(6) - Y (0)|]* do
<oM? - (/t ¢~3-0) dcr)z sup E|[X(0) — ¥ (0)|
—o ocR
oM cz(/t e 200045 supE[|X () ¥ (o)
— oc€R
€, C
<o’z +5) [x -7

<o |x-v|2
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Consequently, if ® < 1, then @ is a contraction mapping and this completes the
proof.

3.5.3 Stochastic Delay Differential Equation and Exponential
Stability

Let us now allow the coefficients of the stochastic differential equation (3.40) to de-
pend on values in the past. We then obtain the so-called stochastic delay differential
equation.

Here, we are interested in studying the following stochastic delay differential
equations of the form

dX (1) =X @)+ f(t,X)dt +g(t,X)dW(r), t e Ry (3.42)
with the initial condition

where & : ¥ = D(«/) C H — H is a densely defined closed (possibly unbounded)
linear operator, the history X; € C; = C([—1,0],H) with T > 0 (X; being defined by
X,(8) :=X(t +0) for each 6 € [-7,0], f: Ry xC; — Hand g: Ry x C; — L9
are jointly continuous functions, and W(r) is a 2-Wiener process with values in K.
Here, C; is the space of continuous functions from [—7, 0] into H], equipped with the
sup norm given by

1/2
lelle, = (_sup_ @)

Such an equation is called a stochastic autonomous differential equation with finite
delay.
In what follows, in addition to (3H )y we require the following assumptions:

3H)3 The coefficients f(-, -) and g(-, -) satisfy the following Lipschitz and linear
y g Lip
growth conditions: there exist positive constants K; (i =1,2,3) such that the
following conditions are satisfied:

[£(t,2) = fe.9)]] < Ko [[x =],
g(t,2) = 8(t.3)|1g < Ko [x—y

Cr?
70+ N80y < Ks (1 e, )
for all x, y € C;.

Definition 3.35. A stochastic process {X (1), 1> O} is said to be a mild solution of
(3.42)if
(i) X (¢) is adapted to .Z;;
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(ii) X (¢) is continuous in # almost sure;
(iii) X is measurable with fOT HX (1) HZ dt < oo almost surely for any 7 > 0, and

X(1;0) :T(t)(p(O)—|—/(:T(t—s)f(s7XS)ds+/0tT(t—s)g(s,XS)dW(s)

for all #+ > 0 with probability one;
(iv) X(¢) = (1), —t <t <0, almost surely.

Here, since we are now mainly interested in the exponential stability of the mild
solution to (3.42), we introduce the notion of such stability. For the purposes of the
stability of (3.42), we shall assume that

f(2,0) =g(z,0) =0 forany t >0,

so that (3.42) admits a trivial solution when ¢ = 0.
We denote a global mild solution of (3.42) corresponding to ¢ € C; by X(z;¢),
if one should exist.

Definition 3.36. X (1; @) is said to be exponentially stable in mean square if there is
a pair of positive constants A and C such that, for any initial value ¢ € C,

EHX,(-;(p)HéT < CH(pHéTeJ” forallt>0.

We obtain the following well-known theorem.

Theorem 3.7. Suppose that the assumptions (3H )o—(3H )3 hold. Then the mild so-
lution X (t; @) of (3.42) is exponentially stable in mean square whenever the positive
constants K; (i = 1,2,3) are small enough.

Proof. The proof of the existence and uniqueness of a mild solution of (3.42) is
omitted. It can be obtained by the well-known Picard iteration. For the sake of clar-
ity and completeness, the proof of the exponential stability of the solution is repro-
duced here even though many authors (e.g., Keck and McKibben [110], Luo [133])
obtained the stability with a more general equation than (3.42).

For a fixed t > 0, we have

E[X (1)
2

<3 sup
-1<6<0

5 t+0
IT(t+0)p(0)]l +3EH/O T(t+06—s)f(s,Xs)ds

|

+3EH /O O+ 6 — s)g(s,X,) dW(s)

=L +5L+15.

Using (3H)y yields
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I <3M[|O)" sup [em2+0] < 3M?g(0) e 20
—7<6<0

Next, using again (3H ), an application of the Cauchy—Schwarz inequality, followed
by (3H)3, gives us

I'2§3M2 sup E[(/()t+9 S(t+6— Hst H)}

—1<6<0
0 0
<3 swp [{([ et as) ([ e g s, x| as) )]
—7<0<0 0 0
M2 1+6
<3— sup e OO EHst H ds
—1<6<070
M, [
<375k [ e IE|XE

As to I3, in a similar manner (with the additional help of It isometry), we have

, 1+6 5 5
I,=3- sup [/0 ||T(t—|—9—s)” EHg(&XS)HLg ds]

—1<6<0

<3.M? su 0 asure- R
p [[e (6.0 g s
0

—1<6<0

t
<3-K3- M [ e dIE|IX|, ds
0 T
Combining, we conclude that

E|X|?

le, < 3m2[[@(0)] e~

(K} 2\ 1 s 2
+an? (=L +K2)/ e IR x, |2, ds. (3.43)
0 0 .
Now, taking arbitrarily & with 0 < & < & and T > 0 large enough, we obtain that
T
| e, ar
2 250 [T (6
<302 [g(O)|e% [ e Eray
0
K} T T s
+3u? (=L +K22)/ e*<5*5>f/ O E||X, |2, dsdt. (3.44)
0 JO T

On the other hand,
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/ /5‘E||X||C dsdt = // eVE X |2 e ¢ drds
JO
= [ Ex2 / S} ds

7/0 ¢S E||X,||¢. ds. (3.45)
Substituting (3.45) into (3.44) gives

T
| Bl 2, ar < 31290 ||2 éf/ e 081y
0 T

K. 2
+3 45 §SE||XS||CT ds, (3.46)
where )
Ki= 3MZ(% +K22) .

Since K4 can be small enough by assumption, it is possible to choose a suitable &
with0 < & <6 — 51%45 such that

Hence, letting T — oo in (3.46) yields
1 (=5

Ky [3M2H(p(o)Hze&/0 e*(5*5>fdt}
0-¢

< K(8.6)[lollc,-

°° 2
| Bl an < -

Therefore, we can deduce from (3.43) that

E|X||?

!
I, < 3%lp)|Fe S v kie & [ E|XZ, ds

< [332|00)] P57+ Ky -K(8.8) o7, | e
<K(5.8) ol .

as desired.

3.6 Bibliographical Notes

In this chapter, we began by recalling some elementary definitions on probability
theory which can be found in any good textbook on probability. The material pre-
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sented here on sequence of events, random variables, convergence of random vari-
ables, and conditional expectation was mostly taken from Billingsley [29], Casella
and Berger [34], Grigoriu [82], Mikosch [142], and Pfeiffer [154]. This enabled
us to introduce the theory of stochastic processes. The latter is based on non ele-
mentary facts from measure theory and classical functional analysis. The concept
of martingales was also discussed. The martingales constitute an important class
of stochastic processes. The subsections on continuity, separability, measurabil-
ity, stopping times, Gaussian processes, and martingales were taken from Bakstein
and Capasso [15], Bauer [17], Grigoriu [82], Kallianpur [107], Métivier [140], and
Mikosch [142]. The Itd integral was subsequently introduced. Its definition goes
back to 1t6 (1942-1944) who introduced the stochastic integral with a random inte-
grand. In 1953, Doob made the connection of It6 integration and martingale theory.
It integration plays a key role in constructing solutions of stochastic differential
equations. The presentation on Itd integration given here follows closely that of
@ksendal [150], Mao and Yuan [135], and Da Prato and Zabczyk [47]. In addition,
stochastic convolution integrals were introduced. They play an essential role in the
construction of stochastic partial differential equations involving sectorial operators.
The material used in our presentation on stochastic convolution integrals was taken
from Seidler [163]and Seidler and Sobukawa [164]. The concept of It6 integral led
us to study stochastic differential equations in a separable Hilbert space. Stochastic
calculus discussed in this chapter remains valid in this space. The investigation for
stochastic differential equations has attracted considerable attention of researchers.
Recently, many authors have studied existence and uniqueness, boundedness, sta-
bility, and other quantitative and qualitative properties of solutions to stochastic dif-
ferential equations. One of the techniques to discuss these topics is the semigroup
approach. Many important results have been reported; see for instance Appleby [9],
Caraballo and Kai Liu [33], Fu [77], Ichikawa [104], Keck and McKibben [110],
Luo [133, 134], Kai Liu [106]. The material used in our presentation on stochastic
differential equations was collected from those sources.






Chapter 4
P-th Mean Almost Periodic Random Functions

The concept of almost periodicity is important in probability especially for investi-
gations on stochastic processes [11, 46, 66, 109, 167, 172]. The interest in such a
notion lies in its significance and applications arising in engineering, statistics, etc.

The concept of almost periodicity for stochastic processes, which is one of the
central questions to be treated in this book, was first introduced in the literature in
late 1930s by Slutsky [166], who then obtained reasonable sufficient conditions for
sample paths of a stationary process to be almost periodic in the sense of Besicov-
itch, that is, B2-almost periodic. A few decades later, two other investigations on the
almost periodicity of sample paths followed the pioneer work of Slutsky. Indeed,
Udagawa [173] investigated sufficient conditions for sample paths to be almost pe-
riodic in the sense of Stepanov, and Kawata [109] studied the uniform almost peri-
odicity of samples paths. A decade ago, Swift [167] extended Kawata results within
the framework of harmonizable stochastic processes. Namely, Swift made exten-
sive use of the concept of uniform almost periodicity similar to the one studied by
Kawata, to obtain some sufficient conditions for harmonizable stochastic processes
to be almost periodic.

Let (2,.7,P) be a probability space. In this chapter, we introduce and develop
the notion of p-th mean almost periodicity. Among others, it will be shown that
each p-th mean almost periodic process is uniformly continuous and stochastically
bounded [132]. Furthermore, the collection of all p-th mean almost periodic pro-
cesses is a Banach space when it is equipped with its natural norm. Moreover, we
also establish two composition results for p-th mean almost periodic processes (The-
orems 4.4 and 4.5). In the next chapters, basic results on p-th mean almost periodic
processes, especially Theorems 4.4 and 4.5, will be, subsequently, utilized to study
the existence (and uniqueness) of p-th mean almost periodic solutions to various
stochastic differential equations on L”(Q,H) where H is a real separable Hilbert
space.

One should point out that several contributions on the study of almost periodic
solutions to stochastic differential equations can be found in the literature, see, e.g.,
[11,46,172].

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 117
DOI 10.1007/978-1-4419-9476-9 4, © Springer Science+Business Media, LLC 2011
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4.1 Almost Periodic Functions

4.1.1 Introduction

First of all, let us mention that most of the material on almost periodic functions
presented here is taken from the book by Diagana [51]. Obviously, there is a vast
literature on almost periodic functions. Here we chose, for convenience, to use the
concept of almost periodicity in the sense of H. Bohr (1887-1951), which is equiv-
alent to the other classical definitions. For more on almost periodic functions, we
refer to the landmark books by Bohr [32], Corduneanu [42], and Fink [73].

4.1.2 Basic Definitions

If (A, ||-||) is a Banach space, then C(RR, %) will stand for the collection of continu-
ous functions from R in Z. As usual, BC(R, %), the space of all bounded continu-
ous functions from R into 4 introduced in Chapter 1, will be equipped with the sup

norm. Similarly, BC(R x %) denotes the space of all bounded continuous functions
from R x % in A.

Definition 4.1. A function f € C(R, %) is called (Bohr) almost periodic if for each
€ > 0, there exists Tp(€) > 0 such that every interval of length Ty(€) contains a
number T with the following property:

| f(t+7)—f(1)|| <€ foreachs€R.

The number 7 above is then called an e-translation number of f, and the collection
of such functions will be denoted AP(.%).
It is well-known that if f € AP(%), then its mean defined by

exists [32]. Consequently, for every A € R, the following limit

r

a(f,2) == lim 1 f(t)e ™ dr

r—o 2r J_

exists and is called the Bohr transform of f.
It is well-known that a(f, A1) is nonzero at most at countably many points [32].
The set defined by

oy (f) = {/1 eR:a(f,A) #0}

is called the Bohr spectrum of f [128].
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Furthermore, the following approximation theorem is well-known:

Theorem 4.1. (Approximation Theorem) [132, 128] Let f € AP(). Then for every
€ > 0 there exists a trigonometric polynomial

n
R =Y e
k=1

where ay € B and A, € op(f) such that ||f(t) — Pe(t)|| < € forallt € R.
We also have the following properties of the mean:

Proposition 4.1. Let f,g : R — C be almost periodic functions and let a € C. Then

(i) A (f(1)) =M(f(1));

(ii) A (00 f (1)) = aM(f(1));

(iii) A (f(t)) > O whenever f > 0;

(iv) A (F(0) + 8(0) = A (£(1)) + A (810)).

Furthermore, if (f,(t)) is a uniformly convergent sequence of almost periodic
Sfunctions which converges to f(t), then

lim . (f,(t)) = 4 (f(2)).

n—o0

Proof. The proof is left as an exercise.

Example 4.1. (i) Each periodic function ¢ : R — 4 is almost periodic.
(ii) The function f (1) = sinf + sinta where o € R — Q, is a classical example
of an almost periodic function on R, which is not periodic.

N
(iii) Any trigonometric polynomial in the form P(¢) = Z are™* where a, € B
=0
and s; € Rfork=0,1,...,N, belongs to AP(%).

Remark 4.1. Let f,g: R — 98 be almost periodic functions and let o € R. Then the
following hold:
(1) f + g is almost periodic; if f, g are C-valued, then f.g is also almost periodic.
(i)t +— f(t+ ), t+— f(ar), and t — o f(¢) are almost periodic.
(iii) Each almost periodic function is bounded.

4.1.3 Properties of Almost Periodic Functions

Proposition 4.2. [61] If f : R — A is almost periodic, then f is uniformly continu-
ous int € R. Moreover, the range R(f) = {f(t) ‘te R} is precompact in .

Proof. First of all, notice that every trigonometric polynomial is uniformly contin-
uous. Let f € AP(Z). According to Theorem 6.16, for every € > 0 there exists a
AB-valued trigonometric polynomial Py such that
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€
£ (1) = Pe(n)ll < 3

forall t € R.
Now from the uniform continuity of P, there exists §: > 0 such that

€
1Pe(r1) = Pe(22) | < 5, 11 12| < &

From

1F(00) = F@)l] < {1 (0r) = Pe(t) |+ [[Pe (1) — Pe(r2) [| + || Pe (22) — S (22

it follows that
/(1) = f(R)l <&, |n—nf <&,
and hence f is uniformly continuous.
It remains to show that the range R(f) = {f(t) e R} is precompact in %.

Here again, from the almost periodicity of f, for each € > 0 there exists /¢ > 0 such
that every interval of length [/ contains a number 7 with the following property:

|U0+ﬂ—f®H<§,WER.

Since f([0,l¢]) is compact in 4, let us choose a finite sequence 71, ...,#, € [0,/¢] such
that

7 € UB(ra). ).
i=1

where B(x,r) ={y e B : |ly—x| <r}.
Now let € R, 7 = 7(¢) such that 0 <7+ 7 < I, tj an element of the sequence
t1,...,ty such that f(t + 1) € B(f(t;),%). Then

1F@) = fE)I < F @) = fE+ DN+ +7) = fE)l <e

so that

Thus from the arbitrariness of € it follows that R(f) is precompact.

Proposition 4.3. [61] Let f € AP(R). If g € L'(R), then f * g, the convolution of f
with g on R, is almost periodic.

Proof. Since f is continuous and g € L!(R), it is not hard to see that the function
t — (f*g)(¢) is continuous. Moreover,

|(f &))< [If1llglh

for each € R, where [|g||; is the L!-norm of g, and therefore f * g € BC(R,R).
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It remains to prove that f * g is almost periodic. First of all, note that when g =0
there is nothing to prove. From now on, we suppose g # 0.

Since f € AP(R), for every € > 0 there exists 7p(€) > 0 such that for all § € R
there exists 7 € [8, 6 + Tp(€)] with

€
If(c+71)—f(o)] < el foreach o € R.
&l
In particular, the following holds:
€
|f(t—s+‘c)—f(t—s)|<W foreachoc =t—scR. (4.1
8l

Now

(Feg)e+ - (Feg))= [ {fi—0+1) [~ 0)lg(o)do, (€.

Thus from Eq. (4.1) and the fact that g € L' (R) it easily follows that

loe(f+8) = (f+8)ll- <&,
and hence fxg € AP(R).

Proposition 4.4. [61] If f,g: R — C are almost periodic functions and if there
exists a constant m > 0 such that

m < |g(1)]
foreacht € R, then (f/g)(t) = f(t)/g(t) is almost periodic.

Proof. Tt is sufficient to prove that 1/g(r) is almost periodic. Indeed, for each € > 0
there exists [ > 0 such that every interval of length /; contains a number 7 with the
following property:

lg(t+1) —g(r)| <m*e (1 €R).

Now

_glt+1)—g(0)

g+ D80,
_ I8+ —500)
< BExD

’ 1 1
gle+7) &)

< E.

Proposition 4.5. [61] Let (f,(t))uen be a sequence of almost periodic functions
such that f,(t) converges f(t) uniformly in t € R. Then f is almost periodic.

Proof. For each € > 0, there exists N (&) such that
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1fa(@) = fO) < 3, Vi €R, n=N(e).

W m

Since fy () is almost periodic, there exists [z > 0 such that every interval of
length I contains a number 7T with the following property:

Ifn(t+7) = fu(e)]| < § Vi €R.
Now
IF(t4+7) = Ol = 104+ 7) = e+ )+ frle+7) = ful)+ i (0) = £ 0|

<|FE+7) = Iv@+ o)l + v +7) - In (@]l
+ (@) = F@)l

_e, e ¢
3 3 3
= E.

Proposition 4.6. [61] Let f be an almost periodic function such that f' is uniformly
continuous on R, then f' is also almost periodic.

Proof. Set f,(t) =n[f(t+1)— f(t)] for each t € R for n = 1,2,.... Clearly, f, :
R — C is a sequence of almost periodic functions, which converges uniformly to f’
on the line. One then completes the proof by using Proposition 4.5.

Theorem 4.2. (Bochner’s Criterion) A function f : R — 2 is almost periodic if
and only if for every sequence of real numbers (s, ),cn there exists a subsequence
(On)nen such that { f(t + On) }nen converges uniformly int € R.

Proof. See the proof in N’Guérékata [147, Proof of Theorem 3.1.8, p. 55].

Definition 4.2. A normed vector space (%, | . H) is said to be uniformly convex if
for every 0 < € < 2 there exists a number 6(€) > 0 such that if x,y € 2 satisfy

[[x[l = [ly[} =1 and [lx—y][ > &,
then |[(x+y)/2| < 1-8(e).

Remark 4.2.(a) R" equipped with the Euclidean norm is uniformly convex.
(b) Hilbert spaces are uniformly convex.

Proposition 4.7. Suppose that the Banach space A is uniformly convex. If f : R —
P is almost periodic, then its antiderivative

F(t) = /0 ' f(o)do 4.2)

is almost periodic if and only if it is bounded in %, i.e., sup HF(t) || < oo,
teR
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Proof. See the proof in Corduneanu [42, Proof of Theorem 6.20, p. 179-180].

Definition 4.3. A function F € BC(R x %), (t,x) — F(t,x) is called almost periodic
int € Runiformly inx € I' (I" C 4 being a compact subset) if for each € > 0 there
exists Tp(€) > 0 such that every interval of length Tp(€) > O contains a number T
with the following property:

|F(t+7.x)—F(t,x)|| <€, VxeI',vteR.

Here again, the number 7 above is called an e-translation number of F, and the class
of such functions will be denoted AP(R x £).

Proposition 4.8. Let (%’, H . ||) and (93’ Al H/) be two Banach spaces over the same
field F. Let f : Rx B — B, (t,x) — f(t,x) be almost periodic in t € R uniformly
in x € B. Suppose that f is Lipschitz in x € 2B uniformly int € R, ie., there exists
L > 0 such that

||f(t,x)ff(t,y)||/ SL.Hx—yH7 Vx,y € B, t€R.

If ¢ : R — B is almost periodic, then the function h(t) = f(t,¢(t)) : R — %' is also
almost periodic.

Proof. See the proof in Corduneanu [42, Proof of Theorem 2.8, p. 61].

Definition 4.4. A function f € BC(R, %) is called (Bochner) almost periodic if
for any sequence (0, ),en of real numbers there exists a subsequence (6,)uen Of
(0} )nen such that the sequence of functions (f (¢ + 0,,)),en converges uniformly in
teR.

Theorem 4.3. A function f € BC(R, %) is Bohr almost periodic if and only if it is
Bochner almost periodic.

Proof. A detailed proof of this result in R can be found in Corduneanu [42]. Obvi-
ously that proof can be easily extended to a general Banach space 4.

4.2 p-th Mean Almost Periodic Processes

Let (22,.%#,P) be a probability space. As stated in Chapter 2, for p > 2 the spaces
LP(Q;%) and BUC(R; L?(Q; %)) are Banach spaces when they are equipped with
their respective norms | . HLP(Q% and H . Hw
Definition 4.5. A stochastic process X : R — LP(Q;9%) is said to be continuous
whenever

imE||X (1) - X (s)” = 0.

t—s
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Definition 4.6. A stochastic process X : R — LP(; %) is said to be stochastically
bounded whenever
1mwﬂNX‘bN}O

Definition 4.7. A continuous stochastic process X : R — LP(Q; %) is said to be p-
th mean almost periodic if for each € > 0 there exists /(€) > 0 such that any interval
of length /(&) contains at least a number 7 for which

supE||X(t+ 1) - X(1)||” <e. 4.3)
teR

A continuous stochastic process X, which is 2-nd mean almost periodic will be
called square-mean almost periodic.

Like for classical almost periodic functions, the number 7 will be called an &-
translation of X.

The collection of all p-th mean almost periodic stochastic processes X : R —
LP(Q; %) will be denoted by AP(R;LP(Q;.%)).

The next lemma provides some properties of p-th mean almost periodic pro-
cesses.

Lemma 4.1. If X belongs to AP(R LP(Q; %)), then
(i) the mapping t — EHX H is uniformly continuous,
(ii) there exists a constant M > 0 such that E||X HP <M, for eacht € R;
(iii) X is stochastically bounded.

Proof. The proofs for (i) and (ii) are not difficult and hence are left as an exercise.
To prove (iii), we combine both Chebychev’s inequality and (ii) to obtain

M

1 P~
supP{ X ()] > N} < o swp X (0)]|” < 7.

and hence
Jim supP{[|X (]| > N} =0.

N—eoreR
Lemma 4.2. AP(R;L?(Q2; %)) C BUC(R;LP(R2;A)) is a closed subspace.

In view of Lemma 4.2, it follows that the space AP(R;L?(2;98)) of p-th mean
almost periodic processes equipped with the sup norm || - ||°o is a Banach space.

Let (21, - Hl) and (%, | Hz) be Banach spaces and let LP(Q;%;) and
LP(;%,) be their corresponding L?-spaces, respectively.

Definition 4.8. A function F: Rx LP(Q; %) — LP(2;%,), (t,Y) — F(t,Y), which
is jointly continuous, is said to be p-th mean almost periodic in # € R uniformly in
Y € K where K C LP(Q;.%)) is compact if for any € > 0, there exists /¢(K) > 0
such that any interval of length /¢ (K) contains at least a number 7 for which

supE||F(141,Y) - F(1,Y)|[} <&
teR
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for each stochastic process Y : R — K.

