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General introduction

Historical preamble

The almost periodicity is an old notion whose traces date to ancient Greece, starting
from Hipparchus theories up to the celestial model of Ptolemy. This last model, ta-
king into account the observations of that time, was intended to describe the periodic
cycles of the celestial bodies of our solar system by decomposing them into elementary
cycles and thanks to this idea which essentially characterizes the almost periodic func-
tions by using trigonometric polynomials to approach them. But it took time until the
works of H. Bohr, published between 1923 and 1926, for a formal and detailed study of
the class of almost periodic functions. Since then, numerous generalizations have been
made of this last class of functions, as varied as the distances or topologies used, among
which we can cite the classes of Weyl, Stepanov and Besicovitch of almost periodic func-
tions [11,/19,143,2,26]] and the class of almost automorphic functions [20,21]. Later,
pseudo almost periodic functions were invented by Zhang [|85,86,87] and the generali-
zation of this concept to pseudo almost automorphic functions was investigated in [|55]]
which opened the field to other generalizations of almost periodic functions class, thus
classes of weighted pseudo almost periodic functions and weyl-like, Stepanov-like and
Besicovich- like pseudo periodic functions were defined with their analogue in almost
automorphy [17,/34,25,138,/16,/137,35,183]. The question of studying the concept of al-
most periodic or almost automorphic stochastic processes arises naturally in connection
with stochastic differential equations. As can be seen in Tudor’s survey [77], almost per-
iodicity forks into many different notions when applied to stochastic processes : almost
periodicity in probability, in p-mean, in one-dimensional distributions, in finite dimen-
sional distributions, in distribution, almost periodicity of moments, etc. These notions
are not all comparable : for example, almost periodicity in distribution does not imply
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General introduction

almost periodicity in probability, and the converse implication is false too [10]. The si-
tuation for almost automorphy is no different. Furthermore, things become even more
complicated if one takes into account different generalizations of almost automorphy
(which have their analogue in almost periodicity) : on the one hand, changing the
mode of convergence in the definition leads to the notions of Stepanov-like, Weyl-like
and Besicovitch-like almost automorphy. On the other hand, for the study of asymptotic
properties of functions, it is natural to consider functions which are the sum of an al-
most automorphic function and of a function vanishing in some sense at infinity. In this
way, one gets the notions of asymptotically almost automorphic functions and of pseudo
almost automorphic functions and their weighted variants. Each of these notions can be
interpreted in different manners for stochastic processes, exactly in the same way as for
“plain” almost periodicity and almost automorphy. It is an objective of this work to cla-
rify the hierarchy of those various concepts. We did not try to list all possible variants,
one can imagine many other extensions and combinations, as the reader will probably
do. This is rather a preliminary groundwork, in which we investigate some notions we
think particularly useful. For example, when we describe the different modes of pseudo
almost automorphy in distribution, we concentrate on a stronger notion, which is not
purely “distributional” but seems to be the relevant one for stochastic differential equa-
tions. As we have in view applications in spaces of probability measures, which do not
have a vector space structure and whose topology can be described by different non
uniformly equivalent metrics, A natural application of these concepts is the study of sto-
chastic differential equations with almost automorphic or almost periodic coefficients.
We provide examples of stochastic semilinear evolution equations, with almost periodic
and with almost periodic coefficients, whose unique bounded solution is almost au-
tomorphic (respectively almost periodic) in distribution. It is another objective of this
work to point out a common error in many papers which claim the existence of nontri-
vial solutions which are almost automorphic or almost periodic in quadratic mean. We
show by a counterexample borrowed from [60] that this claim is false, even for several
extensions of almost automorphy or almost periodicity. .

Context of a work

The study of almost periodic random functions has a relatively long story, starting from
Slutsky [[72] in 1938, who focused on conditions for weakly stationary random pro-
cesses to have almost periodic trajectories in Besicovitch’s sense. The investigation of
almost periodicity in probability was initiated later by the Romanian school [66,24./68].
It is only in the late eighties that almost periodicity in distribution was considered, again
by the Romanian school (mainly by Constantin Tudor), in connection with the study of
stochastic differential equations with almost periodic coefficients [47,61,76,(7,28]]. Star-
ting from 2007, many papers appeared, claiming the existence of square-mean almost
periodic solutions to almost periodic semilinear stochastic evolution equations, using a
fixed point method. Despite the counterexamples given in [60], new papers in this vein
continue to be published. The story of almost automorphy and its generalizations is
much shorter. Almost automorphic functions were invented by Bochner since 1955 [20]]
(the terminology stems from the fact that they were first encountered in the context
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of differential geometry on real or complex manifolds). Almost automorphic stochastic
processes and their generalizations seem to have been investigated only since 2010,
starting with [44], which was followed by many other papers. Most of these papers
claim almost automorphy (or one of its generalizations) in square mean for solutions
to stochastic equations. There are only few papers we are aware of [46,/57]] which in-
vestigate almost automorphy in a distributional sense. Recently, the notion of almost
automorphic random functions in probability has been introduced by Ding, Deng and
N’Guérékata

Structure of the dissertation

This manuscript is divided into two parts and each part is composed of two chapters.
The first part of the thesis is consecrated, on the one hand, to the introduction of almost
automorphy notions and the stepanov almost perioicity for the functions and the sto-
chastic processes and on the other hand to the various useful superposition theorems.
The second part of the thesis which is also composed of two chapters, is devoted to
document the results obtained by the study of the solutions of a stochastic differential
equation with almost automorphic terms for the first chapter and Stepanov almost per-
iodic for the second. The distribution of our work in chapter is given hereafter

Chapter 1 :In Section[1.1] we present the concept of almost automorphy and some of its
generalizations : u-pseudo almost automorphy, Stepanov-like, Weyl-like and Besicovitch-
like u-pseudo almost automorphy. Our setting is that of functions of a real variable with
values in a metrizable space. Metrizability seems a sufficiently general frame to investi-
gate almost automorphy in many useful spaces of probability measures, while avoiding
complications. We show that almost automorphy and a slightly generalized notion of
pseudo almost automorphy can be defined in a topological way, without any reference
to a metric nor to a vector structure. In Section we investigate several notions of
almost automorphy and pseudo almost automorphy for stochastic processes. First, we
investigate almost automorphy and its variants in pth mean : the stochastic processes
are seen as almost automorphic (or, more generally, u-pseudo almost automorphic)
functions from R to LP, p> 0 (p = 0 corresponds to almost automorphy and its variants
in probability). Then we move to almost automorphy in distribution and its variants.
For p > 0, we introduce the notion of almost automorphy in p-distribution, which is
obtained by adding to the preceding notions a condition of p-uniform integrability. For
u-pseudo almost automorphy, the situation becomes even more complicated, because
there are several ways to take into account the ergodic part. We introduce also the
notion of processes which are p-pseudo almost automorphic in p-distribution, which
are the sum of a process which is almost automorphic in p-distribution and a process
which is u-ergodic in pth mean. We also carry out a comparison of these notions of
(generalized) almost automorphy for stochastic processes : in probability, in pth mean,
and in p-distribution. In Section (1.2, we investigate several notions of Stepanov al-
most periodicity in Lebesgue measure, and Stepanov (u-pseudo) almost periodicity for
metric-valued functions. We see in particular that almost periodicity in Stepanov sense
depends on the uniform structure of the state space. Next, we proceed like for section
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1.2.4] we present various definitions of stochastic processes of almost periodic type.

Chapter 2 : In the section 2.1}, we study the superposition operators (also called Nemyts-
kii operators) between spaces of almost automorphic (compact almost automorphic,
and u-pseudo compact almost automorphic) processes in distribution. In the section
we study some properties of parametric functions, especially Nemytskii’s operators
N (F)(X) := [t — f(t,x(t))] built on f : R x E — E in the space of Stepanov (u-pseudo)
almost periodic functions.

Chapter 3 : In this chapter, we consider two semilinear stochastic evolution equations
in a Hilbert space. The first one has almost automorphic coefficients, and the second
one has u-pseudo almost automorphic coefficients. We show that each equation has a
unique mild solution which is almost automorphic in 2-distribution in the first case, and
u-pseudo almost automorphic in 2-distribution in the second case.

Chapter 4 : The aim of this chapter is to study existence and uniqueness of boun-
ded mild solutions to a semilinear stochastic evolution equation on a Hilbert separable
space with Stepanov (u-pseudo) almost periodic terms, satisfying Lipschitz and growth
conditions. In the case of uniqueness, the solution can be (u-pseudo) almost periodic
in 2-distribution. Our approach is inspired from Kamenskii et al. [49], Da Prato and
Tudor [28]], and [9]]. The major difficulty is the treatment of the limits of the terms pro-
vided by the Bochner criterion in Stepanov sense. Thanks to an application of Komlos’s
Theorem [50], this difficulty dissipates by showing that those limits inherit the same
properties of the first terms. Finally, Section[4.2]is devoted to some remarks and conclu-
sions about the problem of existence of purely Stepanov almost periodic solutions. We
showed by a simple example in a one-dimensional setting, that one can obtain bounded
purely Stepanov almost periodic solutions when the forcing term is purely almost per-
iodic in Lebesgue measure.
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CHAPITRE

1

Almost periodic type and almost
automorphic type functions and pro-
cesses

In the sequel, X and Y are metrizable topological spaces. When no confusion may arise,
we denote by 0 a distance on X (respectively on Y) which generates the topology of X
(respectively Y). Most of our results depend only on the topology of those spaces, not
on the choice of particular metrics. When X and Y are Banach spaces, their norms are
indistinctly denoted by ||.||, and 0 is assumed to result from ||.||.

We denote by C(X,Y) the space of continuous functions from X to Y. When this space
is endowed with the topology of uniform convergence on compact subsets of X it is
denoted by Cy(X,Y).

For a continuous function f : R — X, we define its translation mapping

. | R — C(R,X)
f: {t — f(t—‘r.).

1.1 Almost automorphy type functions and processes

1.1.1 Almost periodicity and almost automorphy

Almost periodicity We say that a continuous function f : R — X is almost periodic if,
for any € > 0, there exists | (€) > 0 such that any interval of length | (¢) contains at least
an g-almost period, that is, a number 7 for which

o(f(t+7),f(t)) <e, forallt € R.

We denote by AP(R, X) the space of X-valued almost periodic functions.
By a result of Bochner [20], f : R — X is almost periodic if, and only if, the set

{F(t),teR}:{f(t+.),teR}

7



Chapitre 1. Almost periodic type and almost automorphic type functions and processes

is totally bounded in the space C(RR,X) endowed with the norm ||.||,, of uniform conver-
gence.
Another very useful characterization is Bochner’s double sequence criterion [20] : f is
almost periodic if, and only if, it is continuous and, for every pair of sequences (t,) and
(8,) in R, there are subsequences (t,) of (t,) and (s,) of (s,) respectively, with same
indexes, such that, for every t € R, the limits

lim lim f(t+ty+sym) and rI]i_n;!of(t+tn+sn), 1.1

N—oo M—oo

exist and are equal. This very useful criterion shows that the set AP(R,X) depends only
on the topology of X, i.e. it does not depend on any uniform structure on X, in particular
it does not depend on the choice of any norm (if X is a vector space) or any distance on
X.

Almost automorphy Almost automorphic functions were introduced by Bochner [20]
and studied in depth by Veech [79], see also the monographs [71,/65,63] for applica-
tions to differential equations. A continuous mapping f : R — X is said to be almost
automorphic if, for every sequence (t;,) in R, there exists a subsequence (t,) such that,
for every t € R, the limit

gt) = r!E,noo f(t+tn) (1.2)
exists and
rI]i_rgog(t —tn) = f(t). (1.3)

The range Rf of f is then relatively compact, because we can extract from every se-
quence (f(ty)) in Rf a convergent subsequence.

Clearly, the space of almost automorphic X-valued functions depends only on the topo-
logy of X.

Almost automorphic functions generalize almost periodic functions in the sense that f
is almost periodic if, and only if, the above limits are uniform with respect to t.

Note that, in and (1.3)), the limit function g is not necessarily continuous. Let us
consider the following property :

(C) For any choice of (t},) and (tn), the function g of and is continuous.
Functions satisfying (C) are called continuous almost automorphic functions in [79].
They were re-introduced by Fink [?] under the name of compact almost automorphic
functions. This terminology is now generally adopted, so we stick to it.

It has been shown by Veech in [79, Lemma 4.1.1] (see also [62, Theorem 2.6] and
[64,58]) that, if f satifies (C), f is uniformly continuous. The proof of Veech is given
in the case when X is the field of complex numbers, but it extends to any metric space.
Furthermore, f satifies (C) if, and only if, the convergence in and is uniform
on the compact intervals. We denote by AA¢(RR,X) the subspace of functions satisfying
Q).

We have the inclusions
AP(R,X) C AAc(R,X) C AA(R, X).

All these spaces depend only on the topological structure of X and not on its metric.

8



1.1. Almost automorphy type functions and processes

Almost automorphic functions depending on a parameter Following [55], we say
that a function f : R x Y — X is almost automorphic with respect to the first variable,
uniformly with respect to the second variable in bounded subsets of Y (respectively in
compact subsets of Y) if, for every sequence (t;,) in R, there exists a subsequence (t)
such that, for every t € R and every y € Y, the limit

g(t.y) = lim f(t+tn,y)

exists and, for every bounded (respectively compact) subset B of Y, the convergence is
uniform with respect to y € B, and if the convergence

lim g(t—tn,y) = f(t,y)

holds uniformly with respect to y € B. We denote by AAUL(R x Y, X) and AAU(R x Y, X)
respectively the spaces of such functions.

Similarly, one can define the spaces of functions f : R x Y — X which are compact almost
automorphic with respect to the first variable, uniformly with respect to the second variable
in bounded (or in compact) subsets of Y. We denote these spaces by AA:U¢(R x Y, X) and
AA:Up(R x Y, X) respectively.

These notions are different from the notion of functions almost automorphic uniformly
in y defined in [|18,/16].

Proposition 1.1.1. Let f € AAU(R x Y, X). Assume that f is continuous with respect to
the second variable. Then f is continous on R x Y, and, for every compact subset K of Y, f
is uniformly continuous on R x K.

Proof : For simplicity, we use the same notation ? for distances on Y and X which
generate the topologies of Y and X respectively.

First step Let us show that f is jointly continuous. Let (t,x) € R x Y, and let (tn,x,) be a
sequence in R x Y which converges to (t,X). Let € > 0. The set K = {X,;n€ N} U{x} is
compact, thus there exists N; € N such that, for any y € K,

n,m> Ny = o(f(th,y), f(tm,y)) < €/3.
Now, there exists N, € N such that
N> Ny = 0(f(tng, Xn), T(tn,, X)) < €/3.
We deduce, for n> (N1 V Np),
o(f(tn,Xn), T(t,X)) <O(f(th,Xn), f(tng,Xn))
+0(f(tng, Xn), T(tng, X)) +0(F(tng,X), T(t,X)) <€/3+€/34+¢/3=¢,

which proves the continuity of f.

Second step Let (/) be a sequence in R. Let (ty) be a subsequence of (t) such that, for
every Yy € Y, and for every t € R, the limit

g(t,y) = lim f(t+1tn,y)
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exists, uniformly with respect to y in compact subsets of Y, and
lim g(t—tn,y) = f(t,y).

By our hypothesis, for each y € Y, the function g(.,y) is continuous. A similar reasoning
to that of the first step shows that g is continuous on R x Y. Indeed, let (t,x) e R x Y,
and let (s, xx) be a sequence in R x Y such that (t + s, Xx) converges to (t,x). Let € > 0.
The set K = {Xy; n € N} U{x} is compact, thus there exists an integer N such that, for
every y € K,

n>N= a(g(t,y), f(t +tn,y)) < €/3.
By continuity of f at the point (t +ty,X), there exists N’ € N such that
k>N’ :>a<f(t+sk+tN,xk), f(t+tN,x)) <e/3.
We have thus, for k > N/,

(g(+skxk) g(t, )) ((+SK,X|<) Flt+sc+tn, Xk))
( (t+ Sc+tw, ),f(t+tN,x))
+o((F(t+tn,).9(t,%))
<g/3+¢/3+¢/3=¢.

Third step Let K be a compact subset of Y. Assume that f is not uniformly continuous
on R x K. We can find two sequences (Sy,X,) and (ty,yn) in R x K such that (sy—tp) +
9(Xn,yn) converges to 0 and ?(f(sn,Xn), f(tn,Yn)) > 26 for some & > 0 and for all n€ N.
By compactnes of K, and extracting if necessary a subsequence, we can assume that (X,)
and (yn) converge to a common limit x € K. We have thus

Iimigfa(f(sq,xn), f(sn,x)) +|im2fa(f(tn,yn), f(tn,x)>
> Iiminfb(f(sn,xn), f(tn,yn)) > 28,

Nn—oo

which implies that at least one term in the left hand side is greater than 6. So, we can
assume, without loss of generality, that

Iirr]rligfa(f(tn,yn), f(tn,x)> > 3. (1.4)

Extracting if necessary a further subsequence, we can assume also that there exists a
function g : R x Y — X such that

lim f(tn,y) = 9(0,y)
uniformly with respect to y € K. We have proved in the second step that g is continuous.

But, then, we have
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1.1. Almost automorphy type functions and processes

limsupo (f(tn,yn), f(tn,x)>

n—oo

<limsup [D(f(tn,yn),g(O, yn))
+2(9(0.n).9(0.)) +2(9(0.0), F(tn,x)) ] =0,

which contradicts (1.4). m

1.1.2 (Weighted) pseudo almost automorphy

Pseudo almost periodic functions were invented by Zhang [|84,85.(86,87]]. The generali-
zation of this concept to pseudo almost automorphic functions was investigated in [|55].
To define pseudo almost automorphy, we need another class of functions. Assume for
the moment that X is a Banach space. Let

SR, X) = { f € BC(R,X); lim i/ £ dt=0},
r—oo 2r [—1,1]

where BC(R, X) denotes the space of bounded continuous functions from R to X. We
say that a continuous function f : R — X is pseudo almost automorphic if it has the form
f=g+®, gecAARX), e (RX). (1.5)

The space of X-valued pseudo almost automorphic functions is denoted by PAA(R, X).
Weighted pseudo almost automorphic functions were introduced by Blot et al. in [14]
and later generalized in [16]]. They generalize the weighted pseudo almost periodic
functions introduced by Diagana [34}35,37]], see also [[17]]. Let u be a Borel measure
on R such that

1(R) = and u(l) < o for every bounded interval I. (1.6)

We define the space & (R, X, u) of u-ergodic X-valued functions by

E(R,X, 1) = {f € BC(R,X); lim ;/[_”] 1F)]| due(t) = o}.

M ()

The space PAA(R, X, u) of u-pseudo almost automorphic functions with values in X is the
space of continuous functions f : R — X of the form

f=g+®, geAARX), ®e&(R,X,pu). (1.7)

The space PAA(R,X, i) contains the asymptotically almost automorphic functions, that
is, the functions of the form

f=g+®, gecAAR,X), Ilim ||®(t)]|=0,

[t|—c0

see [|16, Corollary 2.16].

11
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Note that, contrarily to (1.5), the decomposition is not necessarily unique [16,

Remark 4.4 and Theorem 4.7], even in the case of weighted almost periodic functions

[[54,/17]. A sufficient condition of uniqueness of the decomposition is that & (R, X, i) be

translation invariant. This is the case in particular if Condition (H) of [16] is satisfied :

(H) For every 7 € R, there exist f > 0 and a bounded interval | such that u(A+ 1) <
Bu(A) whenever A is a Borel subset of R such that ANl = 0.

The following elementary lemma will prove useful.

Lemma 1.1.2. Let f € &(R,X,u), with u satisfying (1.6). There exists a sequence (ty) in
R such that (|tn|) converges to « and (f(tn)) converges to O. If furthermore

ing (0.
e

one can choose (t,) converging to +oo.

>0, (1.8)

Proof : Observe first that, for every bounded interval I, the function f satisfies

. 1 B
i e /WN If(0)]] du(t) =0

(see [[16, Theorem 2.14] for a stronger result). Assume that the first part of the lemma
is false. There exist € > 0 and R> O such that, for |t| > R, || f(t)|| > €. Then we have

. 1
0=/, p([-rr\[-RR) /[—nr}\[—R,R] IFOl dut
: /.L( B \ [_Rv R) _
=R u (o V[RR) - ©
a contradiction.
In the case when is satisfied, we have
. 1
ISP VO] Jorpior IO 4O
: .u([_r’r]\[_R7 R]) 1
<SP O OR) VR IO
o u(l=r.r]) 1
=P 1) BTV | O 0 <0

Then we only need to reproduce the reasoning of the first part of the lemma, replacing
[=r,r] by [0,r]. u

Pseudo almost automorphic functions depending on a parameter Let u be a Borel
measure on R satisfying (1.6]). We say that a continuous function f : Rx Y — X is u-
ergodic with respect to the first variable, uniformly with respect to the second variable in
bounded subsets of Y (respectively in compact subsets of Y) if, for every x € Y, f(.,X) is
p-ergodic, and the convergence of 1/u([—r,r]) /", || f(t,X)|| di(t) is uniform with respect
to x in bounded subsets of Y (respectively compact subsets of Y). The space of such
functions is denoted by &Up(R x Y, X, u) (respectively &Uc(R x Y, X, u)).

