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Abstract. In this paper we introduce and analyze an important class of (asymptotically) Stepanov almost
periodic functions in the Lebesgue spaces with variable exponents, which generalizes in a natural fashion
all the (asymptotically) almost periodic functions. We then make extensive use of these new functions to
study some abstract Volterra integro-differential equations in Banach spaces including multi-valued ones.

1. Introduction

The notion of almost periodicity was introduced by Danish mathematician H. Bohr around 1924-1926
and later generalized by many other authors, see, e,g., [4], [12], [19] and references therein. Let I be either
R or R, and let f : I — X be a given continuous function. Given ¢ > 0, we call 7 > 0 an e-period for f(-) iff
ILf(t+7)— f(DIl < &, t €1 The set consisting of all e-periods for f(-) is denoted by 9(f, €). The function f is
said to be almost periodic, if and only if for each ¢ > 0 the set 9(f, ¢) is relatively dense in I, which means
that there exists ¢ > 0 such that any subinterval of the interval I of length ¢ intersects 9(f, €). The collection
of all almost periodic functions will be denoted by AP(I : X). Let us mention that a continuous periodic
function is almost with the converse being false.

Similarly, a function f € Cp(IR+ : X) (Cp(R+ : X) being the collection of all bounded continuous functions
which go from R, to X) is said to be asymptotically almost periodic if and only if, for every ¢ > 0 we can
find numbers £ > 0 and M > 0 such that every subinterval of R, of length ¢ contains at least one number t
such that ||f(t + 7) — f(D)l| < ¢ for all t > M. It is well known that a function f € C,(R; : X) is asymptotically
almost periodic if and only if there exist functions g € AP(R, : X) and ¢ € Co(R; : X) (Co(R+ : X) being
the collection of all continuous functions f which go from R, to X such f(t) = 0 as t = oo, in X) such that
f =g+ ¢. The collection of all asymptotically almost periodic functions will be denoted by AAP(R; : X).

The concept of almost periodicity (respectively, almost automorphy, pseudo-almost periodicity, and
pseudo-almost automorphy) in the Lebesgue space with variable exponent LP®)(I, X) was first introduced
and studied by Diagana and Zitane [6, 7]. However, the translation-invariance of these newly introduced
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spaces depends heavily upon the function p € C(IR;). To remove such a restriction, we introduce some new
concepts so that the obtained almost periodic (respectively, asymptotically almost periodic) in LP®(I, X)
are automatically translation-invariant. Among other things, it will be shown that these new functions
generalize in a natural fashion the classical notion of almost periodicity (respectively, asymptotic almost
periodicity). Many properties of the new functions are analyzed including their compositions. Further,
we will make extensive use of these new functions to study some abstract Volterra integro-differential
equations in Banach spaces including multi-valued ones.

2. Preliminaries

Unless specified otherwise, we assume that (X, || - [|) is a complex Banach space. If (Y, - |ly) is another
Banach space, then we denote by L(X, Y) the Banach algebra of all bounded linear operators from X into
Y with L(X, X) being denoted L(X). If A : D(A) ¢ X — X is a closed linear operator, then its nullspace (or
kernel) and range will be denoted respectively by N(A) and R(A). Further, we will identify A with its graph
defined by {(a, Ax) : x € X}. By [D(A)] we denote the Banach space (D(A), || - llipay) where || - lipcay is the
graph norm defined by, [|x|lip(ay; := ||| + [|Ax|| for all x € D(A).

For given constants s € Rand 0 € (0, ], weset [s] :=inf{l € Z : s < [}and g := {z € C\{0} : |arg(z)| < O}.

The symbol C(I : X), where I = R or I = R,, stands for the space of all X-valued continuous functions
on the interval I. By Cy(I : X) (respectively, BUC(I : X)) we denote the subspaces of C(I : X) consisting of
all bounded (respectively, all bounded uniformly continuous functions). Both Cp(I : X) and BUC(I : X) are
Banach spaces when they are equipped with the sup-norm.

The classical Gamma function is denoted by T'(-). We also set g¢(t) := t*}/T(C), C > 0. The convolution

operator * is defined by f * g(t) := fot f(t —s)g(s)ds.

2.1. Fractional Calculus

One of the first conferences on fractional calculus was held in New Haven (1974). Since then, fractional
calculus has captured the attention of many mathematicians around the world. It has many applications in
various fields such as mathematical physics, engineering, biology, aerodynamics, chemistry, economics etc.
For more on fractional calculus and related issues, we refer to [1], [9], [16], [17] and the references therein.

The Mittag-Leffler function E, g(z), defined by

(o] Zn
E, = -, ’
’ﬁ(z) ;6 I'(an + p) zeC

plays a crucial role in the analysis of fractional differential equations. Set, E,(z) := E,1(z), z € C.
Assuming that y € (0, 1), then we define the Wright function @, (-) by

Dy () = L E,(-D)(E), 20,

where £7! denotes the inverse Laplace transform.
The Wright function ®,,(-) is an entire function which can be equivalently introduced by the formula

)

_ (=2)"
D, (2) = Z:;) T C.

Lety € (0,1). If u : [0,00) — X satisfies, for every T > 0, u € C((0, T] : X), u(-) — u(0) € L}((0, T) : X) and
g1y * (u(-) —u(0)) € WLL((0,T) : X), then we define its Caputo fractional derivative by,

Du(t) = %[gl_y + (u() - u(O))](t), t e (0,T].
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The Weyl-Liouville fractional derivative D’;/ Lu(t) of order y is defined for those continuous functions

u:R — Xsuchthatt - f_t  J1—y(t —s)u(s)ds, t € R is a well-defined continuously differentiable mapping,
by

t
Dy, u(f) := %f Giy(t —s)u(s)ds, teR

Set Dyu(t) := (d/dt)u(t) and D;  u(t) := —(d/dt)u(t).