4.2.1 Composition of p-th Mean Almost Periodic Processes

We have the following composition results. We prove Theorem 4.5 only and leave
the proof of Theorem 4.4 as an exercise.

Theorem 4.4. Let F : R x LP(Q; %)) — LP(Q;%,), (t,Y)— F(t,Y) be a p-th mean
almost periodic process int € R uniformly inY € K, where K C LP(Q;9%)) is com-
pact. Suppose that F is Lipschitzian in the following sense:

E||F(t,Y)—F(1,Z)|5 <ME|y —Z||]

forallY,Z € LP(Q; %) and for each t € R, where M > 0. Then for any p-th mean
almost periodic process @ : R — LP(Q;9)), the stochastic process t +— F(t,P(t))
is p-th mean almost periodic.

Proof. The proof is similar to that of Proposition 4.8 and hence omitted.

Theorem 4.5. Let F : RX LP(Q2;%,) — LV (2;%,), (t,Y) — F(t,Y) be a p-th mean
almost periodic process int € R uniformly inY € K, where K C LP(Q; %) is any
compact subset. Suppose that F(t,-) is uniformly continuous on bounded subsets
K' C LP(Q;%) in the following sense: for all € > 0 there exists 8 > 0 such that
XY €K andE||X =Y ||V < &, then

E||F(t,Y)-F(1,Z)|5 <€, VieR.

Then for any p-th mean almost periodic process @ : R — LP(Q; %)), the stochastic
process t — F(t,®(t)) is p-th mean almost periodic.

Proof. Since @ : R — LP(Q;%) is a p-th mean almost periodic process, for all
€ > 0 there exists /¢ > 0 such that every interval of length /; > 0 contains a T with
the property that

E||®(t+1)— ()| <€, VieR. (4.4)

In addition, @ : R — L”(Q; %)) is bounded, that is, supE||<15(t)||]17 < oo, Let K" C
tER

LP(Q; %) be a bounded subset such that ®(¢) € K” forall t € R.
Now

E||F(t+71,®(+71)—F(t, ()|, <2’ 'E||F(t+7,®(t+71) - F(t +1,9())|}
+ 27 'E||F(t + 7, @(1)) — F (1, ®(1))||5-
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Taking into account Eq. (4.4) (take J; = €) and using the uniform continuity of F
on bounded subsets of L”(2; %) it follows that

€
supE||F(t+1,®(t+71)) —F(t+7,0(t)) ||, < —. (4.5)
teR 2p
Similarly, using the p-th mean almost periodicity of F it follows that
€
supE||F (t+7,®(t)) — F(t,®(1))|| < (4.6)

ek 2
Combining (4.5) and (4.6) one obtains that

supE||F (1 +7,®(1+17)) - F(1, 2(1) ||; <&,
teR

and hence the stochastic process # — F (¢, ®(t)) is p-th mean almost periodic.

4.3 Bibliographical Notes

The classical results on almost periodic functions, p-th mean almost periodic pro-
cesses, and some of their proofs found in this chapter are mainly taken from Bohr
[32], Corduneanu [42], Diagana [61], or the recent papers of Bezandry and Diagana
[20, 21, 22, 23, 25, 26, 27].

In a recent paper by Fu and Liu [76], the concept of square-mean almost auto-
morphy was introduced. Such a notion generalizes in a natural fashion the notion
of square-mean almost periodicity, which has been studied in various situations by
Bezandry and Diagana [20, 21, 22, 23, 24]. In [76], the authors made use of the
Banach fixed principle to obtain the existence of a square-mean almost automor-
phic solution to the autonomous stochastic differential equations. Similarly, Liang
et al. [120, 121, 181, 182] introduced the concept of pseudo almost automorphy,
which is a powerful generalization of both the notion of almost automorphy due
to Bochner [31] and that of pseudo almost periodicity due to Zhang (see [61] for
instance). Such a concept has recently generated several developments. Motivated
by these papers, Bezandry and Diagana [27] recently introduced some new classes
of stochastic processes called respectively p-th mean pseudo almost automorphic
stochastic processes and p-th mean pseudo almost periodic stochastic processes for
p=>2.

It should be mentioned that the notion of p-th mean pseudo almost automor-
phy generalizes in a natural fashion both the notion of square-mean almost peri-
odicity and that of square-mean almost automorphy. Indeed, a stochastic process
X € BC(R;LP(£2;A)) is called p-th pseudo almost automorphic if it can be ex-
pressed as X =Y + @, where Y € AA(R;LP(Q2;%)) and @ € PAPy(R;LP(2;A)),
where PAP)(R; LP(2;2)) is the collection of all X € BC(R,L?(Q;.%)) such that
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. I » 1P
Jim | [TE||X(S)|| as] " =o.
Equivalently, PAPy(R; LP(; %)) is the collection of all X € BC(R,L"(2;%)) such
that
lim L/T E||X(s)||"ds =0.

2T J-r

T —oo

Similarly, a stochastic process X € BC(R;LP(£2;9)) is called p-th pseudo al-
most periodic if it can be expressed as X =Y + @, where Y € AP(R; LP(Q;%)) and
P € PAR(R;LP (25 A)).






Chapter 5

Existence Results for Some Stochastic
Differential Equations

Throughout this chapter, (K, || - |lx) and (H,|| - ||) stand for real separable Hilbert
spaces and (2,.7, (Z;)1>0,P) denotes a filtered probability space. The space L) =
L, (K, H) stands for the space of all 2-Hilbert-Schmidt operators acting from K
into Hi, equipped with the Hilbert—-Schmidt norm || - ||]L(2>.

5.1 The Autonomous Case

In this section we study the existence and uniqueness of p-th mean almost periodic
solutions to the semilinear stochastic differential equation

dX(t) =AX(t)dt+F(t,X(1))dt +G(t,X (1)) dW(t), t € R, (5.1

where A : D(A) C LP(Q;H) — LP(2;H) is a closed densely defined (possibly un-
bounded) linear operator, F,G : R x LP(Q;H) — LP(£2;19) are jointly continuous
functions, and W is a 2-Wiener process with values in K.

In this section, in addition to (3H)( we require the following additional assump-
tions:

(5H); Let the function F : R x LP(;H) — LP(Q;H) (r,X) — F(7,X) be p-th mean
almost periodic in # € R uniformly in X € &' (€' C LP(2;H) being a compact
subspace). Moreover, F is Lipschitz in the following sense: there exists K >0
for which

E||F(1,X)—F(t.Y)||" < KE[x-Y|"

for all stochastic processes X,Y € L(Q;H) and 7 € R.

(5H)> Let the function G: R x LP(Q;H) — LP(Q;1L9) (t,X)— G(t,X) be p-th mean
almost periodic in 7 € R uniformly in X € &’ (0’ C LP(€2;H) being a compact
subspace). Moreover, G is Lipschitz in the following sense: there exists K'>0
for which

E[[G(t,X) = G(1.Y)|jy < K'E[X — Y|

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 129
DOI 10.1007/978-1-4419-9476-9 5, © Springer Science+Business Media, LLC 2011
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for all stochastic processes X,Y € LP(Q;H) and r € R.

Definition 5.1. An .%;-progressively measurable process {X () };cr is called a mild
solution of (5.1) on R if

Xt)=T(t—s5)X +/ T(t—o (G))dGJr/tT(th)G(G,X(G))dW(G)

forall ¢+ > s for each s € R.
Using the classical Banach fixed-point principle, we obtain the following:

Theorem 5.1. Under assumptions (3H )o-(5H)1-(5H )2, then Eq. (5.1) has a unique
p-th mean almost periodic mild solution, which can be explicitly expressed as fol-
lows:

1) = /_:OT(t— G)F(G,X(G))d6+/_;T(t— 0)G(0,X(0))dW(c), teR

whenever @, < 1, where

p—2

©, =27 M? KF(; )+C KG(pp;)Q(;p)] for p>2

and k K
P . _
0, :=2M (52 5) for p=2.

Proof. First of all, note that X given by

X(t):/_;T(t—G)F(G,X(G))dc—&—/_:oT(t—G)G(G,X(G))dW(G) 5.2)

X(t) = T(t — )X +/Tt— F(0,X(0))do

+ / T(i — 0)G(0, X () dW(o)
N
for all # > s for each s € R, and hence X given by Eq. (5.2) is a mild solution to Eq.

(5.D).
Define AX (1) = ®X(t) + WYX (t), where

:/j T(t—0)F(0,X(0))do, PX(1)
_ /_’ T(t— 6)G(0,X(c)) dW(o).
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Let us first show that ®X () and ¥X(-) are p-th mean almost periodic whenever
X is. Indeed, assuming that X is p-th mean almost periodic and using (5H);, and
Theorem 4.4, one can easily see that the mapping ¢ — F(0,X(0)) is p-th mean
almost periodic. That is, for each € > 0 there exists /; > 0 such that any interval of
length /¢ contains at least T for which

E|F(c+1,X(c+71)—F(0,X(0))|" <ue

. or
for each 6 € R, with u = SR

Using assumption (3H )y it follows that
E||®X(t+h)—oX(1)||”

<k[ [ |r6-o)|[[F(o+tx(0+) - F(o.X(0))|do]
< M”E{/;e"s(“")||F(G+T,X(G+r))— (0,X(c ||d6}

< MPE[/t e~ a0(=0) ;=38(~0) |F(o+1,X(0+7))—F(0,X(0))||do]”,

where g > 0 solves p~! +¢7 ! = 1.
Now using Holder’s inequality we obtain

E||®X (1 +h) - oX(1)|”

< MP (/_;e_‘s(’_‘” do)'H x

><(/jwe—ﬁ(t—c)EHF(G-l-T,X(O'—i—’L'))—F(o-X deO')

< M (/l %091 dc)" supE|[F (0 +.X (0 + 7))~ F(0,X(0)) |

ocR
< A(;Ip supE||F(c+7,X(c+71))—F(0,X(0))|”
ceR
<eg

In view of the above, E||®X (1 + 1) — leX(t)H2 < g foreach s € R, that is, PX ()
is p-th mean almost periodic.

For WX (-), we split the proof in two cases: p > 2 and p = 2. We first start with
the case where p > 2. Assuming that X is p-th mean almost periodic and using
(5H); and Theorem 4.4, one can easily see that s — G(0,X(0)) is p-th mean almost
periodic. Therefore, for each € > 0 there exists /; > 0 such that any interval of length
l¢ contains at least T for which

E||G(c+71,X(0+7))—

p—2

2 -2\ 2
crmr(3) (5)
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for each o € R.

The next step consists in proving the p-th mean almost periodicity of ¥X(-).
Of course, this is a bit more complicated than the previous case because of the
involvement of the Brownian motion W. To overcome such a difficulty, we make
extensive use of Proposition 3.23 and the properties of W defined by W (s) := W s+
7) — W(7) for each s. Note that W is also a Brownian motion and has the same
distribution as W.

Using assumption (3H )y, Holder’s inequality, and Proposition 3.23, we have

E||PX(t+7)-wX()|”

< c,,E[L |7~ 0)|F |Gt +7.X(0 +7)) — G(o.X (o) |Fydo]

< CPMPE[/[ e 209 |G(o +1,X(0+7)) — G(0,X (0 HLO dcr/z

;2

gcpMP(/t ep%z5<’*“‘>do) T

><(/.:e—g5("S)E’|G(G+1,X(G+r))fG(G,X(O'))HigdG)
p=2 ot

< CpM”(lwe Py lt-o >dG)T(Le*%5(I"’)de

x supE||G(c+7,X(0+ 1)) _G(G’X(G))HEO dG)
o€R ’

2\ /p-2\% P
<om(55) (Bg) T swE|a(o-+eX(o+m)—GoX(o))]ly
<e.

For the case p = 2, we proceed in the same way using isometry inequality to
obtain

E||X(t+7) - X ()|

= [ BT 9)(6(s+ 7. X5+ 1) - G5, X ()] ds
<n? [ e Bats X0+ 9) G5 X)) s

t

< M2</ ¢ 20(=9) ds) supE|G(s+7,X(s+ 7)) — G(s,X (s ||L0
—° seER

< E.

Hence, WX (+) is p-th mean almost periodic.

To complete the proof, we will show that A is a contraction. For that, let X and
Y be in AP(R; LP(Q,H)). Proceeding as before starting with the case where p > 2,
we obtain
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E[[AX(t) =AY ()"

gzp—lEH/ T(t—o0)[F(0,X(0))—F(0,Y(0))|do

p

HPIEH/t T(t—0)[G(0,X(0)) — G(0,Y(c))] aW(o)||

Using assumption (3H )y, an application of Holder’s inequality, Proposition 3.23,
followed by (5H); and (5H);, gives

E||AX (1) =AY (1)
<2 k[ [ |[re-0)|F(@.x(0)~ o o)) o]

+2p—1c,,E[/;|\T(t_o)y|2||G<G,X( 0)) - G(o.¥ (a))ydo]"”

< op-! (/jme*‘s(“‘) dG)IH x

x(/jme_‘s(’_s)EHF(c,X( 6))—F(c,Y(c H”do)

p—2
2

1
+2”*le</ ¢ 72 50=9) dO') X

x(/.:e_g‘s(’_s)EHG(G,X(G)) G(o,Y(o ]|L0dc>

ng’*lMﬂKp(/l e ac) |x v
1’5 22 4 po
+2r71C MPKG</ e p 20 dcr) ’ (/ e—T(’—">do) |x -v]|”

<o [k (55) 1k (22) ™ (53 12

As to the case p =2, we have

H]LO
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2
E|[AX(1) =AY (1)
t t
< oM> (/ ¢~8(t-0) da) (/ e E| f(6,X(0)) - f(0,Y(0)) szc)

st [ IEy0.x(0) el (@) o

<oM? . ¢ (/[ e3=0) dc) (/t e’s("")EHX(G)—Y(G)szcf)
M2 G /t e PU-9E||X(0) ¥ (0)|’ do

<. (/t ¢80-0) d6)2 sup E||X () — ¥ ()|’
—o ocR
oM cz(/t e 200 4o ) supE||X(0) - ¥ (o)’
—o oceR

< ZMZ(% + %) X —v|P.

Consequently, if ®, < 1, then A is a contraction. The use of the Banach fixed-point
principle completes the proof.

5.2 The Nonautonomous Case

5.2.1 Introduction

Let (H,| -||) be a real (separable) Hilbert space. This section is mainly concerned
with the existence of p-th mean almost periodic solutions to nonautonomous semi-
linear stochastic differential equations

dX(t)=AOX(t)dt+F(t,X(1))dt +G(t,X(¢)) dW (), t € R, (5.3)

where (A(7));cr is a family of densely defined closed linear operators satisfying
” Acquistapace-Terreni” conditions (2.38) and (2.39), F : R x LP(Q,H) — LP(Q,H)
and G : R x LP(Q,H) — LP(Q,1L9) are jointly continuous satisfying some addi-
tional conditions, and W(r) is a 2-Wiener process with values in K.

The existence of almost periodic (respectively, periodic) solutions to autonomous
stochastic differential equations has been studied by many authors, see, e.g., [3] and
[20]. In Da Prato and Tudor [46], the existence of almost periodic solutions to (5.3)
in the case when A(¢) is periodic, that is, A(r +T) = A(¢t) for each ¢ € R for some
T > 0, was established. In this section, it goes back to studying the existence and
uniqueness of a square-mean almost periodic solution to (5.3) when the operators
A(r) satisfy ”Acquistapace—Terreni” conditions (2.38) and (2.39).
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Here we assume that A(r) : D(A(r)) C LP(2;H) — LP(;H) is a family of
densely defined closed linear operators on a common domain & = D(A(t)), which
is independent of 7 and dense in LP(Q2;H), and F : R x L(Q;H) — LP(Q;H) and
G: R x LP(Q;H) — LP(Q;1L9) are jointly continuous functions.

We suppose that the system

(5.4)
u(s) =x € LP(Q2;H),

has an associated evolution family of operators {U (¢,s) : t > s with 7,5 € R}, which
is uniformly asymptotically stable.

5.2.2 Existence of p-th Mean Almost Periodic Solutions

Throughout this subsection, we require the following assumption in addition to
(5H); and (5H), from the previous section:

(5H)3 The operators A(t), U(r,s) commute and that the evolution family U(z,s) is
asymptotically stable. Namely, there exist some constants M, 5 > 0 such that

|U(t,5)|| < Me 5= forevery 1 > s.
In addition, R(A0,A(+)) € AP(R; B(LP(£2,H))) for Ay in Eq. (2.38).

In order to study Eq. (5.3) we need the following lemma which is an immediate
consequence of [136, Proposition 4.4].

Lemma 5.1. Suppose A(t) satisfies the ”Acquistapace-Terreni” conditions, U (t,s)
is exponentially stable, and R(A9,A(-)) € AP(R; B(LP(Q,H))). Let h > 0. Then, for
any € > 0, there exists I > 0 such that every interval of length I contains at least a
number T with the property that

HU(t—I—T,s—i—T) —U(t,s)H <e o= 3(=s)
forallt—s > h.

Definition 5.2. An .%;-progressively measurable process {X (1) };cr is called a mild
solution of Eq. (5.3) on R if

X(1) = U(t,5)X(s) + / "U(t,6)F(0,X(c))do 5.5)
+ / "U(t,6)G(0,X (5)) dW(c)

for all > s for each s € R.
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The main result of this section can be formulated as follows:

Theorem 5.2. Under assumptions (5H)1, (5H),, and (5H )3, then Eq. (5.3) has a
unique p-th mean almost periodic mild solution, which can be explicitly expressed
as follows:

X(t):/jmU(l7G)F(G,X(G))d6+[mU(t,G)G(O‘,X(O'))dW(G) foreacht R

whenever
. p-2\"7/ 1
© i 2P P Kp(@) —|—CPKG(p75) (115)]
for p>2and '
@;:Mz(Zg _|_%) <1
forp="2.

Proof. First of all, note that
X(1) :/’ U(t,6)F(0,X(c)) do
+ /t U(t,6)G(0,X(0)) dW (o) (5.6)

is well-defined and satisfies

X(t) = U(r,s)x(sH/’U(r,o)F(a,x(o))do
+ /"U(t,o)G(c,x(o))dW(o)

for all # > s for each s € R, and hence X given by (5.6) is a mild solution to (5.3).
Define AX (1) = &X(t) +¥X(r), where

DX (1) ::/_t U(t,o0)pX(o)do,

and
WX (1) i [ U (1, 6)yX () dW (o),

with X (1) = F(¢t,X(t)) and wX(t) = G(t,X(1)).

Let us first show that @X(-) and WX (-) are p-th mean almost periodic whenever
X is. Indeed, assuming that X is p-th mean almost periodic and using assumption
(5H)1, Theorem 4.4, and Lemma 5.1, given € > 0, one can find /; > 0 such that any
interval of length /¢ contains at least T with the property that
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d .
|U@t+7,5+7) - U(t,s)|| < ge 20

forallt —s > €, and
EllpX(c+7)—¢X(0)|" <

for each 6 € R, where n1(¢) — 0 as € — 0.
Moreover, it follows from Lemma 4.1 (ii) that there exists a positive constant K;
such that
supEH(pX )P <K

Now, using assumption (3H )y and Holder’s inequality, we obtain

E||®X (i +71) - &X(1)]
S3P‘1EUOOQHU(t+r,t+T—S)||||‘PX(I+T—S)_‘PX(’_S)HdS]p
+3”’1E{/wHU(t—IrT,H-T—S)—U(faf—s)HH‘PX(t_s)Hdsr

€

e p
+3P*1E[/0 |Ut+Tt+1—5)—U(t,t —5) H‘PX(I_S)HdS}
g3P*'MPE[/°°€’55H<PX<t+r—s)—<PX<I—S)”‘“F

0

~ p
] [ oo o+ ] [ 2 st
€

<ot (e vsas)” ([P px (e T-s) - X ()| ds)
warter([Teea) ([ Blloxe-o)f )
. €
vor o (([[eotas) ([ B g )
0 0

<3r-lyp (/me_‘ssds)p supE||(pX(t+‘C*S) OX(t—s HP
0 seR
+3771ep (/me*‘hds)p supEH(pX(t—s)H'J
€ seR

+67~ 1 mP (/ge_‘ssds)p supEH(pX(tfs)Hp
0 seR

1 1
< 3p=1 pqp (g)n +3P_IM‘”K1 (ﬁ) eP +61’_1Mp8pK1 eP.
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As to WX (+), we again split the proof in two cases: p > 2 and p = 2. Let us start
with the case where p > 2. Assuming that X is p-th mean almost periodic and using
assumption (5H );, Theorem 4.4, and Lemma 5.1, given € > 0, one can find [ > 0
such that any interval of length /. contains at least T with the property that

|U@t+1,5+7)—U(ts)|| < )

forallr —s > €, and
E|yX(c+1)—yX(o Hp

for each o € R, where n(¢) — 0 as € — 0.
Moreover, it follows from Lemma 4.1 (ii) that there exists a positive constant K,
such that
supEHy/X )|)” <k,.

Now

E||PX(i+1)—PX()||

<3r-1g /OwU(t-i-T,l‘—i-T—s) (WX (t+7—5)—yX(t—s5)] dW(s) ’
o p
+3p1E‘/ U(t+t,t+1—5)—U(t,t —s)| wX(t —s5) dW(s)
p

+3P—1E‘ /; [U(t+1,t4+7—5)—U(t,t —s)| wX(t —s5) dW(s)

The next step consists in proving the p-th mean almost periodicity of ¥X(-).
Using assumption (3H )y, Holder’s inequality, and Proposition 3.23, we have

E||PX(i+7)—PX()||

- 2
<9 1G] [ U e e o) -y Fy ]

o0 2
+3”*1C,,E{/g |yU(t+r,t+r_s>_U(t,t_s)uzHl,/x(;_s)uigdsr/

+3p—1c,,E[/08HU(tﬂ,tﬂ_s)_U@,t_s)uz ’|WX(t—s)’|igds]p/2
S3p_1CpMpE{/me_253Hl//X(tJr‘L'fs) wX(t ||[Lo :|I7/2
0
1 Gperk] [T yxt-s)|yas]
JE
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322G [ [y -9)[fyas]"

o pds p32 ° VO S
<yt (e Fhas) T ([T uxoas s -9 yas)
0 0 :

wartcer( [T taas) T ([T HE ’
» e s e ||l//X(t—s)H]L(2)ds
&€ €

p—2

s == € s
syt ([ ta) T ([Ce PEyx(— |y )

p—2

el ds > e Ss
§3p71CpMpn(/ eiijds) : (/ eipTds)
0 0
_ < pds T [T _pds
+37 lengQ(/ e 202 ds) (/ e 4 ds)
t t
€ ds S "€ Ss
+3P712p/2CpMpK2(/ eiﬁjds) : (/ eipTds)
JO 0

i3 (2)

+3r-1¢ SPKQ(M)L;Z( 4 )+3ﬂ 12P/2C MP K€l
P po po

As to the case p = 2, we proceed in the same way using isometry inequality to
obtain

E||(¥X)(t +17) — (¥X)(0)||*

<3M? (/Owefz‘ssds) supE||yX(c+1)—yX (o H]Lo

(SN

38 ([Ce%as) supEyx(@) g +on ([ e as) supEllyx (o)
&

2
Kz
2¢eK } .
Mg Te5 ToEl
Hence, WX (+) is p-th mean almost periodic.
Finally, we will show that A is a contraction. Let X and Y be in AP(R; L7 (Q,H)).
Proceeding as before starting with the case where p > 2, we obtain

<3[
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E||AX(t) - AY(1)"
gzp‘1E||L U(t,0)[pX(0) — 9¥ ()] do||”

#2078 [ 0(,0)[wx(o) - w ()] aw(o)],

Using assumption (5H )3, an application of Holder’s inequality, Proposition 3.23,
followed by (5H); and (5H),, gives

E|[AX (1) —AY(1)|)”

't
<2 E[ [ |ut.0)] |oxX(0) - o (o) do]”
p1 ! 2 p/2
42 cpE[[w|\u<t,o)|| lyx(0) -~y (0)|Fydo]
Szvfan( /'l e*é(w»)”*'( /’ e PV E| oX () — @Y (o) dc)
-1 L sams) N (T _ps—s »
+2p Cp(/ e 7% do) (/ e BOIE|yx () - wY (0)]|fydo)

gzP*lMPKF(/l e 3= o) ||lx v |

t )5 p-2 ot
+2p7]CpMpKG(/ ejffz(t—a)dc) 2 (/ Ay dO') Ix-v|”

~ 2w [k (55 )+, ko2 = (16)} Ix—y|l=0-|x-r|".

