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Weyl almost periodic solutions to abstract linear and
semilinear equations with Weyl almost periodic coefficients

Fazia BEDOUHENE? Youcef IBAOUENE*l Omar MELLAH?

Paul RAYNAUD DE FITTE §

April 28, 2018

Abstract

In this work, we study the existence and uniqueness of bounded Weyl almost
periodic solution to the abstract differential equation u/(t) = Au(t) + f(t), t € R, in
a Banach space X, where A : D (A) C X — X is a linear operator (unbounded) which
generates an exponentially stable Cy-semigroup on X and f : R — X is a Weyl almost
periodic function. We also investigate the nonautonomous case.

Keywords : Weyl almost periodic, linear and semilinear differential equation, mild
solution.

1 Introduction

In 1927, Hermann Weyl [28] introduced a generalization of Bohr and Stepanov almost
periodic functions. Since then, generalized almost periodic functions bear his name and
numerous contributions to theory of almost periodic functions have been brought, see for
instance [4, 5, 9, 10, 12, 14, 27]. Weyl-almost periodic functions are very important and
have several applications in dynamical systems, in particular in symbolic dynamics [17],
where an important class of Weyl almost periodic trajectories are the regular Toeplitz
sequences of Jacobs and Keane [18].

In recent years, many authors have been interested in the study of existence and
uniqueness of almost periodic solutions to different types of differential equations with
Stepanov almost periodic coefficients in both deterministic and stochastic cases. We can
mention, in the deterministic case, the work by Andres and Pennequin [6, 7], Long and
Ding [24], Ding et al. [13], Hu and Mingarelli [16], Henriquez [15], Rao [20], Zaidman
[29]. Particularly, in [13], [24], and [!], the authors show the existence and uniqueness
of almost periodic solution for an abstract semilinear evolution equation with Stepanov
almost periodic coefficients. They prove the existence and uniqueness of a Bohr almost
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periodic mild solution. Nevertheless, in the work [7], Andres and Pennequin proved the
nonexistence of purely Stepanov almost periodic solutions of ordinary differential equations
in uniformly convex Banach spaces. Until now, to our knowledge, there are only few works
dedicated to the study of existence and uniqueness of Weyl almost periodic solutions
to some differential equations. The first investigation in this direction is due to Lenka
Radova’s [25], but her study was limited to the scalar equation 2’ = az + f(t), where
a € Rand f: R — R is an essentially bounded Weyl almost periodic function. The
second one is due to Andres et al. [3], and can be seen as an extension of Radova’s work.
Precisely, the authors investigate almost periodic solutions in various senses (Stepanov,
Weyl, Besicovitch) of higher-order scalar differential equations with a nonlinear Lipschitz
restoring term and a bounded Stepanov, Weyl or Besicovitch almost periodic forcing term.
One can also mention the recent paper by Kostic [20], where Radova’s study was addressed
in the context of linear evolution equations with bounded and (asymptotically) Weyl-
almost periodic coefficients.

Motivated by the previous papers, the aim of this paper is to generalize the previous
investigations to the case of semilinear evolution equations, without any boundedness re-
striction on the forcing term. More precisely, we consider the following abstract semilinear
evolution equation:

u' (t) = Au(t) + f(t,u(t))  VteR, (1)

where A : D(A) € X — X is a linear operator (possibly unbounded) which generates
an exponentially stable Cy-semigroup on a Banach space X, and (¢t,z) — f(¢t,z) is a
parametric Weyl almost periodic function of degree p > 1. We show that, under some
conditions, (1) has a unique solution which is bounded and Weyl almost periodic. Note
that, contrarily to the Stepanov case, the solution can be purely Weyl almost periodic.

The major problem encountered in our study is that the space of Weyl almost periodic
functions endowed with the Weyl semi-norm is not complete [5], which makes the approach
and classical tools of functional analysis inapplicable, especially the fixed-point theorem
in Banach spaces. To overcome this difficulty, we have opted for the method used by
Kamenskii et al [19], which consists in showing ”manually” that the unique bounded mild
solution to (1), obtained using the fixed-point theorem, is Weyl almost periodic.

This work is organized as follows: In the second section, we recall some definitions and
results related to Stepanov almost periodic and Weyl almost periodic functions. In section
3, we present three essential parts. In the first part, based on a compactness property
established by Danilov [12], we give a new superposition result in the space of Weyl almost
periodic functions. In the second part, after providing examples of bounded and purely
Weyl almost periodic solutions, we tackle the problem of existence and uniqueness of a
bounded Weyl almost periodic solution to an abstract linear differential equation. Finally,
in the third part, inspired from [19], we prove that equation (1) has a unique bounded
mild solution which is Weyl almost periodic.

2 Notations and Preliminaries

First, we give some basic definitions and results on Stepanov almost periodic functions
and Weyl almost periodic functions (for more details, see [1, 9, 10]).

We denote by R the set of real numbers and by X a Banach space endowed with the
norm ||.].



We denote also by CB(R, X) the Banach space of continuous and bounded functions
from R to X, endowed with the norm

[ull o = sup [[u(®)[] -
teR

2.1 Stepanov and Weyl norm

Given [ > 0, the Stepanov norm associated with [ of a locally integrable function f : R —
X,ie fe Ll (R,X) (p>1),is defined by

loc
1
1 &t » P
Il =sop (1 [ lrorrae)
§ER 3

The Weyl norm is defined by
17l = Jim 7l

The limit always exists for | — +oo [10, p.72-73]. The distance induced by ”-”Sf (respec-
tively || f|lyy») is denoted by Dgr (respectively Dyyp).