2.2. Multivalued linear operators and degenerate resolvent operator families

Suppose that X and Y are two Banach spaces. A multivalued map (multimap) A : X — P(Y) is said to
be a multivalued linear operator, MLO for short, iff the following holds:

(i) D(A) := {x € X : Ax # 0} is a linear subspace of X;
(if) Ax+ Ay C A(x +y), x, y € D(A) and AAx € A(Ax), A € C, x € D(A).

In the case that X = Y, then we say that A is an MLO in X. It is well known that for any x, y € D(A) and
A, n € Cwith |A] + || # 0, we have AAx + nAy = A(Ax + ny). If A is an MLO, then A0 is a linear manifold
in Y and Ax = f + A0 for any x € D(A) and f € Ax. Define the kernel space N(A) of A and the range
R(A) of Aby N(A) := {x € D(A) : 0 € Ax} and R(A) := {Ax : x € D(A)}, respectively. We write A C B iff
D(A) € D(B) and Ax C Bx for all x € D(A).

Sums, mutual products, taking powers and products with complex scalars are standard operations for
multivalued linear operators (see e.g. [3], [11] and [18]). It is said that an MLO operator A : X — P(Y) is
closed iff for any sequences (x,,) in D(A) and (y,) in Y such that y, € Ax, for all n € N we have that the
suppositions lim,, e X, = x and lim,, . ¥4 = ¥ imply x € D(A) and y € Ax.

Concerning the C-resolvent sets of MLOs in Banach spaces, our standing hyportheses will be that A is
an MLO in X, as well as that C € L(X) is injective and CA C AC. The C-resolvent set of A, pc(A) for short,
is defined as the union of those complex numbers A € C for which

(i) R(C) CR(A - A);
(ii) (A — A)~ICis a single-valued linear continuous operator on X.

The operator A — (A — A)~IC is called the C-resolvent of A (A € pc(A)); the resolvent set of A is then
defined by p(A) := p;(A), where I denotes the identity operator on X. Set R(A : A) = (A — A)~L (A € p(A)).
The basic properties of C-resolvent sets of single-valued linear operators continue to hold in our framework
(cf. [18] for more details). For instance, p(A) is always an open subset of C and p(A) # 0 implies that A is
closed.

In the sequel, we will employ the following important condition:

(P) There exist finite constants c, M > 0 and g € (0, 1] such that
W= {A e C:Red 2 —(|9A + 1)} € p(A)

and
IR : A < M1+ 1A) 7, Aew.

Then degenerate strongly continuous semigroup (T(f))0 S L(X) generated by A satisfies estimate
IT(H)I| < Me™“tf~1, t > 0 for some finite constant M > 0. Furthermore, we know that (T(t)):-o is given by the
formula

_ 1 At -1
T(t)x_zm,fre (A-A) xdA, t>0,xeX,
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where I is the upwards oriented curve A = —c(|n| + 1) + in (n € R). Assume that0 <y <1and v > —f. Set
T, (H)x =" f sVCI)y(s)T(stV)x ds, t>0,xeX
0
and following E. Bazhlekova [1], R.-N. Wang, D.-H. Chen, T.-]. Xiao [24],
S,(t) :==Tyo(t), P,(t) == yT),1(H)/t", t>0.
Recall that (S, (t))i>0 is a subordinated (g,,I)-regularized resolvent family generated by A, which is not

necessarily strongly continuous at zero. In [18], we have proved that there exists a finite constant M; > 0
such that

Furthermore, in [19], we have proved that there exists a finite constant M, > 0 such that

S, )| + [Py < M, £ > 0. (1)

S, (1)]| < Mat™, t>1 and ||P,(1)]| < Mat™, t > 1. 2)
Set R, (t) := "7'P,(t), t > 0.

2.3. Lebesgue spaces with variable exponents LF®™)

Let 0 # QO C R be a nonempty subset and let M(Q : X) stand for we the collection of all measurable
functions f : Q — X; M(Q) := M(Q : R). Furthermore, $(Q)) denotes the vector space of all Lebesgue
measurable functions p : QO — [1, c0]. For any p € £(Q) and f € M(Q : X), set

O, >0, 1<p(x) < oo,
(PP(X)(t) =<0 0<gt<1, P(X) = 00,
0, t>1, px) =00

and

P = [ prlife
Q
We define the Lebesgue space LF™(Q : X) with variable exponent as follows,
LP9(Q: X) = {f e M(Q: X) : lim p(Af) = 0}
A—0+
equivalently
Y0 :X) = {f € M(Q : X) : there exists A > 0 such that p(Af) < oo};

see, e.g., [8, p. 73].
For every u € LP®(Q : X), we introduce the Luxemburg norm of u(-) in the following manner:

lllyey 2= lullpon iy = inf{A > 0 p(f/A) < 1}.

Equipped with the above norm, the space LP®¥(Q : X) becomes a Banach space (see e.g. [8, Theorem 3.2.7]
for scalar-valued case), coinciding with the usual Lebesgue space LP(Q) : X) in the case that p(x) =p > 1isa
constant function. For any p € M(Q2), we set

p~ := essinfreop(x) and p* := esssup, ,p(x).
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Define
Co(Q):={peM(@Q):1<p™ <p(x) <p* <ooforae xe0)

and
D.(Q) := {p EMQ):1<p <px)<p'<coforae xe Q}.