As to the case p =2, we have
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E|[AX (1) - AY ()|
<oMm? (/_;e*‘S(’*S) ds) (/_;e”(’ﬂ)EH(px(s) —(pY(s)szs)
+2m> /_t e U] |yX (5) — yr (s)] |y ds
<oM* K (/;e*”*s) ds) (/;e*”*s) E[[X(s) ¥ (5)| ds)
+2m? K '/jwe_z‘s(’_S)EHX(s) —Y(s)||* ds
<om? -K(/;f‘“”") as)’ sup E[[X(5) =¥ s))

+2M? - K'(/t e 200=9) ds) supE||X (s) - Y (s)|*

seR
K K
<o (5+5 ) [x-Y|2
<o |x-y|.

Consequently, if @ < 1, then A is a contraction mapping. One completes the proof
by the Banach fixed-point principle.

5.2.3 Example

Let & C R" be a bounded subset whose boundary d¢& is of class C> and being
locally on one side of &.
Consider the parabolic stochastic partial differential equation

diX(1,8) = {A(1,§)X(1,8) + F(1,X(1,6))} di + G(1,X (1,6)) dW(1),  (5.7)

Y ni(&)aij(1,£)diX(1,§) =0, teR, E€dO, (5.8)

i,j=1

d . . .
where d; = —, d; n(&) is the outer unit normal vector, the family of operators

_ 4
' d&’
A(t,&) are formally given by
"9 d
A(taé): Z B aij(tvé)i +C(ta'é)7 IGR, ééﬁ,
ox; (9Xj

=1

W is areal-valued Brownian motion, and a;;, ¢ (i, j = 1,2, ..., n) satisfy the following
conditions:
(5H)3
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(i) The coefficients (ajj); j—1,..» are symmetric, thatis, a;j=aj; foralli,j=1,....n
Moreover, a;; € Chl (R,L*(Q,C(0)))NBC(R,L*(2,C'(0)))NAP(R; L*(Q2,L*(0)))
foralli,j=1,...,n, and

c€C(R,L*(Q,L*(0)))NBC(R,L*(Q,C(0))) NAP(R;L*(2,L'(0)))

for some u € (1/2,1].
(i1) There exists & > 0 such that

Z aij(t,€)nim; > eo|n [,
i,j=1

forall (1,&) € R x € and n € R".

Under previous assumptions, the existence of an evolution family U (¢, s) satisfy-
ing (5H)3 is obtained, see, e.g., [136].

Set H = L*(&). For each ¢ € R define an operator A(¢) on L*(Q;H) by

D(A(t )):{XELZ (Q,H*(0 Z ni(-)a;j(t,-)diX(t,-) =0 on 86’} and
i,j=1

A(H)X = A(t,€)X (), forall X € D(A(r)).

Therefore, under assumptions (5H);, (5H )2, (5H )3, and (5H )3/, then Eqs.(5.7)—
(5.8) have a unique mild solution, which obviously is square-mean almost periodic,
whenever M is small enough.

5.3 Bibliographical Notes

All the main results presented in this chapter are based on some recent work by the
authors, see, e.g., [20, 21].



Chapter 6

Existence Results for Some Partial Stochastic
Differential Equations

This chapter is devoted to the study of the existence of solutions to some partial
stochastic differential equations inspired by their deterministic counterparts [60, 52,
54,91,92,94, 95, 50, 97, 98, 99]. Applications arise in control systems, for instance.

In this chapter, (H,| - ||, {,-)) denotes a real Hilbert space which is separable
and (,.7,(%)i>0,P) is a filtered probability space. If & : D(«/) CH — His a
linear operator, we then define the corresponding operator A : D(A) C LP(Q,H) —
LP(Q,H) as follows: X € D(A) and AX =Y if and only if X,Y € L”(Q,H) and
gX(w)=Y (o) forall w € Q.

6.1 The Autonomous Case

Let o7 : D(«/) C H — H be a sectorial linear operator. For a € (0, 1), let H, denote
the intermediate Banach space between D(.«7) and H as seen in Chapter 2.

The present section is inspired by the previous chapter and consists of studying
the existence of p-th mean almost periodic solutions to the stochastic differential
equation of the form

d(x(w,t)+f(t,@x(w7t))) - [dx(w,t)+g(t,<gx(m,t))}dt ©6.1)
+h(t, X (0,1))dW(w,t)

forallt € R and @ € Q, where &7 : D(«/) C H — H is a sectorial linear operator
whose corresponding analytic semigroup is hyperbolic, that is, o(«/)NiR =0,
AB, €, and £ are (possibly unbounded) linear operators on H) and f: R x H —
Hg (0<a< % <B<1),g:RxH—H,andh:RxH— LJ are jointly continuous
functions.

To analyze Eq. (6.1), our strategy consists in studying the existence of p-th mean
almost periodic solutions to the corresponding class of stochastic differential equa-
tions of the form

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 143
DOI 10.1007/978-1-4419-9476-9 6, © Springer Science+Business Media, LLC 2011
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d(X(t)+F(t,BX(t))) - {Ax(z)+c;(z,cx(z))}dt 6.2)
+H(t,LX (t))dW(t) (6.3)

for all t € R, where A : D(A) C LP(Q,H) — L?(Q,H) is a sectorial linear opera-
tor whose corresponding analytic semigroup is hyperbolic, that is, c(A) NiR =0,
B, C, and L are (possibly unbounded) linear operators on L”(Q,H) and F : R x
LP(Q,H) — LP(Q,Hp) (0< o < 5 <P <1),G:RxLP(Q,H) — LP(Q,H), and
H:RxL\(Q,H) — LP(Q,L9) are jointly continuous functions satisfying some
additional assumptions, and W is a 2-Wiener process with values in K.

Although the existence and uniqueness of p-th mean almost periodic solutions to
Eq. (6.1) in the case when A is sectorial is an important topic with some interesting
applications, it is still an untreated question and constitutes the main motivation of
this problem. The techniques we use to derive sufficient conditions for the existence
and uniqueness of a p-th mean almost periodic solution to (6.1) are based on the
method of analytic semigroups associated with sectorial operators and the Banach
fixed-point principle.

6.1.1 Existence of p-th Mean Almost Periodic Solutions

Definition 6.1. Let o € (0,1). A continuous random function, X : R — L?(Q2;H,)
is said to be a mild solution of Eq. (6.1) provided that the function

s — E||AT (t — s)PF (s,BX(s))||” is integrable on (—s, ), the function

s — E||AT (t — s)QF (s,BX (s)) ||" is integrable on (t,o) for each r € R, and

X(1) = —F (1, BX(1 / AT (i —s)PF(s, BX (s ds+/ AT (i —5)QF (s, BX(s))ds
+/' T(tfs)PG(s,CX(s))dsf/ T(i — )0 G(s,CX(s)) ds
+/ T(i — )P H(s, LX (s)) dW(s) /Tt—s)QH(s LX(5)) dW(s)

foreachr € R.

Here and below, we let Q = I — P for a projection P.
Define I, I, I3, I}, I5, and I respectively by the nonlinear integral operators:
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t

(GX)(0):= [ AT(=5)PF(s.BX(5))ds,
(BX)(0) = [ AT(—5)QF(s.BX(s))ds
GX)0 = [ T -5)PG(s,CX(5) s,

GX)@0) = [ T(-9Q0(,CX(s))ds,
GX)0 = [T =9)PHELX() dW(s), and
(RX)(0) = [ Tl=5)QH(s,LX(5)) dW(s).

To discuss the existence of p-th mean almost periodic solution to Eq. (6.1) we
need to set some assumptions on A, B, C, L, F, G, and H. First of all, note that for
0<a<fp<l,then

LP(Q,Hp) < LP(Q,Hy) — LP(Q;H)

are continuously embedded and hence there exist constants k; > 0, k(a) > 0 such

that

(6H)1

E||X||” <k E|[X||? foreach X € L”(Q,Hg) and
E||X[|, < k()E||X||} for each X € L”(Q2, Hg).

The operator 7 is sectorial and generates a hyperbolic (analytic) semigroup
(T(t))r>0-

(6H), Let a € (0,3). Then Hg = D((—a/)%), or Hg =Dy (t,p), 1 < p < oo, or

Hg=D (o), or Hy=[H, D(% ). We also assume that B, C, L : LP(Q2,Hy) —
LP(Q;H) are bounded linear operators and set

o 1=max(||B IB(Lr(@.Hy), Lo @) ICllBEr(@ e ), L) BP0 He), LP(Q;H)))~

Leta € (0,1 —%) if p>2and a€(0,1)if p=2,and @< B < 1. The functions
F:RxLP(Q:H) — LP(Q,Hg), G: R x LP(Q;H) — LP(Q;H) and H : R x
LP(Q;H) — LP(22;1LY) are p-th mean almost periodic. Moreover, the functions
F, G, and H are uniformly Lipschitz with respect to the second argument in the

following sense: there exist positive constants Kr, K, and Ky such that

E[|F(t,X)~F(t.Y)|s < KrE[[X —Y]”,

E||G(1,X) - G(1,Y)||” < KGE|X —Y||”, and
E[[H(t.X)—H(t,Y)[{y < KuE[|X —Y][|"

for all stochastic processes X,Y € LP(Q;H) and r € R.
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Theorem 6.1. Under assumptions (6H )1, (6H )2, and (6H )3, the evolution equation
(6.1) has a unique p-th mean almost periodic mild solution whenever ® < 1, where

0: :k’(a)-K;w<1+c[(:(r,a,y,p)+;D

2
K C(@) Ko |C(T 0 7.0) + 5 |

+2CCP 'KI/‘ICI(Fvévaap)w|:M1(a)pc2(r7aa€a57p)+c3(1—‘7€757p)i|

for p>2and
/ / F(I—OC) 1 Il / F(I—Ol) C/(OC)
O:=0 k(a)KF{lJrC'(WJrS)}JrkyKG(M(O‘) Yo + K )
seoky ki {FOE Lok (a8}

for p=2.

To prove Theorem 6.1, we will need the following lemmas, which will be proven
under our initial assumptions.

Lemma 6.1. Under assumptions (6H)1, (6H),, and (6H )3, the integral operators
11 and I defined above map AP(R;LP(Q,Hy,)) into itself.

Proof. The proof for the p-th mean almost periodicity of I>X is similar to that of
I1X and hence will be omitted. Let X € AP(R;LP(£2;Hy)). Since

B € B(LP(Q Hy),LP(Q2;H)) it follows that the function 7 — BX(¢) belongs to
AP(R;LP(Q;H)). Using Theorem 4.4 it follows that ¥(-) = F(-,BX(-)) is in
AP(R; LP(£2;Hp)) whenever X € AP(R;LP(;H)). We can now show that I1X €
AP(R;LP(Q;Hg)). Indeed, since X € AP(R;LP(€2;Hp)), for every € > 0 there ex-
ists I(€) > 0 such that for all £ there is t € [, + ()] with the property

E||¥X(t+71)—WX( H”<vsforeachteR,

where
1

M'(e)P C(T'; .7, p)

V=

with ]
o \1p-
C(F’aa’%p): [F(I_Ll)} ,yp(Otfl)
and I"(-) being the classical gamma function.
Now, the estimate in Eq. (2.33) yields
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E||LX(t+1)—-LX(1)|”
I P
<E (/0 AT (5)P[® (s — s+ 7) — ¥t s)}”(xds)

< M’(a)E{/Ows*“e*VSHIP(t—s—i—'L’) —w(t—s))||ds]”

o p—1
<M'(a)? (/ s_l’pa‘eysds> X
0

x </0°°ewEqu(t —s )9} ds)
< M'(a)? (F(l - pp“)yp—l‘>pl x

1
x(f) supE Yit+1)—
) s+ ) - ()
< M) €0, 7.) SupE| (0 +7)— ()}
teR
< €
for each r € R, and hence ITX € AP(R; L?(;Hy)).

Lemma 6.2. Under assumptions (6H);, (6H )2, and (6H )3, the integral operators
I3 and I} defined above map AP(R;LP(Q;Hy,)) into itself.

Proof. The proof for the p-th mean almost periodicity of I1X is similar to that of
I3X and hence will be omitted. Note, however, that for I;X, we make use of Eq.
(2.30 ) rather than Eq. (2.31).

Let X € AP(R;LP(Q,Hy)). Since C € B(LP(22;Hy,),LP(£2;H)), it follows that
CX € AP(R,LP(Q;H)). Setting ®@(t) = G(¢t,CX(t)) and using Theorem 4.4 it fol-
lows that @ € AP(R;L”(Q,H)). We can now show that I[3X € AP(R;L”(Q,Hy)).
Indeed, since @ € AP(R;L?(£L,H)), for every € > 0 there exists /(&) > 0 such that
for all & there is T € [§,& 4 1(€)] with

E||®(t+71)— ®(1)||” <p-€foreachr €R,

1
M(a)C(T", at,y,p)’

Now, using the expression

where [ =

(GX)(t +7) — (X)( / T(s)P[®(t — s+ 7) — Dt — )] ds

and Holder’s inequality along with Eq. (2.31) yields
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E[[(X)(t + ) — (BX) (1),
° P
< E[/ |7 (5)P(@( —5+7) — D(r—5)]| 5]
0
bl p
< M(a)ﬁE[/ 5E e Dl —s5+7)— (e — 5| ds]
0
< M(a)" C(T, Y, p) supE|@(t +7) — @(r)[|”
teR
<€

for each 7 € R, and hence, I3 X € AP(R; L7 (Q2;Hy)).

Lemma 6.3. Under assumptions (6H);, (6H)a, and (6H )3, the integral operators
I5 and I defined above map AP(R; LP(Q;Hy,)) into itself.

Proof. The proof for the p-th mean almost periodicity of IX is similar to that of I5X
and hence will be omitted. Note, however, that for IsX, we make use of Eq. (2.30)
rather than Eq. (2.31). Let X € AP(R; L”(2;H )). Since L€ B(LP (Q;Hy ), LP(22; H)),
it follows that LX € AP(R,L?(Q;H)). Setting A(r) = H(t,LX(¢)) and using Theo-
rem 4.4 it follows that A € AP(R; LP(;1LY9)). We claim that 53X €AP(R; LP(Q;H ).
Indeed, since A € AP(R;LP(2;19)), for every € > 0 there exists /(€) > 0 such that
for all & there is 7 € [£,& +1(€)] with

E[A(t+7)-A(0)[{y < §-¢foreachr € R, (6.4)

where

1 .
CpM()P -Gy (T,0,E,8,p) if p>2,

€= | .
i
M(a)* - K(I', e, )
Here we split the proof into two cases: p > 2 and p = 2.
Now, to show the p-th mean almost periodicity of I's, we break down the proof

into two cases: p > 2 and p = 2 and use the representation (3.34) discussed in
Chapter 3. We have

f p=2.

(I3X)(t+7) = (I3X) (1)

_ sin(;é) {/j:r(t—l—r_s)éflT(t—s-r—s)PSA(s)ds

—/_;(z—s)i—lr(t—s)PSA(s)ds}

_ sin(zé&)

p- /OmsiflT(s)P[SA(t—s—l—r)—SA(I_S)} ds

where
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Sa(s) = / " (5= 0) 5T (s— 0)PA(G) dW(5),

—o0

with & satisfying (X—F% <&<i.

Next, let us show that the stochastic process S, is p-th mean almost periodic. To
this end, we proceed as in the proof of Proposition 3.26 (i) with U(z,s) = T (t —s)
and P(s) = P, and obtain

EHS/\ (I-I-T) —S) (Z)Hp
<C,Ci(I,&,8,p) Su]gE||/\(f—SﬂL D)= Al -9y
NS

£
= M@ G a8 6,p)

Hence, Sy, is p-th mean almost periodic.
We are now prepared to show the p-th mean almost periodicity of I3X(-). An
application of Proposition 3.26 (ii) with U (¢,s) = T'(t —s) and P(s) = P shows that
E||(I3X) (e + 1) — (I3X) (1)
< M(a)ﬁ CZ(Fa aa§767[)) SupEHSA (S+ T) - S/\ (S)Hp
seR
<E€.

Hence, I5X(-) is p-th mean almost periodic.
For p =2, we have

E[|(13X) (¢t +7) — (13X)(0) ||
2

o

—E”/OOOT(S)P[A(t—s—l-‘L')—A(t—s)] dW(s)
< M(Oc)z/ows*me’zysEHA(t —s+71T)—A(r —s)Hig ds
< M(a)? ( /0 T2 ds) supE[A(1+ 7 ~ A0y
< M(a)* K(, o0, 7) supE||A (1 +7) — A(1)||

teR 2
<e,

where K(I',o,y) =T (1 - 206) (2y)?*~!, and it follows from Eq. (6.4) that I[3X €
AP(R;LP(Q;Hy)).
We are now ready to prove Theorem 6.1.

Proof. Consider the nonlinear operator M on the space AP(R; L” (Q;Hy,)) equipped
with the a-sup norm ||X||w o = sup,cg (E|| X (¢)||%)!/? and defined by
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MX (1) = —F(1, BX (¢ / AT (1—$)PF(s,BX (s ds+/ AT (1—s)QF (s, BX(s))ds
+/’ T(t—s)PG(s,CX(s))ds—/ T(t — )0 G(s,CX(s)) ds

+/ T(t — )P H(s,LX (s)) dW(s) / T(t—$)QH(s, LX(s)) dW(s)

foreacht € R.

As we have previously seen, for every X € AP(R;LP(Q;Hy)), f(-,BX(-)) €
AP(R;LP(Q;Hp)) C AP(R;LP(2;Hg)). In view of Lemmas 6.1, 6.2, and 6.3, it
follows that M maps AP(R; L”(Q;Hy)) into itself. To complete the proof one has
to show that M has a unique fixed point.

LetX,Y € AP(R;LP(Q2;Hy)). By (6H)1, (6H)2, and (6H )3, we obtain

E|F(t,BX (1)) — F(t,BY (1))||® < k(t)KrE||BX(t) - BY (1)||”
< k(a) Kpa”||X Y| .

Now for I7 and I, we have the following evaluations:

E||(1iX) (1) — (LY)(1)] |7
< E(/_m||AT(t—s)P[F(t,BX(t)) —F(t,BY(t))]Hads>p
< cp(/l (t—s)’2<'plfl>eﬂ(tfs) ds)”‘l y

><(/_tooe_y(’_s)EHF(t,BX(t)) F(1,BY (t H"ds)

< k(a)Kr -C(T, 0,7, p prX_YHZ,a
Similarly,
E||[(1X) () - (BY) (0|7

< E(/tm HAT(t—s)Q[Fl(&XS) _Fl(s7YS)]Hads)p
< cl’(/twefé(sfﬁds)p_l(/mefﬁ(sft)EHF(z,BX(t)) FBY0)|” ds)

< P k(o) Kr lwl’||x Y7,

6P

As to I3 and I, we have the following evaluations:
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E||(I3X) (1) — (BY) ()|,
§E</tw||T(ts)P[G(s,CX(s)) G(s,CY (5))]||, ds>p
sc@)l’E(/’ (1=5)7% |G (s5,CX (5)) — Gls,CY (s Hds)p
< ki C(a)’ K" C(I', .. p) || X =Y, -
Similarly,
E||(LX) (1) — (L) ()|}
<E[ [ |76~ 5)Qi6(s.cX(5) - Gls.CY (5))]| 5]
C(oc)PE( /tme*‘S(S*’)HG(s,CX(s)) G(s,CY(s))]],, ds)p
<C(a) Koo' < HX Y2,

Finally for I's and I, we have the following evaluations:

(I3X)(1) = (IsY) (1)

_ sin(:i) [/_lm(t_s)é;flT(t_S)P[SA(X)(S) —Sam) ()] ds‘|
_ Sin(;é) [/ow(t )87 (= )P [Sa g (5) —~ Sar)(5)] ds]

where

San ()= [ _(s=0) ET(s—0)PA(X) (o) V(o)

with A(X) (1) = H(t,L(1)) and § satisfies o+ 1 < & < 1.
To evaluate E||(I3X)(¢) — (I3Y) (¢ ) , we break down the calculations into two

cases: p > 2 and p = 2. Let us first evaluate E||SA SAr) H
A direct application of Proposition 3.26 (i) with U (t s) T(t —s)and P(s) =P
yields

E|[[Sa(1+17) =Sa(1)]|”
SCpC1(1",5,5,p)8uﬂgE|\A(l—S+T)—A(f—s)’|€g
se

< CpC1(F,€,67P)KH o’ HX_YHZ(,OO
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We are now prepared to evaluate E||(I3X) (1) — (I3Y) (1) ||§. As before, an appli-

cation of Proposition 3.26 (ii) with U (¢,s) = T (t —s) and P(s) = P shows that

E||(13%)(1) - (1Y) ()|,
< M(@) Co(T,a,£,8,p) C, Ci(T,&,8,p) K @” X ~ Y| .

For p =2, we have

2
o

E||(I3X) (1) — (I3Y) (1)
2

= E‘ /_;T(t —s)P[H(s,LX(s)) — H(s,LY (s))] dW(s)

o

M(a)? /_t m(tfs)_Zae_zy(t_S)EHH(s,LX(s)) H(s,LY (s H]Lods

!
< M(a)? ( / (1 — 5) 20~ 21=9) ds) SupEE|[H (1, LX (1)) — H (1, LY (1))
- teR
2
<KpM(a)’K(0,7) @ [|X =Y ||,
Similarly, analogous computations used in the proof of Proposition 3.26 with
U(t,s) =T(r—s) and O(s) = O show that
E[|(IeX)(r) — (IeY) (1) |5
<M(a)’ C3(I',£,8,p)C, C1(I",£,8,p) Ky &” | X —Y||”

oo )

and this is valid when p > 2.
For p =2, we have

E||(IeX)(r) — (IeY) (1) ||

/j T $)Q[H (5, LX(5)) — H(5, LY (s))] dV(s)

2

<]

< C(a)zE[ AUIE||H (5, LX (5)) — H(s, LY (s5)) || ds
< C(Ot)2</_tme25(’_s) ds) sggEHH(s,LX(s))—H(s,LY(s))Hz

< Cla) Kn 55 0 X~V

Consequently,
Ivx -y |, <O [lx Y[,

Clearly, if ® < 1, then Eq. (6.1) has a unique fixed-point by the Banach fixed-point
theorem, which is obviously the only p-th mean almost periodic solution to it.
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6.1.2 Example

Let I" C RN (N > 1) be an open bounded subset with C> boundary oI". To illustrate
our abstract results, we study the existence of square-mean almost periodic solutions
to the stochastic heat equation given by

F) @+F(;,qu>)} - [Adﬂ—G(t,Dx(D)} FH(,®)W(r),in T
6.5)
® =0, on JdI

where the unknown @ is a function of ® € Q,r € R, and x € I', the symbols D, and
A stand respectively for the differential operators defined by

Yoo
:;87

and the coefficients F,G : R x L*(Q,H¥(I')NH**(I")) — L*(2,L*(I")) and H :
R x L*(Q,HY(I') NH**(I')) — L*(2,L*(I")) are square-mean almost periodic,
and W is one-dimensional Brownian motion.