2.2 Almost periodicity in Stepanov and Weyl senses

Let us recall some definitions of Stepanov and Weyl almost periodic functions. Recall that
a set T of real numbers is relatively dense if there exists a real number k£ > 0, such that
TNla,a+k]#0, for all @ in R.

Definition 2.1 ([2, p.76-77], [4, 5], [10, p.77], [L1, p.173], [14, p.188]) A function f €
LfOC(R,X) is said to be almost periodic in the sense of Stepanov (or p-Stepanov almost

periodic if we want to highlight the degree p) if, for every € > 0, the set

£+1 5
Ton(e. f) = TeR;sup(/f Hf(t+7)—f(t)det> <e

£eR

is relatively dense. The number 7 is called an e-Stepanov almost-period (or Stepanov
e-translation number of f). We denote the set of all such functions by SPAP(R, X).

Definition 2.2 ([4, 5], [10, p.78], [14, p.190]) A function f € LP (R,X) is called Weyl

loc

almost periodic if, for every € > 0, there exist [ = I(g) > 0 such that, the set

£eR

1 e+ »
Tigle.f) = r e Rosp (7 [ Mfte ) = o) < )

is relatively dense. This means that for every ¢ > 0, there exists [ = () > 0 such that
fe Sf AP(R,X). The number 7 is called a Weyl e-translation number of f. We denote
the set of all such functions by WPAP (R, X).

There is, however, another interesting definition given by Ursell [27]:



Definition 2.3 ([27]) A function f € L (R,X) is said to be Weyl *-almost periodic (or

loc

W.a.p following Ursell’s notations) if, for every £ > 0, there exists [ = [(¢) such that the
set

z :
gen={rer (7 [1rern-rord) <o
0

is relatively dense. We denote the set of all such functions by WYAP(R, X).
Ursell [27] has shown that

Theorem 2.4 The classes WPAP (R, X) and WYAP(R, X) coincide.

This identification is very important when establishing our main result.

Remark 2.5 1. Some authors name the Weyl almost periodicity by equi-Weyl almost
periodicity (e.g [4, 5, 25]), distinguishing between the above definition and the
following one introduced by Kovanko [21]: A function f € L? (R,X) is said to be

loc
almost periodic in the sense of Weyl according to [4, 5, 25] if, for every e > 0, the

set

1
1 [EH p
Twe(e, f) =< 7 €R; lim sup <—/ N f(t+7)— f(t)det> <e
l—=+o00 ¢eR l ¢

is relatively dense. We denote the set of all such functions by WP(R, X).
Of course the space WPAP(R,X) is an intermediate space between SPAP (R, X) and
WP (R, X), i.e. we have

SPAP(R,X) € WPAP(R,X) C WP(R, X).
According to [4, 5], the previous inclusions are strict.

2. Every Weyl almost periodic function of degree p is SP-bounded and also WP-bounded
and also (see [4]). Actually, the spaces

1
1 &L P
BSP(R,X) := < f e LI (R,X);sup <—/ lf )P dt> < oo VL >0,
eer \ L Je
and
1

1 [Et! P
BWP(R,X) := ¢ f e LP (R,X); lim sup <7/ lfF )P dt) <00,
3

loc l—00 ¢€R
coincide, see [4].

2.3 Weyl almost periodic functions depending on a parameter

1. We say that a parametric function f : RxX — X'is Weyl almost periodic if, for every
z € X, the function f(.,z) is Weyl almost periodic, we denote by WPAP(R x X X)
the space of such functions.



2. A function f: Rx X — X, (¢,u) — f(t,u) with f(.,u) € L{ (R,X) for each u € X is
said to be Weyl almost periodic in t € R uniformly with respect compact subsets of

X if, for each € > 0, there exists [ = [(¢) > 0 and for all compacts K in X, the set

1

1 [EH P

Tsr(e, fK) = TER;supsup<—/ Hf(t+7',u)—f(t,u)det> <e
! uek ek \ ! Je

is relatively dense. We denote by WPAP (R x X, X) the set of such functions.

It is clear that WPAP k(R x X, X) € WPAP(R x X, X).

Let us introduce some notations due to Danilov [12]. We denote by M (R,X) the set
of functions f € BSP(R, X) such that

1

1 P
lim lim supsup | - sup /Hf(t)”pdt =0
50t lo—=00 >y ¢eR \ | TCe,641): (T)<s1 )T

holds, where s is the Lebesgue measure on R.
On the space X we also consider the truncated norm ||.||, = min{1, ||.||}. Let WYAP(R,X) :=
WIAP(R, (X, ||.|[,)) denote the space of Weyl almost periodic functions f : R — X (of de-

gree 1), when X is endowed with ||.||,. From Danilov [12], we have

Theorem 2.6 (Danilov [12]) 1. The following characterization holds true:

WPAP(R,X) = WAP(R, X) N M} (R, X). (3)