For p € D.([0,1]), the space LF™(Q : X) behaves nicely, with almost all fundamental properties of the
Lesbesgue space with constant exponent L7(Q) : X) being retained; in this case, we know that

LP9(Q: X) = {f e M(Q: X): forall A > 0 we have p(Af) < 0.

Furthermore, if p € C4+(Q), then LPP(Q : X) is uniformly convex and thus reflexive ([10]).
We will use the following lemma (see, e.g., [8, Lemma 3.2.20, (3.2.22); Corollary 3.3.4; p. 77] for
scalar-valued case):

Lemma 2.1. (i) Letp, q, r € P(Q) such that

1 1 1
EZM-F@, x e Q.

Then, for every u € LP(Q : X) and v € L'™(Q), we have uv € L1(Q : X) and

”uU“q(x) < zllqu(x)“U”r(x)-

(ii) Let Q be of a finite Lebesgue’s measure and let p, q € P(Q) such q < p a.e. on Q. Then LPO(Q : X) is
continuously embedded in L19(Q : X).

(iii) Let f € LP™(Q: X), g € M(Q : X) and 0 < ||gll < ||f|l a.e. on Q. Then g € LF*N(Q : X) and ||gllpeo < Il fllpeo)-

For additional details upon Lebesgue spaces with variable exponents LF™), we refer the reader to the
following sources: [6], [7], [8], [10] and [23].
3. Stepanov generalizations of almost periodic and asymptotically almost periodic functions
Let1<p<oo,[>0,and f, g€ Ly (I:X), where =R orI = [0, ). We define the Stepanov ‘metric’ by
1/p

X+
[%U“””y:”ﬂ%f‘ﬂﬂw—mMﬁﬂ

Clearly, for every two numbers I;, I, > 0, there exist two positive real constants k;, k, > 0 independent of
f, g, such that

kD% [£0),90] < D%, [£0),90)] < keDf, [£0), 90
The Stepanov norm of f(-) is introduced by setting
Ifllg = D} £, 01
In the sequel, we assume that [; =, = 1.

Definition 3.1. A function f € Lfa (L2 X) is said to be Stepanov p-bounded (or SP-bounded), if

f+1 1/p 1 1/p
lfllse == sup([ If(s)IP ds) = sup(‘f0 lf(s + B)IIP ds) < oo,

tel tel
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Endowed with the above norm, the space LZ(I : X) consisting of all S’-bounded functions, becomes a
Banach space.

Definition 3.2. A function f € L’S’ (I : X) is said to be Stepanov p-almost periodic or SP-almost periodic shortly, if the
function f: 1 — LP([0,1] : X), defined by

~

fit)s) == f(t+s), tel sel0,1]
is almost periodic.
Similarly,

Definition 3.3. A function f € L’;([O, o0) : X)) is said to be asymptotically Stepanov p-almost periodic or asymptoti-
cally SP-almost periodic, if the function f(-) is asymptotically almost periodic.

It is well known that the space of Stepanov almost periodic functions (respectively, asymptotically
Stepanov almost periodic functions) denoted by APSP(I : X) (respectively, AAPSP([0, o) : X)) is a closed
linear subspace of LZ(I : X) (respectively, L’;([O, 00) : X)) and hence is a Banach space.

The symbol Sg([O, o0) : X) stands for the vector space consisting of all functions q € Lf’o ([0, ) : X) such
that 4 € Co([0, 00) : LP([0,1] : X)).

If 1 <p <g < ocoand f() is (asymptotically) Stepanov g-almost periodic, then f(-) is (asymptotically)
Stepanov p-almost periodic. Therefore, the (asymptotic) Stepanov p-almost periodicity of f(-) for some
p € [1, o) implies the (asymptotical) Stepanov p-almost periodicity of f(-). It is a well-known fact that if
f() is an almost periodic (respectively, asymptotically almost periodic) function then f(:) is also SP-almost
periodic (respectively, asymptotically SP-almost periodic) for 1 < p < co. And in general, the converse
statement is false.

4. Generalized almost periodic and generalized asymptotically almost periodic functions in Lebesgue
spaces with variable exponents LP%

The following notion of Stepanov p(x)-boundedness differs from the one introduced by Diagana and
Zitane in [6, Definition 3.10] and [7, Definition 4.5], where the authors have used the condition p € C.(R) :

Definition 4.1. Let p € P([0,1]) and let I = R or I = [0, 00). A function f € M(I : X) is said to be Stepanov
p(x)-bounded (or SP®-bounded), if f(- +t) € LF®™([0,1] : X) for all t € I, and sup,; |f (- + llpe) < oo, that is,

o (Il
||f||sp(x) = sup inf{A>0: Pp(x) T dx <1} < o0,
0

tel

The collection of such functions will be denoted by Lg(x)(l : X).

From Definition 4.1 it follows that the space LZ(X) (I : X) is translation invariant in the sense that, for every
fe LZ(X)(I : X)and 7 € I, we have f(-+ 1) € Lg(x)(l : X). This is not the case with the notion introduced
by Diagana and Zitane [6]-[7], since there the space LZ(X)(I : X) may or may not be translation invariant
depending on p(x). Furthermore, let us note that the notion introduced in these papers is meaningful even

in the case that p € P(R).
We introduce the concept of (asymptotic) SP™-almost periodicity as follows:

Definition 4.2. (i) Let p € P([0,1])and let | = Ror I = [0, o). A function f € Lz(x)(l : X) is said to be Stepanov
p(x)-almost periodic (or Stepanov p(x)-a.p.), if the function f : I — LF®([0,1] : X) is almost periodic. The
collection of such functions will be denoted by APSPO(I : X).
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(ii) Letp € P([0,1]) and let I = [0, 00). A function f € LZ(X)(I : X) is said to be asymptotically Stepanov p(x)-almost
periodic (or asymptotically Stepanov p(x)-a.p.), if the function f : I — [P®)([0,1] : X) is asymptotically almost
periodic. The collection of such functions will be denoted by AAPSPY(I : X). The abbreviation Sg(x)([O, 00) : X)
will be used to denote the set of all functions q € L’;(x)([o, 00) : X) such that § € Co([0, %) : LP¥([0,1] : X)).