Define the linear operator appearing in Eq. (6.5) as follows:

AX = AX forall ue D(A) =L*(Q;H}(I)NH*(I)).
Using the fact that, the operator .7 defined in L?(I") by
u=Au forall ucD(</)=H}(T)NH* ()

is sectorial and whose corresponding analytic semigroup is hyperbolic, one can eas-
ily sees that the operator A defined above is sectorial and hence is the infinitesimal
generator of an analytic semigroup (7'(¢));>o0.

For each pt € (0,1), we take Hy, = D((—A)*) = L*(Q,H} (I') NH?(T"))
equipped with its g-norm || - ||,. Moreover, since o € (0, 1), we suppose that § <
B < 1.Letting L=1,and BX=CX =D, X forall X€ L?(Q,Hy) =L*(Q,D((—A)%))
= L*(Q,H¥(I')NH**(I")), one easily see that both B and C are bounded from
L*(Q,HY(T)NH?*(I")) in L*(Q,L*(T")) with @ = 1.

We require the following assumption:

(6H)s Let 1 < B <1, and F : R x [2(Q,HY(I") N H2*(I')) — L2(Q,HF (I') N
H?B(I")) be square-mean almost periodic in 7 € R uniformly in X € L*(Q,HZ(I")
NH?>*(I)), G:Rx L*(Q,HY()NH**(I')) — L*(Q,L*(I")) be square-mean
almost periodic in ¢ € R uniformly in X € L*(Q,H(I") NH?*(I")). Moreover,
the functions F, G are uniformly Lipschitz with respect to the second argument
in the following sense: there exists K’ > 0 such that
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E|F(r, 1) —F(fa@)Hz <KE|® - 4’2Hi2(r)7

E[|Glt, 1) = 61, @2)[2 ) < K'E]| @1 = D 1,

and
EHH(Z‘,I[I]) _H(IaWZ)HiZ(F) < K/EHV/] - w2||1242(1~)

for all @y, D, w1,y € L*(Q;L%(I')) and t € R.
We have

Theorem 6.2. Under the previous assumptions including (6H )4, then the N-
dimensional stochastic heat equation (6.5) has a unique square-mean almost peri-
odic solution ® € L*(Q,H} (T')NH*(I")) whenever K’ is small enough.

6.2 The Nonautonomous Case

6.2.1 Introduction

In this section, we consider a more general setting, that is, we make extensive use of
intermediate space techniques to study the existence of p-th mean almost periodic
solutions to the class of nonautonomous stochastic differential equations given by

d(X(a),t)Jrfl (l,%’X(a),t))) - [,Q%(t)X(w,t)—i—fz(t,‘zfX((o,t))}dt (6.6)
+ A5, LX (0,0))dW (o,1)

forall 1 € R and @ € Q, where «7(t) for t € R is a family of closed linear oper-
ators on ¥ = D(</(t)), which is independent of 7, satisfying the well-known Ac-

quistapace and Terreni conditions (2.38)-(2.39), f1: Rx H — H’ﬁ O<a< % <B<

1), o:RxH—H, and f53: RxH — Lg are p-th mean almost periodic in t € R
uniformly in the second variable. It is well known that in that case, there exists an
evolution family % = {U(t,s)}:>s associated with the family of operators 7 (t).
Assuming that the evolution family % = {U(t,s) };>s is exponentially dichotomic
(hyperbolic) and under some additional assumptions it will be shown that Eq. (6.6)
has a unique p-th mean almost periodic solution.

To analyze Eq. (6.6), our strategy consists in studying the existence of p-th mean
almost periodic solutions to the corresponding class of stochastic differential equa-
tions of the form

d(X(t)—i—Fl (t,BX(t))) - {A(r)x(z)Jer(z,cx(z)) dr 6.7)
+F5(t,LX (1))dW ()
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forallz € R, where A(r) : D(A(r)) C LP(Q,H) — LP(Q,H) is a sectorial linear oper-
ator whose corresponding analytic semigroup is hyperbolic, that is, 6(A(r)) NiR =
0, B, C, and L are (possibly unbounded linear operators on L”(Q,H)) and F; :
RxLP(Q,H) — LP(QH) (0<a<j—janda<p <1),F:RxL/(Q,H)—
LP(Q,H), F3: Rx LP(2,H) — LP(£2,19) are jointly continuous functions satisfy-
ing some additional assumptions, and W(r) is a 2-Wiener process with values in
K.

6.2.2 Existence of p-th Mean Almost Periodic Solutions

In the present work we study operators <7 (¢) on H subject to Acquistapace—Terreni
conditions (2.38)—(2.39). In addition, we also need the following assumptions:

(6H)s The evolution family % generated by <7 (-) has an exponential dichotomy with
constants N, 6 > 0 and dichotomy projections P(¢) for r € R. Moreover, 0 €
p(4(t)) for each t € R and the following holds:

sup Hsz%(s);zf_l
t,s€R

t)||B(H,Ha) <cp. (6.8)

(6H)¢ There exist 0 < a < B < 1 and #y € R such that
Hf = Hg and Hp = Hy

for all # € R, with uniform equivalent norms.

Definition 6.2. Let oo € (0,1). A continuous random function, X : R — LP(Q;Hy,)
is said to be a mild solution of Eq. (6.7) provided that the function

s — EHA t,s)P(s)Fi(s,BX (s ||p is integrable on (—oo,), the function s —
E|A(s)U(, )Q( VFi(s,BX (s Hp is integrable on (z,o0) for each ¢ € R, and

X(1) = —F (t,BX (1) /A P(s) Fi(s,BX (s)) ds
+/ Als 0(s) Fi (s, BX(s)) ds
+/ U(t,5)P(s) Fa(s,CX(s) ds—/ U (t,5)0(s) Fa(s,CX (s)) ds
+/ U(t,5)P(s) Fy(s, LX(s) /Uts §) Fy(5,LX (s)) dW(s)

foreachr € R.

Throughout the rest of the paper we denote by I, I, I3, I4, I'5, and I the nonlinear
integral operators defined by
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EX)0)= [ AGU 5P W () ds,
BX)0) = [ AU H(s) ds
GX)0) = [ Uls)P) W(s)ds,
GX)0) = [ Ules)Q6) (o) ds,
GX)0 = [ Us)PE) )W), and
R0 = [ U9)0(5) B() W (o)

where ¥ (1) = Fi(¢t,BX (1)), ¥5(¢t) = F>(¢,CX(¢)), and W5 (¢, LX (1)).
To discuss the existence of p-th mean almost periodic solution to Eq. (6.6) we
need to set some assumptions on A, B, C, L, F;(i = 1,2,3).

(6H)7 R(§,A(-)) € AP(R;LP(Q;Hy)). Moreover, there exists a function ¥ : [0,e0) —
[0,00) withy € L![0,0) such that for every & >0 there exists /(€) such that every
interval of length /(&) contains a T with the property

|A(t+ ) (t+ 7,5+ 1) =A@ (t,5)|| < ey(|r—s])

for all 5,t € R.
(6H)g Let ae(o ——;) if p>2and e (0,4)if p=2,and @ < f < 1 with 28 >
a+1. The functions F : R x LP(Q;H) — LP(Q,Hpg), F>: R x LP(Q;H) —
LP(Q;H), and F3: R xLP(Q;H) — LP(2;1L9) are p-th mean almost periodic.
Moreover, the functions F;(i =1,2,3) are uniformly Lipschitz with respect
to the second argument in the following sense: there exist positive constants
Ki(i =1,2,3) such that

E||Fi(1,X) = F(1.Y)[|5 < KiE[[X =Y |,

E||R(1,X)-FR,Y)|" < KE|X-Y]|”,
EHF3(I7X) _F3(

for all stochastic processes X,Y € LP(Q;H) and r € R.

Theorem 6.3. Under assumptions (5H)1, (6H)s, (6H )¢, (6H )7, and (6H )3, the evo-
lution equation (6.6) has a unique p-th mean almost periodic mild solution when-
ever ©® < 1, where
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©:= KK (k’(a)+@w(a)cz(r,a,s,g,p))
+k’2K§(cz(r,a,6,§,p)+@)
+c;,k’31<g(M(a)Cz(r,a,g,&p)+m("g’ﬁ))q(r,g,a,p) ®
for p>2and
©: = |K(a) K| +K, K| (K(a,a,F)Jr@)
+k§-K§(K(a,6,F)+M)
+k§~K§(K(a,5,F)+K(j’gﬁ))] @
forp=2.

To prove Theorem 6.3, we will need the following lemmas, which will be proven
under our initial assumptions.

Lemma 6.4. Under assumptions (5H);, (6H)s, (6H)s, (6H)7, and (6H ), the op-
erators I and I3 defined above map AP(R;LP(Q,Hy,)) into itself.

Proof. The proof for the p-th mean almost periodicity of I>X is similar to that of
I X and hence will be omitted. Let X € AP(R;LP(Q;H,,)). Since

B e B(LP(.Q Hy),LP(2;H)) it follows that the function r — BX( ) belongs to
AP(R;LP(Q;H)). Using Theorem 4.4 it follows that ¥j(-) = Fi(-,BX(+)) is in
AP(R;LP(Q Hg)) whenever X € AP(IR; L7 (£2;Hy)). We can now show that I1X €
AP(R;LP(2;Hy)). Indeed, since X € AP(R;LP(.Q;HB)), for every € > 0 there ex-
ists I(€) > 0 such that for all £ there is t € [,& + ()] with the property

E||#iX (1 +17) —¥iX(1)||y <7 foreachr € R.
Now, we have
E|LX(r+7) -0X@0)|D

< ZPIEH/Z Al DU (4 .5+ T)P(s+ T) W (1 — 5+ ) — Wi ( —s)] s

o
p

g H [ AL+ DU+ T+ TP+ 1)~ AlS)U (1,5)P(5)] i 5) ds

o
< 2p71L1 —|—2p71L2.

Using Eq. (2.52) it follows that
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p
L < E{/ |A(s+ DU (t + 7,5+ 7)P (s+r)[qrf1(r—s+r)—lPl(z—s)]Ha}
)P —0 =8 (-s) g
E{ (t—s5)"%e 2 H'}’l(t—s—i-f)—'}’l(t—s)H}
a0, B C(T" 0,6, ) sup |1 +2) ~ % ()]
t
PC(

n(a,B)

Similarly, using assumption (6H )7, it follows that

| /\

I /\

F7a76ap)n

L, < E{/joo |A(s+T)U(t+ 7,5+ 7)P(s + ‘L')—A(s)U(t,s)P(s)HH‘I’l(s)Hads}p

<er{ [ yu—syas){ [ va-s)|mi)|]as)

!
<er( [ ve-s)as)” supE |9 ()]

= e7k(e)] ] sup |4 o).
Therefore,
E[GX(+ 1)~ LX) < (1 k@7 92 5)e.

for eachr € R, and hence ITX € AP(R; L?(2;Hy)).

Lemma 6.5. Under assumptions (5H)1, (6H)s, (6H )s, (6H )7, and (6H )3, the inte-
gral operators I3 and I}y defined above map AP(R;LP(Q;Hy,)) into itself.

Proof. The proof for the p-th mean almost periodicity of I1X is similar to that of
I3X and hence will be omitted. Note, however, that for I;X, we make use of Eq.
(2.46 ) rather than Eq. (2.45 ).

Let X € AP(R;LP(Q,Hy)). Since C € B(LP(22;Hy),LP(2;H)), it follows that
CX € AP(R,LP(Q;H))). Setting ¥ (1) = F>(r,CX (¢)) and using Theorem 4.4 it fol-
lows that ¥5 € AP(R; L”(2,H))). We can now show that I3X € AP(R; L”(Q,Hy)).
Indeed, since ¥ € AP(R;LP(Q,H)), for every € > 0 there exists /(&) > 0 such that
for all & there is 7 € [£,€ +1(€)] with

E||¥5(t+ 1) —¥(1)||” < n foreach € R.

We have
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E||(BX)(+7) — (BX) (1)1,
| [ v s pis i i [ vespeos)

o
14
< 3rlg

/:U(r+r,t—s+r)P(t—s+r) [#50—s5+7)— (s —s)] ds

[0
P

+3”1E'

/oo[U(t—l—f,t—s—l—T)P(t—s-l-‘L')—U(t,t—s)P(t—s)]‘I’z(t—s)ds

a
P

+3771E

’/OE U+ 1,0~ s+ TPt — s+ 1)Ut — )Pt —s)|¥a(r —5)ds

o

<3+ 307 L+ 30 L

Using Eq. (2.45), it follows that

L) < E{/OmHU(tJrr,t—s+r)P(t—s+r)[‘P2(t—s+r)—‘Pg(t—s)]Hads}p

IA

c((x)PE{ /Oms’“e’%snlyz(t —s+71)—W(t—s) ds}p
< (o) €T, 0.3, p) sup || B0 +-0) — 95|
<c(o)PC(I',et,8,p)n.

For L’z, we use Lemma 5.1 to obtain
°° p
L, < E{/ ||[U(t+‘L',tfer’L')P(t—erT)fU(t,tfs)P(tfs)]'Pz(tfs)Hads}
€

2° »
< 7 &7 SE[BO)]".

The evaluation of the last term is straightforward. We obtain

1 < E{/OgH[F(tJrT,tfs+T)fF(t,tfs)]'Pz(tfs)Hads}p

< 2" M” ¢” supE||¥5(1)||” .
teR

Combining these evaluations, we conclude that [3X € AP(R;L”(Q;Hy)).

Lemma 6.6. Under assumptions (5H)1, (6H)s, (6H)e, (6H )7 and (6H )s, the inte-
gral operators I and I defined above map AP(R;LP(Q;Hy,)) into itself.

Proof. Let X € AP(R;LP(Q,Hg)). Since L € B(LP(22;Hy),LP(2;H)), it follows
that LX € AP(R,L"(Q;H)). Setting ¥5(¢) = F3(¢,LX (¢)) and using Theorem 4.4 it
follows that ¥5 € AP(R; L? (£,H)). We can now show that IsX € AP(R;L”(Q,Hy)).
Indeed, since W5 € AP(R;LP(2,1L9)), for every € > 0 there exists /(&) > 0 such that
for all & there is T € [§,§ 4 [(€)] with
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E||¥(r+ 1) 7‘113(1‘)H£g <1 foreachr € R.

To show the p-th mean almost periodicity of (I5X), we proceed in two cases:
p>2and p=2.
For p > 2, using the representation in (3.34) we can write

(IX) (1 +7) = (IX) (1)

_ % [/:T(Hrr—s)‘:lU(“r T 5)P(5)Su (s) ds

- [m(t —5)*71U(t,5)P(s)Su (5) ds

_ sin(xg) {

- /ws’i*'U(tH,t—sﬂ)p(t—Hr)[S%(t—sH)—S%(t—s)}ds

0
+/°°s5—1 U+ ei—s+ 0P —s+1) —U(t,t—s)P(t—s)}S%(t—s)ds}
0

where g
Su(s) = [ (5-0)SU(5.0)P(0)¥4(0) dW(0).

—o0

with & satisfying o +% <&<i.
Let us first show that the stochastic process Sy, is p-th mean almost periodic.
An application of Proposition 3.26 (i) shows that

EHS%(Z“F”L') *S%(I)HP
§Cpcl(F,é,5,p)SH£EHlII3(I*S+T)7‘1’3(1‘*5’)”58
se

< Cpcl(r7§a67p)n .

Hence, S% is p-th mean almost periodic.
We are now ready to show the p-th mean almost periodicity of I3X(-).
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E||(I3X) (t +7) — (I3X) (1) |2

<3 1|sm E§)|
T
oo p
E / U+ 7,0 s+ T)P( = 5+7) [Sug (1 — 5+ 7) — Suy 1= 5)] ds
0 . a
oo P
437 1E / S0+ 10 =540 = (0, —5)| Sug 1~ 5) ds
€ o
€ P
+377E / Sé_l[F(l“i’f,l‘*S‘i’T)7F(I,l‘*S)]Sq/3(I7S)dS
0 o
<3Py 3P 3P
Using Eq. (2.45) and subsequently applying Proposition 3.26 yields
L] < E{/ S U(t+7,0—s+7)P(t—5+7)[Sy (t — s+ 7) — Sy (1 = 9)]||, ds}

< c((x)zE{/ séfaflefg“‘HSny}(t—s—i-T) —S%(t—s)Hds}
0
< C(a)pCZ(F7aa57€7p) SupE||SlP3(t+T) 78[},30)”1’
1
c(a)’ &(I', @, 6,8, p)CpCi (I, 6,6, p)1
For L’z' , using Lemma 5.1 it follows that
1< E{/ s5—1H[U(t+‘C,t—s+‘L’)P(t—s+‘L‘)—U(t,t—s)P(t—s)]S%(t—s)Hads}p
€
<G, a,8,8,p) SPSU§EIIS%(I)I|P
te
< C(F,,8,8,p)€"C,C1(T1,8, 8, p) supE|#4(s)| -
NS
The evaluation of the last term is straightforward. We obtain
€
L < E{/ sé_lH[F(tJrT,tferT)fF(t,tfs)]Sq@(tfs)Hads}p
0
< 2P MPg? supEHS%(I)HP

<2PMPePC,C\(I',E,8,p supEH‘P3 H]LO'

Asto p =2, we have
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o 2
L = EH/O Ft+t,t—s+7) ¥ —s+71) =B —s)] dW(s)

o
< c(a)2/ 52 S| (e — s+ 1) — W (1 —s)|P ds
0
< c(a)2(/0 52000 ay) suﬂgEH‘Pg(twLT)f%(t)Hz
te
I'l-2a 2
< (@) U2 up s (c-+-2) 5 0)|
t€R
For LY, using Lemma 5.1 it follows that
o 2
L E’/ [C(t+71,t—s+71)—L(t,t —5)| ¥t —5) dW(s)
€ o
Cla 2
< A e s o)
teR
As to LY, it is straightforward. We obtain
. 2
Ly _EH/ [F(t+71,0—5s4+7) = (1,6 —5)| ¥t —5)dW(s)
0 a

< 4C(a) M2 esupE || ()|
teR

Combining these evaluations, we conclude that [3X € AP(R;L”(2;Hy)).
The proof for I5X (-) is similar to that of I3X (-) except that Egs. (2.46) and (2.51)
are used instead of Egs. (2.45) and (2.52), respectively.

We are now ready to prove Theorem 6.3.

Proof. Consider the nonlinear operator M on the space AP(R; L” (Q;Hy,)) equipped
with the ot-sup norm (E||X (2)||%,)"/? and defined by

MIX (1) = —F (1, BX (1)) — / AU, 9)P(5) Fi(s, BX (5)) ds
+/ Als O(s) Fi (s, BX(s)) ds
+/ Ut,5)P(s) > (s,CX (s) ds—/ U(t,5)0(s) Fa(s,CX (5)) ds
+ [ UCPE) BOIX ) am(s) - [ U,9006) Rl LX () dW(s)

foreacht € R.
As we have previously seen, for every X € AP(R;L?(Q;Hy)), Fi(-,BX(:)) €
AP(R;LP(Q;Hp)) C AP(R;LP(£;Hy)). In view of Lemmas 6.4, 6.5, and 6.6, it
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follows that M maps AP(R;LP(Q;Hy)) into itself. To complete the proof one has
to show that M has a unique fixed point.
LetX,Y € AP(R;L7(2;Hy)). By (5H)1, (6H)s, and (6H ), we obtain

E||Fi(t,BX (1)) — Fi(t,BY (1))||? < k() K\E||BX(t) — BY (1)||”
< k(o) K @”||X Y|

Now for I7 and I3, we have the following evaluations:
E|[(LiX) (1) — (LY)(1)]|5,

§E</_:oHA(s)U(t,s)P(s)[F1(s,BX(s)) Fi(s,BY (s))], ds)p
<n(a,B)? </_too(ts) T3 S>ds)plx

" (/:o(t_s)aeg(fs)EHFl (s.BX(5)) = Fi(s. BY (5)) ds)
<n(a,B) ki K CZ(F,O(,S,é,p)ZD'pHX—YHf;a
Similarly,
E|/(I3X)(t) — (IY)(t H”
<E(/ |A(s) ()[F1 (5, BX(s)) = Fi (5, BY ()] |, d5>p
; M

o’ ||X =Y,
As to I3 and I, we have the following evaluations:
E|[(I3X) (1) = (I3Y) (1) |5,

<E(/_:oHU(t,s)P(s)[Fz(s,CX(s)) B(s,cy ()], ds>p
<c(a)? (/tw(t—s)l’p'ae_g(t_s) ds)pl X

x (/;(ts)-“e—‘z("”EHFz(s,CX(s)) Fz(s,CY(S))HZdS)
<k Ky c(a) Gy e, 8, p)a” X -y .

Similarly,
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E||(I3X) (1) — (Y) (1) ||

<E(/ U (t,5)0(5)[F>(5,CX (5)) — Fa(5,CY (5))] |, ds)p

k2 Kym(a, B)?

< S o’||x - YH”

Asto Is and I, using the factorization method and subsequently invoking Propo-
sition 3.26 leads to the estimate

E||(I3X)(t) — (I3Y) (1) ||
<CpM(a)’Co (I, @, 8,8,p) Ci(I",&, 8, p)supE||F (1,CX (1)) — F(1,CY (1))]|”
teR

<3 CpM(@)” K3 Co(T",0,€,8,p) C1(I7,€,8,p) @ [|X —¥[7, _.
Similarly,

E||(IeX) (1) — (IsY) (1) |

_ @By

or CPK3CI(F7§555p)wp||X7YHf°‘a

For p =2,

E||(I3X)( r)—(m)(r)ﬂz

a
2

- EH/ U(t,5)P(s) [F3(5,LX (s)) — F3 (s, LY ()] dW(s)

o
< (@) /m(t—s) 20 S0E| | s, LX(5)) — Fa (5, LY (5)) [ g ds

< o)k K @I (1-20)8* ") |[x -7 |2,
which implies

|3X ~I3Y ||, , < %5 -K(,8,1) K3 @ [|X Y|,

Similarly,

E|[(T6x)(r) — (TeY ) (¢ H

—E| / U(1.5)Q(s) [Fa(s. LX (s)) — F5(s.LX (5))] W (s)
m(ec.p)’ / B |Fy(s,LX (5)) — Fy(s.LX(5)) |4

m(a By ks K- (5) @ x|,



6.3 Existence Results Through the Schauder Fixed Point Theorem 165
which implies

1

|Fox ~TeY|, o < ks -Ks-K(t. )

BX =Y.,
Consequently,
IMx —My |, <O-[lx Y|,

Clearly, if ® < 1, then Eq. (6.6) has a unique fixed-point by the Banach fixed-point
theorem, which is obviously the only p-th mean almost periodic solution to it.

6.3 Existence Results Through the Schauder Fixed Point
Theorem

6.3.1 Existence of p-th Mean Almost Periodic Mild Solutions

In this section, we study the existence of p-th mean almost periodic solutions to
the class of nonautonomous stochastic differential equations of type (5.3) where
(A(t))er is a family of closed linear operators on L? (Q; H) satisfying Acquistapace—
Terreni conditions (2.38)—(2.39), and the functions F : R x L7 (Q,H) — L?(Q,H),
G:RxLP(Q,H) — LP(2,L9) are p-th mean almost periodic in ¢ € R uniformly
in the second variable, and W(¢) is a 2-Wiener process taking its values in K with
the real number line as time parameter.