2. If f € WPAP(R,X), then for everye,d > 0 there exist a number ! > 0 and a compact
set K. 5 C X such that

sup %%{t €l6E+1:d(f(t),Ko5) > b} <e.
£eR

Note that, as for almost periodicity in Stepanov sense, which is a metric property [,
Remark 2.4], it can be easily shown that almost periodicity in Weyl sense is a metric
property too. In fact, using the arguments in [8, Remark 2.4], let g = exp (Z:i% gn),
where g, is a 4n-periodic function given by

an

2
i) =B (1= 2l =nl) Bz ) 1€ 2020

where a,, €]0,1[, and 8, > 0. As shown in [7], for oy, = 1/n® and B, = n®, we have

12
lgllst > a"f% — 00. Which means that g is not S!-bounded. Hence g cannot be in
W!AP(R), . However, the function g is almost periodic in Lebesgue measure, that is, it
belongs to S’AP(R) := S'AP(R, (R, ||.||,)). In view of the inclusion S’AP(R) C WPAP(R),
we deduce that g belongs to WYAP(R). This shows also that the inclusion WPAP(R) C
WOAP(R) is strict, and that M}(R,X) depends on the norm of the space X.




3 Main results

3.1 A superposition theorem in WPAP (R, X)

In this section, we establish a composition theorem for Weyl almost periodic functions.
Our result is based on Theorem 2.6. In the following, we assume that % = % + % with p,
q and r > 1.

Theorem 3.1 Let f € WPAP (R x X,X). Assume that there exists a positive function
L(.) € BW"(R), such that

1f(t,u) = ft0)| S L) lu—of VEER, wveX (4)
Then, for every x(.) € WIAP(R,X), we have
f(,z(.) € WPAP(R, X).

Proof For a measurable set A C R and [ > 0, let us introduce the notation

7 (A) = sup%%{t €, e+ NA}L,
EER

and let us denote by A° the complementary set of A. Fix ¢ > 0. Let z(.) € WIAP(R, X).
In view of (3), we can find §. > 0 and [y = ly(¢) > 0 such that, for every measurable set
A, if 7,(A) < 6., then

1
P
sup 1/ lz(s)|Pds | <e. (5)
zeR \ 10 JAnz,a+10]

Using the second item of Theorem 2.6, for the above £ > 0 and the corresponding 6. > 0,
there exist a compact subset K. C X and a positive number [; = [;(g) > 0 such that

7, (T:) < 6., (6)
where

g
T.=<teR:dxzt), K.) > — 5.
: {E (=(2), 5)—24\|L||Wr}

Hence, we obtain by taking lo = max(l, ),

1
1 b €

sup [ — z(s)||Pds| <——r—. 7

zeR <l2 /Tsm[wﬂz} @l > 24 || Ly g

The compactness of K. yields that for every ¢ € R, there exists x; € K. such that
d(z(t), Ke) = ||l(t) — 2| .

Now, since x(.) € M, (R,X) and {z}; t € R} C K., we obtain by (7) that,

Q=

1 / €
sup | — |z(t) — 2 |dt | < ——. (8)
¢eR <l2 ToN[€,E+12] ' 24 || L]y

6



We also have

1 / 7 €
sup | — lz(t) — zj||?dt | < ——. 9)
¢eR <12 Ten(g €+] t 24| Ellvr
Using again the compactness of K., we can find a finite sequence y1,2, - ,yn € K. such
that
" €
K.c|)B <y7> (10)
) Z:UI " 24| Llwyr
Since z} € K., it follows that, for every t € R, there exists i(¢) € {1,2,--- ,n} such that
1
1 /5” q >5 €
sup | — xy —y; dt)] < —r-—. 11
¢eR (ll ¢ et = w0 24 || L|lyyr 1D

On the other hand, as f € WPAP g (R x X, X) and z(.) € WIAP(R, X), for the above € > 0,
we can chose I3 = I3(¢) > 0 and a common relatively dense set 7T s (e,z, f) C R such that

sup <—/ ||x(t—|—7')—x(t)||th> «—£ (12)
cer \I3 J¢ 2 || L]|yyr

and

E+li3 %
pr§4 \ua+nm—fwwwa <

£eR

€
— 13
on’ (13)
for all 7 € Tgf (e,z,f) and v € K.. Furthermore, by triangular inequality, we have, for
| = max(ly,l3) and for every T € TSf (e,z, f),

E+1 1
sup (7 [ 10+ 720 ) = S )’

¢eR
1

£+l
< sup G/E Hf(t+7-,x(t—|—7))—f(t+7',x(t))\|pdt>

£+ v
e (7 [ 15+ ma(0) = sex) )

£ER
=11 + I>.