As in the case of Stepanov p(x)-boundedness, the space APSP¥(I : X) is translation invariant in the sense
that, for every f € APSP™(I : X) and 7 € I, we have f(- + T) € APSP™(I : X). A similar statement holds for
the space AAPSPY([0, ) : X).

It can be easily checked that the notions of (asymptotic) Stepanov p(x)-boundedness and (asymptotic)
Stepanov p(x)-almost periodicity are equivalent with those introduced in the previous section, provided
that p(x) = p > 1 is a constant function.

Equipped with the norm || - ||gyx, the space Lg(x) (I : X) consisting of all SP-bounded functions is a Banach
space, which is continuously embedded in Li(I : X), for any p € P([0,1]). Furthermore, it can be easily

shown that APSPY(I : X) (AAPSP™(I : X) with I = [0, c0)) is a closed subspace of LZ(X) (I : X) and therefore is
Banach space itself, for any p € P([0, 1]).
If p € P([0, 1]), then Lemma 2.1(ii) yields LP®([0,1] : X) < L([0,1] : X), where the symbol < stands for

a “continuous embedding”, so that Lg(x)(l : X) = Li(I : X), as well.
We have

Proposition 4.3. Suppose p € P([0, 1]). Then the following continuous embedding hold,
; )y ey
(i) LI X) < Li(I : X); and
(i) APSPI(I : X) < APSY(I : X) and AAPSPY([0, c0) : X) <> AAPS'([0, ) : X).
Similarly,

Proposition 4.4. Suppose p € D,([0,1]) and 1 < p~ < p(x) < p* < oo for a.e. x € [0,1]. Then the following
continuous embedding hold,

(i) L2 (1:X) = LA : X) — LE (I: X); and

(ii) APSP"(I : X) < APSPON(I : X) < APSP (I : X) and AAPSP"([0,0) : X) < AAPS'®([0,c0) : X) <>
AAPSP ([0, ) : X).

Now we will prove that any almost periodic function is S"®-almost periodic, for any p € P([0, 1]).
Proposition 4.5. Let p € P([0,1]), and let f : I — X be almost periodic. Then f(-) is SP™-almost periodic.

Proof. To prove that f(-) is $P®_bounded and || fllpw < | flleo, it suffices to show that, for every t € R, we
S
have:

1
[1flle, ) € {/\ >0 fo (pp(x)(w)dxs 1}. @)

For A > ||f|le, we have ||f(x + t)||/A < 1, t € I. It can be simply perceived that, in this case,
IIf Cx + )l
(Pp(x)(—f 1 <1, tel,

so that the integrand does not exceed 1; as a matter of fact, by definition of ¢, )(-), we only need to observe
that, for every x € [0, 1] with p(x) < oo, we have (|| f(t +x)||/A)P™ < 1"®) =1, t € I. Hence, (3) holds. Using the
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uniform continuity of f(-) and a similar argumentation, we can show that the function f : I — L'®([0,1] : X)
is uniform continuous. For direct proof of almost periodicity of function f A U’(")([O, 1] : X), we can
argue as follows. For € > 0 given as above, there is a finite number [ > 0 such that any subinterval I’ of I
of length I contains a number 7 € I’ such that ||f(t + 7) — f()l| < €, t € I. It suffices to observe that, for this
€ > 0, we can choose the same length / > 0 and the same e-almost period 7 from I’ ensuring the validity of
inequality ||f(t + T + ) — f(t + )| peqoix) < € t € I :in order to see that the last inequality holds true, we
only need to prove that, for every t € I, we have

1 —
[e,00) C {A >0: f 90p<x>(”f(t+ - +XA) fe +x)”)dx < 1}.
0

Indeed, if A > ¢, then ||f(t + T+ x) — f(t + x)[|/A < 1, t € I and the integrand cannot exceed 1 : this
simply follows from definition of @,)(-) and observation that, for every x € [0, 1] with p(x) < oo, we have
(If(t + T +x) = f(t+ 2)/AP® < 1P® =1, t € I. The proof of the proposition is thereby complete. [

We can similarly prove the following proposition:

Proposition 4.6. Let p € P([0,1]), and let f : [0,00) — X be asymptotically almost periodic. Then f(-) is
asymptotically SP™-almost periodic.

Taking into account Proposition 4.3(ii) and the method employed in the proof of Proposition 4.5, we can
state the following:

Proposition 4.7. Assume that p € P([0,1]) and f € Lg(x)(l : X). Then the following holds:
i (T . () 7. .
(i) L(I: X) — LI : X) < LI : X).

(ii) AP(I : X) — APSP™( : X) — APS'(I : X) and AAP([0,00) : X) — AAPSPM([0,00) : X) —
AAPS([0, o) : X).