Our method for investigating the existence of p-th mean almost periodic solutions
to (5.3) relies heavily on ideas and techniques utilized in Goldstein—N’Guérékata
[80] and Diagana [55] and the Schauder fixed point theorem.

To study the existence of p-th mean almost periodic solutions to Eq. (5.3), we
suppose that the injection

Hy — H

is compact and in addition to (5H)3 and (6H )¢, we require that the following as-
sumptions hold:

(6H)o R(C,A()) € AP(LP(Q:H))
(6H)1o The function F : R x LP(Q,H) — LP(Q,H) is p-th mean almost periodic
in the first variable uniformly in the second variable. Furthermore, X — F(z,X)
is uniformly continuous on any bounded subset &' of L?(Q,H) for each ¢ € R.
Finally,
swpE[[F. )] < (X1

where . : R™ — R™ is a continuous, monotone increasing function satisfying

tim 00 _ g

r—o0 r
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(6H)11 The function G : R x LP(,H) — LP(,1L9) is p-th mean almost periodic
in the first variable uniformly in the second variable. Furthermore, X — G(t,X)
is uniformly continuous on any bounded subset &” of L?(2,H) for each 7 € R.
Finally,
supkl|G(.)|” < 4]
te

where ./, : R™ — R is a continuous, monotone increasing function satisfying

r—o0 r

=0.

Remark 6.1. Let us mention that the fact the injection Hy < H is compact yields
that the injection
LP(Q,Hy) — LP(Q,H)

is compact, too.

In this section, I and I3 stand respectively for the nonlinear integral operators
defined by

(LX) (¢ / U(t,5)F (5,X(s))ds and (BX)(t / U(t,5)G(s, X (s)) dW(s).

Throughout this section we assume that o € (0, — 7) if p>2and a € (0,3) if
p = 2. Moreover, we suppose that

2B >a+1.

Lemma 6.7. Under assumptions (5H)3, (6H)e, (6H)9, (6H )10, and (6H )11, the
mappings I (i =1,2) : BC(R,LP(Q,H)) — BC(R,L?(Q,Hy)) are well defined and

continuous.

Proof. We first show that I} (BC(R,LF (2, H))) € BC(R,LF(2,Hg)) (i=1,2). Let
us start with I7X. Indeed, using (2.47) it follows that for all X € BC(R,LP(,H)),

E[LX(0)][q

)

< E[/;c(a)(t—s)*%*ﬂf*@||F(s,X(s))y|ds}p
<clo ([ sy e ) ([ e HOIR R x ()| )
<clar(ro-25a)(3)" 7 (3)) )

p—

<car(r(--L50) " (3)" alxl).

and hence
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X, 5= s X 0], < (a8, (]
’ te

p—1 p(l-a)
where [(,8,p) = c(@)? (T (1= :270) )" (3)7 .
As to I3 X, we proceed in two steps. For p > 2, we use the estimates obtained in
Proposition 2.16 (ii) to get

E||LX(1) ||’?7 < k(e,&,0,p) supEHG 5, X (s ||LO
< k(a,&,8,p) ///z(||XHm),

and hence
IBX (.. < k(e 8,8,p).(|X]..).

where k(o, &, 8, p) is a positive constant.
For p =2, we have

2 ! :
E||BX ()| = EH/wU(t,s)G(s,X(s))dW(s)

o

<e(@? [ (=57 IE Gl X0
< c(@P (1 -20)5" a5 |x].).

and hence
X[, < s(,8).2(|X]..),

where s(a,8) = c(at)*I" (1 — 205)51_20‘.

For the continuity, let X" € AP(R;L?(£,H)) be a sequence which converges to
some X € AP(R;LP(Q,H)), that is, || X" — X || — 0 as n — co. It follows from the
estimates in Lemma 2.45 that

p

E H/_;U(t,s)[F(s,X"(s)) —F(s,X(s))]ds

o

SE[/;c(a)(t—s) g% (- S)HF(S,X"(S))—F(s,X(S))HdSr

Now, using the continuity of F and the Lebesgue Dominated Convergence Theorem
we obtain that

P
— 0 as n— o0,
o

H/ Ul(t,)[F (s,X"(s)) = F(s,X(s))] ds

Therefore,
||F1X"7F1X||ma — 0 as n— oo.

For the term containing the Wiener process W, we use the estimates (2.45) and
(2.52) to obtain
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EH/_;U(I,S)[G(S,X”(S))—G(s,X(s))]dW(s) :

<k(a,G,8,p) fgﬂgEHG(t,X"(I)) ~G(t,x(n)]"

for p > 2 and

EH [ U968, X"(s)) ~ Gls, X ()] aW () ’

o

<n(a)? /j (- $) 2% 3 UIE||G(s5, X (5)") — G(5,X (5)) || ds

for p =2.
Now, using the continuity of G and the Lebesgue Dominated Convergence The-
orem we obtain that

P
— 0 as n— oo,
o

EH/_IOOU(t,s)[G(s,X"(s))—G(s,X(s))]dW(s)

Therefore,
||BX" —l}XHoc’a — 0 as n — oo,

Lemma 6.8. Under assumptions (5H)3, (6H ), (6H )9, (6H )10, and (6H )11, the in-
tegral operator I;(i = 1,2) maps AP(R,LP(Q,H)) into itself.

Proof. Let us first show that I7X(-) is p-th mean almost periodic and let f(¢) =
F(t,X(1)). Indeed, assuming that X is p-th mean almost periodic and using assump-
tion (6H )0, Theorem 4.5, and Lemma 5.1, given € > 0, one can find [z > 0 such
that any interval of length /¢ contains at least T with the property that

UG+ 7T,5+7)—U(t,s5)]| < e 30

forallt—s > €, and
Ellf(c+7)~f(o)]|" <n

for each o € R, where 11(¢) — 0 as € — 0.
Moreover, it follows from Lemma 4.1 (ii) that there exists a positive constant K|
such that

supE||f(0)||” < K.
cER
Now, using assumption (5H )3 and Holder’s inequality, we obtain
E||f(t+7)—f@0)]"

S3”’1E{/0mHU(H—T,H—T—S)H ||f(t+f—s)—f(f—s)||ds]p

+3”*1E{/:’HU(t+‘L‘,t+T—s)—U(t,t—s)” (=) as]”
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+3”*1E{/08HU(H—’L’,H—‘L’—S)—U(t,t—s)|| =) ds]”
SSP*IMPE[/:K&!’f(t—k’c—s)—f(t—s)”dsr
_ <8 p _ € p
+37 lspE[/ e 3£t —9)]ds|" +3 1MPE[/ 2¢7 £t —9)|| ds|
€ 0

<3t ([T 0mas) ([ e e e~ s )

4371 er (/Owe_‘ssds)pil(/me_% EHf(t—s)des)
+6P~ 1 mP (/Oge_‘ssds)pil (/Ose_% E||f(t—s)”pds)

<3ty (/:efésczs)” SupE||£(t+7—5) — f(t —s)||”

seR

+37 1 er /we*‘ssds)p supE|[f(r—s)|"
€ seR

+67~ ' mP (/Ee*‘hds)p supE|| f(t —5)[|”
0 seR

<30 pp (é) n+3" ' MP K, (é) e’ +6/ "\ MPeP Ky €”.

As to I3 X (+), we split the proof in two cases: p > 2 and p = 2. To this end, we let
g(t) = G(t,X(t)). Let us start with the case where p > 2. Assuming that X is p-th
mean almost periodic and using assumption (6H ), Theorem 4.5, and Lemma 5.1,
given € > 0, one can find /; > 0 such that any interval of length /¢ contains at least
T with the property that

|U(t+7,5+17)=U(t,5)|| < go 309

forallt —s > €, and
Elg(c+1)-2(0)|" <n

for each o € R, where 11(¢) — 0 as € — 0.
Moreover, it follows from Lemma 4.1 (ii) that there exists a positive constant K,
such that
supEHg(G)Hp <K;.
ceR

Now

Ellg(r+7)—g(0)]|"
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p

<3 1E /OOOU<I+‘L',I+T—S) (g7 —3) —g(t—5)] dW(s)

p

+3P—1E‘ /oo U(t+t,t+1—5)—U(t,t —s)] g(t —s)dW(s)

p

43771 /08 [U(t+t,t+1—5)=U(t,t—35)] g(t—s)dW(s)H

The next step consists in proving the p-th mean almost periodicity of I3X(-).
Using assumption (5H )3, Holder’s inequality, and Proposition 3.23, we have

E|g(t+71)—g(t)|]"

< 31’*10,,12{/: U+ t+7=5)] g +7—5) g —=9)|[7g ds]p/2

+31’_1C,,EL/: HU(H—’L‘,H—’L‘—S) —U(t,t—s)H2 Hg(t—s)”ig dsr/2

. € 2 2 »/2
1 GE[ [ U+ w5 Ul —5)| st - 9]
1 = 26 2 o
<31 GMPE[ [T g+ 7)1 —9) g ]
—1 < ss 2 r/2
+37 Cps”E[/ e |g(r )| Fy ds]
€

430! 21’/2C1,E[/0‘9 e’zﬁsﬂg(t—s)Hig ds} o

p—2

had Ss = e Ss
§3p*1CpMp(/ ef%ds) ’ (/ e Hg(t—kr—s) g(t—s) H]LO )
JO 0
o _pds - el Ss
—|—3P*1Cp£”(/ e 202 ds) : (/ N EHgt—s ||£Ods)
e Je 2
22 € Ss
43r-1op/2¢ Mﬂ(/ —Lz ) : (/ e > El|g(r—s) H]LOds)
0 0
1 & pos PT had
<3P~ CpM”n(/ el’zds / e
0 0
oo _p8s 1’T oo
+31’_1C,,£"K2(/ ¢ 37 ds) (/ - )
€ t

€ pés -2 € s
+3"‘121’/2CpM1’K2(/ eFids) 7 (/ e as)
0 0
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§3P—1CpMpn<PT—62)ﬁ72(p%)

20p—2)\ 2/ 4
4301, er KZ(L) T (S5)+32r R, M Kaer.
pé pé
As to the case p = 2, we proceed in the same way using isometry inequality to
obtain

EHBX(I—FT)—EX(t)HZ

<3M> (/O e*z‘ssds) (s;g%EHg(GJrf) —g(‘f)Hig

+3¢2 (/me*‘gsds) sup EHg(G)HiU +6M? (/Se*msds) supEHg(G)Hio
£ GER 2 0 oeR 2

M K
<3 [ —= t&+ +2&K }
S5n 25 + 5 + 2
Hence, I[X () is p-th mean almost periodic.

Let 0 <y <1 and set
BCY(R,17(Q,H)) = {X € BC(R,LP(2,Ha)) : [IX] ., < o=}

where

1
) El|x() - x ()]
) My wp | “
Xl = sop [BIXOIE] 7 swp A

Clearly, the space BC?(R,LP(,Hy)) equipped with the norm || . H oy is a Banach
space, which is in fact the Banach space of all bounded continuous Holder functions
from R to L”(Q,H) whose Holder exponent is y.

Lemma 6.9. Under assumptions (5H)3, (6H)e, (6H )9, (6H )10, (6H)11, the map-
ping I defined previously maps bounded sets of BC (R,LP (.Q,]HI)) into bounded
sets of BCY(R,LP(Q,Hy,)) for some 0 <y < 1.

Proof. LetX € BC(R,LP(,H)) and let f(¢) = F(¢,X(¢)) for each ¢ € R. Proceed-
ing as before, we have

E[1iX(1)[| < cE[LX(1)[[5
<c- l(ﬁﬁ,p)///l(HXHw) .

Let#; < 1. Clearly, we have
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E|[(IiX) (1) — (GX) (1)

153 p 1 P
< 2P g / Ult2,s) f(s)ds +2”_1E/ [U(t2,s) = U(t1,5)] f(s)ds
_ g /IZU(rz,s)f(s)dserzP”E /t' /MU” ’
_ g /IZU(tm)f(s)ds p+2P”E/ (/ A()U(x, s)f()dr)dsp
= N +N>. ’ ’
Clearly,

N < B /: |UGe2.5) £5) | a5}
<a>"E{/,:2<rz—s)*“e%*‘)llf ) as}”

<t () ([ toms st tem) T ( [ledta)
< el (- (¥].)) ( [ (=9 #1%)" (=n)
< el (X)) (1 - p”oc)‘(”‘”(t2 Lyt

Similarly,

N2<E/ /HA (5)]| @) ds}”

<r(a,B)’'E

'/12(/j;('r—s)_ljpjﬁ67 Z(Ts)ds)ppl)(/lei(TS)Hf(S) deS)%dT

<rapyr( [ e or e ([ (e TP ) T ]

Sr(a,ﬁ)”([l 87% EHf ||pds) |:/t2(17—t1 - /j;e*%(fﬂ')ds)l;)df
i) S

I
9(0:,[3)"(1 ~H0IE £(5)["as) tlz(r—n)*ﬁ(/r o ar)

p

<rlapy.ai(X].) (5) (=B P =)y H).

For y = min(l —a,1 — ) = 1 — 3, one has



6.3 Existence Results Through the Schauder Fixed Point Theorem 173
(1) (1) = (1) ()|, < s(,B.8) A4 | [X L) 12— |
where s(a, 3,8) is a positive constant.

Lemma 6.10. Ler 0 < oo < 8 < 1/2. Under assumptions (5H)3, (6H )s, (6H )9, (6H )10,
(6 H)11, the mapping I defined previously maps bounded sets ofBC(]R,LP (Q, H))
into bounded sets of BCY(R,LP(Q,Hyg)) for some 0 < y < 1.

Proof. LetX € BC(R,LP(Q,H)) and let g(z) = G(¢,X(¢)) for each t € R. We break
down the computations in two cases: p > 2 and p = 2.
For p > 2, we have

E[BX(0)|, < E[BX ()|
<c-k(B,&,8,p).(|X].)

Let#; < 1. Clearly,

E||(X)(2) — (IX)(1)]]?,

<2 E|| [ Utn,5) g (s) aW(s)]||
] 1 ’ p
+2”1E‘ [ U(e2,9) = Ul11,9)] 8(5) W (s)

= N{ +N;.

We use the factorization method (3.34) to obtain

N = !Sin(ﬂé) "B [ ) 09855
< ]S“‘ ] E[/ (t —s)‘5*1HU(tz,s)Sg(s)Hads}p

< (@) | B[ [ )% H ) ]
gM(a)”)M’ (/tz(tz—s)_l’%‘ads)pil X

T t

([l g5, )
1
M’p</t2(t2_S)_%ogds)[’fl X
I

T

X (/tz(tz _5)P1-E)gmp () ds) sup B[S, (1) |[”

t teR

< M(a)”

—(p—1)
<s(&8.0p) (1= Fga) (X ) (2 )
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where s(&, 0, 8,I", p) is a positive constant.
Similarly,

p

N, —E H /_1 [ : %U('E,s) a1 g(s) a(s)

o
p

- EH /_t i :A(T)U(’E,s) ] g(s) W)

o

Now, using the representation (3.34) together with a stochastic version of the Fubini
theorem (Proposition 3.24) gives us

N, = ’Si“(f)]”lz _/f (A(T)U(T,tl)[;(tl—s)'g_lU(tl,s)Sg(s)ds) i
< ’Si“(f)"’E[/: ([;(tl —) M A@U(5.5)8(9)]| ) d]”
< r(a,ﬁ)\““(ﬁ‘”E[/f ([;(tl — )5z —s) AT 8y (s)||ds) ax]”

with & satisfying B +% <&<i
Since T > t1, it follows from Holder’s inequality that

= o B)| R [ P ([ e ) as) o]

< r(a,B) %‘”EK/:(T—II)*Bdr)”([ (=5 409 5, (5) )]
-1

1 15
< r(a’ﬁ)‘%‘p(l‘z_[1)[7(1*[3>(/71 ([] —S)l’ 1(5 a— 1)64(t1 dS) %

T

x(/ht] efg( )ds) supEHS Hp

o

B3 (1= B) P (K] )=

For y=min(1 —a,1—- B)=1—f3, one has
[E]mx) @) - x| <re..s.0.m - [aa(x])] w0y,
Asto p =2, we have

EHEX(t I <CEHF2X )
<c-s(B,8)(]X]..)-

For #; < 1y, let us start with the first term. By Itd isometry identity, we have
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/ 2 [P 20 ,—8(tr—s) 2
N < c(a) /t (th—s)" e EHg(s)HLgds

< c(a)z(/:(tg —s)fzo‘ ds) sgﬂgEHg(s)Hig
<cla)(l —2(1)71./%2(”}(”00) (tz—ll)liza .

Similarly,

[ :
—E /t; /,:2
B [ atotean{ [ vl o) o
3E_AQHXLA@ﬂKnﬂg@wﬂwgmidﬂz
< e pan) [ [ (o= P |0 g}

o, B)7( )
< r(o, )2 (tr—11) (/ (r—;])*zﬁ d’L’) (/_t;e*%(’l*S)EHg(s)Hig ds)
< B (1~ 28) a6 (X ) 12 — 1020

o

2 U(e.5)de] a(s) W)
At

2
Ult,s dr} §(s)aW(s) |

2t —1

For y=min (§ —a,1 - ) =1 — & (since a, B € (0, 1)), one has

B0 - Eom)2] " <r@.8.8)0-28 [ aa(x].)] .

Therefore, for each X € BC(R,L?(£,H)) such that EHX Hp <RforallteR,

then I3X () belongs to BC"(R, L7 (2, Hy)) with E|| X (1) Hp < R' where R’ depends
onR.

Lemma 6.11. The integral operators I; (i = 1,2) map bounded sets of AP(Q,LP(Q,H))
into bounded sets of BCY(R,LP(Q,Hgy)) NAP(R,LP(Q,H)) for 0 <y < o

Proof. The proof follows along the same lines as that of Lemma 6.9 and hence is
omitted.

Similarly, the next lemma is a consequence of [80, Proposition 3.3]. Note in this
context that X = LP(Q,H) and Y = LP(Q,Hy,).

Lemma 6.12. For 0 < v < a, the Banach space BCY(R,LP(2,Hy)) is compactly
contained in BC(R,LP(Q,H)), that is, the canonical injection

id : BC"(R,LP(Q,Hy)) — BC(R,LP(Q,H))

is compact, which yields
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id : BC'(R,LP(Q,Hy)) NAP(R, LP(Q,H)) — AP(R,L”(Q,H))
is compact, too.

Theorem 6.4. Suppose assumptions (5H)3, (6H)e, (6H)o, (6H )19, and (6H)1;
hold, then the nonautonomous differential equation (5.3) has at least one p-th mean
almost periodic mild solution.

Proof. Let us recall that in view of Lemmas 6.7 and 6.8, we have

105+ )X < d(B.8) (4 (1) +-5(1x1.) )
and
EJ[(1 + 1)) - (1 + B)x(0)|
< (0, 8.8) (A () +-A6(x]]) ) oo -]

forall X € BC(R,LP(2,Hyg)), t1, r» € R with 7] # tp, where d(f3,6) and s(a, 3,0)
are positive constants. Consequently, X € BC(R,L”(Q,H)) and ||X||_ <R yield

(I +I3)X € BC"(R,LP(2,Hy,))

and
[ +B)X |G . <R,

where R =c(a, 3,0) (///1 (R) —|—///2(R)). Since .# (R)/R — 0 as R — oo, and since

EHXH" < cE||x "; for all X € LP(,Hy,), it follows that there exists an r > 0 such
that for all R > r, the following hold:

(L +13) (BAP(R,LP(_Q,H)) (O,R)> C Bper(r,1r(@.Hey)) N Bap®,Lr(2,m) (0,R). (6.9)

In view of the above, it follows that (H +F2) : D — D is continuous and compact,
where D is the ball in AP(R, L? (,H)) of radius R with R > r. Using the Schauder
fixed point it follows that (I'i +B) has a fixed point, which is obviously a p-th mean
almost periodic mild solution to Eq. (5.3).

6.3.2 Existence of S” Almost Periodic Mild Solutions

In this subsection, we introduce and develop another notion of almost periodicity
known as the concept of Stepanov almost periodicity. This notion is weaker than p-
th almost periodicity. Basic results on Stepanov almost periodic processes will be,
subsequently, utilized to study the existence and uniqueness of Stepanov almost pe-
riodic solutions to the nonautonomous differential equations, (5.3), where (A(7));er
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is a family of closed linear operators on L (Q;H) satisfying Acquistapace—Terreni
conditions, and the forcing terms F, G are Stepanov almost periodic.

6.3.2.1 S?” Almost Periodic Processes

Definition 6.3. The Bochner transform X?(¢,s),1 € R, s € [0,1], of a stochastic pro-
cess X : R — L7(Q; %) is defined by

XP(t,5) = X(t+5).

Remark 6.2. A stochastic process Z(t,s), t € R, s € [0, 1], is the Bochner transform
of a certain stochastic process X (1),

Z(t,5) =X"(1,5),
if and only if
Z(t+1,5—1) =Z(s,1)
forall; eR,s€[0,1],and T € [s—1,s].

Definition 6.4. Let p,q > 1. The space BSP(L1(2;%)) of all Stepanov bounded
stochastic processes consists of all stochastic processes X on R with values in

L9(Q; %) such that X” € L~ (R;L"((O, 1),L9(Q; 93))) . This is a Banach space with
the norm

141 1/p
Xl = X = sop ([ Elx(0)]"ac)
teR t

Definition 6.5. Let p,g > 1. A stochastic process X € BSP(L1(Q;%)) is called
Stepanov almost periodic (or S” almost periodic) if X? € AP(R; L ((0,1),L9(£2; ))),
that is, for each € > 0 there exists /(&) > 0 such that any interval of length /(&) con-
tains at least a number 7 for which

t+1
sup E||X(s+‘c)—X(s)des<8.

1eR Ji
The collection of such functions will be denoted by SPAP(R; L1(Q2;A)).

Throughout this section, we suppose p = q.
The proof of the next theorem is straightforward and hence omitted.

Theorem 6.5. If X : R — LP(Q;.P) is a p-th mean almost periodic stochastic pro-
cess, then X is SP almost periodic, that is, AP(R; LP(22;B)) C SPAP(R;L? (Q; A)).

Lemma 6.13. Let (X,())nen be a sequence of SP almost periodic stochastic pro-
cesses such that
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t+1

sup EHX,,(S)—X(S)||pdS—>O, as n— oo,

teR J1
Then X € SPAP(R;LP (Q;%A)).
Proof. For each € > 0, there exists N (&) such that

+1

E||X,(s) — X (s )||”ds< , Vi €R, n>N(e).

t

From the S” almost periodicity of Xy(z), there exists /() > 0 such that every
interval of length /(€) contains a number 7 with the following property:

1
/I+ EHXN(err)—XN(s)H"ds< —, VteR.
t

Now
E|lX(t+7)—X(0)||" <37 "E[|X(t+17) - Xn(t+7)||"+37 "E||Xn(t + T) — Xn (1)]|”
+ 3B xy(0) - X (1)
and hence

t+1 e & €
_ Pgs< 4 ELE
sup | E[X(s+7)-X(s)|'ds < 3+3+3=¢

which completes the proof.
Similarly,

Lemma 6.14. Let (X,(1)),en be a sequence of p-th mean almost periodic stochastic
processes such that

supEHX,,(s)—X(s)Hp—>O, as n— oo,
seR

Then X € AP(R;LP(Q2;%)).

Using the inclusion SPAP(R;LP(.Q;%’)) C BSP(R;LP(2;%)) and the fact that
(BSP(R;LP(2;2)). |- ||5») ¢») is a Banach space, one can easily see that the next the-
orem is a stralghtforward consequence of Lemma 6.13.