12



1.1. Almost automorphy type functions and processes

Remark 1.1.3. If for each x€ Y, f(.,x) € £(R,X,u) and f(t,X) is continuous with respect
to x, uniformly with respect to t, then f € SU(R x Y, X, ).

Indeed, let K be a compact subset of Y, and let € > 0. Let 0 be any distance on Y which
generates the topology of Y. There exists 1 > O such that, for all x,y € K satisfying 9 (X,y) <
n, we have ||f(t,x)— f(t,y)|| < € for every t € R. Let X1,...,Xm be a finite sequence in K
such that K C U™ ,B(x;,n). We have, for every r > 0,

sup————— / 16, dut)
xeK M ([

< max sup [ oy /Hftx f(t, )| du(t)

1§'§mxeB(
er/_r (%) du(t)]

1 r
Seﬂﬂ%m/_r 1£(t,%) | du(t),

which shows that f € SU(R x Y, X, ).

We say that a continuous function f : R x Y — X is u-pseudo almost automorphic with
respect to the first variable, uniformly with respect to the second variable in bounded subsets
of Y (respectively in compact subsets of Y) if it has the form

f=g+®, geAAUHRXY,X), ®eEURXY,X, p)
(respectively f =g+ ®, ge AAU(RxY,X), deU(RxY,X,u)).

The space of such functions is denoted by PAAUL(R x Y, X, i) (respectively PAAU¢(R x
Y, X, un)).

1.1.3 Stepanov, Weyl and Besicovitch-like pseudo almost automor-
phy

Stepanov-like pseudo almost automorphy and variants The notion of Stepanov-
like almost automorphy was proposed by Casarino in [23]. Then Stepanov-like pseudo
almost automorphy was first studied by Diagana [38]]. Stepanov-like weighted pseudo
almost automorphy seems to have been investigated first and simultaneously in [82]
and [|88]].

Let p > 0. We say that a locally p-integrable function f : R — X is SP-almost automor-
phic, or Stepanov-like almost automorphic if, for every sequence (t,) in R, there exists a
subsequence (t) and a locally p-integrable function g: R — R such that

lim ||f(t+t)) — t)||Sp

n—oo

and
lim [lg(t—t/) — f(t

lim, ®)][s-

13



Chapitre 1. Almost periodic type and almost automorphic type functions and processes

where, for any locally p-integrable function h: R — X,

X+1 1/p
||hugp=sup(/ ||h<t>updt) |
XeR X

The space of SP-almost automorphic X-valued functions is denoted by AAgp(R, X).
The Bochner transforn{!| of a function f : R — X is the function
. [ R — X0
Lt o f(t4.).

We have
AAgp(R,X) = {f; b eAA(R,Lp([o,l],dt,X))}.

We define the Stepanov-like p-ergodic functions in a similar way :
&p(R, X, 1) = {f; b e 5(R,LP([O,1],dt,X),u)}.

Let u be a Borel measure on R satisfying (1.6). We say that f : R — X is SP-pseudo
almost automorphic, or Stepanov-like weighted pseudo almost automorphic if f has the
form
f=g+®P, gecAAsp(R,X), Pedbsp(R, X, u).

A further extension has been imagined by Diagana [39] : it consists in adding a weight
in the Stepanov norm ||.||gp. Let p and p as before, and let v be a Borel measure on the
interval [0, 1] such that

0< v([0,1]) < 0. (1.9

Set
1 1/p
g =sup( [ Ihix-+0lPavio)
xeR \/0
Then, by replacing ||.|sp by ||.[sp, one defines in the obvious way the space AAgp(RR,X)
of SP-almost automorphic X-valued functions, the space &sp(R,LP(Q,P,R), i) of SP-u-
ergodic functions, and the space PAAgp (R, X) of SP-pseudo almost automorphic functions.

Weyl-like and Besicovitch-like pseudo almost automorphy The concept of Weyl-
like pseudo almost automorphy has been recently explored by Abbas [1]]. The definition
is similar to that of Stepanov-like pseudo almost automorphy, replacing ||.||sp by the
weaker seminorm ||.||yyp, defined by

X+r

1 o 1/p
hllyo = fim sup( - [ Ih)Pat)
Il = im_sup( 5 [ I ot

A further weakening leads to the Besicovitch seminorm, which does not seem to have
been investigated in the context of almost automorphy :

_ 1 r 1/p
Il = tmsup( 5 [ P at)
r—4oo rJ—r

IThe terminology is due to the fact that Bochner was the first to use this transform, for Stepanov
almost periodicity, in [[19]].

14



1.1. Almost automorphy type functions and processes

1.1.4 Weighted pseudo almost automorphy in topological spaces

We have seen that, to define the space of almost automorphic functions, as well as
that of almost periodic functions, on a space X, there is no need to assume that X is a
vector space, nor a metric space, these spaces depend only on the topological structure
of X. We prove in this section that the definition of PAA(R, X, 1) is metric (independent
of the vector structure of X but dependent on the metric), and that it can be made
purely topological if one allows for a slight change of the definition. This leads to two
topological concepts of u-pseudo almost automorphy : in Tudor and Tudor’s sense, and
in the wide sense.

In this section, unless otherwise stated, X is only assumed to be a topological space, not
necessarily metrizable.

Remark 1.1.4. Assume that X is a Banach space. By definition, the space &(R,X,u)
consists of continuous functions f : R — X satisfying

(1) f is bounded,
1
(ii) Iim—/ £()]| due(t) = O.
ey B LCIED
Condition ({i) is of metric nature. By [|16, Theorem 2.14], Condition (i) implies Condition
(1.10]) below, and the converse implication is true if we assume ({i}) :

. te[—rr]; || f(t
For any € > O, rlmlo“{ €] ()H>£}:O. (1.10)

u([=rrl)

Thus f satisfies (1.10) if, and only if,

. 1
i e /H (If®l A1) dut)=o0

Condition (1.10Q) can be reformulated as

plte [-rri ft) #Uy _
u([=r,r]) '

The vector structure of X is still involved in (1.11)) through the vector 0. But we use
& (R, X, u) only in order to ensure that a function is close in a certain sense to AA(R,X).
To that end, as AA(R,X) contains the constant functions, we can allow a generalization of

& (R, X, u) by replacing 0 in (1.11)) by any other fixed point Xg of X.E|

An elegant metric definition of u-pseudo almost periodic functions has been proposed
by Constantin and Maria Tudor in [78]. If we adapt their definition, a continuous func-
tion f : R — X is u-pseudo almost automorphic in Tudor and Tudor’s sense if f has relati-
vely compact range and there exists g € AA(R, X) such that the function t — d(f(t),g(t))

For any neighbourhood U of O, rllrrl) (1.11)

2 Actually, the terminology “ergodic” is misleading but it has the advantage of shortness. It would
be more appropriate to follow Zhang’s terminology (e.g. [185}/87]), and call u-ergodic perturbations the
elements of &(R,X, ), and call ergodic the functions f such that 1/u([—r,r]) ", f(t)du(t) converges to
some limit, not necessarily O.
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

is in &(R,R,u). This definition is more restrictive than the standard one because the
metric condition is replaced by the stronger topological condition that f have re-
latively compact range (note that a subset A of X is relatively compact if, and only if,
it is bounded for every metric which generates the topology of X, see [41, Problem
4.3.E.(0)]).

Let us say that a continuous function f : R — X is u-pseudo almost automorphic in the
wide sense if there exists g € AA(R,X) such that the function t — d(f(t),g(t)) A1 is in
&(R,R, ). We can get rid of the distance 0 in this definition by using the fact that the
closure of the range of any function in AA(R,X) is compact. On a compact space K,
there is one and only one uniform structure, a basis of entourages of which consists
of all sets of the form V = U, (U; xU;), where Uy,...,Un is a finite open cover of K,
see e.g. [22] or [41]. In this way, we obtain below, which shows that the space of
functions which are p-pseudo almost automorphic in the wide sense depends only on
the topology of X.

We have thus two possible topological definitions of p-pseudo almost automorphy : in
Tudor and Tudor’s sense, and in the wide sense. The former is stronger than (1.7)), while
the latter is weaker.

Proposition 1.1.5. (Topological characterization of u-pseudo almost automorphy in the
wide sense) Let f : R — X be continuous. Let u be a Borel measure on R satisfying (1.6). If
X is a metric space, the following propositions are equivalent.

(i) f is u-pseudo almost automorphic in the wide sense, i.e. there exists a function g €
AA(R,X) such that

o
Jmm/[—m (o(f).a) A1) du() =0,

(ii) There exists a function g € AA(R,X) such that, for any finite open cover Uy,...,Un of
the closure K of {g(t);t € R},

e [nr (), 00) 2V)
r—ee u([—r,r])
where V. =U" ; (Ui x Uj).

Proof : (i) = (. Recall that K is compact because g € AA(R,X). Let V = U™, (Ui x U))
be as in (ii). Then V is an open neighborhood in X x X of the diagonal A = {(x,X); x € K}.
Define the distance 92 on X x X by

22( (). (X.¥)) =2(6X) +2(3Y).

As A is compact, the distance € = 9(A, X x X'\ V) is positive. Let

b

Be :={(y,2) e X x X; 02((y,z),A> <Eg}yCV.
For each (y, z) € Bg, there exists x € K such that 02((y, 2), (X, x)) < g, thus
2(y,2) <2(y,x) +2(x,2) <&.
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1.1. Almost automorphy type functions and processes

On the other hand, if z€ K and 2(y, z) < €, we have

02((1.2.22) =22 <e,
thus (y,z) € B¢. Applying this to (f(t),g(t)), we get, for every r > 0,
pite [-rrs (F(0),9(t) gV} _ pite[=rrl;o(f(t),q(t)) > e}
u([=r.r]) - u(=rrl) '

But (i) means that the functiont — o(f(t),g(t)) Alis in &(R,R, u), thus, by [16, Theo-
rem 2.14], the latter term goes to 0 when r goes to .

= (). Let € > 0. Let Uy, ...,Un be a finite open cover of K such that Diam(U;) > &,
i=1,...,mandletV=U", (U xU). We have
pite [-rria(f(t),q(t) > e} _ pite [-rrf (f(1),9() £V}
p([=r,r]) - p([=r,r]) ’

where the latter term goes to O when r goes to c. The conclusion follows from [|16,
Theorem 2.14]. ]

Remark 1.1.6. The reasoning of Proposition can be applied without change to give a
topological characterization of p-pseudo almost periodic functions in the wide sense. More
generally, AA(R,X) can be replaced in this reasoning by any class of functions which have
relatively compact range.

Theorem 1.1.1. (Uniqueness of the decompostion of pseudo almost automorphic functions
in the wide sense) Let u be a Borel measure on R satisfying and Condition (H). Let
f : R — X satisfying Condition of Proposition Then the function g € AA(R,X)
given by Condition is unique and satisfies

{g(t);te R} C {f(t);t e R}.

Proof : Let g and K as in Condition (i). Let ¢ : X — R be a continuous function.
Then @ og € AA(R,R). Let Uy,...,Up, be a finite open cover of the closure ¢(K) of
{pog(t);t e R}, and let V = UM, (Ui xU;). Then Uy = ¢~ 1(Uy),...,Un= ¢~ 1(Un) form
a finite open cover of K. Let V = U ; (U; x U;j). We have

plte[-rr] (9o f(t),pog(t) ¢V} _pfte [-rrl: (f(1),9(1)) ZV}
.u([_r,r]) N u([_rvr])
Thus, by Proposition @o f is in PAA(R,R,u) and the function o f —@ogis in
&(R,R,u). By [16, Theorem 4.1], we have
{pogt);teR} C{pof(t);t e R},

and, by the uniqueness of the decomposition of vector-valued u-pseudo almost auto-
morphic functions [16, Theorem 4.7] if g € AA(R,X) satisfies the same condition as g,
we have pog = @og. As ¢ is arbitrary, we deduce ¢’ = g.
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

1.1.5 Weighted pseudo almost automorphy for stochastic processes

From now on, X and Y are assumed to Polish spaces, i.e. separable metrizable topolo-
gical spaces whose topology is generated by a complete metric.

1.1.6 Weighted pseudo almost automorphy in pth mean

We assume here that X is a Banach space. Let X = (X )icr be a continuous stochastic
process with values in X, defined on a probability space (Q,.#,P). Let u be a Borel
measure on R satisfying (1.6).

Let p> 0. We say that X is almost automorphic in pth mean (respectively u-pseudo almost
automorphic in pth mean) if the mapping t — X(t) is in AA(R,LP(Q,P, X)) (respectively in
PAA(R,LP(Q,P,X), ), i.e., if it has the form X =Y +Z, where Y € AA(R,LP(Q,P,X)) and
Ze &R,LP(Q,P,X),u)). When p =2, we say that X is square-mean almost automorphic
(respectively square-mean p-pseudo almost automorphic).

The process X is said to be almost automorphic in probability if the mapping X : t —
L2(Q,P,X) is almost automorphic, where L%(Q,P,X) is the space of measurable map-
pings from Q to X, endowed with the topology of convergence in probability. Recall
that the topology of L°(Q,P,X) is induced by e.g. the distance

o (U,V) =E(|[U -V AL),

which is complete.

The process X is said to be u-pseudo almost automorphic in probability, and we write
X € PAA(R,L2%(Q,P,X), u), if the mapping t — X(t), R — L%(Q,P,X) is u-pseudo almost
automorphic in the wide sense (or, equivalently, if it is u-pseudo almost automorphic
when LO(Q,P,X) is endowed with 0,,,), i.e. if it has the form X =Y +Z where Y €
AA(R,L9(Q,P,X)) and Z satisfies

1
mm/[—m E (12 A1) du) =0 (1.12)

We denote by &(R,L%(Q,P,X), ) the set of stochastic processes Z satisfying (1.32).
Note that, for p > 0, the previous decompositions of X € PAA(R,LP(Q,P,X),u) are
unique under the condition (H).

Clearly, for 0 < p < g, we have

AA(R,LY(Q,P,X)) C AA(R,LP(Q,P,X))

and
PAA(Ra Lq(97P7X)7 ‘u) C PAA(Ra Lp<Q7P7X)7u)

Conversely, if the set {||X(t)||%;t € R} is uniformly integrable, we have the implications
(x € AA(IR,Lp(Q,P,X))] = [x € AA(R,Lq(Q,P,X))] ,

[x e PAA(R,L'O(Q,P,X),/.L)] - [X e PAA(R,LC‘(Q,P,X),#)) .
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1.1. Almost automorphy type functions and processes

A process X is Stepanov-like almost automorphic in pth mean if X is in AAgp(R,LP(Q, P, X)).
We define in the same way the processes which are Stepanov-like u-pseudo almost auto-
morphic in pth mean, Weyl-like (u-pseudo) almost automorphic in pth mean, Besicovitch-
like (u-pseudo) almost automorphic in pth mean.

1.1.7 Weighted pseudo almost automorphy in distribution

We denote by law(X) the law (or distribution) of a random variable X. For any topo-
logical space X, we denote by .#%" (X) the set of Borel probability measures on X,
endowed with the topology of narrow (or weak) convergence, i.e. the coarsest topo-
logy such that the mappings u — p(¢), .#%* (X) — R are continuous for all bounded
continuous ¢ : X — R.

If : X — Y is a Borel measurable mapping and u is a Borel measure on X, we denote
by 7; u the Borel measure on Y defined by

7 u(B)=pu(t4(B))

for every Borel set of Y.
Let BC(X,R) denote the space of bounded continuous functions from X to R, which we
endow with the norm

@]l = sup|e(X)].

xeX

For a given distance ? on X, and for ¢ € BC(X,R) we define

P —9(y).
ol =sup{ =T XA v
]l = max{llgll. o]}

We denote
BL(X,R) = {¢ € BC(X,R); [|9]],, < «}.

The bounded Lipschitz distance 0;, associated with 0 on .Z%" (X) is defined by
Ou (M, V)= sup epd(u—v).

per(X,R) /X
[l =1

This metric generates the narrow (or weak) topology on .1+ (X).
Let p > 0, and let (X,) be a sequence in LP(Q,P,X). We say that (X,) converges in p-
distribution (or simply converges in distribution if p= 0) to a random vector X if

(i) the sequence (law(Xp)) converges to law(X) for the narrow topology on .Z %+ (X),

(i) if p > 0O, the sequence (||Xn||P) is uniformly integrable.

19



Chapitre 1. Almost periodic type and almost automorphic type functions and processes

Almost automorphy in distribution If X is continuous with values in X, we denote
by X(t) the random variable X (t +.) with values in C(R,X).

We say that X is almost automorphic in one-dimensional distributions if the mapping
t — law(X(t)), R — .#%" (X) is almost automorphic.

Remark 1.1.7. One-dimensional distributions of a process reflect poorly its properties. For
example, consider the Ornstein-Uhlenbeck process

J%T/ -9 gw(s),

and set Y (t) = X(0), t € R. The processes X and Y have the same one-dimensional distribu-
tions with completely different trajectories and behaviors. The trajectories of Y are constant,
whereas the covariance Cov(X(t+ t),X(t)) converges to O when T goes to oo.

We say that X is almost automorphic in finite dimensional distributions if, for every finite
sequence ty,...,tm € R, the mapping t — law(X(t +t1),...,X(t +ty)), R — 25T (XM is
almost automorphic.

We say that X is almost automorphic in distribution if the mapping t — law(X(t)), R —
MY (C(R,X)) is almost automorphic, where Cx(RR,X) denotes the space C(R,X) en-
dowed with the topology of uniform convergence on compact subsets. The Ornstein-
Uhlenbeck process

J__/ at-S)gw(s)

is almost automorphic in distribution because the mapping t — law(X(t)) is constant.

Remark 1.1.8. If X is a deterministic process R — X, we have the equivalences

X € AA(R,X) <X is almost automorphic in one-dimensional distributions
<X is almost automorphic in finite dimensional distributions

and

X € AA¢(R,X) <X is almost automorphic in distribution.

Actually, as Remark [1.1.8|suggests, the definition of almost automorphy in distribution
implies a stronger property for the mapping t — law(X(t)). We need first some notations.
For simplicity, we set Cx = Cx(R, X). For every t € R, we define a continuous operator on

th
o Ck — Gk
U x - x(t+.) =X().

Proposition 1.1.9. If X is almost automorphic in distribution, the mapping t — law(X(t))
is in AA¢(R, .#1* (Cx(R,X))). Furthermore, for any sequence (t) in R such that, for every
t € R, (law(X(t+tn))) converges to a limit g(t) € .4 (Cy), the function g satisfies, for
every t € R, the consistency relation

g(t) = (w); 9(0). (1.13)
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1.1. Almost automorphy type functions and processes

Proof : Let us denote f(t) =law(X(t)). We have, for everyt € R,
f(t) =law(n o X) = (n), f(0).

Let (tn) be a sequence in R such that, for each t € R, the sequence (f(t+ty)) converges
to some g(t) € .#Y* (Cy). Then, for every t € R, (I.13) is satisfied by continuity of the
operator (1);. To prove the continuity of g, let us endow Cy with the distance

Axy) =y 2% sup (a(x(t),y(t))/\l), (1.14)

k>1 —k<t<k

and let 9,, be the associated bounded Lipschitz distance on .# %" (Cy). Let us show that
the convergence of (f(.+t,)) is uniform for 9, on compact intervals. Let r > 1 be an
integer. For every t € [—r,r], and for all x,y € Cy, we have

2(w(x),1(y) = Y 27 sup (a(x(s+1),y(s+1) A1)

kK>1 —k<s<k

—k
< k;z 7k7rsguspg)k+r <a (X(s),y(9)) A 1)

<2"9(x,y).

Thus, for any 1-Lipschitz mapping ¢ : Cx — R, the mapping ¢ o 5 is 2'-Lipschitz. We
deduce that, if ||¢||,, <1, we have || o 7|, <1+ 2". We have thus

0y, (F(t+1tn), f(t+tnm)) :” ?up E (porto)~((tn)—(porto)?(tn+m)>
Pllp <1
<(1+2) sup E(goX(tr)— poX(tnim))
lollp <1

:(1+ Zr)QBL(f(tn)» f(tn+m))a

which shows that (f(.+tp)) is uniformly Cauchy on [—r,r]. Thus g is continuous, and
f € AAG(R,. 25" (Ck(R,X))). m

We denote by

— AAD4(R,X) the set of X-valued processes which are almost automorphic in one-
dimensional distributions,

— AAD¢ (R, X) the set of X-valued processes which are almost automorphic in finite
dimensional distributions,

— AAD(R,X) the set of X-valued processes which are almost automorphic in distribu-
tion.