(iii) The continuity (uniform continuity) of f(-) implies continuity (uniform continuity) of f(-).
In general case, we have the following;:
Proposition 4.8. Assume that p, g € P([0,1]) and p < g a.e. on [0,1]. Then we have:
(i) LI X) > L1 - X).
(ii) APS19(I : X) < APSPY(I : X) and AAPSTM([0, 00) : X) — AAPSPM([0, ) : X).
(iit) Ifp € D.([0,1]), then
L= : X) NAPSP(I : X) = L™(I : X) N APSY(I : X)
and

L™([0, ) : X) N AAPSP™([0, 0) : X) = L™([0, o0) : X) N AAPS ([0, o0) : X).

Proof. We will prove only (iii) for almost periodicity. Keeping in mind Proposition 4.4(ii), it suffices to
assume that p(x) = p > 1. Then, clearly, L*(I : X) N APSP(I : X) € L*(I : X) N APSY(I : X) and it remains to be
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proved the opposite inclusion. So, let f € L®(I : X) N APS'(I : X). The required conclusion is a consequence
of elementary definitions and following simple calculation, which is valid for any t, 7 € R :

[lMMﬂT+@—ﬂQW%TW
< [ f Hl(znfnm)”‘lllﬂr +5) = f6)| ds]

1 f+1 1/p
4WMVWU‘MH@JMW].

1/p

O

Remark 4.9. It is well known that APSP™(I : X) can be strictly contained in APSY(I : X), even in the case that
p(x) = p > 1is a constant function. For example, H. Bohr and E. Felner have proved that, for any given number
p > 1, we can construct a Stepanov almost periodic function defined on the whole real axis that is not Stepanov
p-almost periodic (see [2, Example, p. 70]). The same example shows that AAPSP([0, c0) : X) can be strictly contained
in AAPSY([0, ) : X) for p > 1 (see e.g. [15, Lemma 1]).

Remark 4.10. Proposition 4.5 and Proposition 4.6 can be simply deduced by using Proposition 4.8(ii) and the
equalities AP(I : X) = APS®(I : X) N C(I : X), AAP(][0, o) : X) = AAPS®([0, o) : X) N C([0, 00) : X), which can
be proved almost trivially.

Now we would like to present the following illustrative example:

Example 4.11. Define sign(0) := 0. Then, for every almost periodic function f : R — R, we have that the function
F(-) :=sign(f(-)) is Stepanov 1-almost periodic ([21]). Since F € L®(IR), Proposition 4.8(iii) yields that the function
F(-) is Stepanov p-almost periodic for any p > 1, while Proposition 4.7(i) yields that the function F(-) is Stepanov
p(x)-bounded for any p € P([0, 1]). Due to Proposition 4.4(ii), we have F € APSP(R : C) for any p € D, ([0, 1]).

Consider now the case that f(x) := sinx + sin V2x, x € R and p(x) :=1—1Inx, x € [0,1]. We will prove that
F ¢ APSP™(R : C). Speaking-matter-of-factly, it is sufficient to show that, for every A € (0,2/e) and for every I > 0,
we can find an interval I C R of length | > 0 such that, for every T € I, there exists t € R such that

I

Let A € (0,2/e) and | > 0 be given. Take arbitrarily any interval I C R \ {0} of length | and after that take arbitrarily
any number T € 1. Since /A > 1/x, x €[0,1]and 1 —=Inx > 1,x €[0,1],a continuity argument shows that
it is enough to prove the existence of a number t € R such that

sign[sin(x +t+1)+sin \/E(x +t+ T)]

- sign[sin(x +t) + sin \/E(x + t)”l_lnx dx = oo. 4)

[sin(t + 1) +sin V2(t + T)] . [sint + sin \/Et] <0. )

If sint + sin V27 > 0 (sint + sin V2t < 0), then we can take t ~ O— (t ~ 0+). Hence, we assume henceforward
sin T + sin V2t = 0 and © # 0. There exist two possibilities:

2Z 27 +1
TE i \{0} or TE€ Q
1+V2 V2-1
In the first case, take ty = # Then an elementary argumentation shows that T + ty ¢ %HE U Q\Zﬁ;_l;n so that

sin(ty + 1) + sin V2(to + 1) # 0. If sin(ty + 7) + sin V2(to + 7) > 0 (sin(ty + 1) + sin V2(to + 1) < 0), then for t



T. Diagana, M. Kosti¢ / Filomat 34:5 (2020), 1629-1644 1638

satisfying (5) we can take any number belonging to a small left/right interval around to for which sint + sin V2t < 0
(sint + sin V2t > 0). In the second case, there exists an integer m € Z such that T = @m+ln

V2-1
o= =5 Then Tt +ty = \/25"_1 and sin(to + 7) + sin V2(to + ) # 0, so that we can use a trick similar to that used
in the first case. Let us only mention in passing that, with the notion introduced in [5], the function F(-) cannot be
SPN-almost automorphic, as well.

The situation is quite different if we consider the case that f(x) := sinx, x € R. Then F(-) is Stepanov p(x)-almost
periodic for any p € P([0, 1]). Speaking-matter-of-factly, it can be easily shown that the mapping F : R — LP®[0,1]
is continuous and |[F(t + T + ) = F(t + *)l|pwjo1) = 0 for all t € R and T € 2nZ. This, in turn, implies the claimed
statement.

and we can take
_ (2m+)n

Keeping in mind the proofs of Proposition 4.5, [5, Proposition 3.5] and [15, Lemma 1], we can clarify the
following result:

Proposition 4.12. Suppose that p € P([0,1]) and f : [0, 00) — X is an asymptotically SP®-almost periodic function.
Then there are uniquely determined SP®-bounded functions g : R — X and q : [0, 00) — X satisfying the following
conditions:

(i) gis SP™-almost periodic,
(ii) 4 belongs to the class Co([0, o) : LPY([0, 1] : X)),
(iti) f(t) = g(t) + q(t) forall t > 0.