Let us estimate I7 and Iy. For Iy, by (4), (12) and Hoélder’s inequality (5 %), we have, for
every T € TSf (e,z, f),

S

£+l
h:ﬁm<%é*ﬁua+nw@+7»—f@+ﬂanww>

£eR

1 [Et %
<hwrsup (5 [ et r) - a0l a)” <
geR 3

N ™

For I, for all 7 € Tgf (e,z, f), we have

B =

I, <sup 1/ 1F(t+ 7, 2(t)) — F(t, (e dt
U J e et

£eR

7



Al

1
dsup (7 [ ) - ) ) = 1 13
eeR \ U J1enige+)

First, we consider I}. Using triangular inequality, the condition (4), (8) and Holder’s

inequality (2, g), we get, for all 7 € Tgp (e,x, f),

=

£eR

I = sup [ 2 / If(t+ 7 2(t) — F(t, 2(t)|P dt
U Jrnje et

€ 1 (&t v €
<—+sup(7 / |rf<t+m:>—f<t,xr>updt) L E
3

—24 ccR 24
3

4
12 +

By (13), for each 7 € Tgf(s,x,f) and i =1,2,--- ,n, we obtain that

&+l s
sup (7 [ 07 = el ) < (19

¢ER 12n

Using (4) and (11), it follows that, for every 7 € Tgr (e,z, ),

1 §+l q q
I*§2HLHWT$H)<YU/ Hyaw-—$ﬂ\‘”>
gex \1 Je

1 [Et » %
+ sup <7/§ Hf(t+7'ayi(t))—f(t,yz'(t))H dt>

£ - 1 [t vy P
<= - t ) — F(t, ;)P dt =
—12+;§‘;§<z/§ I$e-+ 7o) = Fe)lPar) < 5

We thus have, for all 7 € Tgf(E,x, 1),
1
1 1 AL
I =sup | 7 £t +7,2() = f(t,2@)["dt | < 7.
€ER ToN[€,6+]

For I2, by (4), (9), (11), (14) and Hélder’s inequality, we follow the same steps than for
I}, we obtain, for every 7 € Tgf (e,z, f),

bRl

12 = sup (2 / If(t+ 72(t) — ftx@)|Pdt ] <
U Jreniee+n

€
¢eR 4’

Then, for all 7 € Tgf (e,z, f), we get that

£+ »
s (3 [ 15 st sato)l i) <

£eR

N ™



Finally, combining [; and Iy, we obtain, for every 7 € Tgf (e,z, f),

=

p

e+
oup 1 [ st mata4 ) ~fta)Pd) <e,

£eR
that is, f(.,z(.)) € WPAP(R, X). ]

Now, we discuss the Weyl almost periodic solutions to linear differential equations.

3.2 Existence and uniqueness of bounded Weyl almost periodic solution
to abstract linear differential equation

We investigate now the Weyl almost periodic solutions to

u' () = Au(t) + f(t), (15)

where A : D(A) C X — X is a linear operator which generates an exponentially stable
Co-semigroup (T'(t))¢>0 on a Banach space X, and f : R — X is Weyl almost periodic.
We recall that a function v : R — X is a mild solution to (15) if

b
u(t) = T(t — ayu(a) + / T(t—s)f(s)ds, ©>s.

Let us also recall that a semigroup (7'(t))tcr of linear operators is exponentially stable if
there exist § > 0 and M > 1 such that

1T ()] < Me™". (16)

The main motivation of this study is that, contrarily the Stepanov case (see [7] and
[8]), where it is shown the nonexistence of purely Stepanov almost periodic solutions for
ordinary differential equations with Stepanov almost periodic coefficients, we can find, in
the Weyl case, a bounded and purely Weyl almost periodic mild solution to Equation (15).
The problem is closely related to Bohl-Bohr theorem which fails in the Weyl case. Indeed,
the following example shows that there exist Weyl almost periodic functions such that
their integrals are bounded but not Bohr almost periodic, nor Stepanov almost periodic.
However, they are (purely) Weyl almost periodic.

Example 3.2 We consider the following function f : R — R defined by

1 for 0<t< %;
0 elsewhere,

)=

which is purely Weyl almost periodic (see [4, p.145]). Let F': R — R with

" 0 for t<0;
F(t) = / f(s)ds=< t for 0<t< %;
—00 % elsewhere,

be a primitive of f. Clearly F is bounded on R. Moreover, for every t1,to € R, we have
[F(t1) — F(t2)| < [t — ta].

9



Thus F is uniformly continuous. So by [25, Proposition 4], F is Weyl almost periodic.
On the other hand, for € < i, there exists ¢ € [0, ] such that, for every 7 > ¢, we have

F(t+7) — F(t)] > i Se

So, the function F' is not Bohr almost periodic. We can show more, that is F' is not
Stepanov almost periodic. Indeed, if F' is Stepanov almost periodic, thanks to its uniform
continuity, we get would have that F' was Bohr almost periodic (Bochner’s Theorem, see.
e.g [1], [10, p.82], [23, Lemme.4 p.34] and [11, Th 6.16]). A contradiction. Hence F' is not
Stepanov almost periodic.

Example 3.3 Let the scalar differential equation 2’ = —x + f(t), t € R, with f given by
(17). Tts unique bounded solution is given by

0 for ¢ <0;
x(t)=<{ 1—exp(—t) for 0<t< i (18)
(vexp(l) — 1) exp(—t) elsewhere.

The solution z is clearly uniformly continuous. Moreover, by [25, Proposition 4], x is Weyl
almost periodic. Now, we can get more, namely that the solution z is purely Weyl almost
periodic. Indeed, for every ¢ > 0, the following inequality

exp(l) — 1)exp(—t) < e
holds for all ¢t > —1In < > Now, let us choose ¢ = L(l). Then, every 7
exp 2( oxp(l)—l)

such that 7+ % > —In <ﬁ>, satisfies
exp(1)—

1 1 1
x<§>—x<7+§>:2a—( exp(l)—l)exp(—T—i)225—&?:5.
Which means that x is not almost periodic, nor Stepanov almost periodic.