Theorem 6.6. The space SPAP(R; LP(Q2;%)) equipped with the norm
1+1 » 1/p
= Sup (/ E|x ()] ds)
teR t
is a Banach space.

Let (A1, - ||»,) and (%o, || - ||#,) be Banach spaces and let LP(Q;%;) and
LP(Q;%,) be their corresponding L” spaces, respectively.

]
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Definition 6.6. A function F: R x LP(Q;5)) — L (Q2;%,), (t,Y) — F(t,Y) is said
to be SP almost periodic in # € R uniformly in ¥ € K where K C LP(Q;%)) is a
compact if for any € > 0, there exists /(g,K) > 0 such that any interval of length
[(g,K) contains at least a number 7 for which
1+1
sup E||F(S+T,Y)—F(S,Y)||;2ds<8
teR Ji

for each stochastic process ¥ : R — K.

Theorem 6.7. Let F : R x LP(Q2;%,) — L (Q2;%,), (t,Y) — F(t,Y) be an S al-
most periodic process in t € R uniformly inY € K, where K C LP(2;9%)) is com-
pact. Suppose that F is Lipschitz in the following sense:

E||F(t,Y)—F(1,Z)|

by, SME|Y —Z

P
A

forallY,Z € LP(Q;%)) and for eacht € R, where M > 0. Then for any SP almost
periodic process @ : R — LP(Q;%)), the stochastic process t — F(t,D(t)) is SP
almost periodic.

Proof. The proof is left as an exercise.

Theorem 6.8. Let F : R x L (Q; %) — LP(Q2;%,), (t,Y) — F(t,Y) be an S al-
most periodic process in t € R uniformly in Y € K, where K C L (%)) is any
compact subset. Suppose that F(t,-) is uniformly continuous on bounded subsets
K' C LP(Q;9%)) in the following sense: for all € > 0 there exists & > 0 such that
X,YeK andEHX—YH'; < O, then

E||F(t,Y)—F(1,Z)||5 <€, ViteR.

Then for any SP almost periodic process @ : R — LP(;9)), the stochastic process
t+— F(t, (1)) is SP almost periodic.

Proof. Since @ : R — LP(2;%)) is an SP almost periodic process, for all € > 0
there exists /¢ > 0 such that every interval of length /; > O contains a T with the
property that

141
/l E||®(s+71)—D(s)||Vds <&, ViR, (6.10)
t

In addition, @ : R — LP(£; %) is bounded, that is, supEHCP(t)HII7 < oo, Let K" C
teR

LP(Q; %) be a bounded subset such that ®(¢) € K” forall r € R.
Now
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t+1
/ E||F (s +7,@(s+ 7))~ F(s,D(s)) || ds
t
t+1
SZ,H/ E|F(s+71,®(s+71)) —F(s+7,D(s))|5 ds
t
t+1
#2071 [TUR|F (s, () — F(5, @) £ s
t

Taking into account Eq. (6.10) (take J; = €) and using the uniform continuity of F
on bounded subsets of L” ;%)) it follows that

t+1 e
sup EHF(s—l—T,@D(s—l—T))—F(s—l—‘L',d)(s))des<—. (6.11)
teR Jt 2 27
Similarly, using the SP almost periodicity of F it follows that
141 €
sup E||F(s+7,®(s)) — F(s,P(s)) ||} ds < —. (6.12)
1R Ji 27

Combining Egs. (6.11) and (6.12) one obtains that

1
sup " E||F(s+7,®(s+7)) —F(s,tIJ(s))Hgds <€,

teR J1

and hence the stochastic process ¢ — F(z,®(t)) is S” almost periodic.

6.3.2.2 Existence of S” Almost Periodic Mild Solutions

To study SP almost periodic solutions to Eq. (5.3), we first study the existence of S”
almost periodic solutions to the stochastic nonautonomous differential equations

dX(t) =A0)X(t)dt+ f(t)dt + g(t)dW(z), r€R, (6.13)

where A(z) for t € R is a family of closed linear operators where the family of lin-
ear operator A(¢) : D(A(t)) C LP(Q2;H) — LP(Q;H) satisfies the above-mentioned
assumptions and the forcing terms f € SPAP(R,L?(Q;H)) NC(R,LP(£2;H)) and
g € SPAP(R,LP(2;L9)) N C(R,LF(£2;19)). In addition to (5H)3 and (6H)s, we
require the following assumptions.

(6H)12 R(C,A(-)) € SPAP(LP(Q;H)).

(6H)13 The function F : R x LP(Q,H) — LP(Q2,H) is S” almost periodic in the first
variable uniformly in the second variable. Furthermore, X — F(¢,X) is uniformly
continuous on any bounded subset & of L?(Q,H) for each t € R. Finally,

ZSEHEEHF(”X)HP <. (]X]|..)

where ./ : R — R is a continuous, monotone increasing function satisfying
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tim ) g

r—oo r

(6H)14 The function G : R x LP(Q,H) — LP(2,1L9) is S” almost periodic in the
first variable uniformly in the second variable. Furthermore, X — G(z,X) is uni-
formly continuous on any bounded subset &” of L” (Q,H) for each t € R. Finally,

supE[|G(r.X)[|" <.4(]|X]..)
teR

where .5 : RT™ — R is a continuous, monotone increasing function satisfying

Jim 22"

r—oo r

=0.
Theorem 6.9. Assume that (2.38), (2.39), and (5H )3 hold. Then (6.13) has a unique
bounded solution X € SPAP(R,LP(Q2;H)).

We need the following lemmas. For the proofs of Lemmas 6.15 and 6.16, see the
proof of Theorem 6.10.

Lemma 6.15. Under the assumptions of Theorem 6.9, the integral defined by
n
X0 = [ U= E)fa-E)dE
e

belongs to SPAP(R,LP(Q;H)) for each forn =1,2,....
Lemma 6.16. Under the assumptions of Theorem 6.9, the integral defined by

h) = [ U= 8- §aw(E)

belongs to SPAP(R,LP(2;1L3)) for each forn=1,2,.....

Proof. (Theorem 6.9) By assumption there exist some constants M, § > 0 such that
|U(t,5)]| < Me5=) forevery 1 >s.

Let us first prove uniqueness. Assume that X : R — L?(Q;H) is a bounded stochastic
process that satisfies the homogeneous equation

dX(t)=A0)X(t)dt, teR. (6.14)

Then X (1) = U(r,5)X (s) for any 7 > 5. Hence || X (1) || < MDe =39 with X (s) H <
D for s € R almost surely. Take a sequence of real numbers (s, ),cn such that s, —
—oo as n — oo, For any 7 € R fixed, one can find a subsequence (Snk)keN C (Sn)neN
such that s, <t forallk=1,2,.... By letting k — oo, we get X (1) = 0 almost surely.

Now, if X;,X; : R — LP(Q;H) are bounded solutions to Eq. (6.13), then X =
X1 — X5 is a bounded solution to Eq. (6.14). In view of the above, X =X; — X, =0
almost surely, that is, X; = X, almost surely.
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Now let us investigate the existence. Consider for each n = 1,2, ..., the integrals

X0 = [ Ulta-8)f(-&)dg

and

h = [ U=~ Eaw(e)

First, we know by Lemma 6.15 that the sequence X,, belongs to SPAP(R,LP(Q; H)).
Moreover, note that

/:HEHX,,(S)HPds < /IIHEH/;lU(s,s—é)f(s_g) : ds

<o [* e { [Telso- o) as oz
<ol { [ e rseaz)

MP
< B Wl e e+ ).

Since the series
ep5 Z efp5n

is convergent, it follows from the Weierstrass test that the sequence of partial sums
defined by
n
= Z X (1)
k=1

uniformly on R.

converges in sense of the norm || . |
Now let

NG

foreacht € R.
Observe that

)= [ v <

and hence [ € C(R;LP(Q,H)).
Similarly, the sequence Y, belongs to SPAP(R,L?(£2;19)). Moreover, note that
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[ Emlras<c, [TE[[ [uess- o)l g8 ag]" as
e P96 {./I.IHEHg(s—é)des} dé&

MP
<G el e e 1),

N
<C,MP /

n—1

Proceeding as before we can show easily that the sequence of partial sums defined
by

M, (1) := i Y (1)
k=1

converges in sense of the norm || . |
Now let

gp uniformly on R.

o

m(t) =Y V(1)

n=1

foreachr € R.
Observe that

n(t)= [ UGE)sE)aWE), 1< R,

and hence m € C(R,LP(2;L9)).
Setting

! !
X0 = [ U@ e+ [ UE)e®)aw (@),
one can easily see that X is a bounded solution to Eq. (6.13). Moreover,
1
/IJr E||X(5) = (Lu(s) + My (s)) ||"ds — 0 as n— oo
t

uniformly in # € R, and hence using Lemma 6.13, it follows that X is a S” almost
periodic solution. In view of the above, it follows that X is the only bounded S”
almost periodic solution to Eq. (6.13).

Definition 6.7. An .%;-progressively process {X () }:cr is called a mild solution of
(5.3) on R if

X(t) = Ut,5)X(s) + / "Ut,6)F(0,X(c))do 6.15)
+ / "U(t,6)G(0,X (5)) dW(c)

for all + > s for each s € R.
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Now, define the nonlinear integral operators I on SPAP(R, L7 (£2,H))as follows:
IiX (1) = X (1) + X (1)

where
) :/_wU(t,s)F(s,X(s))ds

and
(GX)( / U (t,5)G(5,X (s)) dW(s) .

Throughout this section we assume that & € (0,1 — %) if p>2and a € (0,1) if
p = 2. Moreover, we suppose that

2B>a+1.

Lemma 6.17. Under assumptions (5H)s, (6H)s, (6H )9, (6H )13, and (6H )14, the
mappings I;}(i=1,2) : BC(R,LP(Q,H)) — BC(R,L"(Q,Hy)) are well defined and
continuous.

~—

Proof. The proof follows along the same lines as that of Lemma 6.7 and hence is
omitted.

Lemma 6.18. Under assumptions (5H)3, (6H)e, (6H )9, (6H )3, (6H )14, the inte-
gral operator I3(i = 1,2) maps SPAP(R,LP(Q,H)) into itself.

Proof. Consider for eachn =1,2,..., the integral

:/n Ult,t — &) f(t— €& d§+/ (1,1 —=&)glt—&)dW(E),
n—1

where f(o) =F(0,X(0)) and g(0) = G(0,X(0)).
Set

and

Yu(t)= | U(t,r—&)g(t—&)dW(E).

n—1

Let us first show that X,,(-) is S” almost periodic whenever X is. Indeed, assuming
that X is SP almost periodic and using (6H)13, Theorem 6.8, and Lemma 5.1, given
€ >0, one can find /(€) > 0 such that any interval of length /(&) contains at least T
with the property that

UGt +7,547) = Ult,s)|| < ge 20

forallt—s > €, and
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/t'+1 E|f(s+1)— £(s)|| ds < n(e)

for each 7 € R, where n1(¢) — 0 as € — 0.
For the SP almost periodicity of X,,(-), we need to consider two cases.

Case l:n>2

t+1 »
/, E||X,(s+7) — X,(s)|| ds

t+1
t

- [ Uls—8)rs-&)ag

[ UGtrstr-8) st r-)dt

P
ds

<ol /t’“/n:HU(HT,S+T_§)||"E||f(s+r—<§)—f(s—i)llpdéds
vt [T s st t-8)-Ules— 7Bl 6- P s
<oy /t’*‘/n’ile—p&:Ey|f(s+r—5>—f(s—f:)l\”déds

wrter [ g dga

<ot [* e { [T s 08— -0 s g

+2r'ep /,:1 e 5% {/IHIEHf(s g)H”ds}dg.

Case2:n=1

We have

t+1
/t E|[X) (s+ 1) — X (s)||/ ds

1+1
-/ E’
t

<3! _/,Hl./ol [UGs+Ts+7=8)|"E||f(s+T1-8)—f(s—&)||"dE ds

/01U(s+f,s+rf§)f(s+ff§)d§f/olU(s,sfé)f(sfé)dé ds

+30! /,Hl/gl [UGs+7s+7=8) = Uls,s—&)||"E[|f(s = &)[|" & as

+3v7! /,M /08 |U(s+7,s+7=&)—U(s,s—&)||"E[| f(s = §)||" d& ds
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t+1 ,l s
§3”’1M”/ / e PO E| f(s+T &)~ f(s—&)|| d& ds
t 0
141 1
w3rter [ [0 e 8RR pls— )| ag ds
t €
t+1 pe
+6"*1M/’/ / e PEE||f(s—&)||" d& ds
t 0

<3p-lyp ./01 o PS¢ {/IH_IEHf(s—i—T—é)—f(s_g)des}dé

e [fewosf [Mal g as)ae
vt [ L[ el )] as) ag

which implies that X;,(-) is S? almost periodic.

Similarly, assuming that X is S” almost periodic and using (6H ) 4, Theorem 6.8,
and Lemma 5.1, given € > 0, one can find /(&) > 0 such that any interval of length
[(€) contains at least T with the property that

|U(t+1,5s+7)-Uts)| < ge 309
forallt —s > €, and
1+
/ EHg s+71)— H ds<17
t
for each 7 € R, where n1(¢) — 0 as € — 0.

The next step consists in proving the S” almost periodicity of ¥, (). Here again,
we need to consider two cases.

Casel:n>2
For p > 2, we have

/I E|[Y,(s+7)— ||pds
t

/tJrl
t

- [ UGs=&sls-E)aw(e)

E /n':U(s+r,s+r—g)g(s+r—g)dW(§)

P
ds

< 21!7*1c1;/,t+1 E[/,:lHU(s+r,s+f—5>H2H8<S+T—¢>—g(s‘é)H@ngd&r/

+2P*1c,,/t’+112[/n’1l HU(erT,erTfﬁ)fU(s,sfﬁ)HZHg(sfé)Higdér/
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+1 n p/2
SZ”*IM”/ E[/ e 288 Hg(s+’c—§)—g(s—§)||iod§} ds
t n—1 2
t+1 n p/2
42r—tep / E[/ e765E|’g(s—§)||]12‘o dé} ds
t n—1 2
n s 141
§2”’1M”/ e P96 {/ EHg(s—&-T—é)—g(s—§)||£0ds}d<§
n—1 t 2

n 141
e [0 e—gss{/t E||g(s_g)||£gds}d§.

For p =2, a simple computation using It6 isometry identity shows that
1+1 )
/ E||Y,(s+1) —Y.(s)| " ds
t
n t+1

<o [* 5] [E|g(s+1-8)—g(s—&)|Fgds} a
ne
‘n t+1

_ 2

+282/ ¢ Sé{/ EHg(S—f)HILO}'

n—1 t 2

Case2:n=1
For p > 2, we have

t+1
/l E||Yi(s+71)—Yi(s)" ds

_/;“EH/OIU(s+r,s+f—§)g(s+f—f)dW(é)

p

n+1
[ UG =B gls=&aw(e)| ds

t+1 1 /2
§3P*1Cp/t E[/O |UGs+2.5+7-8)|Ellg(s+7—&) —g(s—&)|[1ga&] " ds
t+1 1 /2
306, [ B[ [ Ut+rs+o-8)~Ulss—8)|Elsts—)l2gaz] " ds
t+1 € /2
—|—3P*1Cp/t E[/O ||U(s+’c7s+1—§)—U(s,s—§)||2E||g(s—§)||igd§}p ds
1 1
<3 'mrc, /t+ E[/O e*Z‘SéEHg(s—Q—T—{;)—g(s—ﬁ)”l[z‘gdé}pﬁds
Jt P
1 1
wrterc, [TE[ [ e %mgts &)y ag] " as
t € 2
1
0 ey [E| [T e R gl o)y at] " s
t

§3p71Mpcp/Ol LS {/t’+lE’|g(s+rg)g(sé)H]’igds}dé
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1 t+1
e, [t [T B o) fyas pag

» e s r+1 »
s, [(e {/ E||g(s—§)||Lgds}d§.

For p =2, a simple calculation shows that

/II+IE||Y1 (s+7)=Yi(s)|[ ds < 3M2/0'1e*255{/IMEIIg(sH—é)—g(s—fé)llig ds} dg

+3£2/£1 6—55{/’HIEHg(s7 é)”ig}dé
so? [“e 8 [ Eoto-8)|3y ) g

which implies that Y, (-) is S” almost periodic.
Setting

t !
I'X(r):= / U(LG)F(O‘,X(G))dO’-l—/ U(t,0)G(0,X(0))dW (o)
and proceeding as in the proof of Theorem 6.9, one can easily see that
141
/ E||[X(s) = (Xa(s) + Ya(s)) ||"ds — 0 as n— oo
t

uniformly in# € R, and hence using Lemma 6.13, it follows that I'X is an S” almost
periodic solution.

Lety € (0,1] and let BCY (R,LP(Q,Hy)) = {X €BC(R,LF(2,Hy)) : HXHW <
oo}, where

L e -xop]
[Xlla=sup [BIX@IE]" +7 s =5

Clearly, the space BC?(R,LP(,Hy)) equipped with the norm || . H ay is a Banach
space, which is in fact the Banach space of all bounded continuous Holder functions
from R to L”(Q,H) whose Holder exponent is y.

Lemma 6.19. Under assumptions (5H)3, (6H)gs, (6H)o, (6H)13, and (6H)14, the
mapping I;(i = 1,2) defined previously map bounded sets of BC (R,LP Q,H) ) into
bounded sets of BCY(R,LP (Q,Hy,)) for some 0 < y < 1.

Proof. The proof is almost identical to that of Lemmas 6.9 and 6.10 and may be
omitted.
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Lemma 6.20. The integral operators I} (i = 1,2) map bounded sets of AP(Q,LP (Q,H))
into bounded sets of BCY(R,LP(Q,H)) NSPAP(R,LP(Q2,H)) for 0 < y < .

Proof. The proof follows along the same lines as that of Lemma 6.9 and hence is
omitted.

Similarly, the next lemma is a consequence of [80, Proposition 3.3]. Note in this
context that X = LP(Q,H) and Y = LP(Q,Hy).

Lemma 6.21. For 0 < y < a, BCY(R,LP(Q,Hy,)) is compactly contained in
BC(R,LP(2,H)), that is, the canonical injection

id: BC"(R,LF(Q,Hg)) — BC(R, L’ (2,H))
is compact, which yields
id: BC"(R,LP(Q,Hg))NSPAP(R, L7 (Q2,H)) — AP(R,LP(Q,H))
is compact, too.

Theorem 6.10. Suppose assumptions (5H)s, (6H)e, (6H)9, (6H)13, and (6H )14
hold, then the nonautonomous differential equation (5.3) has at least one SP almost
periodic solution.

Proof. Let us recall that in view of Lemmas 6.7 and 6.8, we have
|1+ )Xl < d(B.8) (-an (|[X]|.) +.5(]x].))
and

E||(Li+1)X(n) — (G +13)X ()|,
< (0, B.8) (1 (|X[L.) ) +-a(|[X].) )2 =nr]

for all X € BC(R,LP(2,Hy)), t1, t» € R with #; # 1, where d(f3,0) and s(o, 3,0)

are positive constants. Consequently, X € BC(R,L?(2,H)) and HX Hm < R yield
P

(Ii +I3)X € BC"(R,LP(Q,Hy)) and || (I; +F2)X]|a7w < R} where

Ry = ¢(a,B,9) (//ll (R) + //ZZ(R)). Since .#(R)/R — 0 as R — oo, and since

EHXHP < cE||x |Z for all X € LP(Q,Hy,), it follows that there exists an r > 0 such
that for all R > r, the following holds:

(L +13) (BSI’AP(R,LP(.Q,H))(O:R)> C Bper(r,or(@,Hy)) N Bsrapr,Lr(@ 1)) (0, R) -

In view of the above, it follows that (H +F2) : D — D is continuous and com-
pact, where D is the ball in SPAP(R,LP(Q,H)) of radius R with R > r. Using the
Schauder fixed point it follows that (H + Fz) has a fixed point, which is obviously
a p-th mean almost periodic mild solution to Eq. (5.3).
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The next result is weaker than Theorem 6.10 although we require that G be
bounded in some sense.

Theorem 6.11. Under assumptions (5H)3, (6H )¢, (6H )9, (6H )13, (6H )14, if we
assume that there exists L > 0 such that E||G(t,Y)H£O <L for all t € R and
2

Y € LP(Q;H), then Eq. (5.3) has a unique p-th mean almost periodic mild solu-
tion, which can be explicitly expressed as follows:

X(t):/_:oU(t,G)F(G,X(G))dc—i—/_;U(t,G)G(G,X(G))dW(G) for each 1 €R

whenever K and K' are small enough.

Proof. We use the same notations as in the proof of Theorem 6.10. Let us first
show that X,,(-) is p-th mean almost periodic upon the S” almost periodicity of
f=F(,X(*)). Indeed, assuming that X is S? almost periodic and using (6H);3,
Theorem 6.8, and Lemma 5.1, given € > 0, one can find /(€) > 0 such that any
interval of length /(&) contains at least T with the property that

UGt + 7,54 7) — U(t,s)|| < ge 20

forallt —s > €, and

/l'+1 E|f(s+1)— £(s)|| ds < n(e)

for each 7 € R, where n1(g) — 0 as € — 0.
The next step consists in proving the p-th mean almost periodicity of X,,(+). Here
again, we need to consider two cases.

Case l:n>2

E||X,(t+7) — X, (1)||”

=E

[ vtreire—g) fere-g)as

p

- [ Uta=8) s - £ a

<! /,:1 UGt +7,t+7=8)|"E|ft+T1-8)—f(t—&)|" d&
2t [ e e 8-l £ e ) a2
<ot [ PR e-8)- g- 8 a

-1 "o s PN
+27 gp/_le E||f(t—&)||” d&
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<or- 1Mp/_n E||f(r+17)— £(r)||"dr+27~ 18"/_n E|f(r)]"ar
1

t

Case2:n=1
E|[X(r+7) - X (t)Hp

:EH/OIU(z+r,t+r—§)f(t+f—5)d§—_/OIU(faf—g)f(f—é)

<3 B[ [ o+ nat o= 10+ 1-8) - - ) 8|
+3”1E{/£1||U(I+T,I+T—§)— (=8| £ —&) Hdﬁr
+3P—IEM||U(t+T,t+Tg) Ulte-&)| |- Hdg]p
§3"1MI’EVO L fe+T—8) - ||d§}

e[ [ ||f<r—a3>||dér+6”1Mf’E [ e Ire-ag]

Now, using Holder’s inequality, we have

< ([ om0 ae)

syter (([Lerte| o) az
Lo M (/OeeﬂééEHf(t_g)deg)
<3rtmp /l E||f(r+7)—f(r)||" dr

w3 ter [ || dree e [ B0 dr

which implies that X, (-) is p-th mean almost periodic.

Similarly, using (6H )14, Theorem 6.8, and Lemma 5.1, given € > 0, one can find
(&) > 0 such that any interval of length /(€) contains at least T with the property
that

|U(t+7,5+7)=U(t,s)|| < ge—3(=5)

forallt —s > €, and

/[ E||gs+‘£' || ds<n
t
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foreacht € R, where 11(€) — 0 as € — 0. Moreover, there exists a positive constant
L > 0 such that

supE[[g(o)||/y < L.
ocR 2
The next step consists in proving the p-th mean almost periodicity of ¥,(-).