(In these notations, we omit the probability space (Q,.%#,P), as there is no ambiguity

here.) We have the inclusions

AAD(R,X) C AAD{(R,X) C AAD1 (R, X).
The following result is in the line of [10, Theorem 2.3].
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

Theorem 1.1.2. Let X be an X-valued stochastic process, and let 0 be a distance on X
which generates the topology of X. Asume that X satisfies the tightness condition

V[a,b] CR, Ve >0, Yn >0, 36 > 0, Vr € R,

P{ sup d(X(r+t),X(r+s))>n}<e. (1.15)
t-g<3
t‘ysesgf;b]

Then the following properties are equivalent :

(a) X € AAD¢(R,X).
(b) X € AAD(R,X).

Proof : Clearly (b)=(a). Assume that X € AAD¢ (R, X). Let (};) be a sequence in R, and,
for ty,to, ..., 1.t € R define (using notations of [|77])

= law(X (1), X (5 1),

By a diagonal procedure we can find a subsequence (yn) of (y}) such that, for every
k>1, forall g1,0p,...,0k € QR (where Q is the set of rational numbers), and for every

teR,

1 1 Q1,0 __ O,---,0k
limlim py ™, = :

Let 9 be the distance on XK defined by

Ok (X1, -+, %), (Y1, - -, ¥k)) = maxd(xi, Vi),

1<i<k

and let 9, the associated bounded Lipschitz distance on .1+ (Xk). We have, for all
ty,to,... . tk,t €R, for all g1, 0, ...,k € QNR, and for all nme N,

At 0k 05tk _ a1,---,0k ty,.. .tk
On ('uTﬂLYn*Ym’ ‘u't+7/n*7/m> - | fﬁugl XK fd (‘u't+7/n*}’m - ‘LITJF?’n*}’m)
BL>

< maX/QD(X(qi—l—t—i—Yn—?’m),X(ti+t+'}’n—7m))dP7

T I<i<k

so that, by (1.15), if (q1,...,0k) — (t1,...,t), then

uniformly with respect to t € R and n,m & N. By a classical result on inversion of limits,
we deduce that, for all k> 1 and ty,...,t,t € R,

: . t1, e 0tk
i gy ™o, = e
Therefore, to show that

lim im law (X (t + 3 — om)) = law(X(t)),
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1.1. Almost automorphy type functions and processes

it is enough to prove that (X(t))icr is tight in C(R, X). Since X € AAD¢ (R, X), the family
(X(t))ter = (X(t)(0))ier is tight, by Prokhorov’s theorem for relatively compact sets of
probability measures on Polish spaces. By and the Arzela-Ascoli-type characteri-
zation of tight subsets of .#Z 1+ (X) (see e.g. the proof of [13, Theorem 7.3] or [81, Theo-
rem 4]), we conclude that (X(t))cr is tight in Cy(R, X), which proves our claim. n

Remark 1.1.10. Assume that X is a vector space. The spaces AAD(R,X), AAD¢(R,X), and
AAD1 (R, X) are not vector spaces. Indeed, the Ornstein-Uhlenbeck process

X(t) =v2ac /_t e *(=Sdw(s)

. For eacht € R, let Y (t) = X(0). The processes X and Y are stationary in the strong sense,
thus they are in AAD(R,X). For each t € R, the variable Z(t) = X(t) + Y(t) is Gaussian
centered with variance

VarZ(t) = E (X3(t)) +E (Y2(t)) +2Cov(X(t),Y (1))
=202+ 202exp(—at])

— 202 when |t| — .

Thus law(Z(t)) is the Gaussian distribution .4 (0,26%(1+exp(—«a |t|))), which converges
when |t| — o to .#(0,26?). Set m(t) = .4#/(0,262), t € R. For each t € R, we have

lim law(Z(t+n)) = m(t)

n—oo

lim m(t —n) = m(t) # law(Z(t)).

Thus Z ¢ AAD1(R, X).
This contradicts [45, Lemma 2.3].

Almost automorphy in p-distribution A useful variant of almost automorphy in dis-
tribution takes into account integrability of order p. Let p > 0. We say that a continuous
X-valued stochastic process is almost automorph in p-distribution if

() X € AAD(R,X),

(i) if p> 0O, the family (||X(t)||P)ter is uniformly integrable.
These conditions imply that the mapping t — X(t), R — LP(Q,P,X), is continuous.
We denote by AADP(R, X) the set of X-valued processes which are almost automorphic
in p-distribution, in particular we have AAD®(R,X) = AAD(R,X). Similarly, for p > 0,
one defines the sets AADF(R,X) and AAD}(R,X) of processes which are respectively

almost automorphic in one-dimensional p-distributions and almost automorphic in finite
dimensional p-distributions.
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

Weighted pseudo almost automorphy in distribution and variants As usual, we

assume that u is a Borel measure on R satisfying (1.6)).

Tudor and Tudor proposed in [[78] a very natural and elegant notion of pseudo almost

periodicity in (one-dimensional) distribution that can easily be extended to weighted

u-pseudo almost automorphy : X is u-pseudo almost periodic in one-dimensional distri-

butions in Tudor and Tudor’s sense if it satisfies

(TT1) The mappingt ~ law(X(t)) is continuous with relatively compact range in .Z%+ (X),
and there exists an almost automorphic function m : R — .#Z%* (X) such that

g
i e / u(aw(X (1)), m(1)du(t) = 0. (1.16)

Similar definitions are easy to write for u-pseudo almost automorphy in finite distribu-
tions or in distribution.

Recall that 95 is bounded. If we remove the condition of relatively compact range (as in
Proposition [1.1.5]), we get three distributional notions of u-pseudo almost automorphy
in the wide sense : in one-dimensional distributions, in finite dimensional distributions,
and in distribution.

We propose three stronger notions of u-pseudo almost automorphy in a distributional
sense, that seem to be particularly useful for stochastic equations.

Assume that X is a vector space. Let p > 0. We say that X is yu-pseudo almost automorphic
in p-distribution if X can be written

X =Y +Z, where Y € AADP(R,X) and Z € &(R,LP(Q,P,X), ).

The set of X-valued processes which are u-pseudo almost automorphic in p-distribution
is denoted by PAADP(R,X). Similar definitions hold for the spaces PAAD(R,X, i) and
PAAD'?(R,X, u) of processes which are u-pseudo almost automorphic in one-dimensional
p-distributions and in finite dimensional p-distributions respectively.

Remark 1.1.11. The definitions we propose for p-pseudo almost automorphy in distri-
bution, or in finite dimensional distributions, or in one-dimensional distributions, are in
a way stronger and less natural than those in the wide distributional sense, because they
involve (at least, apparently) not only the distribution of the process, but the probability
space (Q,.Z,P). For example, a random process X is in PAADS(R, X, u) i, and only if, there
exists a process Y defined on the same probability space such that m(.) :=law(Y(.)) is in
AAR,.#* " (X)) and satisfies (I.16)). Note also that, in our definition, the ergodic part is
ergodic in pth mean. Our definitions are thus intermediate between p-pseudo almost auto-
morphy in a purely distributional sense and u-pseudo almost automorphy in pth mean.

However, our definitions seem to be convenient for calculations, and Theorem 4.1.1] shows
that, for some stochastic differential equations with u-pseudo almost automorphic coeffi-
cients, the process Y appears naturally : it is the solution of the corresponding SDE where
the coefficients are the almost automorphic parts of the coefficients of the original SDE.

1.1.8 Pseudo-almost automorphy in p-mean vs in p-distribution

Let X = (X;)ter be a continuous stochastic process with values in X, defined on a proba-
bility space (Q,.%#,P). Let u be a Borel measure on R satisfying (1.6]). Clearly, we have

24
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for all p> 0,
(x eAA(R,Lp(Q,P,X))) = [x eAAD?(R,X)] .

Using Theorem|[1.1.2] we can get more : if X satisfies (1.15]), we deduce, for every p >0,

[x EAA(R,LF’(QP,X))) N [x eAADp(IR,X)] ,

[x e PAA(IR{,Lp(Q,P,X),u)) N [x e PAADp(]R{,X,,u)) .

The converse implications are false. Indeed, Example shows that a process which is
almost automorphic in distribution is not necessarily almost automorphic in probability
or in p-mean, see also [10, Counterexample 2.16]@

The same counterexample also shows that a process which is y-pseudo almost automor-
phic in p-distribution is not necessarily p-pseudo almost automorphic in probability or
in p-mean.

1.2 Stepanov Almost periodicity and its variants in me-
tric space

In this section, we present the concept of Stepanov (u-pseudo) almost periodic function
and related concepts like almost periodicity in Lebesgue measure. Moreover, we also
recall some useful and key results. We begin with some notations.

1.2.1 Notations

In what follows, (E,d) is a complete metric space. If X and Y are two metric spaces, we
indistinctly denote by 0 a distance on X (respectively on Y). When X and Y are Banach
spaces, their norms are denoted by ||.||, and 0 is assumed to result from ||.||. We denote
by C(X,Y) the space of continuous functions from X to Y. When this space is endowed
with the topology of uniform convergence on compact subsets of X, it is denoted by
Ck(X,Y).

1.2.2 Stepanov and Bohr almost periodicity

Let us recall some definitions of (Stepanov) almost periodic functions and some keys
results.

Stepanov almost periodicity Following [|30,33]], let M(RR,[E) be the class of measurable
functions from R to E. Let p > 1. We fix a point xg in E. We denote by £P(R,E), the

3 Let us here point out an infortunate error in [60] : it is mistakenly said at the end of Section 1 of [60]
that almost periodicity in square mean implies almost periodicity in distribution, and that the converse
is true under a tightness condition. The first claim is true under the tightness condition (I.15]), whereas
Example which is also Example 2.1 of [60]], disproves the second claim.
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

subset of M(R,E) of locally p-integrable functions, that is,

2P(R.E) = {f eM(RE), foranyabe R /dp(f(t),xo)dt<+oo}.
ab

Define LP(0,1;E) as the class

LP(0,LiE) = { f eM(RE), / 0P (£ (1), %)t < +<o |
0.1

which is a complete metric space, when it is endowed with the metric
1/p

Do(f,g) = /dp
0.

We denote by L” (R, E) the space of all E-valued essentially bounded functions, endowed
with essential supremum metric. Obviously, all the previous spaces do not depend on
the choice of the point X € E.

Recall that a set A C R is relatively dense if there exists a real number ¢ > 0, such that
Anla,a+ /] #0, for all ain R.

We say that a locally p-integrable function f : R — [ is Stepanov almost periodic of order
p or SP-almost periodic, if, for all € > 0, the set

SPT(f,€) 1= {”L’GR, DI (F(.+7),f(.) gs}

is relatively dense, where, for any locally p-integrable functions f,g: R — E,

X 1/p
%s(t.9)=sup( [ @*(r0.g)a)

XeR

The space of SP-almost periodic E-valued functions is denoted by SPAP(R,E) (or SAP(R)
when E =R and p=1). Let S"AP(R, E) be the space of functions f € L*(R,E) such that
for any € > 0, there exists a relatively dense T,4(f, ) such that

2% (f(.+1),f(.) <e, forallt e TH(f,¢).

The relation limp_.« Dgp(f,g) = DY (f,g) holds for any functions f,g c M(R,E), see [6]

for the proof.

As in the case of Bochner-almost periodic functions, we have similar characterizations

of Stepanov almost periodic functions. Let f € £P(R,E), p € [1,4[. Then, the following

statements are equivalent (compare with [48, Theorem 1]) :

— f is SP-almost periodic.

— f is SP-almost periodic in Bochner sense, that is, from every real sequence (¢f,) C R
one can extract a subsequence (o) of (o) and there exists a function g € £P(R,E)
such that

lim DS (f(.+an),9(.)) =0.

N—+-oc0
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1.2. Stepanov Almost periodicity and its variants in metric space

— f satisfies Bochner’s type double sequence criterion, that is, for every pair of sequences
{a,} C R and {B,} C R, there are subsequences (o) C (o) and (Bn) C (B}) respecti-
vely with same indexes such that, for every t € R, the limits

lim lim f(t+ an+ Bm) and r!imoof(t+ocn+[3n), 1.17)

N—o00 M—o00

exist and are equal, in the sense of the LP-metric

1/p
.@f'p(h(tJr.),g(tJr.)) = </[O }dp(h(t+s),g(t+s))ds>

for h,g e £P(R,E).
The proof of these equivalences follows from the fact that the concept of Stepanov
almost periodicity can be seen as Bohr almost periodicity of some function with values
in the Lebesgue space LP(0,1;E). More precisely, one defines the Bochner transform [19]]
of a function f € £P(R,E) as follows

. [R — E0.1
' t — f(t+.).

Then f € SPAP(R,E) if, and only if, f® € AP(R,LP(0,1;E), and the previous equivalences
become a simple consequence of the fact that f, — f if and only if f? — f® (see e.g.
[2,4,8,52]).

Since functions in SPAP(R,E) are bounded with respect to the Stepanov metric, one
denotes by SP(R,E) (or SP(R) when E =R, and S(R,E) when p = 1) the set of all DZ,-
bounded functions, that is, for some (or any) fixed xg € E

SP(R,E) = {f € M(R,E); D3, (f,x0) < +o0}.

So from now on, the space SPAP(R,E) will be seen as a (closed) subset of the complete
metric space (SP(R,E),Dd;). We have the following inclusions :

AP(R,E) C S°AP(R,E) C SPAP(R,E) C SYAP(R,E) C SAP(R,E) C S(R,E)

for p>qg>1and AP(R,E) = SPAP(R,E) N éu(R,E), where %,(R,E) denotes the set of
[E-valued uniformly continuous functions on R.

For more properties and details about real and Banach-valued Stepanov almost periodic
functions, we refer the reader for instance to the papers and monographs [2,3}8.(11,27,
43}/51},52].

Beside the previous characterization of the class SPAP(RR, E), there is an other one based
on the concept of Stepanov almost periodicity in Lebesgue measure, invented by Stepa-
nov [73]]. This concept plays a significant role in the proof of our superposition theorem
in SPAP(R,E) (Theorem [2.2.2).

Stepanov almost periodicity in Lebesgue measure For any measurable set A C R, let

»(A) = supmeas ([§,& + 1] NA),
EeR
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Chapitre 1. Almost periodic type and almost automorphic type functions and processes

where meas is Lebesgue measure. A measurable function f : R — E is said to be Stepanov
almost periodic in Lebesgue measure or s-almost periodic if for any €, § > 0, the set

T.(f,€,8) = {reR, supmeas {t € [£,& +1],d(f(t+ 1), f(t)) > e} < 6}
EeR

is relatively dense. We denote by .7, (R,E) (“,.(R) when E = R) the space of such
fonctions. This space was studied in depth by several authors (in both normed and
metric spaces). One can mention Stoinski’s works [74}75]], where an approximation
property and some compactness criterion are given. Danilov [|30,31,/33] has explored
this class in the framework of almost periodic measure-valued functions. The recently
published paper [67]], that we discovered at the time of writing this paper, completes the
previous ones. The authors of this paper investigate some other properties, in particular,
they show that in general the mean value of s-almost periodic functions may not exist,
furthermore, sc-almost periodic functions are generally not Stepanov-bounded.

As pointed out by Danilov [31], »-almost periodicity coincides with classical Stepanov
almost periodicity when replacing the metric d by d’ = min(d,1). In other words, we
have the following characterization (see [|31,32]])

7. (R,E) =S'AP(R, (E,d)). (1.18)

More generally, Stepanov almost periodicity can be seen as s»-almost periodicity under a
uniform integrability condition in Stepanov sense (see [73]], [30]). To be more precise,
let M(R,E) be the set of DY,-bounded functions such that

lim sup sup dP(f(t),x)dt=0. (1.19)
00" eerTClE £+1) /T
measT<§

The space My(R,E), p> 1, is a closed subset of (SP(R,E), DY,). In [31} pp. 14201, Dani-
lov gives an elegant characterization of Stepanov almost periodic functions in terms of
My (R, E) and .7, (R,E), more precisely :

SPAP(R,E) = .. (R,E) "M{(R, E). (1.20)

A rather interesting result about the space .7, (R, E) is reported in the following theorem
[32, Theorem 3], which gives a uniform approximation of Stepanov almost periodic
functions by Bohr almost periodic functions, in the context of normed space [E. Before,
let us denote by .”(R) the collection of measurable sets T C R such that 17 € SAP(R),
and by T° the complementary set of T.

Theorem 1.2.1 (Danilov [32]). Let f € .7,,(R,E), then for any d > O, there exist a set
Ts € .7 (R) and a Bohr almost periodic function Fs such that »(Tg) < & and f(t) = Fs(t)
forallt eTs.

As consequence, we have the following corollary :
Corollary 1.2.2. Let f € ., (R,E). Then, for all € > 0, there exist a measurable set T, €
(R) and a compact subset K of E such that »(Tg) < € and f(t) € K¢, Vt € Te.
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1.2. Stepanov Almost periodicity and its variants in metric space

Danilov has shown that this property remains valid even in the metric framework [33]].

Remark 1.2.3. 1. Unlike almost periodicity in Bohr sense and almost periodicity in
Lebesque measure for function with values in a metric space (E,d), which depend
only on the topological structure of IE and not on its metric (see e.g., [10] and [31]]
respectively), Stepanov almost periodicity is a metric property. In fact, as the metrics
d and d’ = min(d, 1) are topologically equivalent on E, we only need to show that the
inclusion SAP(R, (E,d)) C SAP(R, (E,d")) is strict, since in view of (1.18), we have
SAP(R,(E,d")) = 7. (R,E). Take for instance the example given in [6, Remark 3.3].
As shown by the authors, the function g = exp(¥ =, 0n), where gn is the 4n-periodic
function, given by

2
or(t) = o (1= 2 k1) 2o et € L2020,
On on’" " an
with on = 1/n° and fBn =N, is not in SAP(R). Using Danilov’s Corollary [31]], we get
that g belongs to .7,.(R), as a superposition of a continuous function and a periodic,
continuous and bounded function.

2. Still in the spirit of the link between the spaces SAP(R) and .7, (R), an interesting
property established by Stoiriski says that the inverse of any trigonometric polynomial
with constant sign is »-almost periodic. In particular, the Levitan’s function f : R — R

given by f(t) = WM is s-almost periodic but not Stepanov almost periodic
(see Example and [|67] for the second statement).

3. An immediate consequence of this statement is that the uniform integrability in Ste-
ganov sense is a metric property, that is, the space My (R, (E, d)) depends on the metric

Let us now introduce Stepanov almost periodicity for functions a parameter.
Bohr and Stepanov almost periodic functions depending on a parameter

1. We say that a parametric function f : R x X — Y is almost periodic with respect to
the first variable, uniformly with respect to the second variable in bounded subsets of
X (respectively in compact subsets of X) if, for every bounded (respectively com-
pact) subset B of X, the mapping f : R — C(B,Y) is almost periodic. We denote by
APUR(R x X,Y) and APU¢(R x X,Y) respectively the spaces of such functions.

2. We say that a function f : R x X — Y is SP-almost periodic if, for every x € X, the
Y-valued function f(.,X) is SP-almost periodic. We denote by SPAP (R x X,Y) the
space of such functions.

3. If f(.,x) is SP-almost periodic uniformly with respect to x € K (resp. x € B), for
any compact (resp. bounded) subset K (resp. B) of X, we say that f is SP-almost
periodic uniformly with respect to the second variable in compact (resp. bounded)
subset of X. The space of such functions is denoted by SPAPU: (R x X,Y) (resp.
SPAPU, (R x X, Y)).

Clearly, we have the following inclusions :

SPAPUR(R x X,Y) C SPAPU(R x X,Y) C SPAP(R x X,Y) C £P(R x X, Y),
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where £P(R x X,Y) denotes the set of measurable functions f : R x X — Y such that, for
all xe X; f(.,x) € £LP(R,Y).
The following proposition will be very useful in the sequel.