Theorem 3.4 There exists a unique bounded mild solution to (15). This solution is Weyl
almost periodic of degree p and is given by

u(t) = / T(t—s)f(s)ds. (19)

— 00

Proof First, we show that the function u(t) = ffoo T(t — s)f(s)ds is well defined, i.e,
limg oo fj T(t — s)f(s)ds exists. We set

t
G(a) = / T(t —s)f(s)ds.
Let us show that (G(a))ser is Cauchy at —oo. If a < b, then by (16), we have

IGo) H</|!Tt—SHHf uds<M/ 5=9) | £(s)|| ds.

10



Since f is Weyl almost periodic, we have f € BS% (R X), for every L > 0. Thus, there
exists NV € N, such that, by Holder’s inequality ( ) we have

b—kL

IG(®) - Gla)] < MZ / e~00=5) || (s) | ds

(k+1)L

b—kL % b—kL %
SMZ [ estnas) ([ s
b—(k+1)L b—(k+1)L

1 — e—&q(N—l—l)L
—0q(t—b
< ML fllgp e~*¢" <1_e——6qL

Consequently,

1— e—&q(N—l—l)
. B . —dq(t=b) ( = — %~ "~ )} _
Jm [[G(0) = Gla)l| < Tim ML||f|g e ( ez ) =0

Thus the limit .

lim T(t—s)f(s)ds

a— —00 a

exists. This means that u is well-defined. Moreover, it is easy to see that u given by (19)
is a mild solution to (15).

In the following, we show that u is bounded. By Hélder’s inequality and (16), we
obtain

1

ol < [ - 15t |ds<MZe S ireras)

—0o0
Then, we have
t—k

—k—1

sup () r<MZe b ([ )

Since Weyl almost periodic functions of degree p are SP-bounded, we have

o0
—5k
Sup [u®)lloo <M [ fllgp Y e < o0
S

k=0

Thus u is bounded.
Now, we prove that the solution to (15) is Weyl almost periodic. Using a change of
variable and Holder’s inequality (% + % = 1), we have any 7 € R,

0
lu(t +7) — u(t)]| < M/_ 5| F(t+s+7) — ft+ )] ds

gM(%)E </_00066_ Hf(t+s+7)—f(t+s)des>p

11



Let [ > 0. Using Fubini’s theorem, we get, for every 7 € R,

sup (% /;H lu(t +7) —u(t)]|? dt>;

EER
2 % 1 &+ 0 5 % P
M<5_Q> iuﬁ 7/5 (/ 62Hf(t+s—|—7)—f(t+3)\|17d3> dt
€ — 0o

2 % 0 ops 1 &+l P
§M<—> / e2sup—/ [ft+s+7)— f(t+s)|Pdtds | .
5q —00 EER l £

Since f is Weyl almost periodic, for any € > 0, we can choose positive number [ = [(¢g)
and there exists a relatively dense set Tgp (e, f) as in (2), such that

==

IN

1

0 Sps 1 E+1 % 2 >
/ ezsupj/ lft+s+7)—flt+s)|Pdtds | < <%> € VTGTSf(E,f).
— oo ¢

£eR

Hence,

£+ v
sup <%/§ lu(t 4+ 7) — u(t)||P dt> < Ck,

¢eR
1 1
where C = M (6%) ! (%) ”. Summing up, we have shown that, for every ¢ > 0, there
corresponds a positive number [ = [(g) and there exists a relatively dense set TS;) (e,u) =
Tgsr (G f) such that

1 E+1 %
swp (1 [ e+ n) —uoar) <o v Tyten)
ger \ ! Jg l

Which implies the Weyl-almost-periodicity of the solution w.
Uniqueness of the solution follows from the same arguments as those in [13, 24]. We
omit the details. H

3.3 Existence and uniqueness of bounded Weyl almost periodic solution
to abstract semilinear differential equation

In this section we study the existence and uniqueness of the Weyl almost periodic mild
solution to equation

u'(t) = Au(t) + f(t,u(t)), (20)

where A : D(A) € X — X is unbounded linear, of domain D(A) dense in X, and f :
R x X — X measurable function.
We consider the following hypothesis:

(H1) The operator A generates a Cp—semigroup (7'(t))¢>0, exponentially stable.
(H2) f e WPAPK(R x X, X).

12



(H3) The function f is L(.)-Lipschitz i.e., there exists a nonnegative function L(.) €
BWP(R) such that

1f(t,u) — ft,0)| < L) [[u—ol|; VEteR, YuveX

Theorem 3.5 Let the assumptions (H1)-(H3) be fulfilled. For p > 2, the equation (1) has
a unique mild solution in CB(R,X) given by

u(t) = / T(t—s)f(s,u(s))ds, (21)

— 00

oq ‘ ed—1
I L]lgp < (m) <—e5 >, (22)

provided that

where % + % =1.
If, furthermore

28 -2
po et —1 pd \?
Ll < vEoss ( ~ ) (522) forv>2 (23)
or 25
pd [ed —1
IL]|s2 < FYYE) (eT) for p=2, (24)

then, u is Weyl almost periodic.

Before giving the proof of Theorem 3.5, we need the following technical results.