Casel:n>2
For p > 2, we have

E||Y,(t+7) - Y,(1)||"

=E

/ U(t+t,r+1—&E)gls+1t—-&)dW (& / U(t,t=&)g(t—8)

<2 GE[[* U+ ne+r—8)ffls+7-) —g(t—5>||12u2 dér/z

12 GE[ [* [0+ ait-8) -0t - et - &)y 2]

n /2
<! CpMPE[ /}H e 2 gt +1-&) —g(t—é)”ig d&}p

" /
+2771C, s"E[/ﬂ_1 e B3t~ &)|[Fg a]"

{ t—n+1 » i t—n+1 P
<or MP/ E|[g(r+7) —g(r)|gydr+2" Cpgp/t E|[g(r)[|7g ar
—n

t—n
For p = 2, a simple calculation using It6 isometry identity shows

t—n+1
E|[Y, (1+ 1)~ Y,(1)| <2M2/ "B g(rr)— 8()[Fgdr+2e® [ " E|s()]7ydr.
. \

Case2:n=1
For p > 2, we have

E||Y1(I+T) —Y1(I)HP

:EH/OIU(H—T,t—l—T—é)g(s—l—‘c—&)dW(ﬁ)—/OlU(t,t_g)g(t_g)dw(é)

p

§3P*‘CPE{/O] U+, +7-&)|[lgtr+7 &) — gl — &) F &)
+31"CP/ZHI(/glJr/Oe)HU(t—i-T,t—i-T—é)— i=8)|Pletr—&) 2 gae]”
§31’"C,,MPE[/OI ¢ 208 Hg(t—&-r—é)—g(t—é)Higdé}p/

131 Ger | [ e gt -6y ag)”
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67 oM B[ [ ot - )|y 6]
§31’_1C,,M”/0 Ellg(t+7-8)—g(t—&)lpd
+3P*1Cp£p/elEHg(t—é)Hﬁgdi+6P*1CPM” /OSEHg(t—&)Higd
<3tc,mP /t E|lg(r+7)—g(r)|odr
- 2
FCer /t;Eugumggdr%P*cpw [ Elste )7y a
<371, M /l Ellg(r+1)—g()[|2yd
+3r1c,ef /tilE|\g(r)||£gdr+61’*1£cpMPL.

For p =2, we have

E||vi(t+7)— H

t
3M2[71E"g(r+ 7) —g(r)Hig dr

t €
362 [ Eller)|g+6M2 | Ellstr—&)[Fy

which implies that Y;,(+) is p-th mean almost periodic. Moreover, setting
1 t
I'X(r) :/ U(t,c)F(O',X(G))dG+/ U(t,0)G(0,X(0))dW (o)

for each ¢t € R and proceeding as in the proofs of Theorems 6.4 and 6.10, one can
easily see that

supE|[|X (s) — (X, (s) + Yu(s)) |” — 0 as n— oo
seR
and it follows that I'X is a p-th mean almost periodic solution to Eq. (5.3).

In view of the above, the nonlinear operator I maps AP(R; LP(2; %)) into itself.
Consequently, using the Schauder fixed-point principle it follows that I" has a unique
fixed point {X;(z), t € R}, which in fact is the only p-th mean almost periodic
solution to Eq. (5.3).
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6.3.3 Example

Here we reconsider Example 5.2.3. For the sake of clarity, we reproduce it here.
Indeed, let & C R" be a bounded subset whose boundary d &' is both of class C?
and locally on one side of &. Of interest is the following stochastic parabolic partial
differential equation:

d,X (1,x) = A(t,x)X (t X)dy + F(t,X(1,%))d, + G(t,X (,x)) dW (1),  (6.16)

Zn, x)aj(t,x)diX(t,x) =0, teR, x€d0, (6.17)
i,j=1
d

d
where d; = o di = o n(x) = (n1(x),na2(x),...,n,(x)) is the outer unit normal
Xi

vector, the family of operators A(¢,x) are formally given by

Altx) =Y % <a,,(t x)&i >+c(t x), teR, xe€ 0,
J

=

W is areal-valued Brownian motion, and a;;, ¢ (i, j = 1,2, ..., n) satisfy the following
conditions:

We require the following assumptions:

(6H)1s5 The coefficients (a;;); j—1
L,...,n. Moreover,

., are symmetric, that is, a;; = aj; for all i, j =

a;j € CY (R, LX(Q,C(0)))NBC(R,L*(2,C'(0))) NSPAP(R; L*(Q,L*(0)))
foralli,j=1,...n,and
c € Cl'(R,L*(Q,L*(0))) NBC(R,L*(2,C(0))) NS*AP(R; L*(2,L' (0)))
for some p € (1/2,1].
(6H)16 There exists &y > 0 such that
X astmn, = sl

for all (t,x) ER x & and n € R".

Now let H = L?(&) and let H*(&) be the Sobolev space of order 2 on &. For
eachr € R, define an operator A(¢) on LZ(Q;H) by

D(A(t)) = {XeLZ.QH2 an a;j(t,-)diX(t,-) =0 on 8@’} and
i,j=1
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A(1)X = A(r,x)X (x), forall X € Z(A(r)).

The next corollary is a consequence of Theorem 6.9.

Corollary 6.1. Under previous assumptions, the system (6.16)—(6.17) has a unique
mild solution, which obviously is S* almost periodic, whenever M is small enough.

Similarly,

Corollary 6.2. Under previous assumptions, if we suppose that there exists L > 0
such that E||G(t,Y) ||iO <Lforallt cRandY € L*(Q,L*(0)), the system (6.16)—
2

(6.17) has a unique square mean almost periodic solution, whenever M is small
enough.

6.4 Bibliographical Notes

All the main results presented in this chapter are based on some recent work by the
authors, see, e.g., [22, 21] and Diagana [55].






Chapter 7

Existence Results For Some Second-Order
Stochastic Differential Equations

This chapter is devoted to the study of the solutions of (non)autonomous second-
order stochastic differential equations. The existence of solutions to second-order
stochastic differential equations is important due to possible applications. In this
chapter, we adopt the same notations as in Chapter 6. In addition, if £ is a family of
2 x 2—operator matrices defined on H x H, we then define the corresponding family
L of operator matrices on L%(Q,H x H) as follows:

ZeD(L) and LZ=W
if and only if

Z,W e L*(QHxH) and £Z(0) =W (o) forall o € Q.

7.1 Square-Mean Almost Periodic Solutions to Autonomous
Second-Order SDEs

7.1.1 Introduction

The principal motivation of the present work comes from two main sources from
the deterministic setting. The first one is a paper by Mawhin [138], in which the
dissipativeness and the existence of bounded solutions on the whole real number
line to the second-order differential equations given by

W' (t)+cu (t)+Au+g(t,u) =0, t €R, (7.1)

where A : D(A) C H — H is a self-adjoint operator on a Hilbert space H, which
is semi-positive definite and has a compact resolvent, ¢ > 0, and g : R x H — H
is bounded, sufficiently regular, and satisfies some semi-coercivity condition, was
established. The abstract results in [138] were subsequently utilized to study the ex-

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 197
DOI 10.1007/978-1-4419-9476-9 7, © Springer Science+Business Media, LLC 2011
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istence of bounded solutions to the so-called nonlinear telegraph equation subject to
some Neumann boundary conditions. Unfortunately, the main result of this section
does not apply to the telegraph equation as the linear operator presented in [138],
which involves Neumann boundary conditions, lacks exponential dichotomy.

The second source is a paper by Leiva [117], in which the existence of (exponen-
tially stable) bounded solutions and almost periodic solutions to the second-order
systems of differential equations given by

u'(t)+cu (t) +dAu+kH(u) = P(t), ucR", t €R, (7.2)

where A is an n X n—matrix whose eigenvalues are positive, ¢, d, k are positive con-
stants, H : R" — R" is a locally Lipschitz function, P : R — R" is a bounded con-
tinuous function, was established.

In this section, using slightly different techniques as in [14, 118], we study and
obtain some reasonable sufficient conditions, which do guarantee the existence of
square-mean almost periodic solutions to the classes of autonomous second-order
stochastic differential equations

dx'(0,1) +adX (o,1) = [fbMX(a),t) (X (0,0))] dr
+g(t, X (w,1))dW(w,1), (7.3)
forall w € Q andr € R, where .7 : D(«/) C H — H is a self-adjoint linear operator
whose spectrum consists of isolated eigenvalues

O<Ah<h<..<A —o

with each eigenvalue having a finite multiplicity ¥; equal to the multiplicity of the
corresponding eigenspace, the functions a,b > 0 are constants, and the functions
f,g : Rx L*(Q,H) — L*>(2,H) are jointly continuous functions satisfying some
additional conditions and W is a one-dimensional Brownian motion. For that, the
main idea consists of rewriting Eq. (7.3) as an autonomous first-order differential
equation on H x H involving the family of 2 x2—-operator matrices £. Indeed, setting

X
Z:= ,
dX (1)
then Eq. (7.3) can be rewritten in the Hilbert space H x H in the following form:

dZ(ow,t) = | £Z(w,t)+ F(t,Z(0,1)) | dt + G(t,Z(o,1))dW(w,t), t € R, (7.4)

where £ is the family of 2 x 2-operator matrices defined on .77 = H x H by
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0 Iy
o= (7.5)

—bof —aIH

whose domain D(£) is given by D(£) = D(«/) x H. Moreover, the semilinear terms
F, G appearing in Eq. (7.4) are defined on R x /% for some o € (0, 1) by

0 0
F(l‘,Z): ) G(taZ): )
f(t.X) 2(t.X)

where 7, = .y x H with ./, the real interpolation space between H and D()
given by
= (H,D(d))
o0
Under some reasonable assumptions, it will be shown that the linear operator
matrix £ is sectorial. Moreover, it will be shown that its corresponding analytic
semigroup 7 () is exponentially stable under those assumptions.

7.1.2 Preliminaries

In this section, &7 : D(«/) C H — H stands for a self-adjoint linear operator whose
spectrum consists of isolated eigenvalues 0 < A} < Ay < ... < A, — o with each
eigenvalue having a finite multiplicity y; equal to the multiplicity of the correspond-
ing eigenspace.

Let {e//‘-} be a (complete) orthonormal sequence of eigenvectors associated with
the eigenvalues {A;}>1.

Clearly, for each u € D(.o7) := {x cH: i lszijHz < oo},
J=1

o Y o
Z Z e = Z lejx
=1 k=1 j=1
c ky k

where Ejx = kZ’l<x, ej)el.

Note that {E;} ;> is a sequence of orthogonal projections on H. Moreover, each
x € H can written as follows:

X = Z Ejx.
Jj=1
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It should also be mentioned that the operator —./ is the infinitesimal generator of
an analytic semigroup {7 (¢)},>0, which is explicitly expressed in terms of those
orthogonal projections E; by, for all x € H,

T(t)x= Z e_kf"ij.
=1

In addition, the fractional powers 7" (r > 0) of .o/ exist and are given by

D(o") = {x cH: iljz’HijHz < 00}
=1

and

oo

o x = Z AFEjx, Vx €D(a").

Jj=1

7.1.3 The Abstract Setting

To analyze Eq. (7.4), our strategy consists in studying the existence of square-mean
almost periodic solutions to the corresponding class of stochastic differential equa-
tions of the form

dz(1) = [LZ(t) FF(,Z(t) |dt + G(t,2(1))dW (1) (7.6)

forall € R, where L: D(L) C L*(Q,544) — L*(Q,.¢) is a sectorial linear operator
whose corresponding analytic semigroup is hyperbolic, that is, c(L)NiR =0, F, G
as before, and W is a one-dimensional Brownian motion.

We adopt the following assumptions.

(7H)1 The operator <7 is sectorial and generates a hyperbolic (analytic) semigroup
(T(1))=0-

(7TH), Leta € (0,%). Then Hy = D((—)%), or Hy = Dy(@,p), 1 < p <o, 0r
Hy = Dy(a), or Hy = [H,D()]q.

(7TH)3 Leta € (0,4)and @ < B < I.Let f, g: Rx L*(Q;Hy ) — L*(£2;H) be square-
mean almost periodic. Moreover, the functions f and g are uniformly Lipschitz
with respect to the second argument in the following sense: there exist positive
constants Ky and K, such that

E||f(0.X)~ f(t.Y)| < K;E[X ~ Y|, and
E||2(,X)—g(t,Y)|’ < K E|x — Y|

for all stochastic processes X,Y € L?(Q;Hyg) and ¢ € R.
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Theorem 7.1. Under assumptions (TH)1, (7H )2, and (TH )3, the evolution equation
(7.6) has a unique square-mean almost periodic mild solution whenever ® < 1,
where O is the appropriate constant appearing in Theorem 6.14.

Proof. The proof follows along the same lines as the proof of Theorem 6.1 and
hence omitted.

7.1.4 Existence of Square-Mean Almost Periodic Solutions

We have previously seen that each X € L?>(Q,H) can be written in terms of the
sequence of orthogonal projections E,, as follows:

Moreover, for each X € D(A),
AX =Y 4 Y (X, e =Y LEX.
=1 k=1 j=1

X
Therefore, for all Z := e D(L) = D(A) x L*(,H), we obtain the following:
IL2 QH)
X
Y
—bA —aILz QH)

—b )i MEX —a i EY
n=1 n=1

iEY
n=1

0 1 E, 0 X

I
 ngk

n=1 —b)Ln —a 0 E,, Y

where



202 7 Existence Results For Some Second-Order Stochastic Differential Equations

E, O
Pn = ,IlZl,
0 E,
and
0 1
A, = ,n>1. (7.7)
—bA, —a

Now, the characteristic equation for A, is given by
A*+al +A,b = 0. (7.8)

In this section we suppose a,b > 0 and

a* < 40b. (7.9)

From Eq. (7.9) it easily follows that the discriminant of Eq. (7.8) defined by
A, =a%>—4)\,b < 0forallt € R, n> 1, and hence all roots of Eq. (7.8) are nonzero
(with nonzero real and imaginary parts) complex roots given by

—a+iV—A —  —a—iy—A4
TR AR T S

that is,
Setting 6 := tan ! <7>, then
2 4}11b — a2

Define
Sp = {ZG(C\{O} | argz| < 9},

T ~ T
here 6 — =+ 6 (—,n).
where 2+ S )

On the other hand, one can show without difficulty that A, = K, 17,K,, where
Ju, K, and K, ! are respectively given by

A0 11
Jn: ) Kn: )
0 A4 M A

and

For A € Sg and Z € L*(,.5#), one has
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R(A,L)Z = i(a —A)7 'z
= iKnPn(A —LB) 'K, P,Z.
Hence, 7
w7 < ¥ K B

2 \12

i

Z
) € L2(Q, ), there exists C; > 0 such that

Clearly, for Z := (
2

2 | 2
< Cl)L,lEHZH forall n> 1.

Z
> € L?(Q,.¢), one can show that there is C, > 0 such that

Similarly, for Z := <
Z

2o —EHZH forall n>1.

Now, for Z € L*(Q,.5#), we have

1 2
A=Al 0 Z
2
EH(A—J,,P,,)’]ZH —E
0 ﬁ 7
1 2 2
< — otz 5|z
‘z—x,,l ’/l—)t,%
Let A9 > 0. Define the function
1+W
nA)=r——:1
]A 22|

It is clear that the function 7 is continuous and bounded on the closed set

Y= {AE(C: |A|§7Lo, |arg7L| SQ}.
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On the other hand, it is clear that the function 1 is bounded for |7L{ > Ap. Thus the
function 1 is bounded on Sy. If we take

1+
N = sup tAE€ESg,n>1; =12, 5,
then
EH A—J,P IZH A€ Sp.
1+ M
Consequently,
K
|2, <
1+ M
forall A € Sq.
Note that the operator L is invertible with
—ab~ A7 —p1AT!
L= , teR.

IL2<Q7H) O

First of all, note that L generates an analytic semigroup (e™*);>( on J# given by

z=Y K, 'Pe""PK\P.Z, Z € L(Q, ).
n=0

On the other hand, we have

A J; : ? ?
etz - wor |l [
B() B() B(A#)
Z
with for each Z = ( )
Zy
2
elﬂlTEn 0 7
2
E|e*pz|| =
O el,%TEn 22
A 2 P 2
< EH@ ”TEnle +EH6 " EnZo ‘
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where 6 =
Therefor

oK

]

et <ce 0, T>0. (7.10)

It is now clear that if ® < 1 is small enough, then the second-order differential
equation (7.4) has a unique solution

(1) e 2@, t0) = 12(Q, 0 < 1),

which in addition is square-mean almost periodic. Therefore, Eq. (7.3) has a unique
bounded solution X (¢) € L*(Q,.%%), t € R, which in addition is square-mean al-
most periodic.

7.2 Square-Mean Almost Periodic Solutions to Nonautonomous
Second-Order SDEs

In this section we study and obtain under some reasonable assumptions, the exis-
tence of square-mean almost periodic solutions to some classes of nonautonomous
second-order stochastic differential equations on a Hilbert space. Unlike in Section
7.1, here we make extensive use of the Schauder fixed-point theorem and the ideas
and techniques developed in Goldstein—N’Guérékata [80] and Diagana [55].

7.2.1 Introduction

Of concern is the study of the classes of nonautonomous second-order stochastic
differential equations

dX'(,1) +a(t) dX (o,1) = [fb(t);z/X(w,t) +i (t,X(w,t))] di
+f2(l,X((l),l))dW((D,l), (711)

forall @ € Q andt € R, where «7 : D(«/) C H — H is a self-adjoint linear operator
whose spectrum consists of isolated eigenvalues 0 < A} < Ay < ... < A4, — o with
each eigenvalue having a finite multiplicity ¥; equal to the multiplicity of the corre-
sponding eigenspace, the functions a,b : R — (0,0) are almost periodic functions,
and the functions f;(i = 1,2) : R x L?(Q,H) — L*(Q,H) are jointly continuous
functions satisfying some additional conditions and W is a one-dimensional Brow-
nian motion.

For that, the main idea consists of rewriting Eq. (7.11) as a nonautonomous first-
order differential equation on H x H involving the family of 2 x2—operator matrices



206 7 Existence Results For Some Second-Order Stochastic Differential Equations

X
£(t). Indeed, setting Z := ) , Eq. (7.11) can be rewritten in the Hilbert space
dX (1)
H x H in the following form:

dZ(w,1) = [s(:)z(w,z) A (t,Z(w,t))] dt + B(1,Z(0,1))dW(w.1), 1 € R,
(7.12)
where £(¢) is the family of 2 x2-operator matrices defined on % = H x H by

0 Iy
£(1) = (7.13)

—b(t)/ —a(t)ly

whose domain D = D(£(t)) is constant in # € R and is given by D(£(7)) = D(/) x
H. Moreover, the semilinear term F;(i = 1,2) appearing in Eq. (7.12) is defined on
R x s for some o € (0,1) by

0
Fi(t,Z) = :
fi(t.X)

To study the existence of square-mean solutions of Eq. (7.12), in addition to
(6H)e we adopt the following assumptions.

(7H)4 The injection Hy, < H is compact.

(7H)s Let fi(i=1,2) : Rx L*(Q;H) — L*(Q;H) be square-mean almost periodic.
Furthermore, X — f;(¢,X) is uniformly continuous on any bounded subset
K of L?>(Q;H) for each t € R. Finally,

supE|| fi(e,.X)||* < (X ]|..)
teR

where .Z; : Rt — R™ is a continuous, monotone increasing function satisfying

Under the above assumptions, it will be shown that the linear operator matrices
£(t) satisfy the well-known Acquistapace—Terreni conditions, which does guarantee
the existence of an evolution family $A(z,s) associated with it. Moreover, it will be
shown that $1(z,s) is exponentially stable under these assumptions.

Throughout this section we assume that 0 < o < % <P <1lwith2f > o +1.
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7.2.2 Square-Mean Almost Periodic Solutions

To analyze Eq. (7.12), our strategy consists in studying the existence of square-
mean almost periodic solutions to the corresponding class of stochastic differential
equations of the form

dzZ(1) = [L(z)z(t) iy (t,z(t))] dt + B> (6,Z(1))dW(1) (7.14)

for all # € R, where the operators L(¢) : D(L(t)) C L*(Q,5¢) — L*(Q,5¢) satisty
Acquistapace—Terreni conditions, F;(i = 1,2) as before, and W is a one-dimensional
Brownian motion.

Note that each Z € L?(Q,H) can be written in terms of the sequence of orthogo-
nal projections E,, as follows:

Moreover, for each X € D(A),

oo Yj

AX =Y 2; ) (x.eh)ek = i AEX.
j=1 k=1 =1

= J

X
Therefore, for all Z := <Y> € D(L) = D(A) x L*(Q, ), we obtain the following:

0 ILZ(.Q,H)
X
L(t)Z=
Y
—b(t)A —a(t)ILz(_Q’H>

where
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E, 0

and

An(t) = ,n>1. (7.15)
—b(t)Ay, —a(t)

Now, the characteristic equation for A,(z) is given by
A% +a(t)A + Aub(t) =0 (7.16)

with discriminant given by A, (¢) = a?(t) — 4A,b(t) for all t € R.
We suppose that there exists &y > 0 such that

infa(r) > 28, > 0. (7.17)
teR

From Eq. (7.17) it easily follows that all the roots of Eq. (7.16) are nonzero (with
nonzero real parts) given by

Ay = “AEVEE) g gy =~ VA

that is,

o (An(1) = { A(0),25(1) }.

. L. . /
In view of the above, it is easy to see that there exist % > 0 and 0 € (5,7{) such
that

sou{o} cp (L) =)

for each r € R where
So = {ZE(C\{O} | argz| < 6}.

On the other hand, one can show without difficulty that A, (¢) = K, ' (£)J,, (£) K, (),
where J,,(t),K,(t), and K, ! (t) are respectively given by

An(e) 0 11
In(t) = , Ka(t) = :
0 AF() AL (1) A3 (1)
and
—A3(t)
K (1) =

A () = A3 (r) A —1

For A € Sg and Z € L*(,.#), one has
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(A=A, (t)" 'Rz

[ agk

R(A,L)Z =

n—=

I
Msz

Ka(t)Pa (A —Jn(1)Pn) 'K, (1) PLZ.

3
Il
-

Hence,

E

2
EHR(A’L) H B(#) ‘

Jfat
Rt

Moreover, for Z := <

Pu(A = Ju(D)P) K (0P

Pz

2 2

K, (1P,

n

E ’2
B(#)

g R

P,z

2
i:' B(A) ‘

Z
) € L*(Q,.¢), we obtain
Z

E||K.()P.Z|* = E|EZi + Eu2o||* + E| A EuZ) + MEZ ||
<3(1+ 20 )E)Z)

Thus, there exists C; > 0 such that

E||K.()P.Z||* < 1| (1)[E||z||* forall n> 1.

Z
Similarly, for Z := < > € L*>(Q, ), one can show that there is C; > 0 such that

Z

2
<

2 (OP,

EHZH forall n>1.

v()\

Now, for Z € L*(Q,.¢), we have

W 0 Z
EH(), —Jn(t)P,,)’lZH2 —E
0 ﬁl% 7>
2 2
e

Let A9 > 0. Define the function
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1+ ‘A ’

M) = r———
A-%0|

It is clear that 1, is continuous and bounded on the closed set
y = {l eC: |A]| <o, |argA| < 9}.

On the other hand, it is clear that 1 is bounded for M’ > Ap. Thus, the function 7 is
bounded on Sg. If we take

1+M
N:Sllp 716*5&”217]:1727 ’
=20
then
EH A — I 'ZH A € Sp.
1+M
Consequently,
K
HR (A,L(t H <
1+M

forall A € Sg.