Proposition 1.2.4. Let Y be a complete metric space, and let X be a complete separable
metric space. Let f € SPAP(R x X,Y) satisfying the following Lipschitz condition :

o(f(t,x), f(t,y)) <K(t)o(xy), (1.21)

where K(.) is a positive function in SP(R). Then for every real sequence (a,), there exist a
subsequence (o) C (o) (independent of x) and a function f* € SPAP(R x X,Y) such that
for everyt € R and x € X, we have

t+1
Iian/ o (f(s+am,x), f°(s,x))Pds=0. (1.22)
t

Proof : Firstly, let us show that f* is Lipschitz with respect to the second variable in
the Stepanov metric sense. Let X,y € X. We consider a real sequence (o) C R. Since
f € SPAP(R x X, Y), for every x € X, we can find a subsequence () C (0,) (depending
on X) such that

lim DS, (f(-+ o, x) = F°(,,x)) = 0. (1.23)

For the same reason, for every y € X, there exists a subsequence of (&), (depending on
both x and y still noted (o) for simplicity) such that

lim DS, (f(.+om,y), f°(.,y)) =0. (1.24)
Then, by (1.21)), (1.23) and (1.24), we get
Dgp (fm('7x)7 foo(’y)) S lim Dgp (fm(_’x)’ f( +(Xn,X)) +|Im D%p (f( + (Xn,X), f( + (Xn,y))

+limDE (f(.+om,Y), (,y))

< [Kllsa(x.y).
(1.25)

Secondly, let us show ll Let (cr,) be a real sequence. Since X is separable, let D be
a dense countable subset of X. Using (1.23) and a diagonal procedure, we can find a
subsequence (o) of (o) such that for every t € R and x € D, we have

t+1
Iim/ (0 (f(5+ 0, %), £2(5,%)))Pds=0 (1.26)
n Jt

Let x € X, there exists a sequence (Xx) C D such that limd(x,x) = 0. From (1.21)), we
deduce

t+1
”L”/t (0 (F(S+ atm, %), F(5+ 0, X)))Pds= 0, (1.27)

uniformly with respect to n € N. Now from ([1.26]), we obtain, for everyt € R and k € N,
t+1
Ii[]n/ (0 (f (54 0, %), F2(5,%)))Pds= 0. (1.28)
t
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Using (1.27), (1.28) and by a classical result on interchange of limits, we deduce

Ii[]n f(s+an,x) = IiLn (s, %) = °(s,X)
in Stepanov metric. The last equality follows from ((1.25]). O
L]

1.2.3 Bohr and Stepanov weighted pseudo almost periodic func-
tions with values in metric space

The notions of Stepanov-like weighted pseudo almost periodicity and Stepanov pseudo
almost periodicity of functions, with values in Banach space X, were introduced by T.
Diagana [34,35,36] as natural generalizations of the pseudo almost periodicity invented
by Zhang [85,,86].

Here we give the definitions of these different notions for functions with values in a
complete metric space E. Constantin and Maria Tudor [78] have proposed an elegant
definition of pseudo almost periodicity in the context of metric spaces, which is slightly
restrictive, since it requires compactness of the range of the function instead of its boun-
dedness. A more general definition of weighted pseudo almost periodicity has been in-
troduced in [9], where it is shown that there is no need to assume that [E is a vector
space, nor a metric space, and these notions depend only on the topological structure of
E. The definition we propose here is intermediate to C. and M. Tudor’s definition, and
those in the wide sense [|9, Proposition 2.5 (i)], and coincides with the one existing in
the literature when E is a normed space. Let u be a Borel measure on R satisfying

Definition 1.2.5. A continuous and bounded function f : R — E is said to be pseudo al-
most periodic if there exists a function g € AP(R, E) such that the mappingt — d(f(t),g(t))
is in &(R,R), and it’s said to be u-pseudo almost periodic or weighted pseudo almost per-
iodic if there exists a function g € AP(R,E) such that the mapping t — d(f(t),g(t)) is in
ER,R,u).

We denote respectively by PAP(R,E) and PAP(R, E, 1) the spaces of such functions. Note
that g is uniquely determined by f in the first case (see [78]). This is not necessarily
the case when considering f € PAP(R,E, u). However, it is easy to see that a sufficient
condition of uniqueness of g is that &(R, X, ) is translation invariant. This is the case
in particular if Condition (H) of [[16] is satisfied. Let p > 1. We use Bochner’s transfor-
mation to define the Stepanov u-pseudo almost periodic functions :

Definition 1.2.6. 1. We say that f : R — E is SP-weighted pseudo almost periodic, or
Stepanov u-pseudo almost periodic if

f® € PAP(R,LP(0,1;E), 1),

that is, if there exists g € SPAP(R,E) such that

jim —+ 710 (10(0).6P()) du(t)

0, (1.29)
r=o f([=nr]) S
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or, equivalently,

1 1/p
im L p _
Jmom_r’r])/[_r’r] (O/d (f(t-l—s),g(t—i—s))ds) du(t) = 0. (1.30)

We denote by SPPAP(R,E, 1) the space of such functions. Note that, in this case, the
function g is uniquely determined if u satisfies Condition (H). In fact, assume that
01,02 € SPAP(R,E) define the same function f. Then, the mapping t — Zp(gR(t),95(t))
isin &(R,R, 1) NAP(R,R). It follows that Zp(gf(t),g5(t)) = 0, for all t € R. Consequently

01 =02, a€e.
We have the following characterization of SPPAP(R,E, u) :

Proposition 1.2.7. Eq. (1.30) is equivalent to

1
1
rlmm/[_mo/dp(f(t+s),g(t+s))dsdu(t) 0. (1.31)

Our proof is inspired from J. Blot and P, Cieutat [15, Proposition 6.6].

Proof : The case when p=1is obvious. Set, for simplicity, d(f(t+5s),g(t+9)) :=h(t+9)

1 1/p
and |Hlgpq) == ( cj)’ ||H(t+s)||pds> , for any p-locally integrable Banach-space valued

function, H. Let us assume thatt — \h|§p(t) € &(R,R,u), p> 1. Using Holder’s inequality,
we have

/p
[ o i) < (lre ™ [ du)}

Thus,
1

1 b 1/p
T Mo 90 < { iy [ W 900

which leads to [h[gp ) € &(R,R, ). Conversely, set M = sup|h|§p_(t1) < 0. We have
teR

1 1

g a0 = [ g I

/.L([—r,r])/[_r7r]| |Sp(t) “()—u([_r,r]) [_m| |Sp(t)| |§p(t) pu(t)
1

Moo /H Ihlgpg due(t)

which means that ]h]gp(.) € &(R,R,u).
[]

From now on, we only deal with the weighted pseudo almost periodicity since pseudo
almost periodicity is a special case.

32



1.2. Stepanov Almost periodicity and its variants in metric space

Weighted pseudo almost periodic and Stepanov-like weighted pseudo almost per-
iodic functions depending on a parameter Let u be a Borel measure on R satisfying
(1.6). The definition of u-pseudo almost periodicity for functions with parameter is the
same as in [9].

— We say that a continuous and bounded function f : R x X — Y is u-pseudo almost
periodic with respect to the first variable, uniformly with respect to the second variable
in compact subsets of X if, for every x € X, f(.,X) is u-pseudo almost periodic (in this
case, we write f € PAP(R x X, Y, i), and there exists g € APU:(R x X,Y) such that the
convergence of 1/u([—r,r]) [T, d(f(t,x),q(t,x))du(t) is uniform with respect to X in
compact subsets of X. The space of such functions is denoted by PAPU.(R x X, Y, u).

— If (Y;]|.]|) is a Banach space, we say that a function f € £P(R x X|Y) is Stepanov-like
u-ergodic with respect to the first variable, uniformly with respect to the second variable
in compact subsets of X) if, for every x € X, f°(.,x) is u-ergodic, and the convergence
of

/(=) [ 1HC0lsn du(t)

is uniform with respect to X in compact subsets of X. The space of such functions is
denoted by SPEU(R x X, Y, ).

— A function f € £P(R x X,Y) is said to be Stepanov-like p-pseudo almost periodic with
respect to the first variable, uniformly with respect to the second variable in compact
subsets of X if there exists g € SPAPU:(R x X,Y) such that

[(t,x) " d(f(t,x),g(t,x))} € SPEUL(R x X, R, ).

The space of such functions is denoted by SPPAPU;(R x X, Y, u).

1.2.4 Weighted pseudo almost periodicity for stochastic processes

To define weighted pseudo almost periodicity in pth mean, we assume that (X ||.||) is a
separable Banach space.

Weighted pseudo almost periodicity in pth mean

Let X = (X;)ter be a continuous stochastic process with values in X, defined on a proba-
bility space (Q,.#,P). Let u be a Borel measure on R satisfying (1.6).

Let p > 0. We say that X is almost periodic in pth mean (respectively u-pseudo almost
periodic in pth mean) if the mapping t — X(t) is in AP(R,LP(Q,P,X)) (respectively in
PAP(R,LP(Q,P,X),u), i.e., if it has the form X =Y 4 Z, where Y € AP(R,LP(Q,P,X))
and Z € &(R,LP(Q,P,X),)). When p = 2, we say that X is square-mean almost periodic
(respectively square-mean u-pseudo almost periodic).

The process X is said to be almost periodic in probability if the mapping X : t — L%(Q, P, X)
is almost periodic.

The process X is said to be u-pseudo almost periodic in probability, and we write X €
PAP(R,LO(Q,P,X), i), if the mapping t — X(t), R — L%(Q,P,X) is u-pseudo almost per-
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iodic, i.e. if it has the form X =Y +Z where Y € AP(R,L%(Q,P, X)) and Z satisfies

, 1
Jmm/[_mE (HZ(UH/\l] du(t)

We denote by &(R,L%(Q,P,X), ) the set of stochastic processes Z satisfying (1.32).

0. (1.32)

Weighted pseudo almost periodicity in p-distribution

Let X and Y be two Polish spaces. In what follows, we recall a useful variant of (weigh-
ted pseudo) almost periodic in distribution, that combines the well-known almost per-
iodicity in distribution [77]] and a uniform integrability condition.

Let 7: X — Y a Borel measurable mapping and u is a Borel measure on X.

If X is continuous with values in X, we denote by X(t) the random variable X (t +.) with
values in C(R, X).

Following Tudor’s terminology [77]], we say that X is almost periodic in one-dimensional
distributions if the mapping t — law(X(t)), R — .#1* (X) is almost periodic.

If X has continuous trajectories, we say that X is almost periodic in distribution, and write
X € APD(R, X), if the mapping t — law(X(t)), R — .#%* (Ck(R,X)) is almost periodic.
Let us recall the definition of almost periodicity in p-distribution that we introduced
in [9]], which takes into account integrability of order p.

Definition 1.2.8 ( [9]). Let p > 0. A continuous X-valued stochastic process is called
almost periodic in p-distribution if

(i) X € APD(R,X),

(i) if p> 0O, the family (||X(t)||P)ter is uniformly integrable.
We denote by APDP(RR,X) the set of X-valued processes which are almost periodic in
p-distribution, in particular we have APD(R,X) = APD(R, X).
The previous conditions imply that the mapping t — X(t), R — LP(Q,P,X), is conti-
nuous. In the same way, for p > 0, one defines the sets APDF(R,X) and APD}(R,X) of
processes which are respectively almost periodic in one-dimensional p-distributions and
almost periodic in finite dimensional p-distributions.

The following definition proposed in [9] turns out useful in the context of stochastic
differential equation.

Definition 1.2.9 ( [9]). Assume that X is a vector space. Let p > 0. We say that X is
u-pseudo almost periodic in p-distribution if X can be written

X =Y +Z, where Y € APDP(R,X) and Z € £(R,LP(Q,P,X), ).

The set of X-valued processes which are pu-pseudo almost periodic in p-distribution
is denoted by PAPDP(R,X). Similar definitions hold for the spaces PAPD}(R,X, ) and
PAPD'?(R,X,u) of processes which are p-pseudo almost periodic in one-dimensional p-
distributions and in finite dimensional p-distributions respectively.
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CHAPITRE

2

Some superposition theorems

2.1 Superposition theorems for almost automorphy type
functions and processes

Almost automorphy in distribution and some of its variants enjoy some stability proper-
ties, as shows the following superposition lemma. Similar results could be proved by
the same method for one-dimensional or for finite dimensional distributions.

Theorem 2.1.1. (Superposition lemma) Let X be a continuous X-valued stochastic process,
and let f: R x X — Y be a continuous mapping.

1. If X is almost periodic in distribution and f is almost periodic with respect to the first
variable, uniformly with respect to the second variable in compact subsets of X, then
f(.,X(.)) is almost periodic in distribution.

2. If X is almost automorphic in distribution and f is compact almost automorphic with
respect to the first variable, uniformly with respect to the second variable in compact
subsets of X, then f(.,X(.)) is almost automorphic in distribution.

3. Let u be a Borel measure on R satisfying (1.6), and let p > 0. Assume that f is u-
pseudo compact almost automorphic with respect to the first variable, uniformly with
respect to the second variable in compact subsets of X, i.e.

f =g+h, with g€ AAU:(R x X,Y) and h€ &U(R x X, Y, ).

Assume that g is continuous with respect to the second variable. Assume furthermore
that f is uniformly continuous in the second variable in compact subsets of X, uni-
formly with respect to the first variable, that is,
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Chapitre 2. Some superposition theorems

for every € > 0, and for every compact subset K of X,
there exists 1 > 0 such that, for all x,y € K,

Ix=yll<n= fURDIIf(t,X) —ftyl<e @1
S

Let X be u-pseudo almost automorphic in p-distribution, with decomposition (Y,Z),
namely,
X =Y+2Z,Y € AADP(R,X), Z € &(R,LP(Q,P,X), ).

If p> 0, assume also that f and g satisfy the growth condition
1631+ [l9t,x)[| < C(1+Ix]]) (2.2)

for all (t,x) € R x X and for some constant C, and that, either the family (||Z(t)||P)icr
is uniformly integrable, or f is Lipschitz with respect to the second variable, uniformly
with respect to the first one. Then f(.,X(.)) is u-pseudo almost automorphic in p-
distribution.

Proof : We only prove the second and third items, the first one can be proved in the
same way as |2} using, for example, Bochner’s double sequence criterion.

For each t € R, for each x € C¢(RR,X), and for each s€ R, let us denote

f(t,x)(s) = f(s+t,x(9)).

By continuity of f on R x X, f(t,.) maps Cx(R,X) to Ck(R,Y).

Let .# be a compact subset of Cy(R,X). By the Arzela-Ascoli Theorem (see e.g. [41,
Theorems 8.2.10 and 8.2.11]), this means that .# is closed in Cy(R,X) and equicon-
tinuous, and that, for every compact interval | of R, the set {X(t);x € ., t € 1} has
compact closure in X. Let t € R, and let (t,) be a sequence in R converging to t. Let | be
a compact interval of R, and let K be the closure of {X(s); x€ %", s€ |}. We have, for
any y € K, and for any s€ R,

lim f(th+sy) = f(t+sy)

where the convergence is uniform with respect to y € K and s€ |, because f is compact
almost automorphic uniformly with respect to the second variable in compact subsets
of X. In particular we have, uniformly with respect to x € .# and s€ |,

Iim f(th,X)(S) = IiLn f(th+s,X(s)) = f(t+sx(s)) = f(t,x)(9),
which proves that the mapping f(.,x) : R — Cy(R,X), is continuous, uniformly with
respect to X in compact subsets of Cyx(R, X).
Let us check that f : R x C(R,X) — Cy(R,X) is compact almost automorphic with res-
pect to the first variable, uniformly with respect to the second variable in compact sub-
sets of Cx(RR,X). Let (t,) be a sequence in R. There exists a subsequence (tp) such that,
foreveryt € R and every y € X,

lim lim f (¢ 4t — tm,y) = f(t,Y).
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where the convergence is uniform with respect to y in compact subsets of X and t in
compact intervals of R. For each t € R, and for each s€ R, we have

lim lim F(t+tnh —tm,X)(S) =lim lim f (s-+t+tn —tm,X(s))
—f(s+t,x(s)) = f(t,%)(s),

and these convergences are uniform with respect to t and s in compact intervals, and
with respect to x € %', which proves our claim.

Let ¢ : Ck(R,Y) — R be bounded Lipschitz, with ||¢|, <1, where |||, is taken relati-
vely to a distance 0 which generates the topology of Cx(RR,Y), for example the distance
defined by (L.14). Let (t;,) be a sequence in R. Let (t5) be a subsequence such that, for
everyt € R and every y € X,

Iimlim f(t+th—tm,y) = f(t,y),
lim lim law (X X (t+th —tm)) = law(X(t)).
Let € > 0. We can find a compact subset .%; of Cx(RR, X) such that, for every t € R,
p{i(t) e x/g} >1_e.

Let t € R be fixed, and, for all n,m, let Q¢ n m be the measurable subset of Q on which
X(t +1th —tm) € #e. We have

E (90 flt+ta—tm X(t+ta—tw) — 9o F(L.X(1) ) |
§‘E (<pof~(t+tn—tm,>~<(t+tn—tm)) po f(t,X(t +tn—tm))] ‘
—l—’E [cpo?(t,i(wtn—tm)) oo F(t,X(t)) ]
E [ 1Q€7n,mg(i‘v(t+tn—tm,X(t+tn—tm)), f(t, X +tn—tm))> ]
E ( Ilenﬁm‘q)o F(t 4t —tmy X(t+tn—tm)) — @0 F(t,)~((t+tn—tm)))‘]

_}_‘E ((po ]‘N(t,)z(t—l-tn—tm)) (POf(t X(t>)] ‘

:An,m + Bn,m + Cn,m-
We have
Aam < E (1o, supd (Tt +ta—tnx), (%)) ) < supa(f(t-+ta—tnx), F(t,%))
XE e XE e

thus by the almost automorphy property of f, we have lim, limmAn m = 0. Furthermore,
Bnm < 2P(Qg nm) < 2¢ because [|¢||,, < 1. Finally, limplimmCqym = 0 by boundedness

and continuity of f(t,.) : Ck(R,X) — Cx(R,X) and the convergence in distribution of
X(t+th—tm) to X(t) for each t € R. As € and ¢ are arbitrary, we have proved that

lim lim law(F(t +th — tm, X(t +th — tm))) = law(F(t, X(1))),
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thus the mapping t — law(f(t,X(t))) is almost automorphic in distribution.

We use ideas of the proof of [16, Theorem 5.7]. The function f(.,X(.)) can be decom-
posed as

f

Let G(t) =g(t,Y(t)) and H(t) = f(t,X(t)) — f(t,Y(t))+h(t,Y(t)). By using[2 and (2:2)), we
see that t — G(t) is in AADP(R,Y). Furthermore, by (2.2), the continuity of f and the
u-pseudo almost automorphy in p-distribution of X, we have, using Vitali’s theorem,
that f(.,X(.)) is a continuous LP(Q,P,Y)-valued function. Indeed, if t, — t, then the
sequence (||X(tn)||P) is uniformly integrable, by continuity of the mapping t — X(t),
R — LP(Q,P,X), and this entails that (f(tn,X(ty))) is uniformly integrable. To show that
f(.,X(.)) is in PAADP(R,Y), it is enough to prove that H € &(R,LP(Q,P,Y), u).

Clearly H is in C(R,LP(Q,P,Y)), and bounded in LP(Q,P,X) (when p > 0), by (2.2)). As

Y is in AAD(R, X), the family (Y (t))ter = (Y (t+.))ter is uniformly tight in C¢(R,X). For
each € > 0, there exists a compact subset .7; of C¢(R,X) such that, for every t € R,

P{\?(t) e%} >1-¢.

By the Arzela-Ascoli Theorem (see e.g. [41, Theorems 8.2.10 and 8.2.11]), this implies
that, for every € > 0, and for every compact interval | of R, there exists a compact subset
Ke, such that, for everyt € R;

P{(Vsel)Y(t+s) K¢} >1—k¢.
In particular, we have, for each integer n,
P{(vte[nn+1))Y(t)eKepoy}>1—e.

Let Q¢ n be the measurable subset of Q on which Y(t) € K¢ o q) for all t € [n,n+1]. The
function g is uniformly continuous on R x K¢ 1) by Proposition We deduce by
(2.1) that there exists n(€) > 0 such that, for all y;,y» € Ke.[0,15

lyr— V2| < n(e) = tsuRp(Hh(t,w) —h(t,y»)|) <e.
S

We can find a finite sequence (Yi)1<i<m in K¢ o,1) such that

m
Keo. € B, m(€)).
i—1

Lett € R, and let n be an integer such that t € [n,n+ 1]. We have
E(IhY(®)IA1)
< i _ . .
—E(li'?L”m(lﬂm (.Y (6) —ht.y)l Al)) + max [|h(t, )]

+E(1qg, [I(t,Y ()] A1)
2 C
§£+1r2ie§1>§1|]h(t,y.)\| AN1+P(Q¢ )

< i .
< max |[h(t,y)]| +2¢
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2.1. Superposition theorems for almost automorphy type functions and processes

Since for all i € {1,...,m}, the function t — h(t,y;) satisfies

. 1 _ B
fim oy Il ) =

we deduce that, for every € > 0,

. 1
imsup. s /[_m E(||h(t, Y (1))]| AL)dp(t) < 2e.

r—oo

This shows that t — h(t,Y(t)) is in &(R,L%(Q,P,Y), ).