Lemma 3.6 ([19]) Let g : R — R be a continuous function such that, for everyt € R,

t t
0< g(t) < alt) + B / =105 g(s)ds + ... + B, / =5 g(s)ds,  (25)

—00

for some locally integrable function o : R — R, and for some constants By, ..., 5, > 0, and
some constants 41, ...,0, > B, where 8 = Z:z’f Bi. We assume that the integrals in the
right hand side of (25) are convergent. Let 6 = minj<;<y, 0;. Then, for every v €]0, — ]
such that fi)oo e’a(s)ds converges, we have, for everyt € R,

g(t) < aft) + ﬁ/_ e =9 o (s)ds.

In particular, if a is constant, we have

g(t)gaé_ﬂ.

Proposition 3.7 Let f be in WPAPg(R x X,X) (2 < p < 00) and satisfying (H1). Let
u € CB(R,X). Then, for every e > 0 there exists | = l(e) > 0 such that for every
TE TSf(E,f, K), we have

0 1 s+l
/ 66187/ | f(t+ 7, u(t)) — f(t,u())|’dtds < &P (26)

—00
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and

0 r s+l
/_OO o /_Ooe_al(r_@%/s T+ ) — @ u@) P dtdsdr <, (27)

for all 61 > 0 and v > 0.
Proof Let fix§; >0and y>0. Forse R, £ € R, [l >0and 7 € R, let

1 s+l
hea) = 7 [ M mu(e) - e u)P
ari(§) = / LS, (5)ds.

Inequalities (26) and (27) become a;(0) < eP and ffoo e (r)dr < P, respectively.
First, we deal with the estimation (26). Using the boundedness of both u and f in the
Weyl sense (f is WP-bounded), we have for every 7 € R, I > 0 and for every s €] — 00, 0],

s+1
hea() =7 [ I+ mu(®) = £t u®) ds

s+l s+l
<o (% [ s ) - s rorar+ 7 [ IIf(t+T,0)||”dt>
\”dt)

The function s + €***h,(s) is bounded and continuous on ] — oo, 0], hence

s+l s+l
o2 (% [ Iseop a1 [0 - s u)

<2277 (Lo a1 + 1F (- 0) 1) < o0

oo

0 -n &
a,(0) = / 5h, (s)ds = Z/ e5h,(s)ds < Z e om < max hT,l(s)> .
o0 n=07-n-1 n=0

s€[—n—1,—n]
(28)
Due to the uniform boundedness of the sequence (maxse[_n_17_n] hT,l(s))n, the series in
(28) is uniformly convergent. Thus, for every € > 0, we can find an integer Ny = Ny(g) > 1
such that for every 7 € R, [ > 0, and §; > 0, we have

—o1n P
E e max  hr(s) | < —. (29)
s€| ’ 2

NN —n—1,—n]

Moreover, we claim that there exists [ = I(g) > 0 such that every 7 € Tgf (e, f, K) satisfies

al —o1n eP
> e max  hr(s) ) < =. (30)
"0 s€[—n—1,—n] 2

In fact, for the above ¢ > 0, let [ = [(¢) > 0 provided by the condition that Tgp (e, f,K) is
relatively dense. In view of the continuity of the mapping s — h,;(s) on the compact set
[-n — 1, —n], there exists s}, € [-n — 1, —n| such that, for every 7 € R and ¢; > 0,

max  hr(s) = hy(sy).
s€[-n—1,—n]

14



Put s* = s} := argmax h,;(s;,). We have then
neq{0,--- ,N1}

Now, since u is continuous, we have that K* = wu ([s*, s* 4 []) is a compact set that depends
only on . Hence, there exist uy,--- ,ur € K7 such that

i=k
g
K*c||B|w,—— .
izul ( 2%HLHWP>

It follows that, for each ¢ € [s*, s* + [], there exists i(t) € {1,2,--- ,k} such that

[[u(t) = wi]| < (31)

5
2/6 | Ll
On the other hand, since f € WPAPk (R x X, X)), every T € Tgf (e, f, K) is such that

1

s+l
7 /* Hf(t + 7, uz’(t)) - f(t,ui(t))Hp dt < (32)

Ep
2p+13L "

To combine the previous arguments, we use the triangle inequality:
1 s*+1 » 1 s*+1 »
hea() <27 [ [+ () = S+ )Pt + 27 [+ 7)) — St ) | d
s* g*

s*+1
+ 27’% / ([t i) — fEu(t)]|” dt
=:2P (Ay + Ag + A3). o

Let us estimate A;. By (H2) and (31), we have

=7 / | f(t+7ut) — fE+ 70| dt

P
1 P
< = Lt +7)|P ||u(t) — u; dt < 34
L )~ P <MHLHWP) 1L < g 69
We follow the same steps as for Ay, we obtain
(i) i < 2 (3)
P\ 206 Ll = iy
Now, we estimate As. By (32), we have
k 1 s* 41 » P
<35 [ r) = e < 5o (36)

Taking into account (33)-(36), we obtain that

hry(s*) < for every 7 € Tgf(s, [ K). (37)

&
9
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This implies that

N 5 PN eP

Ze_ m max  ho(s) | <(1—e )= < —.
s€[-n—1,—n] 2 2

n=0

Having disposed the previous preliminaries steps, we now return to estimation (28), we

get in view of (29) and (30) that for every € > 0, there is | = [(¢) > 0 (provided by the

condition f € STAPk (R x X, X)) such that any 7 € Tgp (e, f, K) verifies

0 5 s+l
a0 = [ [ ) — fudtds < (3)