Moreover, there exists an increasing sequence (t,).en Of positive reals such that lim,_.t, = oo and g(t) =
limy e f(t+t,) a.e t >0.

Remark 4.13. The definition of an (equi-)Weyl p(x)-almost periodic function (see e.g. [19] for the case that p(x) =
p € [1,00)) can be introduced as follows: Suppose I = R or I = [0, 00). Let p € P(I) and f(- + 1) € [PO(K : X) for
any T € I and any compact subset K of 1.

(i) It is said that the function f(-) is equi-Weyl-p(x)-almost periodic, f € e — Wf;;x)(l : X) for short, iff for each
€ > 0 we can find two real numbers | > 0 and L > 0 such that any interval I’ C I of length L contains a point
T € I’ such that

stu}o[l(—l)/p(t)||f(- +1) - f(-)”Lp(x,[trHl]] <e.
€

(ii) It is said that the function f(-) is Weyl-p(x)-almost periodic, f € Wi (I : X) for short, iff for each e > 0 we can
find a real number L > 0 such that any interval I' C I of length L contains a point t € I such that

: -1
Ilgg sz}:)[l( )/p(t)”f(. +1)— f(.)| LP(X)H,H”] <e.
The notion of (equi-)Weyl p(x)-almost periodicity as well as the corresponding notion for Besicovitch classes of almost
periodic functions will not attract our attention here. We will also skip all details concerning asymptotical p(x)-almost
periodicity for Weyl and Besicovitch classes.

5. Generalized two-parameter almost periodic type functions and composition principles

Assume that (Y, || - [ly) is a complex Banach space, as well as that [ = R or I = [0, ). By Co([0, 00) X Y : X)
we denote the space consisting of all continuous functions 4 : [0, 00) X Y — X such that lim;_, h(t, y) = 0
uniformly for y in any compact subset of Y. A continuous function f : I X Y — X is said to be uniformly
continuous on bounded sets, uniformly for t € I iff for every € > 0 and every bounded subset K of Y there
exists anumber 0. x > 0such that||f(t,x)— f(t, y)|| < eforall t € Iand all x, y € K satisfying that |[x—y|| < 0 k.
If f:IxY — X, set f(t,y) := f(t+-,y),t >0,y €Y.

We need to recall the following well-known definition (see e.g. [19] for more details):
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Definition 5.1. Let 1 < p < co.

(i) A function f : IXY — Xis said to be almost periodic iff f(-,-) is bounded, continuous as well as for every € > 0
and every compact K C Y there exists (e, K) > 0 such that every subinterval | C I of length I(e, K) contains a
number T with the property that ||[f(t + 7, y) — f(t, )| < € forall t € I, y € K. The collection of such functions
will be denoted by AP(I X Y : X).

(ii) A function f : [0,00) X Y — X is said to be asymptotically almost periodic iff it is bounded continuous and
admits a decomposition f = g + q, where g € AP([0,00) X Y : X) and q € Co([0,00) X Y : X). Denote by
AAP([0, 00) X Y : X) the vector space consisting of all such functions.

The notion of (asymptotical) Stepanov p(x)-almost periodicity for the functions depending on two
parameters is introduced as follows:

Definition 5.2. Let p € P([0, 1]).

(i) A function f : I XY — X is called Stepanov p(x)-almost periodic, S"™-almost periodic for short, iff f -
IXY — LP([0,1] : X) is almost periodic. The vector space consisting of all such functions will be denoted by
APSPO(I X Y : X).

(ii) A function f : [0,00) X Y — X is said to be asymptotically SP®™-almost periodic iff f : [0,00) X Y —
LPY([0,1] : X) is asymptotically almost periodic. The vector space consisting of all such functions will be
denoted by AAPSPI([0,00) X Y : X).

The proof of following proposition is very similar to the proof of [19, Lemma 2.2.6] and therefore omitted.

Proposition 5.3. Let p € P([0,1]). Suppose that f : [0,00) x Y — X is an asymptotically S"®-almost periodic
function. Then there are two functions g : RXY — X and q : [0,00) X Y — X satisfying that for each y € Y the
functions g(-, y) and q(-, y) are Stepanov p(x)-bounded, as well as that the following holds:

(i) §:RXY — [PI(0,1] : X) is almost periodic,
(ii) 4 € Co([0,00) X Y : LPO([0,1] : X)),
(iii) f(t,y) =g, y)+q(t,y) forallt >0and y €Y.

Moreover, for every compact set K C Y, there exists an increasing sequence (t,)nen Of positive reals such that
limy oty = 00 and g(t, y) = im0 f(t +t,,y) forally € Yandae. t > 0.

In [19, Theorem 2.7.1, Theorem 2.7.2], we have slightly improved the important composition principle
atributed to W. Long, S.-H. Ding [22, Theorem 2.2]. Further refinements for SP@_almost periodicity can be
deduced similarly, with appealing to Lemma 2.1(i)-(iii) and the arguments employed in the proof of [22,
Theorem 2.2]:

Theorem 5.4. Let [ = Ror [ = [0, 0), and let p € P([0, 1]). Suppose that the following conditions hold:
(i) f € APSPO(I XY : X) and there exist a function r € P([0, 1]) such that r(-) > max(p(:), p(-)/p(-) — 1) and a
function Ly € Lg(x)(l) such that:
lf(tx) = fE I <Le@Bllx—ylly, tel x, yeY; (6)
(ii) u € APSPM(I : Y), and there exists a set B C I with m(E) = 0 such that K := {u(t) : t € I\ E} is relatively
compact in Y; here, m(-) denotes the Lebesgue measure.