For p> 0, let § > 0. From the uniform integrability of (|[h(t,Y(t))[|),.p (thanks to (2.2)
and the uniform integrability of (||Y(t)||");cr), we can choose & srnall enough such that,
for any measurable A C Q such that P(A) < ¢,

SupE (1a|[h(t,Y(1)[|?) < &
teR

Note also that, for p < 1, the mapping U — (E||U Hp)l/ P.LP — R, does not satisfy the
triangular inequality. However, the mapping (Uy,U,) — E||Uy —U;||P is a distance on LP.
We deduce that, for all U;,U,,Uz € LP,

(E[Us+Uz+Ugl|P) /P < 3P ((E|Ur]P) P+ (B U2l|P) P+ (E|Us] )P

To cover simultaneously the cases p< 1and p > 1, we set k = max(1, 3 P-1). Using the
same method as in the case when p =0, we get

(E[Ih(t, Y (©))[IP)YP

1/p
_ L :
SK(E(JQ'” 1o, , [[h(t,Y(t)) —h(t,yi)]| )) + Klrg%||h(t,y.)||
1/p
(B (e Ine ) 7))
Slc(lréni?r%||h(t,yi)|| +£+6>.
We conclude, using the ergodicity of h(t,y;) for alli € {1,...,m}, thatt — h(t,Y(t)) is in

&(R,LP(Q,P,Y), ).
Secondly, we show that F(.) := f(.,X(.)) — f(.,Y(.)) is in &(R,L%(Q,P,Y),u). Let

Let us endow C(R,Y) with the distance 9 (@, ¥) = SUfR ||@(t) — y(1)||. By the uniform
continuity assumption, ® is continuous. By [16, Lemma 5.6], for each € > 0, there exists
n > 0 such that, for allt € R, and for all X,y € X,

[x € K¢ oy and d(x,y) < n] = am(CD(x),CD(y)) <e. (2.3)

39



Chapitre 2. Some superposition theorems

For eacht € R, let Q¢ ¢ be the subset of Q on which Y (t) € K¢ o 4. Since Z(t) = X(t) - Y(t),
we obtain, the following inequalities, with the help of (2.3]) and Chebyshev’s inequality :

p{te[-rr; E(|F@t)AL) > 3e}

u([—r,r])
B {te[-rrE(1a., 1yzay>m (IFOIAD) > &}
- u([—r,r])
L H{te - E(la, zg<m (IFWIAL) > £}
p([=r.r])
p{te -rrE(log (FOAD) > e}
+
p([-r.r])
n {te[-rr; E(1o, 1z >m (IFMO[AL) > €}
,LL([—I’,I'])
u{te [-nr E(lag, (FOIAD) > €]
_|_
IJ([—U])
cpte [rr P{IZO)) > n} > &)
- p([-r.r])
pite [-rr; P(QS) > e}
‘Ll([—l',l’])
u{t e [-rrl; FE(IZM)ll) > 8}
- p([-r.r])

Since Z is in &(R,L%(Q,P,X), ), we have, for the above &,
H{te[-rE(IZO)) > en}
r—e u([_rvr])

which implies, using [[16, Theorem 2.14] (see Remark [1.1.4)),

0,

Iimsup;/ E(|f(t.X(t) — f(t,Y(1))] AL)du(t) =O.
r—e H([=NT]) Ji-rn]
Therefore t — f(t,X(t)) — f(t,Y(t)) is in &(R,L%(Q,P,Y), ).

Assume now that p > 0. If f is Lipschitz with respect to the second variable, uniformly
with respect to the first one, then ||F(t)| < K||Z(t)|| for some constant K, thus, tri-
vially, F € &(R,LP(Q,P,Y),u). If the family (||Z(t)||P)icr is uniformly integrable, then
(JIF(1)||P)ter is also uniformly integrable. Then, we can use the same reasoning as for
p= 0, replacing |[F(t)[| A1 by [[F (1), since E(1qe, (||F(t)[|?)) can be made arbitrarily
small for € sufficiently small. We obtain

p{te Ll E(FO)P) > 3e) _ #{te i E(IZO17) > e}
u(=r.1) . a1
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2.2. superposition theorem’s for Stepanov almost periodic type functions and processes

Since Z is in &(R,LP(Q,P,X), u), we have, for the above &,
o {te [ E(IZO)P) > en?}
e u([=rrl)

We conclude, using [16, Theorem 2.14] (see Remark [I.1.4), and the boundedness of
F(t) in LP(Q,P,Y), that t — f(t,X(t)) — f(t,Y(t)) is in &(R,LP(Q,P,Y), ).

0.

2.2 superposition theorem’s for Stepanov almost perio-
dic type functions and processes

In this section, we study some properties of parametric functions, especially Nemytskii’s
operators A (f)(X) := [t — f(t,x(t))] built on f:RxE — E in the space of Stepanov
(u-pseudo) almost periodic functions. In the following, we assume that %) = é + % with
p, g and r > 1, and we consider the parametric function f : R x E — E, which satisfies
the Lipschitz condition :

(Lip) There exists a nonnegative function L € S"(R) such that

d(f(t,u), f(t,v)) <L{)d(u,v), Vvt e R, u,veE.

Using compactness property of Stepanov almost periodicity given by Danilov (see Theo-
rem [1.2.1] and Corollary [1.2.2)), we improve the composition theorem of Stepanov al-
most periodic functions given in [40, Theorem 2.1]. We show in particular that in or-
der to obtain that .#'(f) maps SYAP(R,E) into SPAP(R,E), the following compactness
condition :

(Com) There exists a subset A C R with meas(A) = 0 such that K := {x(t) :t e R\A} is a

compact subset of E,

is not necessary. Let us mention that Andres and Pennequin [6, Lemma 3.2] have shown
that if f : E — [ is a continuous function satisfying, for some a,b > 0 and p,q> 1, the
following growth condition :

VxR, |[f(X)z < allx|>+b,

and g: R — E is an SPAP-function, then the composition f o g is an SYAP-function.
We begin by the following Lemma which identifies the spaces SPAP(R x E,E) and SPAPU.(R x
E,E) under Condition (Lip).

Lemma 2.2.1. Let f : R xE — E be a parametric function satisfying Condition (Lip). Then,
f € SPAP(R x E,E) if, and only if, f € SPAPU:(R x E,E).

The proof of this lemma is very similar to that of Fan et al. [42, Lemma 3.1] which is
the analogous result for almost automorphic case.
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Now, before giving the superposition theorem in SPAP(R x E,E), we need some more
notations. Let u: R — [E be a mesurable function, let A C R be a measurable set. We
denote by ul**! the "truncated" function from R to E, defined by

A0 (1) ut) if teA
u (t)_{xo if teA

We are now ready to present the superposition theorem in SPAP(R x E,E) :

Theorem 2.2.2. Let f € SPAP(R x E,E), and assume that f satisfies Condition (Lip).
Then, for every u € S9AP(R,E), we have f(.,u(.)) € SPAP(R,E).

Proof : Fix e >0and Xp € E. Let ue SYAP(R,E). In view of (1.20)), we have ue ME(R,E) N

SPAP(R,E), thus, there exists 1 > 0 such that D, (ulA*l(.),xg) < ¢ for all measurable
set A C R satisfying »(A) < 1. For such n, using Corollary(1.2.2] we deduce that there
exists a compact subset .77, ¢) C E such that

LR, X(t) ¢ Hne)} <1

and

D, (ulTel (1), x0) (2.4)

£
TR
6L [|gr

where Te 1= T;)(¢) is the subset of R on which u(t) € J#; ) (we exclude for simplicity the
trivial case when |[|L||g = 0). The compactness of %, implies that there exist a finite
sequence (X1,X2,...,Xn) in () such that

E

Blx,—— |. 2.

e © U (’“’mruwgr) (25)
<i<n

Fori=1,....nandt e R, let

0 iftgTe
T(t) = {min{i e{1,...,n}; d(u(t),x) < 6|\|_8\ } ifteTe,

and, fori=0,...,nand & € R, let

A ={te[§,E+1];t(t)=i}.

By Lemma [2.2.1] we have f € SPAPU:(R x E,E). Since u € SYAP(R,E), we can choose a
common relatively dense set .7 (f,u,e) C R such that, for t € 7 (f,u,¢),

D (u(. +7),u(.)) < 3||E||Sr (2.6)
and .
_Z}Dgp(f(.Jrr,xi),f(.,xi)) gg 2.7)
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2.2. superposition theorem’s for Stepanov almost periodic type functions and processes

forall 7 € 7 (f,u,e). Let T € 7(f,u,€). We have

D% (f (-+7,u(.+7)), F(,u()))
<D% (F(.+7.u(.+ 1)), (- +5,u()) ) + D% (F(.+7.u()), ()
< IILllgr D (u(-+2),u() ) + D (£ 4 ,u()), F(,u()))
<% 0% (F(+7.u0)), flu0) ).

Now,

1/p

DY, (f(. +1,u(), f(.,u(.))) = sup(/:ﬂdp(f(t FT,ut), f(t, u(t)))dt)

EeR

£+1 n 1/p
gsup(/ Zjlmg ) dP(f(t+r,u(t)), f(t+7, x.))dt)

EeR

£+1 N 1/p
+sup(/é ; 1p £ (OdP(f(t+7,%), f(t,Xi))dt>

EeR
£+1 n 1/p
+§sg§</§ i;l,w(t)dp(f(t,xi),f(t,u(t)))dt)

E+1 n /p
S;J}g(/g L(t+7) Z)lm,g(t)dp(u(t),ﬁ)dt)
+ ZjDSp< A+ T,%), ))

¢§+1 1/p

+ sup / 15 £(t)dP(u

éeR( % A|§

E+1 1/r R g41 n 1/q
§sup(/§ Lr(t—i—r)dt) D&q (U ulTe ol ( / Z\IA'é (t)d(u(t),x) dt
EeR
1/q

€ E+1 1/r g 7o E+1 n
+—+sup</ L (t dt) DY, (ulTe ol (., / 1a . (H)d%u

3 EeR \/¢ (> ( Zl Aié

€ e 2
<2||L||r + ==—.
78]y 373
Combining the preceding inequalities, we deduce that
d €2
D (F(.+7,u(+7), f(,u() S S+ 5 =
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Theorem 2.2.3. Let u be a Borel measure on R satisfying and Condition (H), and
let p> 1. Assume that F € SPPAPWU(R x E,E, ut). Let G be in SPAPU(R x E, E) such that

(t,X) — H(t,x) = d(F(t,x),G(t,x))} € SPEUL(R x E,R, 11). (2.8)

Assume that Condition (Lip) holds for F and G. If X is S9-weighted pseudo almost periodic,
then F(.,X(.)) € SPPAP(R, E, ).

Proof : Since X € SYPAP(R,E, ), there exists Y € S1AP(R, E) such that
7(.) = d(X(.),Y(.)) € Esp(R,R, 11). (2.9)
To show that F(.,X(.)) € SPPAP(R,E, u), it is enough to have
d(F(X()). G Y()) € nl®.R,p),
since by Theorem [2.2.2] the function G(.,Y(.)) € SPAP(R,E). We have
d(F(t.X(),6(tY()) <d(FEY©), 6t Y1) +d(FE Y1), Ft.X(1)).

Clearly, d(F(.,Y(.)),F(.,X(.)) € &sp(R,R, u). Indeed, for every r > 0,

ﬁ/ 7 (FP(LYP(0),Fo( X0(0) ) du(t) <

and hence, using (2.9), it follows that

ey L e # (0. 00) duty

Jmm/i .@f'p(Fb(t,Yb(t)),Fb(t,xb(t)> du(t) = 0.

Now, we claim that d<F(.,Y(.)),G(.7Y(.))> € &p(R,R, ). In fact, let € > 0 and xp € E.

Since Y € SPAP(R,E) C M(R,E), there exists 6 := §(¢) > 0 such that DY, (YIA%I (1), x0) <
¢ for all measurable set A C R satisfying »(A) < 8. Thus, using Corollary [1.2.2] we
deduce that there exists a compact subset .#5 C E such that

w{teR, Y(t) ¢ #s5} <6

and

™

D3 (Y1T579)(),%0) < g

where Tg := Ts(¢) is the subset of R on which Y(t) € /5. The compactness of )
implies that there exist y1,Y2,...,Ym € #¢ such that

(2.10)

€
Hec | B(yi,—4”|_“§r). (2.11)

1<i<m
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2.2. superposition theorem’s for Stepanov almost periodic type functions and processes

Hence,

L [ (P ). 0 m) e

p([=rr]) J-r r
< max —;”])/r 75 (FP(LY°(0), Fot.y)) du(t)

T asismp(|

i [, A ) o

1 " 29 (bt v @by yb
rmax e [ A (S, G Y ) dul)
:=J1(r) 4+ Jo(r) + Ja(r).
We have from (2.10) and :
d _
2(r) +35(1) <2||L s max D(Y() %)

<2||Lllg max { DS (Y3 (),1) + D& (YTH (), ) } <e.

1<i<m

Let us estimate Jp(r). Using the fact that the parametric function H is in SP&U(R x
E,R,u), we have

1 r
B0 < sup = [ 7 (F) &Py au),

from which we deduce that lim,_,» J2(r) = 0. Finally, since € is arbitrary, we obtain that

Jmm/r.@Sp(Fb(t,Yb(t)),Gb(t,Yb(t)> du(t) = 0.

This proves that F(.,X(.)) € SPPAP(R,E, ). ]

45



Chapitre 2. Some superposition theorems

46



Deuxieme partie

Contribution to stochastic differential
equations
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Almost automorphic type solutions
CH‘L‘;”REfor a class of stochastic differential
equations with almost automorphic
terms

Explicit counterexample to square-mean pseudo almost automorphy At the time
of the submission of the paper [9], there are at least 24 papers listed in Mathematical
Reviews related to almost automorphy of solutions to stochastic differential equations,
which all have been published in 2010 or later. To our knowledge, except for [45,/46,
57|, all other papers claim the existence of square-mean pseudo almost automorphic
solutions to stochastic differential equations with coefficients having similar properties.
We show that a very simple counterexample from [60] contradicts these claims. The
other counterexamples given in [60] also contradict these claims.

Example 3.0.4. (Stationary Ornstein-Uhlenbeck process) Let W = (W(t))icr be a
standard Brownian motion on the real line. Let @,6 > 0, and let X be the stationary
Ornstein-Uhlenbeck process (see [|56]) defined by

X(t) =200 / t e =9 dw(s). (3.1)

Then X is the only L2-bounded solution of the following SDE, which is a particular case
of Equation (3.1) in [12] :

dX(t) = —aX(t)dt+ V2o dW(t).
The process X is Gaussian with mean 0, and we have, for allt € R and 7 > 0,
Cov(X(t),X(t+71)) = 6% %7,
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Chapitre 3. Almost automorphic type solutions for SDE with almost automorphic terms

Assume that X is square-mean p-pseudo almost automorphic, for some Borel measure
u on R satisfying and (1.8)). Then we can decompose X as

X=Y+Z, YeAARL*QR)), Ze&(R,L3Q,R) pu).

By Lemma(I.1.2] we can find an increasing sequence (t,) of real numbers which converges
to +oo such that (Z(t,)) converges to 0 in L?(Q,R). Then, we can extract a sequence (still
denoted by (t,) for 51mp11c1ty) such that (Y(tn)) converges in L2 to a random variable Y.
Thus (X(tn)) converges in L? to Y. Necessarily Y is Gaussian with law .#'(0,20.62), and
Y is ¥-measurable, where ¥ = & (X,; n > 0). Moreover (X(ty),Y) is Gaussian for every
n, and we have, for any integer n,

Cov(X(tn),Y) = lim Cov(X(tn), X (tntm)) = O,

mM—oo

because (X2(t))icr is uniformly integrable. This proves that Y is independent of X(t,)
for every n, thus Y is independent of ¢. Thus Y is constant, a contradiction. Thus
has no square-mean u-pseudo almost automorphic solution.

Let us show that X is not Weyl-like nor Besicovitch-like square-mean pseudo almost au-
tomorphic. It is enough to disprove the Besicovitch sense. Assume that X is Besicovitch-
like square-mean pseudo almost automorphic. As before, using Lemma [1.1.2, we can
find a sequence (t,) converging to +c and a process Y such that

lim [|X(ty) — ¥ || = O.

n—oo

In particular, (X(tn)) is Cauchy for ||.||g2, thus, for every € > 0O, there exists N(¢) € N,
such that, for alln,me N,

(n>N(e)) = ||X(tn) = X(them) ||z < & (3.2)

But we have

X (tn) = X (tr+m) |22

. 1 /f
=lim sup2— rE|X(tn +3) — X(tn+m+s)\2ds

[——400

. 1/
=limsup— E(Xz(tn +8) + X?(tnym+9) — 2X (th + 9)X (them + s))ds

[——+40o0 r i

. 1/ _ _
=limsup_- [ (0?4 0% —20%e *nm~t))ds

r—+4o 20 J—r

—267(1— e @m0,

For mlarge, the last term is arbitrarily close to 262, which contradicts for £ < 26°.
A similar calculation shows that, for any Borel measure u on R satisfying and
(1.8), and for any Borel measure v on [0, 1] satisfying (1.9), the process X is not square-
mean S2-u-pseudo almost automorphic.
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3.1. Almost automorphic solution of an equation with almost automorphic coefficients

3.1 Almost automorphic solution of an equation with
almost automorphic coefficients

In the sequel, if X and Y are metric spaces, we denote CUB(X,Y) the space of bounded
uniformly continuous functions from X to Y.

We are given two separable Hilbert spaces Hj and Hy, and we consider the semilinear
stochastic differential equation,

d% = AX(t)dt+ f(t,X(t))dt+g(t, X (1)) dW(t), t € R (3.3)

where A: Dom(A) C Hy — Hj is a densely defined closed (possibly unbounded) linear
operator, and f : R x Hy — Hpy, and g: R x Hy — L(Hj,Hy) are continuous functions. In
this section, we assume that :

() W(t) is an Hj-valued Wiener process with nuclear covariance operator Q (we de-
note by tr Q the trace of Q), defined on a stochastic basis (Q,.#, (%t )ier,P).

(ii) A:Dom(A) — Hj is the infinitesimal generator of a Cp-semigroup (S(t))i>o such
that there exists a constant 6 > 0 with

1S(t) (L) < edt>0.

(iii) There exists a constant K such that the mappings f : R x Hp — Hy and g: R x Hp —
L(Hy, Hy) satisfy

1 () ez, + 190X Ly ) < K2+ (X ez)-

(iv) The functions f and g are Lipschitz, more precisely there exists a constant K such
that

[1£t,%) — £t Y)[e, + 119t %) — 9 Y) Ly m,) < KX =Y,
forallt € R and x,y € H.

(v) f €PAAUR(R x Hy, Hy, 1) and g € PAAUR(R x Hy, L(H1,H>), i) for some given Borel
measure y on R which satisfies and Condition (H).

By [16, Theorem 3.5], Condition (H) implies that & (R, X, u) and PAA(R, X, u) are trans-
lation invariant.

In order to study the weighted pseudo almost automorphy property of solutions of SDE:s,
we need a result on almost automorphy.

Theorem 3.1.1. Let the assumptions - be fulfilled, and assume furthermore
the following condition, which is stronger than :
#.I]) f e AAUL(R x Hy,Hy) and g € AAUL(R x Hy, L(Hy,Hy)).

K2 /1
Assume further that 6 := 5 \ 25 —|—trQ) < 1. Then there exists a unique mild solution X
to in the space CUB (R,LZ(P,HZ)) of bounded uniformly continuous mappings from

51



Chapitre 3. Almost automorphic type solutions for SDE with almost automorphic terms

R to L?(P,H,). Furthermore, X has a.e. continuous trajectories, and X(t) satisfies, for each
teR:

:/th(t—s) S X(s ds+/ S(t - 9)g(s, X(s))dW(s). 3.4

0

The proof of this theorem is very similar to that of [49, Theorem 3.1], which is the ana-
logous result for SDEs with almost periodic coefficients. Only the almost automorphy
part needs to be adapted. Such an adaptation is provided in [57], for SDEs driven by
Lévy processes, but only for one-dimensional almost automorphy. We give the proof of
this part for the convenience of the reader.

Let us first recall the following result, which is given in a more general form in [28] :

4K? (1
If furthermore 0’ ;= —— (5 +trQ) < 1, then X is almost automorphic in 2-distribution.

Proposition 3.1.1. ( [28, Proposition 3.1-(c)]) Let T € R. Let (&n)o<n<e be a sequence of
square integrable Hj-valued random variables. Let (fn)o<n<e and (9n)o<n<e be sequences
of mappings from R x Hy to Hy and L(Hj,Hy) respectively, satisfying and
(replacing f and g by f, and g, respectively, and the constant K being independent of n).
For each n, let X, denote the solution to

Xn(t) =St —7)&n
+/ S(t —9) fo (s, Xa(s ds+/ S(t — 9)n (S, Xn(S) ) AW(S).
Assume that, for every (t,X) € R x Hp,

rllirrl0 fn(t,X) = fo(t,X), rI]imoogn(t,x) = Ow(t,X),
IrI1im°obm(law(§,n,W),law(éoo,W)) 0,

(the last equality takes place in .#** (Hp x C(R,Hy))). Then we have in C([t,T];Hy), for
any T > 1,
rI]imooDBL(law(Xn),laW(Xoo)) =0.