Next, let us consider f_ooo ez (r)dr. The arguments we use are in part the same as
those mentioned above. The function r — a;;(r) is continuous and uniformly bounded
with respect to both 7 and [, thus the series ano e Mag (r})) is uniformly convergent,

n
where 7, = argmax «;(r). Therefore,
re[—n—1,—n]

0
/ o (r)dr < Z e Mag(ry). (39)

—o© n>0

Now, let € > 0. We can find an integer No = Na(e) > 1 such that

Ep
> e Man(r) < - (40)
n>Na
Furthermore, by putting r* = argmax o ;(r;,), we have
nE{O,...,NQ}

N2
Do Man() < (T=eT) T an (). (41)
n=0

Repeating the same argument as for c;;(0) enables us to write that for the positive number
I = I(¢) provided by the condition f € STAPk (R x X, X) and for every 7 belonging to the
relatively dense set € Tgp (e, f, K) we have

Ep
ar(r*) < (1 - 6_7)5. (42)
Consequently, combining (39), (40) and (42), we obtain for the above [ and 7 the desired
estimation: 0
/ e (r)dr < P,
—00

Which achieves the proof of Proposition 3.7.

Proof of Theorem 3.5 We can break down the demonstration into two part. In the
first part, we that, assuming (22), equation (1) has a unique mild solution belonging to
CB(R,X), and given by (21). In the second, using the technique by Kaminski et al. [19],
we show that solution (21) is Weyl almost periodic.

16



First part
Clearly, following the same steps as in the proof of Theorem 3.4, w is solution to
t
u(t) = / Tl 8) (s uls)ds
if, and only if|
u(t) = T(t — a)u(a) + / “T(— ) f (5. u(s))ds,

for all t > a for each a € R, which means that u is a mild solution to (1).
We introduce an operator I' by

Pu(t) = / T(t — 5)f (s, u(s))ds.

—00

Let us show that, assuming (22), the operator I' maps CB(R, X) into CB(RR, X) and has a
unique fixed point.

First step. Let us show that I'u is bounded, for any u € CB(R,X). From the
hypotheses (H1), Holder’s inequality (%, %) and the triangular inequality, we have

t
sup [Pu(t)| <M sup / 59 | £ (s, u(s)) | ds

teR teR J -0
00 t—kt1 L k41 -
<Mspy ( / e‘qé(t‘S’ds) ( [ 1ruen - f(s,o>||pds)
tGszl t—k t—k

0 t—k+1 T k4l L
+ Msupz </ e_q5(t_s)ds> </ | f(s,0)]] ds>
teR v \Ji—k t—k

Since the singleton {0} is compact, f(.,0) is bounded with respect to Stepanov’s norm.
By (H2) and Hélder’s inequality, we have

0 t—k+1 5 % t—k+1 %
sup [IDu(t)| <M sup 3 ( [ <t—s>ds) ( [ e Hu(s)l!pds> 170l
teR teR k=1 t

—k t—k

) t—k+1 .
<arpswp | ([ 12@Pas) Ol + 150

€ — L ter —k

ed

<M ——(ILO) g IOl + 15, 0) s ) < o0.

Thus I'u is bounded.

Second step Let us show that the mapping ¢t — T'u is continuous on R, for every
u € CB(R,X). For, let fix v € CB(R,X). We have

o0

Tu(t) = / T(t—s)f(s,u(s))ds = Z /t__: T(t—s)f(s,u(s))ds.

_ 0
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Let us set, for n € N,
t—n
Thu(t) = / T(t—s)f(s,u(s))ds, t € R.
t—n—1

Let us check that T',,(u) € CB(R,X). To this end, let tg € R. Put g(s) =: f(s,u(s)).
Clearly g € L (R,X). Hence, in view of [22, Teorem 2.4.2 p.70]

loc
to—n
lim llg(s + h) — g(s)||P ds = 0. (43)
h—0 to—n—1
Using Holder’s inequality, one has
lim ||Tyu(to + h) — Thulto)||
h—0

to—n

< lim M e |lg(s + h) — g(s)] ds
h—0 to—n—1

to—n % to—n %
<M (/ e‘q5(t°_s)d8> (lim/ llg(s + h) — g(s)||” ds> .
to—n—1 h—0 to—n—1

The continuity of I'j,u is then a straightforward consequence of (43). The boundedness of
I',u is a simple consequence of the following estimation

t—n %
Iyl <sup ( / e—q5<t—s>ds) (IOl IO lloe + £, 0l )

teR —n—1

< (IO ) + 170V, ).

from which we deduce in addition that the series >~ 7 [|[T',u(t)|| is uniformly convergent.
The continuity of I'u is provided by the continuity of I'ju for each n and the uniform
convergence of the series % [|[T;u(t)||. Thus I' maps CB(R, X) into CB(R, X).