Define q € P([0,1]) by q(x) = p(x)r(x)/p(x) +r(x), if x € [0, 1] and r(x) < oo, q(x) := p(x), if x € [0, 1] and r(x) = oo.
Then q(x) € [1,p(x)) for x € [0,1], r(x) < oo and f(-,u(-)) € APST™(I : X).
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Concerning asymptotical two-parameter Stepanov p(x)-almost periodicity, we can deduce the following
composition principles with X = Y; the proof is very similar to those of [19, Proposition 2.7.3, Proposition
2.7.4] established in the case of constant functions p, g, :

Proposition 5.5. Let I = [0, 00), and let p € P([0, 1]). Suppose that the following conditions hold:

(i) g € APSP™(I x X : X), there exist a function r € P([0,1]) such that r(-) > max(p(-),p(-)/p(-) = 1) and a
function L, € Lrs(x) (I) such that (6) holds with the function f(-,-) replaced by the function g(-,-) therein.

(ii) v € APSPI(I : X), and there exists a set B C I with m(E) = 0 such that K = {v(t) : t € I\ E} is relatively
compact in X.

(iii) f(t,x) = g(t,x) +q(t,x) forall t > 0 and x € X, where § € Co([0, 00) x X : LIW([0, 1] : X)) with q(-) defined as
above;

(iv) u(t) = o(t) + w(t) for all t > 0, where & € Co([0, ) : LFM([0,1] : X)).
(v) There exists a set E' C I with m(E") = 0 such that K’ = {u(t) : t € I \ E’} is relatively compact in X.

Then f(-,u(-)) € AAPSIO(I : X).

6. Generalized (asymptotical) almost periodicity in Lebesgue spaces with variable exponents L™ :
action of convolution products

Throughout this section, we assume that p € P([0, 1]) and a multivalued linear operator A fulfills the
condition (P). We will first investigate infinite convolution products. The results obtained can be simply
incorporated in the study of existence and uniqueness of almost periodic solutions of the following abstract
Cauchy differential inclusion of first order

u'(f) € Au(t) + g(t), teR
and the following abstract Cauchy relaxation differential inclusion
D}, u(t) € —Au(t) + g(t), t € R, 7)

where Dz/ , denotes the Weyl-Liouville fractional derivative of order y € (0,1) and g : R X X — X satis-
fies certain assumptions; see [19] for further information in this direction. Keeping in mind composition
principles clarified in the previous section, it is almost straightforward to reformulate some known results
concerning semilinear analogues of the above inclusions (see e.g. [19, Theorem 2.7.6-Theorem 2.7.9; The-
orem 2.9.10-Theorem 2.9.11; Theorem 2.9.17-Theorem 2.9.18]); because of that, this question will not be
examined here for the sake of brevity.

We start by stating the following generalization of [20, Proposition 2.11] (the reflexion at zero keeps the
spaces of Stepanov p-almost periodic functions unchanged, which may or may not be the case with the
spaces of Stepanov p(x)-almost periodic functions):

Proposition 6.1. Suppose that g € P([0,1]), 1/p(x) + 1/g(x) = 1 and (R(t))r=0 € L(X,Y) is a strongly continuous
operator family satisfying that M := Y12 IR(- + K)llpwpo,1) < 0. If § : R — X is SP®™-almost periodic, then the
function G : R — Y, given by

¢
G(t) = I R(t-5s)g(s)ds, teR, (8)

is well-defined and almost periodic.



T. Diagana, M. Kosti¢ / Filomat 34:5 (2020), 1629-1644 1641

Proof. Without loss of generality, we may assume that X = Y. It is clear that, for every f € R, we have
that G(t) = fooo R(s)g(t — s)ds and that the last integral is absolutely convergent due to Lemma 2.1(i) and
SP@-boundedness of function §(-) :

00 © k+1
[ romge-onas=Y, [ reMgte -

k=0

00 1
-y f IRGs + R)lllgt — s — Kyl ds
k=0 YO

<2 ||R( + k)||L4(X)([0,1];X)||g(t -k- ')”LP(X)([OJ];)()
k=0

< 2Msup [|lg(- = Hllpo 0,113/
teR

8

for any t € IR. Let a number € > 0 be fixed. Then there is a finite number [ > 0 such that any subinterval I of
R of length I contains a number 7 € I such that [|§(t — T + ) — §(t + )llpwo5:x) < € t € R. Invoking Lemma
2.1(i) and this fact, we get

IG(t +7) = GO

< fo ROV - lg(t + 7 = r) — g(¢ - Dl dr

ol k+1
=Y [ RO+ 7= - gte -
k=0 vk
o A
=Y [RGB g+ === g = = ol
k=0 0

<2 Y IRC + Bl llgt +7 = = K) = g(t = - = Dy
k=0

=2 Z IR + ©Ollacopollg- —t =T +k) = G(- =t + Il peoo 1
k=0

<2¢ Y IIR(+R)llpo =2Me, teER,
k=0

which clearly implies that the set of all e-periods of G(:) is relatively dense in R. It remains to be proved the
uniform continuity of G(-). Since 4(-) is uniformly continuous, we have the existence of a number ¢ € (0, 1)
such that

Ng(- = t') = §(- = Hllpwio; < €, provided t, t' € Rand |t — '] < 6. )
For any ¢’ € (0, ), the above computation with t = 6’ = ' — t and (9) together imply that, for every t € R,
|Gt +6") - G|