We need also a variant of Gronwall’s lemma.

Lemma 3.1.2. ( [49, Lemma 3.3]) Let g: R — R be a continuous function such that, for
everyt e R,

0<g(t) < a(t)+ﬁ1/_twe‘51(t_s)g(s)d8+---+ﬁn/_twe‘5”(t_s)9(5)ds (3.5)

for some locally integrable function o : R — R, and for some constants B, ...,n > 0, and
some constants 01, ..,6n > f, where B := S ; Bi. We assume that the integrals in the right
hand side of are convergent. Let § = mini<j<p 6. Then, for every y €]0,8 — B] such
that [°, ea(s)dsconverges, we have, for everyt € R,

g(t) < a(t)+ﬁ/_tme7(ts)oc(s)ds
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3.1. Almost automorphic solution of an equation with almost automorphic coefficients

In particular, if « is constant, we have

gt) <o 5B
Proof of Theorem The proof of the existence and uniqueness of a mild solution
to (4.1) in CUB (R,LZ(P,HZ)) is the same as that of Theorem 3.1 in [49] or Theorem
3.3.1in [?].
For the almost automorphy part, let (7},) be a sequence in R. Since f and g are almost
automorphic, there exists a subsequence (,) and functions f:RxH, —Hyand §:
R x Hy — L(H3,H>) such that

lim £ (t+ 9n,%) = f(t,%), lim flt—1m,x) = f(t,%) (3.6)
rli_r)nwg(t + ’}/n,X) = g\(t,X), rl]i_moog\(t - anx> = g(tv)()' (3.7)

These limits are taken uniformly with respect to x in bounded subsets of Ho.
For each fixed integer n, we consider

Xa(0) = [ St-9Ts+mXa()dst [ S-Sl X(s) dWs)
the mild solution to

dXa(t) = AXa(t)dt+ f(t+ 1h, Xn(t)) dt 4 g(t + 1, Xn(t)) dW(t)
and . .
() =/_0°S(t—s) ?(s,)?(s))ds+/_w5(t—s)g(s,i(s»dW(s)
the mild solution to
dX(t) = A(t)X (t)dt+ F(t, X (1)) dt+g(t, X(t)) dW(t).
Make the change of variable ¢ + y, = s, the process

t+h
X(t+m) = St+m—-9)f(s X(s))ds

- t+1n
+ 5 St + 1 —9)g(s, X(s)) dW(s)

satisfies
X(t+7’n):/t S(t—S)f(S+yn,x(S+yn))ds
+/tm St — 9)g(S+ Y, X(S+ 1)) dWh(S),

where Wh(s) = W(s+ %) —W(7) is a Brownian motion with the same distribution as
W(s). Thus the process X(.+ 1n) has the same distribution as Xp.
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Let us show that X,(t) converges in quadratic mean to X(t) for each fixed t € R. We have

E[[Xa(t) = X(t)[|?
t -~ ~
[ st=9)(f(s+ 1 %(9) — s X(9)) ds

2

+ [ st-9)(gls+ 0 X7() ~ g(sX(5)) WS

2
<2E

/_tm St-s) (f(S+ Yy Xn(S)) — ?(s,)?(s))> dg‘

2

t ~
+2E [ St=9)(gls+ 1. X(9) - s X(5)) ) dW(s)

2

<4E /t S(t—s)(f(s+yn,x (s)) — f(s+ M, X ()))ds

2

+4EH/ St—s (f S+ %, X —f (s, X( ))) ds‘

2
+4E||/ S(t—9) (9(s+ 1, X"(8)) —9(s+ 1, X(9)) ) dW(s)

2

)(
+4E||/ S(t— s(gs+yn 6(s,X(5)) ) dW(s)

<li1+Ilo+ I3+ 14.

Now, using (4.1)), (4.1) and the Cauchy-Schwartz inequality, we obtain

2
l1 =4E

/tm St—ys) (f(S+ Y, Xn(S)) — f(s+ yn,)A((s))) ds'

t 2
s4E(/m||s<t—s>|r|rf<s+yn,xn< 9) - f(s+ 1 X( >>|rds)

2
. 4E( [ e85 k(o) - f<s+yn,>?<s>>uds)

< 4(/_twe5(ts)ds) </t e I E||f(S+ 9h, Xa(S)) — f(s+ yn,f((s))Hst)

4K?2 [t

<55 [ e IB (s - X(9))ds

Then we have

2
lo =4E

[ st-9lf(s+mX(s) - FisX(s)las

< 4E( [ eIt st 0 X(9) - T <s,>?<s>>|rds)2
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3.1. Almost automorphic solution of an equation with almost automorphic coefficients

< 4E (/tm e—5<t—5>ds) (/tw e 39| f (s+ 1, X(9)) — F(s,)?(s))nzds)

<af [ e t00s) w5+ i) - s Kis)

g%supEHf(SJr}’n, (9) - F(s,X(9)II2,

which converges to 0 as n — oo because sug.g E[|X(t)||2 < « which implies that (X(t)); is
tight relatively to bounded sets.

Applying It0’s isometry, we get

2

a=48] [ S(t-9)(als 4. %(9) - a5+ 0. X(5) ) WS

<auwQE [ ISt-9)P lals+ 10 X(S) - 05+ 10, X(5)ds

<awQ [ e P IEgist 0 X(S) -5+ 0 X(5)) ds
§4K2trQ/ e 259 E|[X,(s) — X(9)|2ds

and
2

|4=4EH [ st—9)(a(s+ m X(9) ~a(s X(5))) aw(s

<atrQp( [ I5t-9)lgls+ 1X(9) - 8(s X(6) | )

t —~ ~
<atq( [ et Sds) suplg(s 1 X(9) -G8 X(5)?

sceR
2tr S PR
< TQ SUPE||g(s+ 1h, X(5)) — G(S, X (3)) ||
scR

For the same reason as for |, the right hand term goes to 0 as n — co.
We thus have

Ea(®) - X2 < o+ 75 [ e SCIBxo(s) - X(9)Pds
t AN
+aPQ [ e PIE|x(s) - X(9)|ds

for a sequence (o) such that limp_,. 0y = 0. Furthermore, f := 4K +4K2trQ < 8. We
conclude by Lemma [3.1.2] that

lim E[[Xa(t) = X(t)|*=

hence X,(t) converges in distribution to X(t). But, since the distribution of X(t) is the
same as that of X(t + 1), we deduce that X(t 4+ y%,) converges in distribution to X(t).
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By analogy and using (4.12)), (4.13) we can easily prove that X(t — ) converges in
distribution to X(t).

Note that the sequence (||X(t)||?) is uniformly integrable, thus (|X(t+)||?) is uni-
formly integrable too. As (Y,) is arbitrary, this implies that the family (||X(t)]|*)icr is
uniformly integrable, because, if not, there would exist a sequence (y,) and t € R such

that no subsequence of (||X(t+¥,)||) is uniformly integrable.

We have thus proved that X has almost automorphic one-dimensional 2-distributions.
To prove that X is almost automorphic in 2-distribution, we apply Proposition [3.1.1] :
for fixed 7 € R, let &, = X(74+ ), fa(t,X) = f(t+ %, X), gn(t,X) = g(t + 1, X). By the fore-
going, (&n) converges in distribution to some variable Y (7). We deduce that (&) is tight,
and thus (&,,W) is tight also. We can thus choose a subsequence (still noted (y,) for
simplicity) such that (&,,W) converges in distribution to (Y(7),W). Then, by Proposition
for every T > 7, X(. + ) converges in distribution on C([z, T];Hj) to the (unique
in distribution) solution to

Y(t) :S(t—r)Y(ﬂc)nL/t S(t—S)f(S,Y(S))dS+/t S(t—s)g(s,Y(s)) dW(s).

Note that Y does not depend on the chosen interval [z, T], thus the convergence takes
place on C(R;Hy). Similarly, Y, :=Y(. — n) converges in distribution on C(R;Hp) to X.
Thus X is almost automorphic in 2-distribution. |

3.2 Weighted pseudo almost automorphic solution of
an equation with weighted pseudo almost automor-
phic coefficients

We are now ready to prove our main result.
Theorem 3.2.1. Let the assumptions - be fulfilled. Let (f1,91) and (f2,02) be

respectively the decompositions of f and g, namely,

f="f+f, g=01+0,
f1 € AAUp(R x Hp,Hy), f2 € EUp(R x Hp,Hp, i),
01 € AAUp(R x Hp, L(Hz1,Hy)), 92 € EUp(R x Hp, L(Hz, Hp), u).

Assume that f1 and g; satisfy the same growth and Lipschitz conditions - as f
and g respectively, with same coefficient K. Assume furthermore that

2
0 = % (%thrQ) <1

Then there exists a unique mild solution X to (4.1) in the space CUB(R, L2(P, Hy)) of boun-

ded uniformly continuous mappings from R to L?(P, Hy), X has a.e. continuous trajectories,
and X satisfies (4.2) for every t € R. Furthermore, X is pu-pseudo almost automorphic in
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3.2. Weighted pseudo almost automorphic solution to SDE

2-distribution. More precisely, let Y € CUB (]R, L2(P, Hz)) be the unique almost automorphic
in distribution mild solution to

dY(t) = AY(t)dt+ f1(t,Y (1)) dt+ga(t,Y (1)) dW(t), t € R. (3.8)
Then X has the decomposition
X=Y+2, Zec&(R,LAP,Hy),pu).

The following technical lemma will be used several times.

Lemma 3.2.1. Let h € &(R,R, u). Then the function

t 1/2
t— (/ e‘25(t‘s)bz(s)ds)

is also in &(R,R, ).
Proof : by Condition (H) and [16, Theorem 3.9], we have, for every u € R,

. 1
rﬂmwm/[_m b(t—u)| du(t) =0.

We deduce, by Lebesgue’s dominated convergence theorem,

er,r]) /[_m] ( /_t ) eZ5<tS)bz(s)ds) mdu(t)
< (u([—r—lr]))l/z (/[—nr] /_too e—26(t—s)h2(s)dsolu(t)>1/2

1 bo o 1/2
G ® )

T ~28u f[,”]“)(t—u)\du(t) 1/2
< () "emnn T )

1/2

— Owhenr — +oo.
m

Proof of Theorem The existence and the properties of Y are guaranteed by

Theorem B.1.11

As in Theorem the existence and uniqueness of the mild solution X to are
proved as in [49, Theorem 3.1], using the classical method of the fixed point theorem
for the contractive operator L on CUB(R,L?(P,H})) defined by

t t
LX(t):/_wS(t—s)f(s,X(s))ds+/_°oS(t—s)g(s,X(s))dW(s).
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The solution X defined by (4.2) is thus the limit in CUB(R, LZ(P,HZ)) of a sequence (Xp)
with arbitrary Xg and, for every n, X,;1 = L(Xn). To prove that X is u-pseudo almost
automorphic in 2-distribution we choose a special sequence. Set

Xo=Y, Xar1=L(Xn), Zn=X—Y, neN.

Let us prove that each Z, is in £(R,L2(P7H2), ). We use some arguments of the proof
of [16, Theorem 5.7]. We have, for every n € N and everyt € R,

Zuia(t) = DXalt) - Y0
= [ st-9(f(sX(9) - f(s¥(9)) ds
+ [ st-9)(gsX(9) —a(s Y(9) W)
+ [ st-9(1(sY(9) - fus¥(9)ds
+ [ st-9)(asvs) - ais ¥(s) aws)
= [ st-9)(f(sX(9) - f(s¥(9)) ds
+ [ st-9)(gsX(9) (s Y(9) W)
+/ S(t—9)fa(s,Y(s) ds+/ St —9)ga(S, Y(5)) dAW(S).
Assume that Z, € & (R,L?(P,Hy), it). By the Lipschitz condition (4.1)),

(B f(t, %) = F(t,Y(1)]?)

1/2 1/2

< K(E||Za(t)[|?)

thus the mapping
frte (Bl Xa(0) — f(t,Y(0)]2)"

is in &(R,R, ). The same conclusion holds for

gt (E[gt, X (1) — gt Y()|?) "2

We get, using Lemma |4.1.5|

— Owhen r — +oo,

and
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1

—/[_”] (EH/—t“S(t_S) (9(s.%n(s)) —9(s.Y(s))) dW(s) 2) 1/2du(t)

p([=r.r])
12 1 b os(t-s) 2 1/2
<wQit s [ (/ e g(s)ds) du(t)

— Owhenr — +o.

To prove that Z,,1 is in é"(R,Lz(P,Hz), 1), there only remains to show that the process
J o St—9)fa(sY(9) ds+ [, St —5)g2(s, Y (S)) dW(s) belongs to & (R,L?(P,Hy),u). As'Y
is almost automorphic in distribution, the family (Y (t)) = (Y (t+.))icr is uniformly tight
in Cx(R,Hy). In particular, for each € > O there exists a compact subset .#; of Cy(R,H>)
such that, for every t € R,

P{\?(t) e%g} >1-—¢.

By the Arzela-Ascoli Theorem (e.g. [41, Theorems 8.2.10 and 8.2.11]), this implies that,
for every € > 0, and for every compact interval | of R, there exists a compact subset K¢ |
of Hj such that, for every t € R,

P{(Vsel)Y(t+s) K} >1—k¢.
In particular, for every integer n, we have
P{(vte[nn+1))Y(t)eKepoy}>1—e.

By the uniform continuity property of f; and gz on K¢ 4], there exists n(¢) > 0 such
that, for all X,y € K¢ 0,1

x=yll <n(e) = tSURDmaX(H fa(t,x) — f2(t, V)], |g2(t. ) — G2(t,Y)[|) < &.
S

We can find a finite sequence Vi, ...,Ym such that

m
Keo.1 € B, m(e)).
i—1

By [49, Remark 3.6]), the condition 6’ < 1 ensures that Y is bounded in LP(P,H) for
some p > 2 (the same result holds for X, but we do not need it). Note that f, = f — f;
and g» = g— g; satisfy a condition similar to (4.1I)), which implies that f,(.,Y(.)) and
d2(.,Y(.)) are bounded in LP(P,H>) and LP(P, L(Hjy,Hy)) respectively. Let

Mp = tSeuRlomax(E 1 f2(.,Y()||P,E ||92("Y(~))Hp)2/p.

Let = p/(p—2). For each integer n, let Q. , be the measurable subset of Q on which
Y(t) € Kg oy forallt € [n,n+1]. Lett € R, and let n be an integer such thatt € [n,n+1].
We have
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1/2
(En f2<t,v<t>>||2)

1/2
< min (E(Ta,, 12 Y0) - f03017) )+ max [ty

1<i<m 1<i<m

, 1/2
+ (B(1ag, It YOI
c 1/q p 2/
e+ max || fa(t, )l + (P (e )7 Bl T2t Y1)
< A 1/q .
—”122?%” fa(t, vi)[| + &~ Mp

A similar result holds for E ||ga(t, Y (t )||. Let us denote

fe(t) = max [[f2(s.yi)]

)
¢(e) = e+ eV/%m,,
(t) =
ge(t) =

1rygx 192(s,yi) 1l -

Thanks to the ergodicity of f, and gy, the functions f. and g, are in &(R,R, ). We have

m/[—nr] (EH/_tOOS(t—S)fz(s,Y(s))ds

‘ 2\ 1/2
+ [ st-smsve)aws)| ) dut

/
F ([ et IE s ve)Pas) et

1/2
Sm/ﬁq (/tooe_28(t_s) (fe(s) + €(€))? ds) du(t)

t 1/2
Q2 s [ ([ e 9 (e ee)ds) dut

<t f o[ 0s) o

12 1 b osi-s) 2 12
Qs [ ([ e 9 ds) au)

M b 25y 12
+ w([=r,r]) 03(3)/47“ (/_me ds) du(t).

In the right hand side of the last inequality, the last term is arbitrarily small and both
other terms converge to 0 when r goes to +o, thanks to Lemma We have thus
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3.2. Weighted pseudo almost automorphic solution to SDE

proved that Zn,1 is in & (R,L?(P,Hy), 1). We deduce by induction that the sequence (Z,)
lies in & (R,L%(P,Hp), ).

Now, the sequence (X,) converges to X in CUB (R,LZ(P,HZ)), thus (Z,) converges to
Z:=X-Y in CUB(R,L?(P,Hy)). Let £ > 0, and let n such that

SUp(E | Z(t) — Za(t) D)2 < &
teR

We have
i EIZO1) du
< o EIZ0 =201 )
g EIZ01) Y u
<et s [ EIZ01) ).
As ¢ is arbitrary, this proves that Z € & (R,L?(P,Hp), u). n

Remark 3.2.2. We did not use in the proof of Theorem the hypothesis that f €
EUp(R x Hp,Hy, ut) and g2 € &Up(R x Hy, L(H1,Hy), 1t). Actually, we needed only to as-
sume that, for each x € Hp, f(.,X) € &(R,Hy, 1) and g(.,X) € &(R,L(Hj,Hy), ). By Re-
mark and the Lipschitz condition, this is equivalent to assume that fo € SU(R x
Hp,Hp, 1) and go € EU(R x Hp, L(Hy,Hp), u).

Theorem 3.2.2. (Weighted pseudo almost periodic solution of an equation with
weighted pseudo almost periodic coefficients) Assume the same hypothesis as in Theo-
rem and that f1 and gy are almost periodic with respect to the first variable, uni-
formly with respect to the second variable in bounded sets. Then (with obvious definitions)
the process Y of Theorem is almost periodic in 2-distribution, thus the process X is
u-pseudo almost periodic in 2-distribution.

Proof : The proof is exactly the same as that of Theorem[4.1.1], replacing Theorem[3.1.1]
by [49, Theorem 3.1]. n
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Almost periodic type solution for
stochastic differential equations with
Stepanov almost periodic type co-
efficients

CHAPITRE

4

4.1 Stepanov almost periodic solutions to stochastic dif-
ferential equations

Let (Hy, ||.|lg, ) and (Hp,||.||s,) be separable Hilbert spaces, and let us denote by L(H, Hp)
(or L(Hjy) if Hy1 = Hy) the space of all bounded linear operators from Hj to Hy, and by
Lo(Hjy, Hy) the space of Hilbert-Schmidt operators from Hj to Ho.

Recall that CUB (R,LZ(P,HZ)), the Banach space of square-mean continuous and L?-
bounded stochastic processes, is endowed with the norm

X112 = supE X (1)

We consider the semilinear stochastic differential equation
dX = AX(t)dt+ F(t,X(t))dt+ G(t,X(t)) dW(t), t e R (4.1)

where A: Dom(A) C Hy — Hby is a densely defined closed (possibly unbounded) linear

operator, and F : R x Hy — Hp, and G : R x Hy — Ly(Hj,Hy) are measurable functions

(not necessarily continuous). To discuss the existence and uniqueness of almost periodic

in 2—distribution solutions to equation (4.1]), we consider the following hypotheses :

(H1) W(t), t € R, is an Hj-valued Wiener process with nuclear covariance operator Q
(we denote by tr Q the trace of Q), defined on a stochastic basis (Q,.#, (%t )icr, P).

(H2) A:Dom(A) — Hj is the infinitesimal generator of a Cp-semigroup (S(t))i>o such
that there exists a constant 6 > 0 with

I1S(t) I,y < €t > 0.
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Chapitre 4. Almost periodic solution in 2-distribution

(H3) There exists a positive constant M such that the mappings F : R x Hy — Hy and
G: R x Hy — Ly(Hy,Hy) satisfy

[IF () [z, + Gt )1 By 1) < ML+ [[X|m1,)

for allt € R.

(H4) The functions F and G are Lipschitz, more precisely there exists a positive function
K(.) € SP(R), p > 2, such that

IF (t,%) = F (&, )|, + [[G(t X) = Gt Y) |y, 11,) < KO)X= Yl

forallt € R and x,y € H.
(H5) F € S?AP(R x Hy,Hj) and G € S?AP(R x Hy, Ly(Hjy, Hy)).

4.1.1 Almost periodic solutions in 2-distribution

In order to study the weighted pseudo almost periodicity of solutions to (4.1]), we need
a result on almost periodicity. In what follows, let q > 0 with 1 = % + %.