Third step Let us show that, assuming (22), I has a fixed point in CB(R,X). For
every t € R, we have from (H1)

ITu(t) - o) <31 50 | (s, u(s) = (s, v(s))ds]
1t00  rt—k+1
<uy [ e fsule) - o) d,
k=1"t"Fk

Using Holder’s inequality and (H2), we get for every t € R,

ITu(t) — To ()| < M:Z: ( /t:k+1 e—&q(t—yds)% ( /t:m 1L(s) [P u(s) — v(s)|? ds>%

+oo t—k+1 % t—k+1 %
<y ([ eseas) ([ ineras) -l

= \Jt- t—k

Mq

i k
: 5
q e
E) <m> [ Llse llu — v -

18
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Hence, it follows that, for each t € R,
[Tu =Tl < kllu— vl

Since k < 1, we conclude that I' is a contraction operator. We conclude that there exists
a unique mild solution to (1) in CB(R, X).

Second part

In this part, we show that, under (22) and (23), the solution u € CB(R, X) to (1) is Weyl
almost periodic.
By (H1), we obtain that, for any 7 € R and any ¢ € R,

t

[u(t +7) —u(t)] < / 1Tt = )1 (s + 7 uls + 7)) = f(s,uls))|| ds

— 00

<M / e || f(s + 7 uls + 7)) — f(5,u(s))]| ds.

By Hélder’s inequality ( %, 1%2) and triangular inequality, we obtain

2p —4

Jute-+7) ~ u(o)] < ( )_ ([ e st mats ) = s+ ruto)) )

wor (252) - (/ LR (s 4 muls)) — £, u(t)] )

— 00

_M <2ppg 4> B (1) + B()).

For I;(t), by (H2) and Hélder’s inequality (3, %), we have

hSAIN

P

L(t) = </_io e | f(s+ muls + 7)) — fls+ 7 u(s))F ds>

oo o gtk 7 ¢ " -
< Ze_4k/ |L(s + 7)||P ds (/ e~ 1 (t=9) Hu(s+r)—u(s)upds>
=0 t—k—1 —o0

s 1 1

e P t ) » ?

<) 1l / R s + 1) —u(s)|ds ) .
e1 — —00

Next, let us consider I5(t). By Holder’s inequality (%, %), we have

>

2
P

—00

<([ ; e—%@—sms)’l’ (f ; O s (o)~ Sl s )

1

< <i>% (/t T | f s+ 7, u(s)) — fs,u(s)? dS) '
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Thus, for all 7 € R, £ € R and [ > 0, we have

1 [&t! I — 4 p—2 1 [&t!
[ e - <o (2221 [T in0 + ol i
3 3

l

I — 4 p—2 1 E+1 1 E+L
<ot (222 (5 [ [ i)
p 13 3

Let us estimate the first term of the last inequality. We have, for every 7 € R, £ € R and
>0

1\ P
1 E+1 6%6 1 &+ t gy, >
7 / 1L (8)|IP dt < ||L]E, <_— T / (/ et >Hu<s+7>—u<s>upds) dt
13 e 4 1 13 —00
&+
SHL”g’p< ”i ) / / ~RO) |lus + 1) — u(s)[” ds dt.
T —

By a change of variables and Fubini’s theorem, it follows that

’&‘oq |

pé

1 &+ o - N st
7/5 [T ()" dt < HLH’S’p< T / e~ T (¢ ><7/ Hu(t—i—T)—u(t)det> ds.
e4 — —o0 s

(44)
For the second term, using again a change of variables and Fubini’s theorem, we have, for
allTeR, £ eRand [ > 0,

1

%/55# [L2(t)|)7 dt < <%> %/;H <</_; =B || F(s + 7, u(s)) _f(Svu(S))des);)pdt

< <i) / C el / A ) — Fu(e)P d ds

P6) J_oo

4 T

s+l
hea(s)i= 7 [ 7+ mu®) = Fule)]P .

Summing up, for all £,7 € R and [ > 0, we obtain

where

1 &t 3
0<gu®) = [t +7) ~u®l de < Carse) 45 [ g (s)ds,
I3 —00

with

MP2PFL (2 — 4\ P72 € w 5
C:= pé < ppé ) ) aT,l(S) = /_oo e_%(S_S)hT,l(S)dS7 01 = pz;

p—2 »s
B = MP2P7V||L|E, <2p_4> ,,f4 .
po er —1
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It should be noted that the hypothesis (23) is equivalent §; > 3. We conclude by Lemma
3.6 that, for all v €]0,6; — 3] such that f_ooo e (r)dr converge, we have, for every
£ eR,

£
0 < ga(€) < Cara(€) + CB / e E o (r)dr.

We use Theorem 2.4 to get the Weyl almost periodicity of u. We take £ = 0, then for all
7€ R and [ > 0, we have

l 0
0 <g..1(0) = %/ lu(t + 1) — u(t)||” dt < Cari(0) + CB/ e (r)dr.
0 —00

Therefore, in view of Proposition 3.7, for all £ > 0, there exist [ = [(¢) > 0 and a relatively
dense set Tgr (e, f, K) such that

l
7 [ ) —u@®lF dr < CO+ Ber, Vr € Typ(e £ K).
0

Weyl almost periodicity of u is then proved thanks to the inclusion
Ty (C(1+ B),u) > Top (7, £, K)

For p = 2, the proof is similar to that for p > 2. The details are omitted. []

Remark 3.8 The results obtained here can also be applied to the more general case p > 1
provided that L(.) in (H1) is independent of ¢.
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