< ZZ ||R( + k)||Lq<x)[0,1]||!7(' -t + k) - !7( —t+ k)||mx)[o,1]
k=0

<26 )" IRC+ Rl = 2Me.
k=0

This completes the proof of proposition. [
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Example 6.2. (i) Suppose that p € (0,1) and (R(t))t=0 = (T(t))s>0 is a degenerate semigroup generated by A. Let

(ii)

us recall that there exists a finite constant M > 0 such that ||T(t)|| < MtF=1, t € (0,1] and ||IT(H)|| < Me™©,
t > 1. Let pg > 1 be such that
Po
po—1

let p € P([0,1]), and let ||T(-)|| oo < o0. Assume that we have constructed a function § € APSPO(R : X)
such that ¢ ¢ APSP(R : X) for all p > po (Question: Could we manipulate here somehow with the construction
established in [2, Example, p. 70]?) Then, in our concrete situation, [20, Proposition 2.11] cannot be applied
since

B-1)<-1,

p
_ (B— < — .
p_ﬁﬁ 1)<-1, pellp)
Now we will briefly explain that Y12 [IR(- + k)llLawpo,1) < oo, showing that Proposition 6.1 is applicable.
Strictly speaking, for k = 0, [[T(-)|l w01 < o0 by our assumption, while, for k > 1, it can be simply shown that

IRC: + ©)llawgo,1) < Me™* so that Y520 IR(- + K)l|acogo 17 < 0, as claimed.

By a mild solution of (7), we mean the function t foo Ry (t —s)g(s)ds, t € R. Let p € P([0,1]), and let
IRy (MlLawio1y < ©0. Then, for k > 1, we have ||R, (- + K)llpawjo1; < Mak™77. Hence, Y320 IRy (- + k)l o, 17 < ©0
and we can apply Proposition 6.1.

In the following proposition, whose proof is very similar to that of [5, Proposition 3.12], we state some
invariance properties of generalized asymptotical almost periodicity in Lebesgue spaces with variable
exponents LP® under the action of finite convolution products (see also [19, Proposition 2.7.5, Lemma 2.9.3]
for similar results). This proposition generalizes [20, Proposition 2.13] provided that p > 1in its formulation.

Proposition 6.3. Suppose that p € P([0,1]), g € D+([0,1]), 1/p(x) + 1/q(x) = 1 and (R())=0 € L(X) is a strongly
continuous operator family satisfying that, for every t > 0, we have that m; := Y20 [IR(- + t + K)llpwjgq) < 0.
Suppose, further, that § : R — X is SP®-almost periodic, q € L’S’(">([o, 00) : X) and f(t) = g(t) + q(t), t > 0. Let
r1, 12 € P([0, 1]) and the following holds:

(i)

(ii)

For every t > 0, the mapping x foﬁx R(t + x — 5)q(s) ds, x € [0,1] belongs to the space L™ ([0,1] : X) and
we have

=0.
1®[0,1]

lim
t—+o00

t+x
f R(t + x —s)q(s) ds
0

For every t > 0, the mapping x v My, x € [0,1] belongs to the space L72®™[0, 1] and we have

=0.

lim Hme

t—+o00

}L’Z(x)[o,l ]

Then the function H(:), given by

t
H(t) :=f(;R(t—s)f(s)ds, t>0,

is well-defined, bounded and belongs to the class APSP®(R : X) + S(’)l(x)([O, o) : X) + SSZ(X)([O, 00) : X), with the
meaning clear.

Remark 6.4. In [20, Remark 2.14], we have examined the conditions under which the function H(-) defined above is
asymptotically almost periodic, provided that the function g(-) is SP-almost periodic for some p € [1, o). The interested
reader may try to analyze similar problems with function §(-) being SP™-almost periodic for some p € P([0, 1]).
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7. Applications

Let Q € R" be an open bounded subset with smooth boundary dQ and let 1 < p < co. Among other
things, one can make use of Proposition 6.3 to establish the existence and uniqueness of asymptotically
SP®-almost automorphic solutions to the damped Poisson-wave type equation, in the spaces X := H™}(Q)
or X := LF(Q)), given by

%( (x)i—”t‘) + (20m(x) - A)‘;—’: +(A(; D) - wA + w?m(x)u(x, ) = f(x,t),
t>0,xeQ;
u= % =0, (xt)€dQx]0, ),

u(0, %) = 1o(x), m(x)[(%)(x, 0) + wug| = m((x), xeQ,

where m(x) € L*(Q), m(x) > 0a.e. x € Q, Ais the Dirichlet Laplacian in L?(Q)), acting on its maximal domain,
Hé(Q) N H%(Q), and A(x; D) is a second-order linear differential operator on Q with continuous coefficients

on Q, see, e.g., [11, Example 6.1] and [19] for further details.

Notice that we can also consider the existence and uniqueness of asymptotically SP™-almost periodic
solutions to the following fractional damped Poisson-wave type equation, in the spaces X := H™(Q) or
X = [P(Q), given by
D] (m(x)D} ) + (2wm(x) - A)D]u + (A(x; D) - wA + w?m(x)u(x, ) = f(x,t),
>0, xeQ);

u= Di’u =0, (xt)€dQx][0, ),

u(0,x) = ug(x), m(x)[Dz/u(x, 0) + a)uo] =m(x)ui(x), xeQ.

Additionally, it is also clear that Proposition 6.1 can be used to study the existence and uniqueness of
almost periodic solutions of the following abstract integral inclusion

t
u(t) € ﬂf a(t —syu(s)ds+g(t), t e R (10)

wherea € Llloc([O, )),a#0,J: R — Xis SP@_almost periodic and A is a closed multivalued linear operator
on X, see, e.g., [19].
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