Theorem 4.1.1. Assume the conditions (H1) — (H5) are fulfilled and the constant

2|K[Ig2 2[|K]|EtrQ
Os ;= + <1
® (6(1—e5) 1-e2

Then there exists a unique mild solution X to (4.1) in CUB (R,LZ(P,HZ)). Furthermore, X
has a.e. continuous trajectories, and X(t) can be explicitly expressed as follows, for each
teR:

X(t) :/_t S(t—s)F(s,X(s))dst/_t St —s)G(s, X(s))dW(s). (4.2)
If furthermore

q
2

\VXe}

oL = 3qi6<(3/31) +(36)f) <1

2 2

4 K p P K p P
e (8 ) gy g NI
l-e 7 l-e 72

then X is almost periodic in 2-distribution.

with

Before giving the proof of Theorem we need the following lemma and proposi-
tion :

Lemma 4.1.2. Let K : R — R be a nonnegative SP-bounded (resp. Stepanov almost perio-
dic) function, then the function

t
K(t) = / e 39K P(s)ds
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4.1. Stepanov almost periodic solutions to stochastic differential equations

is uniformly bounded (resp. Bohr almost periodic), and we have

Proof : The proof is very simple, see for instance [|69,(70]. ]
The following proposition is based on the application of Komlés’s theorem [|50].

Proposition 4.1.3. 1. Let (U,Z,1) be a o-finite measure space, and let B be a separable
Banach space. Let (F;) be a sequence of mappings from U x B to B satisfying

() each F is measurable,
(ii) for every u € U, the sequence (F,(u,.)) is equicontinuous,

(iii) there exists a measurable mapping F : U x B — B, such that

(vx € B) r!lmoo/ [|Fn(u, %) — F (u,x)|| dA (u) =
Then there exists a subsequence (Fy) of (F.), a modification F of F, and a A-negligible
subset A of U such that

(Vx€B) (Yue U\ A) lim Fa(u,x) = F(u,X),

and such that, for every u€ U\ .4/, the mapping F(u,.) is continuous.
2. With the same hypothesis as in 1., assume now that U = R is the set of real numbers,
> its Borel o-algebra, and A the Lebesgue-measure. Assume furthermore that there exists a
sequence (K},) of measurable mappings from R to R*, and a number p > 1, satisfying
(v)
(vn> 1) (v y € B) (e R) [|[Fux) —Fiuy) | < KhwIx—yll,

)

u+1
A= supsup (KHP(v)dv < co.
n>1lucR YU
Then we can extract the subsequence (F,) in such a way that there exists a measurable
mapping K : R — Rt and a A-negligible subset .4 of R such that

(vxy € B) (Yue U\A) [F(ux) —Fuy) <K lx—yl. (4.3)
with
u+l
sup KP(v)dv< A
ueRJu

Proof : 1. For every x € B, we can find a subsequence (F, X )) of (F}) and a A-negligible
set % such that

(Mue U\ A) rlllrrgo Fn(x)(u, X) = F(u,X).
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Chapitre 4. Almost periodic solution in 2-distribution

Let 2 be a dense countable subset of B. Using a diagonal procedure, we can find a
subsequence (F,) of (F;) and a A-negligible subset .#" of U such that

(vyE ‘@) (VU < U\‘/V) rllman(u’y) = F(U,y)
On the other hand, for every u € U and every x € B, we have, by equicontinuity of F,(u,.),
lim sup|[Fn(u,y) — Fn(u,x)]| = 0. (4.4)
—X n

Let ue U\ .4, and let x € B. Using the uniformity in (4.4), we deduce, by a classical
result on interchange of limits, that, for any x € B,

r!lm Fn(u,x) = I|m I@ Fa(u,y) = I|m I|m Fn(u,y) = I|m 1 F(u,y). (4.5)
y€9 ye@ ye@

Note that, for ue U\ .4/, the calculation (4.5) shows that f(u,.) is continuous on %. Let
us define F : UxB — B by

lim F,(u,x) = I|m 1 F(uy) forueU\.# and x€ B,

F~(U,X) = e y69
0 forue ./ and x € B.

This definition is consistent, thanks to (4.5). Furthermore, F(u,.) is continuous on B for
every u € U. Finally, since F(u,y) = F(u,y) for all (u,y) € (U\ .4") x 2, we have, for any
x € B,

/ |F (u,x) — F (u,x)|| dA (u)
U

<fm ([ IFswy) ~ Fx] a2+ [ IRy - Fuxl daw) =o.
ye9g
which proves that F (u,x) = F(u,x) for A-almost every u € U.

2. By an application of Komlds’s theorem [50] on each interval [k, k+ 1], where k is an
integer, and using a diagonal procedure, we can extract a subsequence (Ky) of (K/,) and
a mapping K : R — R* such that

lim = z KP(u) =KP(u) for A-a.e. uER,

n—oo N
and such that this almost sure Cesaro convergence holds true for any further subse-

quence of (K;) (the negligible set on which the convergence does not hold depends on
the subsequence). We can thus ask for the sequences (F,) and (K;) to have the same

indices. Denote, for n > 1,
1/p
Fi, Ln= ( Z Kp> :

M=

66



4.1. Stepanov almost periodic solutions to stochastic differential equations

There exists a A-negligible subset .4 of R such that
(VWxeB) (Vue R\ /) rI]iLnoogn(u,x) = F(u,x) and rllmo Ln(u) = K(u). (4.6)
On the other hand, by the triangular inequality, we have also :
(Vn>1) (Vx,y € B) (Vu€R) [[gn(u,X) — gn(Uy)|| < Ln(u) [x—yl|. (4.7)
We deduce from and (4.7). Furthermore, by Fatou’s lemma, we have

u+1 u+l
sup KP(v)dv< supllmlnf LP(v)dv< A

ueRJu eR M—® Ju

We are now ready to prove Theorem 4.1.1
Proof of Theorem Clearly, the process

t

X(t):/_tooT(t—s)F(s,X(s))dSJr/ T(t— )G (s, X(3))dW(s)

—00

satisfies
X(t) = T(t—a)X() +/tT(t _9F (sX(9)ds+ /tT(t —9)G(s X(5))dW(9)

for allt > a for each a€ R, and hence X is a mild solution to (4.1)).
We introduce an operator [ by

:/_t T<t—S>F(S,><(S))dS+/_t T(t—9)G(s X(s))dW(s).

First step. Let us show that ' has a unique fixed point. For this purpose we need to

show that ' maps S?(R,L?(P,H,)) into CUB(R,L?(P,Hy)). Let X € S?(R,L?(P,Hy)). Put
=T1+T>5, where

(FX)(t / T(t—)F (s X(s))ds
and
(FaX) (¢ / T(t—9)G(s,X(s))dW(s).
Using conditions (H2) and (H4), the functions F and G satisfy the properties f(.) :=

F(.,X(.) € S?(R,L?(P,Hy)) and g(.) := G(.,X(.)) € S?(R,L?(P,L(Hy,Hy)). Let us intro-
duce the following processes, for each n > 1,

t—n+1

(FLaX) () :/t T(t—s)f(s)ds

—nNn

and
t—n+1

(F2nX)) = [ T(t=s)g(9)aW(s).

—n
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Chapitre 4. Almost periodic solution in 2-distribution

Clearly, for each n, ' nX € C(R,LZ(P,HZ)). Likewise for ' nX, for which the continuity
is a property of the stochastic integral. To show the boundedness of ['1 nX and ', nX for
each fixed n > 1, we use standard arguments. By Holder’s inequality, we have, for any
teR,andn>1

—n+1 2
o), <2 ([ ITe-91116),05)

t—n+1
<6t e tUIE|f(9)f,ds

t—n+1
<67t [ T 0

which leads to )
T 1aX]|5 < 80D §]15,.

26(n—1) Hf

Since the series 3, €~ Héz is convergent, it follows that

MX:= Y X € CUB(R,L(P, Hy)). (4.8)
n=1

By It&’s isometry, we have for everyt e Rand n> 1,

2 t—n+1 2 2
E[|(T20X) F, = 5 Q [ BT =97 9(5) I (25,1, 05

t—n+1
<uQ[ e P IEg(9) g, i, O
< Qe XY g|Z.

This shows that [, X € CUB (R,LZ(P,HZ)) for each n> 1. Since Y ;€ 29(""1) < 1w the
series S _1(M2nX)(t) is uniformly convergent on R. Thus

F2X:= 3 20X € CUB(R,L%(P, Hy)). (4.9)
n=1

From (4.8) and (4.9), we deduce that I' maps S?(R,L?(P,H5)) into CUB(R,L*(P,Hy)).
Let us show that I' is a contraction operator. We have, for anyt € R and X,Y € CUB (]R, LZ(P, ]I-]Iz)),

t 2
B 1000 - ()01, <28 [ e FsX(9) ~F(sY(9)],05)

(o]

t 2
4+ 2E H/_WT(t —9)[G(s X(s)) — G(s,Y(8))]dW(s)

H
=l1(t) + I2(1).

Let us estimate I;(t). Using (H4), Cauchy-Schwartz inequality, and Lemma [4.1.2] we
obtain :

l1(t) <2 (/_tm e5<t5>ds) (/_tw e Y9 E|F (s X(s)) — F(s,v(s))uﬁzds>
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4.1. Stepanov almost periodic solutions to stochastic differential equations

<2([ eI - VisE,as)
%(ieuﬂg)EHX( ) (S)H]%Iz) (/jme_s(t_s)Kz(S>dS>
2
- 5(12”6 L‘fz 57) SUPEIIX(8)) V()

For I5(t), using again (H4), Lemma |4.1.2] and Itd’s isometry we get :

t
l2(t) < ZUQ/ e P9IE|G(sX(s)) - G(s, Y (9)IIF, 11, 11,)S

<20Q [ e PUIASEX(S) - V(3 B, ds
<2trQ (supE||X(s) —Y(s)!|§ﬂz> (/t e—26(t—s)K2(S)dS>
scR —
2Kl rQ

< It (supex(9) - Y(9)3, ).

We thus have

2|IKlg2 2||K |52 trQ
vy < S S
ITX=T¥le < <6(1—exp(—5)) 1—exp(—26)

) IX=Y|% = 65X =Y.

Consequently, as 6s < 1, we deduce that I is a contraction operator, hence there exists
a unique mild solution to (4-I) in CUB(R,L?(P,H})). By [29, Theorem 7.2]), almost all
trajectories of this solution are continuous.

Second step. Let us show that X is almost periodic in distribution. For this purpose,
we prove first that X is almost periodic in one distribution. We use Bochner’s double
sequences criterion. Since F € S?AP(R x Hy,Hy) and G € S?AP(R x Hy, Ly(Hj, Hy)), we
deduce, by Proposition that there exist subsequences (a,) C (o) and (B,) C (B)
with same indexes (and independent of X), and functions F* € S?AP(R x Hj, H,) and
G*™ € S?AP(R x Hj,Ly(Hy,Hy)) such that for every t € R and x € Hp

t+1 2
lim HF S+ O+ B, X) — (s,x)‘ ds
Nn—oo Hz
el 2
- lim im_ | ‘F S+ o+ B X) — (s,x)‘Hst:O, (4.10)
I t+1 2 g
im HG S+ 04+ , S, X S
n—oo n ﬁn X) -G (sX) Lo(Hy,Hp)
L 2
= lim im | HG S+ o+ B, X) — G2(s,X) Ly, 05=0 (41D

These limits exist also uniformly with respect to t € R.
Thanks to Proposition [4.1.3] we obtain the following interesting properties :
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Chapitre 4. Almost periodic solution in 2-distribution

— The functions F* and G* satisfy similar conditions as (H3) and (H4).

— there are subsequences of (o) (resp. (Bn)), still noted (for simplicity) by (on) (resp.
(Bn)) and Lebesgue-negligible subset .4 of R such that for all s€ R\ .4 and every
X € Ho

r!lmooF(S—{— on+ Bn,X) = Ilmmﬂl1|mmF(sjL on + Pm,X) = F*(s,X), (4.12)
rlln’goG(S+ on+ Bn,X) = |In’cl>or!]lm°°G(S+ o+ Bm, X) = G*(s,X). (4.13)

We now set %, = on+ B and consider the sequence of operators, defined, for each n> 1,
by
t
/ T(t—F (5+ X )ds+/ T (t — 9)G(S+ 1, X(8))dW(S).

Let ' be the operator defined by

t t

(F=X)(t) :/ T(t —S)F°°(S,X(S))ds+/ T(t—5)G*(s,X(s))dW(s).

Using the same reasoning as in the first step, we deduce that, for each n > 1, ' maps
S?(R,L?(P,Hy)) into CUB(R,L?(P,Hj)) and it is a contraction operator, with contraction

constant equal to Os. It follows, by an application of the fixed point theorem, that there
exists a process

t t
XN(t) :/ T(t—9)F (s+ yn,x“(s))ds+/ T (t — 9)G(5++ 7, X"(S))AW(S)
which is the fixed point of " and also the mild solution to
dX(t) = AX(t)dt+ F (t 4 1, X(t))dt 4+ G(t + 1, X(t))dW(t).
Moreover, thanks to Proposition [4.1.3] the mappings F® and G* satisfy similar condi-

tions as (H3) and (H4). Hence, the fixed point theorem applied on ' ensures the
existence of a process X*, satisfying the integral equation

t
:/ T(t—9)F™( ds+/ (t—$)G™ (s X*(5))dW(S),
that is, X* is a mild solution to
dX(t) = AX(t)dt+ F*(t, X(t))dt+ G*(t, X(t))dW(t).

Make the change of variable ¢ + 9, = s, the process

—00

t+h t+M
X(t+yn):/ T(t+yn—G)F(G,X(G))dG+/_OO T(t+1n— 0)G(c,X(c))dW(c)
becomes
X(t+}/n):/_t T(t—S)F(S+Yn,X(S+yn))dS+[ T(t—s)G(s+yn,X(s+yn))de(s),
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4.1. Stepanov almost periodic solutions to stochastic differential equations

where Wh(s) = W(s+ %) —W(%) is a Brownian motion with the same distribution as

W(s). We deduce that the process X(t + 1,) has the same distribution as X"(t).

Let us show that X"(t) converges in quadratic mean to X*(t) for each fixed t € R. We

have, by the triangular inequality,

EIXT(0) - X217 =l | T(t—S)[F(s+3,X(5) ~ F=(5 X*(3)]ds
4 [T 96+ 1 X(S) - G5 X ()]aW(S)
<aB) [ T(t-9[F(s+ 0, X"(9) ~ F(st 0, X"(5)]as?
48] [ TA-9(6(s+ 1 X"() ~ G(s-+ 10 X(9)|AW(S)|
a8 [ Ta-9[F (s X(9) (s X(9)ds

+4EII/_t T(t—9)[G(s+ . X"(s) — G*(8.X*(s))]dW(9)||*

<IT(O) +12(1) +13(t) +12(0).
Now, using (H2), (H4), Holder’s inequality, and Lemma [4.1.2) we obtain

O =48] [ T(U-9)[F(s+ 1 X"(8) ~ F(s+ 10, X°(5)]ds]?

2
<4E(/ e IR (s+ 10 X7(9) (s 10 X7(9)]ds)
<2 [ eI s ) EIXT(S) X (9) s

2 t ,
< 5(/_ e L s)Kp(s-l-yn)ds) (/_ooe_(f(t_s)(EHXn(S)—X°°(s)||2)gds)q

af KB N[ sy 2940
gg(l_—) ([ e ¥rstepoe -xeofes)

For I5(t), using Itd’s isometry, Holder’s inequality, and Lemma we get
=48] [ T(-96(s+ 1 X"(S) ~ Gls+ 10, X (5)]AW(S)
<auQE [ IT(-9)2IG(s+ 1, X(5) ~ G5+, X7(5))%ds

<awQ [ e PI st ) BIX(S) - X7(9) s

<awQ( [ e FoPsts) ([ e ¥ @0 - x(9))

r K&)f’(t s 5 )3
§4tQ<1 = R VR ICICENCE

2

.
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Chapitre 4. Almost periodic solution in 2-distribution

Let us show that I3(t) and I} (t) go to 0 as n goes to infinity.
For any r € R, since X* € CUB <R,L2(P,H2)), the family

<|’X°°<S)H2>r§8§r+l

is uniformly integrable, by the converse to Vitali’s theorem. By the growth condition
satisfied by F and F®, this shows that the family

(Usn) = (IIF (s 70, X"(8) — F* (s X*())|?)

r<s<r+1,n>1

is uniformly integrable. By La Vallée Poussin’s criterion, there exists a non-negative in-
creasing convex function @ : R — R such that lim¢_.. — o) _ = +o0 and sup,,E(®(Usp)) <
+00. We thus have

r+1
supE/ P (Usp) ds< +oo,
n r

which prove that the family (U _n)n>1 is uniformly integrable with respect to the proba-
bility measure P®A on Q x [r,r + 1], where A denotes Lebesgue’s measure. This proves
that, for any r € R,

N—-o0

r 1/2
lim [E(/r +1HF(s,+yn,x°°(s))—F°°(s,><°°(s))HZo|s>] =0. (4.14)

Lett > 0. Since X* € CUB(R, LZ(P,HZ)), and thanks to the growth condition satisfied by
F, the sequence

—k+1
(& [ IFGHmX"9) - Fsx (9%

k>1,n>0

is bounded. We can thus find an integer N(t,n) such that, for any n > 0,

1/2
[ S(k=1) E/ HF S+ 7, X*( ))—F°°(s,X°°(s))H2ds] <n. (4.15)
k>Ntn
Using (4.15), we get

2y 1/2
30 <2 (5 ([ ITe-9)lIF(s+ 0 X7(9) - F(s X)) |

N(t,n) _ )
i tzn [E</tt k+1e5(tS)HF(S—i—}/n,Xw(S))—F°°(S,X°°(S))Hds) ]

K=1 —k

% t—kt1 2
2 3 [ ( [ e—6<t—s>uF<s+yn,x°°<s>>—F°°<s7x°°<s>>||ds)
N(t7)+1 t—k

1/2

1/2
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4.1. Stepanov almost periodic solutions to stochastic differential equations

- 2y 1/2
<2 z e 0(k-1) [ (/tikkHHF(eryn,Xm(s))—F°°(s,X°°(s))\|ds) ] +2n.
(4.16)

Since the sum in (4.16) is finite and 7 is arbitrary, we deduce from (4.14) that
lim 12(t) =0.

N—-o00

For 1})(t), applying Itd’s isometry, we obtain
4EH/ (t—9)[G(s+7n,X(s)) — G*(5.X*(8))]dW(s) |*
<4wQE( [ e 9]Gls+ 1 X7(9) - 675 X7(9)ds).

For the same reason as for 1(t) and by (4.13), I}(t) goes to 0 as n — c. Now, let us
define the following quantities :

; )\
an(t) == 15(0) + 15(0). Br = o (1"K!_Sz5> ,ﬁ2::4trq<—1”_‘<!_8‘;25)

From the above, we have

t ) 9 %
E[|X"(t) =X (1)) < Otn(t)+ﬁ1</_me“(ts) (E[IX"(s) = X*(s)[|?) *d >

+B2< [ e F 9@ - x=(s)P) das )

By convexity of the mapping u+— u? defined on R*, we get
t
(30n(1)) !+ 5(381)° ( | e I Ex (g - X7 (9)?) *as )
1 % t fﬁ(tfs) n %
#5387 [ e B (EIX(9 X (97) Bd

(3B2) %> < 1, we obtain, by Gronwall’s Lemma as in [49, Lemma 3.3],

2
q

q
2

ooll—‘

(EIIX"(t) = X(t)[|7)* <

\Nie}

Since 65 = 55 <(3[31) -

t
< %(3an(t))g+% [ e (3an(s) s

—00

(EIIX"(t) = X (t)[1°)

Using the dominated convergence theorem and the convergence of o (t) to 0 as N — oo,
we obtain the convergence of X"(t) to X®(t) in quadratic mean. Hence X"(t) converges
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Chapitre 4. Almost periodic solution in 2-distribution

in distribution to X*(t). But, since the distribution of X"(t) is the same as that of X(t +
th), we deduce that, for every t € R

lim law(X(t + o + Bn)) = law(X=(1)).

N—oo0

By analogy and using (4.12) and (4.13), we can easily deduce that

nl1|an rI}lnoolaw(x(t + otm+ Bn)) = law (X" (t)).
Thus the solution X is almost periodic in one dimensional distributions.
Let us show that (||X(t)||?}cr is uniformly integrable. Using the converse part of Vi-
tali’s convergence Theorem, we have that (||X,(t)||?)ney is uniformly integrable, thus
(IIX(t + 7)) is uniformly integrable too. As (/) is arbitrary, this implies that the fa-
mily (|[X(t)||?)ter is uniformly integrable, because, if not, there would exist a sequence
(¥!) and to € R such that no subsequence of (||X(to+%)||?) is uniformly integrable. We
have thus proved that X has almost periodic one-dimensional 2-distribution.
To prove almost periodicity in 2-distribution of the solution to (4.1), we need a gene-
ralization of [28] Proposition 3.1] to the Stepanov context. This allows us to obtain
the convergence of the solutions by assuming only the convergence in mean (in Ste-
panov sense) of the coefficients. Let us mention that a similar result is obtained by Ivo
Vrkoc¢ [80], but in another context.