First of all, note that the domain D = D(L(t)) is independent of 7. Thus, to check
that Eq. (2.39) is satisfied it is enough to check that Eq. (2.41) holds. For that, note
that the operator L(t) is invertible with

Hence, for ¢,s,r € R, computing (L(t) — L(s))L(r)’1 and assuming that there exist
Ly, Ly > 0and p € (0,1] such that

|a(t) —a(s)| < La|t —s|* and |b(r) —b(s)| < Lyt —s|", (7.18)
it easily follows that there exists C > 0 such that

E||(L(t) ~ L(s))L(r)~'Z||* < Clt — s E||z|)*.

In summary, the family of operators {L(t)} ,er satisfies Acquistapace—Terreni
conditions. Consequently, there exists an evolution family U (z,s) associated with
it. Let us now check that U(z,s) has exponential dichotomy. First of all, note that
for every ¢ € R, the family of linear operators L(z) generates an analytic semigroup
(e™)) 50 on L?(Q, ) given by
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Wz =Y K(t)'Pe™ PK/(t)PZ, Z € L*(Q,.0).

On the other hand, we have

2 2
e I 1 TTOl WN TTOTc W T
B() B()

. Z
with foreachZ:( ),

%)

. 2
5 ePI"E; 0 Zy
tfen] -

0 ePéTEI )
I 2 I 2
< EHeplelzl H —|—EH€p2TE1Z2H
2
.

Therefore,
[0 < Ce=%T,  £>0. (7.19)

Using the continuity of a,b and the equality

R(A,L(1)) = R(A,L(s)) = R(A, L(1))(L(t) — L(s))R(A,L(s)),

it follows that the mapping J > ¢t — R(A,L(¢)) is strongly continuous for A € S,
where J C R is an arbitrary compact interval. Therefore, L(¢) satisfies the assump-
tions of [160, Corollary 2.3], and thus the evolution family (U(t,s)),> is exponen-
tially stable.
It remains to verify that R(y,L(-)) € AP(R, B(L*(2;.5¢))). For that we need to
show that L~!(-) € AP(R,B(L*(2,.5¢))). Since t — a(t), t — b(t),and t — b(t)~!
t
are almost periodic it follows that r — d (1) = —% is almost periodic, too. So for
all € > 0 there exists /(&) > 0 such that every interval of length /(€) contains a T
such that
1 1 ’ - €
b(t+1) b))l " ||A-1]|v2
forallz € R.
Clearly,

€
’d(t-i-‘l:) —d(r)’ < W

I e+ -7 < (‘ﬁ B ﬁ‘ﬁ @t +7)—a)]) o

<€
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and hence ¢t — L~!(¢) is almost periodic with respect to L?(£2,.%#)-operator-
topology. Therefore, R(y,L(-)) € AP(R,B(L*(Q;¢))).

To study the existence of square-mean almost periodic solutions of Eq. (7.14),
we use the general results obtained in Section 6.3.

Remark 7.1. Note that it follows from (7H)s that F;(i = 1,2) : R x L*(Q;H) —
L?(Q;H) is square-mean almost periodic. Furthermore, X + F;(¢,X) is uniformly
continuous on any bounded subset K of L?(Q;H) for each # € R. Finally,

supEE||(1.)||” < .#4(x]]..)
teR

where .#; : R* — R™ is a continuous, monotone increasing function satisfying

Theorem 7.2. Suppose assumptions (TH )4 and (7H )5 hold, then the nonautonomous
differential equation (7.14) has at least one square-mean almost periodic mild solu-
tion.

Proof. In view of Remark 7.1, the proof follows along the same lines as that of
Theorem 6.4 and hence omitted.

7.3 Bibliographical Notes

The results of this chapter are mainly inspired by the recent work of Diagana [55].
Although an n-order version of this chapter is known in the deterministic case (see
Diagana [57, 56]), a stochastic version of it is, to the best of the authors’ knowledge,
unknown.



Chapter 8
Mean Almost Periodic Solutions to Some
Stochastic Difference Equations

8.1 Introduction

This chapter deals with discrete-time stochastic processes known as random se-
quences. Here, we are particularly interested in the study of almost periodicity of
those random sequences and their applications to stochastic difference equations.
In biology for instance, fluctuations in nature are hardly periodic although one can
deliberately periodically fluctuate environment parameters in controlled laboratory
experiments. That is, almost periodicity is more likely to accurately describe natural
fluctuations.

In this chapter, (4, || -||) denotes a Banach space and Z. the set of all nonnega-
tive integers.

8.2 Basic Definitions

In this section we develop a basic theory for mean almost periodic random se-
quences on Z.. To facilitate our task, we first introduce the notations needed in
the sequel.

Define L' (Q; %) to be the space of all %-valued random variables V such that
E|V|| < eo. It is then routine to check that L'(£2;%) is a Banach space when it
is equipped with its natural norm || -||; defined by ||V||; := E||V|| for each V €
L'(Q,5).

Let X = {X,}ncz, be a sequence of Z-valued random variables satisfying
E||X,|| < oo for each n € Z. . Thus, interchangeably we can, and do, speak of such
a sequence as a function, which goes from Z into L!(Q; %).

This setting requires the following preliminary definitions.

Definition 8.1. [132] An L'(2;%)-valued random sequence X = {X(n)},ez, is
said to be stochastically bounded whenever

P.H. Bezandry and T. Diagana, Almost Periodic Stochastic Processes, 213
DOI 10.1007/978-1-4419-9476-9 8, © Springer Science+Business Media, LLC 2011
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lim ( sup P{w: 11X (@, n)]| >N}> —0.

N—eo \ nez,

Definition 8.2. An L' (Q;%)-valued random sequence X = {X(n)},cz, is said to
be mean (Bohr) almost periodic if for each € > 0 there exists Ny(&) > 0 such that
among any Ny consecutive integers there exists at least an integer p > 0 for which

E|X(n+p)—X(n)|| <&, VneZ;.

An integer p > 0 with the above-mentioned property is called an €-almost
period for X = {X(n)},cz,. The collection of all those Z-valued random se-
quences X = {X(n)},cz, which are mean (Bohr) almost periodic is then denoted
by AP(Z ;L' (Q;%)).

Similarly, one defines the mean (Bochner) almost periodicity as follows:

Definition 8.3. An L'(Q;%)-valued random sequence X = {X(n)},cz, is called
mean (Bochner) almost periodic if for every sequence {h(n)} nez, C L+ there exists
a subsequence {h(ks)} oz, such that {X(n+h(ks))},cz, converges (in the mean)
uniformly with respectton € Z .

8.3 Preliminary Results

Theorem 8.1. An L'(Q;%)-valued random sequence X = {X(n)},ez, is mean
(Bochner) almost periodic if and only if it is mean (Bohr) almost periodic.

Proof. The proof, with slight changes, follows along the same lines as the proof of
[63, Theorem 2.4, p. 241]. However, for the sake of clarity, we reproduce it here.

First of all, let us show that if x = {x(#)},;, is Bochner almost periodic, then it
is Bohr almost periodic. To achieve this, we show thatif x = {x(t)},c7, is not Bohr
almost periodic, then it is not Bochner almost periodic.

Suppose thatx = {x(t) },.7, is not Bohr almost periodic. Then there exists at least
one & > 0 such that for any positive integer Tp, there exist Ty consecutive positive
integers which contain no &-period related to the sequence {x(t)}teZ+. Now, let
h(1) € Zy and let 20 + 1,200 +2,200 +3,...,21 — 2,28 — 1 be (231 — 20 — 1)-
positive integers (o, 1 € Z, ) such that 23] —2a; —2 > 2h(1) or f; — oy — 1 >
h(1) and the sequence 2¢; + 1,20 2,20 +3, ...,231 — 2,21 — 1 does not contain
any g-period related to {x(1)},c7, -

Next, let 2(2) = 1(204 +2B1) = oy + Bi. Clearly, h(2) — (1) is a (positive)
integer such that 20 + 1 < h(2) — k(1) < 2f; — 1, and hence A(2) — A(1) cannot
be an g-period. Thus, there exist 20 + 1,200 +2,200 + 3, ...,23 — 2,23, — 1 such
that 23, — 20 — 2 > 2(h(1) 4+ h(2)), which does not contain any €-period related
to {x(t)},z, - Setting h(3) = 1200 +2B2) = 0 + Bo, it follows that A(3) — h(2),
h(3) — h(1) are respectively one of the terms 20 + 1,200 + 2,205 +3,...,23 —
2,2f>— 1, and hence A(3) —h(2), h(3) — h(1) are not &-period related to {x(¢) },, -
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Proceeding as previously, one defines the numbers %(4),4(5), ..., such that none of
the expressions A(i) — h(j) fori > j is an &-period for the sequence {x(t)},c7, -
Consequently, for all i, j € Z,

sup E||x(z + (i) —x(t +h(j))|| = supE|x(z +h(i)) —x(t +h(j))||

LJ i>]
= supE||x(1 4 (i) — h(j)) —x(1) |
i>j
> E.

Therefore, the sequence {x( +h(i)) };c7, cannot contain any uniformly convergent
sequence, and hence {)c(t)}tez+ is not Bochner almost periodic.

Conversely, suppose that the sequence {x(t)},.;, is Bohr almost periodic and
{t /}j ez, 1S @ sequence of positive integers. Here, we adapt our proof to the one
given in [88, Proof of Theorem 4.9]. For each € > 0 there exists an integer Ty > 0
such that between #; and Ty +¢; there exists an &-period 7; with 0 < 7; —1; < Tp.
Setting s; = T; —1;, one can see that s; can take only a finite number (at most Tp + 1)
values, and hence there is some s, 0 < s < Tj such that s; = s for an infinite numbers
of j”’s. Let these indexes be numbered as j, then we have

El[x(t +1;) —x(t +5;)|| = Ellx(t 4+ 7 +5;) —x(t +5;) || <€,
and hence,
E|x(r+1;) —x(t+s))|| <€

forallt € Z,.
One may complete the proof by proceeding exactly as in [88, Proof of Theorem
4.9] and using [88, Proposition 4.7] relative to Z rather than Z.
1
Now let {er}r€Z+be a sequence such that € — 0 as r — oo, say & = e Now,
r

from the sequence {x(n +t 1)} consider a subsequence chosen so that

JELy?
Ellx(n+1;) —x(n+sh)| <e.
Next, from the previous sequence, we take a new subsequence such that

E|lx(n+12) —x(n+s5%)|| < &.

Repeating this procedure and for each r € Z | we obtain a subsequence {x(n +ijr )} ’
) iely
such that

Elx(n+1tjr) —x(n+s")| <&

Now, for the diagonal sequence, {x(n%—ti,;)}' " for each € > 0 take k(g) € Z
It €Ly

such that &) < 5, where & belongs to the previous sequence {&},c7, -
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Using the fact that the sequences {tj;} and {tjg;} are both subsequences of

{tj“g) }, for r > k(€) we have

El|x(n+1j;) —x(n+1)[| < Ellx(n+t;r) —x(n+5)|
+ El|x(n+5*) —x(n+15)|
< &) T o)
é 87

and hence the sequence {x(n +1 j,;)} ’ is a Cauchy sequence.
L i€Zy
An important and straightforward consequence of Theorem 8.1 is the next corol-
lary, which plays a key role in the proof of Lemma 8.3.

Corollary 8.1. IfX] = {Xl (n)}nez+, Xp = {Xz(n)}neer, ey and Xy = {X]V(I/l)}nezJr
are N random sequences, which belong to AP(Z., ;L' (2; %)), then for each € > 0
there exists No(€) > 0 such that among any Ny(€) consecutive integers there exists
an integer p > 0 for which

E||IX/(n+p)—X'(n)]| <&
foreachn € Zy and for j =1,2,...,N.

Definition 8.4. A sequence of %-valued random variables X = {X(n)},cz, is said
to be almost periodic in probability if for each € > 0, 11 > 0, there exists Ny(g) > 0
such that among any Ny consecutive integers there exists at least an integer p > 0
for which

P{o: [X(0,n+p)—X(0.n)]| > e} <n,VneZs.

This definition of almost periodicity in probability is similar to the concept of
(Bohr) almost periodicity on R .

Lemma 8.1. If X belongs to AP(Z, ;L' (Q;%)), then
(i) there exists a constant M > 0 such that E||X (n)|| <M for each n € Z.;
(ii) X is stochastically bounded; and
(iii) X is almost periodic in probability.

Proof. (i) One follows along the same lines as in the proof of [63, Lemma 2.6]. As-
sume that {E[ X (n)|},cz, is not bounded. Then for some subsequence E|[|X (n;)|| —
oo as i — oo, Let € = 1. Then there exists an integer Ny(€) > 0 that satisfies the al-
most periodicity definition. There exists n; = s such that n; = s; > Ny(€). Then
among the integers

{Sl —N()(S) + 1,5 —NQ(E) +2,...,S1}

there exists 57 such that
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E|X(n+51) — X(n)]| < 1.
Next, choose n; = s5 such that n; = s, > Ny(&) + s1. Then among the integers
{s2—No(€)+ 1,80 —No(€)+2,..,52}
there exists 5> such that
EJX(n-+5) — X(n)| < 1.
Repeating this process, we obtain a sequence {5;} — oo as i — oo such that
E|X(n+5)—X(n)| <1forr=1,2,3,..,
and a subsequence {s;} of {n;} with {s;} — oo as i — . Moreover,
Si =5 +u

where 0 < u; < Ny(€).
Since {u;} is finite, there exists u;, that is repeated infinitely many times and
8i, = Si, + uj,, where i, — oo as i — oo. Therefore,

E[IX(n+5;) — X ()| < L.

Moreover,
E|[X(n+si,)—X(u;)]| < 1.

Hence, {X(s;,)} is bounded; a contradiction.
To prove (ii), we use the Markov Inequality to obtain

1
sup P{o: [X(@,n)]| >N} < + sup E|X(n)] <

nely nely

M
Nv

and hence

lim ( sup P{w; 1X(@,n)] >N}> =0.

e neZly

Using similar arguments, we also obtain the almost periodicity in probability of
X.

LetUB(Z.; L' (2;9)) denote the collection of all uniformly bounded L' (Q; %)-
valued random sequences X = {X(n)},cz, . It is then easy to check that the space
UB(Z.; L'(Q;%)) is a Banach space when it is equipped with the norm

[X[lee = sup E[IX(n)].

nely

Lemma 8.2. AP(Z ;L' (Q; %)) C UB(Z,;L'(Q;A)) is a closed space.
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Proof. Tt is clear that AP(Z ;L' (2; %)) C UB(Z, ;L' (2; %)) (see (i) of Lemma
8.1). Now let (X,)meny C AP(Zy; L' (2;%)) be a random sequence such that || X, —
X|ow + 0 as m — oo for some X € UB(Z, ;L' (2;%)). To complete the proof we
have to prove that X € AP(Z;L'(Q;%)).

Since X is uniformly bounded in the sense of L (2;A), it remains to prove that
it is mean almost periodic. Now, let € > 0 and choose m such that

€
Now since (X,,)men is mean almost periodic, then there exists a positive integer
No(€) such that among any Ny consecutive integers, there exists at least an integer
p > 0 for which

E|X,(n+p) — ()||< , VneZ,.

Now
E|IX(n+p) =X ()| < E[Xn(n+p)—X(n+p)
+ E|[Xn(n+p) = Xn(n)||
+ E||Xn(n) =X (n)]|
< E[Xn(n+p) —Xn(n)||
+2 sup E[| X, (n) =X (n)]|
< 2§+§
=g,
and hence

sup E[[X(n+p)—X(n)| <e.

neZy

In view of the above, the space AP(Z ;L' (Q; %)) of random mean almost peri-
odic sequences equipped with the sup norm || - || is also a Banach space.

8.4 Mean Almost Periodic Solutions to Stochastic Beverton—Holt
Equations

In constant environments, theoretical discrete-time population models are usually
formulated under the assumption that the dynamics of the total population size in
generation n, denoted by x(n), are governed by equations of the form

x(n+1) = f(x(n)) + yx(n), (8.1)

where ¥ € (0,1) is the constant “probability” of surviving per generation, and the
function f : Ry — R, models the birth or recruitment process.



8.4 Mean Almost Periodic Solutions to Stochastic Beverton—Holt Equations 219

Almost periodic effects can be introduced into (8.1) by writing the recruitment
function or the survival probability as almost periodic sequences. This is modeled
with the equation

x(n+1) = f(n,x(n)) + %x(n), (8.2)

where either {7, },ecz, or {f(n,x(n))},ez, are almost periodic and ¥, € (0,1).
In a recent paper, Franke and Yakubu [74] studied (8.2) with the periodic
Beverton—Holt recruitment function
(1= %) uKnx(n)

f(n,x(n)) = =Kt (= L+ 7)) (8.3)

where the carrying capacity K, is p-periodic, K, = K;, forallt € Z and u > 1.

We now introduce the notations needed in the sequel. From now on we assume
that both the carrying capacity K, and the survival rate ¥, are random and that ¥;,, n €
Z.. are independent and independent of the sequence {K},cz, . Let Z =R, =
[0, 4o0) equipped with the absolute value of R.

In the present work we investigate the stochastic nonautonomous Beverton—Holt
equations (8.2)—(8.3). It is shown (Theorem 8.2) that under some suitable assump-
tions, where both {K, } ez, and {}, }»ez, belong to AP(Z;L' (Q2;R.)) and u > 1,
(8.2)—(8.3) have a unique mean almost periodic solution on Z .

We now state our main theorem.

Theorem 8.2. Suppose that both sequences {K, }nez. and {¥,}ncz, belong to
AP(Z ;L' (Q;R,)) and p > 1. Then Egs. (8.2)~(8.3) have a unique random mean
almost periodic solution whenever

1
sup {E[y,]} < ——.
s (B[} < oy

The proof of Theorem 8.2 requires the following lemma.

Lemma 8.3. Let

(1 — %) uKaX
1= 7)Ky+ (U — 1+ %)X (n)

f(n,X(n)) = (
where both {Ky}pez+ and {Yu }nez, belong to AP(Z ;L' (2;R..)) and p1 > 1. Then,
(i) f is u-Lipschitz in the following sense:
E[f(n,U) = f(n,V)| <p E[U=V|, VU,V € L'(QRy),n € Zy;

(ii) If X belongs to AP(Z; L' (2;R.)), then the sequence { f (n,X (n)) }nez, also
belongs to AP(Z.; L' (Q;R ).

Proof. (i) It is routine to check that |f(n,U) — f(n,V)| < u|U — V|, and hence
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To prove (ii), set A, = (1 — ¥,)K,, and B, = L — 1 + %,. Then f can be written as
follows: AX(n)
X(n
nXn))=u—"~-~_ foreach n€Z,.
£l () = 2 s .
Using the fact that {,}, {K,}, and {X(n)} are mean almost periodic and making
use of respectively Lemma 8.1(i) and Corollary 8.1, we can choose a constant M > 0
such that E|K, | < M for all n € Z . and for each € > 0 there exists a positive integer
No(€) such that among any Ny(€) consecutive integers, there exists an integer p > 0,
a common &-almost period for {y,}, {K, }, and {X(n)}, for which

e(pn—1)? e(u—1)
E[Yutp =l < W ., E|Kp—Ky| < TJZ :

and

foralln e Z,.
We now evaluate [f(n+ p,X(n+p)) — f(n,X(n))|.

[f(n+p, X(n+p)) = f(n,X(n))|
ApipX (n+p) ApspX(n) ’

< _
=H ‘An+p+Bn+pX(n+P) Aptp+BpipX(n+p)

An+pX (l’l) An+pX (n)

Anip+BuipX (n+ P) Antp + BpipX (I’l)
A”*PX(n) A X (n)

Antp +BpipX (I’l) A, +B,X (”)
S X(n+p) = X))+ 1 AnpX (n)
1 1

X
‘An+p -I-B,H,,X(n-i—p) An+p +Bn+pX(}’l)
AvpX(n)  AX(n)

Anip+BuipX(n) A, +B,X(n)
<u|X(n+p)—X(n)

z
=
favl
<
(¢)

+u

+u

+u

ot B X0 ) x )
Aptp+ Bn+pX<"l +p) Apyp+ Bn+pX(n)
tu AnipX () AKX (n)
A”+p +Bn+pX(n) An +B,1X(l’l) ’

But
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ApipX(n) AnX(n)

Anip+BuipX(n) A, +B,X(n)
An+p An

Bn+p Bn

Thus,

[f(n+p,X(n+p)) = f(n,X(n)| <2u|X(n+p) =X (n)| +p

which in turn implies that
E|f(n+p,X(n+p)) = f(n,X(n))| <2uE[X (n+ p) — X (n)| + LE

A A
We now evaluate carefully E Tntp _n

n+p n
the random sequence { ¥, }ncz, . We have

E An+p _ﬂ :E’ (1 _7n+p)Kn+p o (1 _'Yn)Kn
Bn+p By .u71+’yn+[’ [J*lﬁ*')fn
1

(U =T+ %sp) (=147
_(I'L - 1) [%1+pKn+p - %Kn] + [YnKn+p - '}/)H»pKn] H

1
:E[(u— 14+ Yoip) (L — 1+ %)

_ ‘ (AntpBn — AnBuip)X (n)?
= By pB,X (n)?

An+p _ An

Bn+p

An+p
Bn+p

B,

)

Ap

B,

) |1 — 1) [Kntp — Kn] = YVt p[Knt p — K]

|(# - 1) [Kn+p - Kn] - Yn}/ner [Kner - Kn}

221

using the hypothesis of independence of

— (1= DKntp [Yatp — Yol + Y [Kntp = Kn] + Y [Kntp — Kn] = [Yotp — Wl ]

=E[ (L—1 +er[ip)(1# "1t [Kn+p — Ku

e yyi;([;i i e R
C(u—1+ Ynﬁp_) (].U —1+7) Kuip [Yosp — Tl

T e 5

i (Kt p— K]

ST+ B (T + 1)

1

- Knn_n
(T o)1) e =l

1 1
< HE|Kn+p - Kn| +E|Kn+p - Kn| + HE|Kn+p| E|Yn+[i - ’Vn‘
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1
+E|Kn+p—Kn|+ﬁE|Kn+p_Kn|+ E|Ky|E[Ynsp — Wl

1
(b—1)?
u

2u
P M E, -l
(u_])z |’}/+P ’}/|

S ;;:TIE”Kh+p“K@H

By combining, we obtain

E|f(n+p,X(n+p))— f(n,X(n))| < 20E[X(n+ p)—X(n)|
2u

E”K%+p K%l
( > M'Eh’n+p—7n|
JELELE
3 3 3 '

We now prove Theorem 8.2.

Proof. By Lemma 8.3(ii), if u € AP(Z,L'(Q;R,), then n — f(n,u(n)) belongs
to AP(Z, ,L'(Q;R)). Define the nonlinear operator I" by setting

I:AP(Z, L' (Q:R})) — AP(Z, L' (Q:R})),
where
n—1 [n—1
= Z H% f(ru(r
r=0 \ s=r

It is clear that I" is well defined. Now, let u,v € AP(Z,L'(Q;R,)) having the
same property as x defined in the Beverton—-Holt equation. Since {};,,n € Z, } are
independent and independent of u and v, one can easily see that

E[lu(n) |<Z{<HEI%>Efru( ) - f(nV(r))l},

and hence letting 8 = sup E[y,] we obtain
neZ,

sup E|Tu(n) — Tv(n)| < <1uﬁ‘> sup E |u(n) — v(n)|.

nely - B nely

up

Obviously, I is a contraction whenever 1 < 1. In that event, using the Banach

fixed point theorem it easily follows that I" has a unique fixed point, X, which obvi-
ously is the unique mean almost periodic solution of Egs. (8.2)—(8.3).
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8.5 Bibliographical Notes

All the main results presented in this chapter are based on some recent work by
Bezandry, Diagana and Elaydi [24] and Diagana, Elaydi and Yakubu [63].
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