Proposition 4.1.4. Let T € R. Let (&n)o<n<e be a sequence of square integrable Hy-valued
random variables. Let (Fn)o<n<e and (Gn)o<n<e be sequences of mappings from R x Hy to
Hy and Ly(Hy, Hy) respectively, which are S>-bounded and satisfy (H3) and (H4), such that
the constant M is independent of n and the set of mappings {Kn,n € N} is S>-bounded, that
is, SURen ||Kn|ls2 < +o0. Let X, denote the solution to

Xn(t) :T(t—T)§n+/tT(t—S)Fn(S,Xn(S))ds+/tT(t—s)Gn(s,Xn(s))dW(s), t> 1.
Assume that

lim [[Fn(-X) = Fea (-, X)[s2 = 0, 1iM [|Gn(.,X) = Gea ., X) |52 =

N—oo

for each x in Hy. It follows that
a) There exists a unique mild solution X to

Xolt) = T(t—17) 5w+/ (t — )Fo (5, Xeo(S ds+/ (t — 9)Gun (5. Xe(8))AW(S), t2>1.
(4.17)
b) Iflimp wE| & — Ex|? =0, then, for all ¢ > T,
lim E( sup || Xn(t) —xw(t)||2) =0. (4.18)
n—e t<t<oc
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4.1. Stepanov almost periodic solutions to stochastic differential equations

o If
r!im00 dy. (law(&p),law(éx)) =0,
then we have in C([z,c|;Hy), for all o > T,

lim ds. (law(Xp), law (Xe ) )

n—oo

0. (4.19)

Proof : a) By Proposition|4.1.3| F, and G., satisfy Conditions (H3), (H4), and (H5). We
deduce a) as in the first step of the proof of Theorem 4.1.1

b) For any subsequence (X},) of (X,), we can find by, Proposition a subsequence
(X7) of (X/,) and versions F,, and G, of F., and G., respectively (i.e., F(t,.) = Fo(t,.) and
Gl(t,.) = Gw(t,.) for almost every t), such that the corresponding subsequences (F.) and
(GJ!) converge pointwise to F,, and G[, respectively. Since the integrals in (4.17) remain
unchanged if we replace F. by F., and G. by G.,, we deduce by [28, Proposition 3.1]
that

lim E( sup || X; (t) —Xoo(t)H2> =0. (4.20)
n—e  \r<t<o

Thus, for any subsequence (X)) of (Xn) we can find a subsequence (X//) of (X}) such that
(4.20) holds, which proves (4.18).

c) Similarly, using [28, Proposition 3.1], we obtain that, for any subsequence (X}) of
(Xn) we can find a subsequence (X)) of (X)) such that

nli_r)noo dy. (law (X)), law(Xes)) = O,

thus (4.19) holds. O
[]

Proof of Theorem (continued) To prove that X is almost periodic in distribution,

we use the same arguments as in [49], using Proposition [4.1.4] ]

4.1.2 pu-Pseudo almost periodicity of the solution in 2-distribution

Let u be a Borel measure on R satisfying and Condition (H). Let us start with a
useful Lemma :

Lemma 4.1.5. Let h € &a(R, R, 1), and let K(.) be an SP-bounded function from R to R.
The function

t 1/2
t— ( / e—25<t—5>K2<s)h2(s)ds)

isin &(R,R, ).
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Chapitre 4. Almost periodic solution in 2-distribution

Proof : Our proof uses the following result of [16, Theorem 3.5], that ensures that
&sa(R,R, u) is translation invariant. We have, for every u € R,

i 1 ! q % _
rmwm/[m(/o h(t+u-+s) ds) du(t) = 0. 4.21)

By Lebesgue’s dominated convergence theorem, Holder’s inequality and thanks to Re-

mark|(1.2.7, we get

1/2
m%_”] (/_twe—zs(t—s)Kz(S)hz(s)ds) du(t)

g 1/2
- —u([_lr ) /M (:Zl /O 19_25("_“)K2(I+U—k)hz(t+u—k)du> du(t)

1
n 1 1 q

< lim § e (k-1ps kP —/ (/ hA(t + u— K du) dut

_n_’+°°kgl || ||Sp‘u<[_r’r]) —r.r] 0 ( ) AIJ’()

1

n 1 1 3
< lim e (k=1)pd K |IP —/ (/ ha(t+u—k du) du(t).
_“—>+°°k; | HSpu([—r,r]) e\ o ( ) u(t)

Since the series

—(k—1)pé 1 1 B é
5 e bp \\K\ygp—u([_r’r])/[m</o ha(t + u k)du> du(t)

k>1

is uniformly convergent with respect to r, the claimed result is a consequence of (4.21)).
O

[

Before presenting the main result of this subsection, namely, the existence of u-pseudo
almost periodic solution to (4.1)), let us introduce the following condition :

(H5)" F € S?’PAP(R x H,Hy, ) and G € S?PAP(R x Hy, Ly(Hy, Hy), ).

Now, we are able to state the main result of the subsection.

Theorem 4.1.6. Let the assumptions (H1) — (H4), (H5)' be fulfilled. Let (F1,G1) and (R, Gp)
be respectively the decompositions of F and G, namely,

F=F+FR G=G1+G,
F1 € S?2AP(R x Hy, Hy), F2 € &2 (R x Hap, Ha, i),
G € S?AP(R x Hy,Lp(Hy, Hy)), Gz € &g2(R x Ha, Ly(Hy, Ha), u).
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4.1. Stepanov almost periodic solutions to stochastic differential equations

Assume that Fy and Gq satisfy the same growth and Lipschitz condition (H3) and (H4)' as
F and G respectively, with same coefficient M and mapping K(.). Assume furthermore that
0s < 1. Then there exists a unique mild solution X to (4.1)) in the space CUB (R,LZ(P,HZ))
and X has a.e. continuous trajectories. Moreover, if 65 < 1, then X is pu-pseudo almost
periodic in 2-distribution. More precisely, let Y € CUB (R,LZ(P,HZ)) be the unique almost
periodic in 2-distribution mild solution to

dY(t) = AY(t)dt+ Fy(t,Y (1)) dt+ G (t,Y(t)) dW(t), t € R. (4.22)
Then X has the decomposition
X=Y+2, Ze&(R,LAP,Hy),pu).

The proof of this theorem is inspired from [|9, Theorem 4.4], which is the analogous
result for SDEs with u-pseudo almost periodic coefficients.

Proof of Theorem The existence and properties of Y are guaranteed by Theorem
As in Theorem the existence and uniqueness of the mild solution X to are
proved using the classical method of the fixed point theorem for the contractive operator
[ on CUB(R,L?(P,H,)) defined by

t t
FX(t):/ T(t—s)F(s,X(s))ds+/ T(t— 9)G(s, X(3))dW(9).

The solution X defined by (4.2) is thus the limit in CUB(R, LZ(P,]HIZ)) of a sequence (Xp)
with arbitrary Xg and, for every n, X ;1 = I'(X,). To prove that X is u-pseudo almost
periodic in 2-distribution, we choose a special sequence. Set

Xo=Y, Xnr1=T(Xn), Zn=X—-Y, neN.

Let us prove by induction that each Z, is in &'(R, L2(P,H,), 1). We use some arguments
of the proof of |16, Theorem 5.7].
We have, for every n€ N and everyt € R,

Zni1(t) =M Xa(t) =Y (1)

4Let us mention here that in the context of u-pseudo almost periodicity (resp. u-pseudo almost
automorphy), assuming that F; and G satisfy the same growth and Lipschitz conditions as F is not
necessary, as already done in [9]. Indeed, assume that F is L-Lipchitz. Set, for each fixed x,y € Hjy,
and t € R, F(t,x,y) := ||F(t,x) — F(t,y)||. From the following rewrite of F(t,x,y) : F(t,xy) = Fi(t,xy) +
(If(t,x, y) —Fu(t,x, y)), and the p-ergodicity of the mapping

[t = H(taX7y> = FA(t7X7y) - Ifl(taxvy)] )

we have F(.,x,y) € PAP(R,Hy, ). In view of the uniqueness of the previous decomposition (under Condi-

tion (H)), we deduce that {Ifl(t,x, y),teR} C {If(t,x,y),t € R} (the closure of the range of F). Conse-
quently, for allt € R,

FAl(taxay) S SUpFA(LX,y) S L HX_yH
teR

from which we conclude that F; is L-Lipschitz.
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Chapitre 4. Almost periodic solution in 2-distribution

_/ T(t—5)(F(s,X(s)) —F(sY(s)))ds
" /mT t—9)(G(s,%(s)) —G(,Y(8))) AW(S)
+/tmT(t—S)(F(S,Y(s))_Fl(s,y(s)))ds
+/t T(t—9)(G(s,Y(s) — Gi(s,Y(5)) dW(9)
_/ T(t—5)(F(s,X(s)) —F(sY(s)))ds
i /mTt—S( (S, %(s)) — G(s,Y(9))) dW(s)

+/tmT(t—S)FZ(S,Y(S))dS—l-/tOOT(t—s)GZ(s7Y(S))dW(S)
=1 (t) + Jo(t) + Ja(t).

Assume that Z, € & (R,L*(P,Hy),u). Since & (R,L?(P,Hp), u)C &sa(R,L?(P,Hy), 1), we
have by the Lipschitz condition (H4),

(E[IF (5, X:(8) —F (5 Y(9)]))"? <K(8)(B[|Za(9)[2) 2, Vs R.

The same inequality holds for G. Thus, using Holder’s inequality and Lemma |4.1.5} we
get

1/2
T S (E1OIP)au)

< f (B L9 F e - (sY()))ds'Z)l/zdua)

[
1 1 o S(t—s) 2 2 12
i) I O MG (SCLACTRED NG

— Owhenr — +oo,

and

R NG
mE I (E||J2<S>ll ) du )

1 2\ 1/2
SW/”]( / T(t— s( (s, %Xn(s)) — G(s,Y( )))dW(s) ) du(t)

1/2
< (r Q)2 ”D /H ( /[ wez‘s(tS)KZ(S)EHZn(S)Hst> du(t)

— Owhenr — +oo.
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4.1. Stepanov almost periodic solutions to stochastic differential equations

Hence, J;(.) and J(.) are in & (R,L2(P,Hy), u). To prove that Zy1 is in & (R,L*(P,Hp), i),
there only remains to show that the process Js3(.) belongs to @‘"(R,LZ(P,HZ), ). AsY is
almost periodic in distribution, the family (Y(u+.))yecr is uniformly tight in Cy(RR, Hp).
In particular, for each € > 0 there exists a compact subset #; of C¢(R,Hy) such that, for
every U e R,

P{Y(u+.)e 7} >1-¢,

which implies that, for every € > 0, there exists a compact subset K of Hy such that, for
every u,t € R,
P{(Vse t,t+1]); Y(u+s) €K} >1—¢.

In particular, for u= 0, we obtain, for every t € R,
P{(Vse t,t+1]); Y(s) €Ke} > 1—¢. (4.23)

Let Q. be the measurable subset of Q on which (4.23) holds. By compactness of K,
we can find a finite sequence yy, . ..,Yn() such that

Ke € UL B(y1.e).
and we get, using (4.23)), for every t € R,
sup E( min (1o, |[Y(S) —Vi 2 ) < €. (4.24)
seft,t+1] 1§'S”(€)( =¥
Note that F, = F — F; and Gy = G — G satisfy similar conditions as (H4) and (H3).
We have then by It&’s isometry

2

: du(t)

W B H/ T(t—9FR(sY(9) ds+/ T(t—9)Ga(s Y(9) dW(S)

1
s // SCIE Fy(sY(9) Pdsdu(t)

w([=rr])
_2Q /”]/ e -9 E||Gy(s,Y(5))||? dsdu(t)
:J3( )+ 35(r).

w([-rr])
Let us deal with the term J3(r). We have

1 400 k
B < uf‘s i) ”(z [ e Ry ))H2d8>du(t)

L k
48 /rr Z e /t +1E(m“”(lsztlle(SY( s)) — Fz(S,yi)Hz))deu(t)

1<i<n

Ll t —6(t—s) 2
+f2iazxnu<[—r,r1> /. (/_we E(||Ra(s )] )ds) du(t)
L_l t ~§(t—s) . )
=) /H (/e E (1og, [IF(s.Y(9))] )ds) du(t)
=l1(r) +12(r) + 13(r).
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Chapitre 4. Almost periodic solution in 2-distribution

Using the Lipschitz condition (H4) and the estimation (4.24)), we obtain

1
() < s /M<ze Vsup [ k9B ( min (1a, () - yiuz))ds>du<t>

teR Jt
L4 LK%
<—— 5 €
1-e9
Thanks to the ergodicity of F, and Lebesgue’s dominated convergence theorem, one
obtains, for any r > 0,

-1
)= Ty g ([ B ORsI05)
-1 —k+
<ot L (2o [ B o) o
-1 k+1
le&Xn%/” (Ze_” N <||Fz<s,yi>||2)ds> du (1)

501 ax 20 bt e
B Ze 1<|<ny([ rr]) /[_m (/O E(HFZ(t kK+s,yi)ll )ds) du(t).

Arguing as in the proof of Lemma 4.1.5 we deduce that lim;_,«l2(r) = 0. On the other
hand, by Condition (H3) and the uniform integrability of the family (||Y (t)||)icr, we get

-1 t
a0 = ey [ (e 9B (o, [Fats Y()I?) ) )

4aMs—1 t o
: m/m (/me i )E(logg,t)<1+HY(s))H)Z)ds) d(t)

1 +00 k+ 1
< (He “O(p@g)+ [ Bl IV )d8)>du()

8Mé1e
< .
~— 1-e9

As ¢ is arbitrary, we deduce from the previous estimations on Il(r), I2(r) and I3(r), that
lim_e J3(r) = 0. In the same way, we can estimate the term J3(r). We then easily see
that lim,_. J2(r) = 0. Consequently, Z;1 € & (R,L3(P,Hy), ).

So we have shown that the sequence (Zy) lies in & (R,L3(P,Hy), u).

Now, the sequence (X,) converges to X in CUB(R,LZ(P,HZ)), thus (Z,) converges to
Z:=X-Y in CUB(R,L?(P,H,)). Let € > 0, and let n € N be such that

SUP(E|Z(t) — Za(t)[2)? < &
teR

We have

L EIZOI ) <

e b L (B2 -2 duty

‘U([—r,r
80



4.2. Comments and concluding remarks

_ 2\1/2
+u([—r,r])/[m (ElIZa®)I1) " du ()

1 2\1/2
ety o BB 01) du)

which proves that Z € & (R,L2(P,Hy), i), since € > 0 is arbitrary. ]

4.2 Comments and concluding remarks

When the function g in (4.1) is equal to zero, we retrieve a semilinear (deterministic)
differential equation in the Banach space L2(P, H) :

u'(t) = Au(t) + f(t,u(t)),t e R. (4.25)

An extensive literature (see for e.g. [39,38,/40,/59,53,89]), is devoted to the problem of
the existence and uniqueness of a bounded (u-pseudo) almost periodic mild solution to
in a Banach space X. The adopted approach is based on superposition theorems
in the Banach space SPAP(R,X) (or SPPAP(R, X, ut)) combined with the Banach’s fixed-
point principle, applied to the nonlinear operator

(Fuy(t) = /th(t —9)f(s,u(s))ds

To our knowledge, all existing results use the fact that ' maps AP(R, X) into itself, but
I does not map SPAP(R, X) into AP(RR, X) nor into SPAP(R, X) (see in particular [40,/59,
53,/89]). The proposed proofs may be summarized as follows : if u € AP(R,X), then u
satisfies the compactness condition (Com) of Subsection ??, and u € SPAP(R,X). From
the existing superposition theorems (see e.g. [40, Theorem 2.1]) combined with Condi-
tion (Lip), it follows that F(.) := f(.,u(.)) € SPAP(R,X), and then (Tu)(.) = [, T(.—
S)F (s)dse AP(R, X). This obviously shows the existence (and uniqueness) of an almost
periodic mild solution to (4.25)), but it does not exclude the possibility of existence
of a purely Stepanov almost periodic solution. The main difficulty in showing the no-
nexistence of a purely Stepanov almost periodic bounded solution with the tools used
in the literature (see for example [40]), arises from the imposed compactness condi-
tion (Com) in the superposition theorem of Stepanov almost periodic functions, which
seems strong enough in SPAP(R,X). Thanks to Theorem it is easy to see that un-
der Condition (Lip), the operator I' maps SPAP(R, X) into AP(RR, X). This shows that the
obtained bounded solution cannot be purely Stepanov almost periodic.

Now, we focus on the following problem : can we expect to have a similar conclusion
if we replace the assumption that f is Stepanov almost periodic by the assumption that
f is almost periodic in Lebesgue measure ? Obviously, the answer depends on the Bohl-
Bohr-Amerio Theorem, see e.g. [52, p. 80], for functions which are almost periodic
in Lebesgue measure. What we need is to solve first another problem, namely, does the
boundedness of the indefinite integral of a function which is almost periodic in Lebesgue
measure imply its Bohr almost-periodicity ? The answer to this question is negative as
shown by the following example :
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Example 4.2.1. It is well-known that the Levitan function H : R — R, defined by

H(t) =sin (Klt)) ,

g(t) = 2+ cogt) + cogV2t)

is a bounded SP-almost periodic function but not Bohr-almost periodic (see e.g. [52]).
Let’s denote by h its derivative. We have

) (50 )

By the Bohl-Bohr Theorem, the derivative function h cannot be Stepanov almost periodic
(see [5]), and consequently, the function 1/g cannot be Stepanov almost periodic. But
one can easily observe by taking into account 2. in Remark that his in ., (R) as
a product of .7, (R)-functions.

where

h(t) = cos( (4.26)

In order to answer the first problem, we give, in the following, a simple affine scalar
equation with purely almost periodic in Lebesque measure coefficient. We see that the
unique bounded solution is not Bohr-almost periodic (but it is purely Stepanov almost
periodic).

Example 4.2.2. Consider the affine differential equation
X (t) = —x(t) +h(t),t € R, (4.27)

where h is given by (4.26)). The unique bounded solution to (4.27)) is given by :

X(t) :/tme(St)h(s)ds:sin(Ilto +/twe(5t) sin (Wls)) ds

The boundedness of x follows from
sin <i>
a(s)

sin (Ilt)) ' - /too s

But X is not Bohr-almost periodic, as it is the sum of the purely Stepanov almost periodic

Ix(t)] < ds<2 VteR.

function H(t) = sin <Tlt)> and a Bohr almost periodic function.

To move towards the consequences obtained by Andres and Pennequin [5, Consequence 1,
p. 1667 and Consequence 4, p. 1679], this example shows (in addition) that one can
obtain the existence and the uniqueness of a bounded purely Stepanov almost periodic
solution when the coefficients are purely almost periodic in Lebesgue measure.

This simple result can open new directions about the problem of existence of purely Ste-
panov almost periodic solutions, in both stochastic and deterministic cases. []
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Résumé

Dans le cadre de cette these, nous avons comparé différents concepts et de pseudo
presque automorphie (et ses variantes) pour les processus stochastiques : en probabi-
lité, en moyenne quadratique et en distribution dans divers sens. Nous avons montré
par un contre-exemple que la ( pseudo ) presque automorphie en moyenne quadratique
est une propriété qui est trop forte pour les équations différentielles stochastiques. En-
fin, nous avons considéré deux EDS semi linéaires, une avec des coefficients presque
automorphes et la seconde avec des coefficients pseudo presque automorphes , et nous
avons montré I’ existence et 'unicité d’une solution mild qui est presque automorphe en
distribution dans le premier cas, et pseudo presque automorphe en distribution dans le
second cas.

En ce qui concerne la classe des fonctions Stepanov presque périodiques, nous avons
déja énoncé et démontré un nouveau théoreme de superposition de fonctions Stepanov
presque périodiques. En suite, on s’est attelé a démontrer que les EDS considérées dans
notre premiere étude mais avec des coefficients Stepanov (pseudo) presque périodiques
admettent des solutions mild bornées en moyenne quadratique et sont Bohr (pseudo)
presque périodiques en distribution.

Abstract

In this thesis, we compared different concepts and pseudo almost automorphy (and its
variants) for stochastic processes : probability, quadratic mean and distribution in vari-
ous directions. We have shown by a counterexample that the (pseudo) almost automor-
phic in quadratic mean is a property which is too strong for the stochastic differential
equations. Finally, we considered two semi - linear EDSs, the first equation with almost
automorphic coefficients and the second one with pseudo - almost automorphic coef-
ficients, and we have shown the existence and uniqueness of a mild solution which is
almost automorphic in distribution In the first case, and pseudo almost automorphic in
distribution in the second case.

As for the class of almost periodic Stepanov functions, we have already stated and
demonstrated a new theorem of superposition of almost periodic Stepanov functions.
We then proceeded to demonstrate that the EDS considered in our first study but
with almost periodic Stepanov (pseudo) coefficients admit solutions mild bounded on
quadratic mean and are Bohr (pseudo) almost periodic in distribution.
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