EXISTENCE OF S-ASYMPTOTICALLY w-PERIODIC
SOLUTIONS FOR TWO-TIMES FRACTIONAL ORDER
DIFFERENTIAL EQUATIONS
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ABSTRACT. Using a generalization of the semigroup theory of linear operators,
we prove existence and uniqueness of S-asymptotically w-periodic mild solu-
tions for a class of linear and semilinear fractional order differential equations
of the form

DO u(t) + uDlu(t) — Au(t) = f(t,u(t)), t>0, 0<a<pB<1,u>0,

1. INTRODUCTION

Let X be a Banach space. A bounded continuous function u : [0,00) — X is
said to be S-asymptotically w-periodic if

Tin [u(t +w) — u(t)] = 0.

This paper is devoted to study the existence of S-asymptotically w-periodic mild
solutions for fractional order differential equations of the form

DO+ u(t) + puDPu(t) — Au(t) = f(t,u(t)), >0, (1.1)

with prescribed initial conditions «(0) and «'(0), and where A: D(A) C X — X
is sectorial of angle S7/2, f is a vector-valued function, and D] denotes the
Caputo fractional derivative of order ~.

The literature concerning S-asymptotically w-periodic functions with values in
Banach spaces is very new. Recently some interesting articles were published by
Henriquez et al. [10], [11], Nicola and Pierri [19], Cuevas and de Souza [5],[6] and
Cuevas and Lizama [7].

On the other hand, fractional order differential equations represent a subject
of increasing interest in different contexts and areas of research, see e.g. [2, 1, 12,

, 15,20, 21], the survey paper [9] and the references therein. Our motivation
to study equation (1.1) comes from recent investigations on the subject. Indeed,
in the article [17] the author studied existence and uniqueness of solutions for
the abstract equation (1.1) in the special case « = 8 and in the article [22] the
authors studied the nonlinear two-term time fractional diffusion wave equation
(L.1) with0<a < f—1and A= L.

In the paper [14], asymptotic behavior for mild solutions of (1.1) was studied,
whereas the recent article [1] analyzed the existence and uniqueness of pseudo
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asymptotic mild solutions which in particular includes the classes of pseudo peri-
odic, pseudo almost periodic and pseudo almost automorphic functions. However,
the investigation of existence and uniqueness of S-asymptotically w-periodic solu-
tions was left open. The main objective of this paper is close this gap, establishing
the first results on this qualitative property for equation (1.1).

Our methods are as follows: In [11] the authors proved that it is possible to
give an abstract operator approach to equation (1.1) by defining first an ad-hoc
solution family of strongly continuous operators S, 5(t) for (1.1) in case f = 0.
It turns out, that it is a particular case of an (a, k)-regularized family [16] and
a generalization of the semigroup theory. By means of the use of this class of
operator-valued families, the solution for equation (1.1) can be written in terms
of a kind of variation of constants formula. It give us the necessary framework
to apply an operator theoretical approach in the analysis of S-asymptotically
w-periodic solutions for the abstract fractional order differential equation (1.1).

We outline the plan of the paper as follows. In section 2, we recall the concept
of fractional order derivatives and some properties of («, ),-regularized fami-
lies. In section 3 we consider the linear case, that is f(t,u(t)) = f(t) and show
existence and uniqueness of S-asymptotically w-periodic solutions of our prob-
lem. The existence, uniqueness of S-asymptotically w-periodic solutions for the
semi-linear problem is investigated in Section 4. FExistence is proved by means
of the contraction mapping theorem. Finally, we conclude the paper by giving a
concrete example where the situation in the previous sections can be applied.

2. PRELIMINARIES

Let @ >0, m = [a] and u : [0,00) — X, where X is a complex Banach space.
We denote by R, the closed interval [0,00). The Caputo fractional derivative of
u € C(Ry) of order « is defined by

t
Diu(t) := /o Gm—alt — s)ul™(s)ds, t >0,

where g3(t) == %, t >0, 8 >0, and in case § = 0 we set go(t) := dp, the

Dirac measure concentrated at the origin. When o = n is integer, we define

n._ da*
Dt = dt—n,neN

We denote by
BC(X):={f:R— X : fis continuous, ||f||e :=sup||f(t)|] < oo},
teR

the Banach space of X-valued bounded and continuous functions on R, with
natural norm.

Now we turn our attention to the family of function spaces built on X and
which will play a key role in our study.

Definition 2.1. [I0] A function f € BC(R;;X) is called S-asymptotically w
periodic if there exists w > 0 such that lim;[f(t + w) — f(t)] = 0. In this
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case, we say that w is an asymptotic period of f and that f is S-asymptotically
w-periodic.

Denote by SAP,(X) the set of all such functions. We note that SAP, (X), is
a Banach space with the supnorm. In [10] is was shown the surprising fact that
the property lim; .o [f(t + w) — f(¢)] = 0 does not characterize asymptotically
w-periodic functions, that is, bounded and continuous functions which admits the
decomposition f = g + h, where g is w-periodic and limy_,, h(t) = 0.

In order to give an operator theoretical approach to equation (1.1) we have the
following definition.

Definition 2.2. ([I1]) Let £ > 0 and 0 < «, 5 < 1 be given. Let A be a closed
linear operator with domain D(A) defined on a Banach space X. We call A the
generator of an (a, ), -regularized family if there exist w > 0 and a strongly
continuous function S, 5 : Ry — B(X) such that {\*"! + p\? :© Red > w} C
p(A) and

H(\)x = X\ 4y — Al = / e MSap(t)zdt, Red>w, x€X.
0

Because of the uniqueness theorem for the Laplace transform, if 4 = 0 and
a = 0, this corresponds to the case of a Cy-semigroup whereas the case pu =
0, a = 1 corresponds to the concept of cosine family. For more details on the
Laplace transform approach to semigroups and cosine functions, we refer to the
monograph [3].

Let us recall that a closed and densely defined operator A is said to be w-
sectorial of angle 6 if there exists 6 € [0,7/2) and w € R such that its resolvent
exists in the sector w4 Sy := {w+A: A € C, [arg(\)| < § + 0} \ {w}, and

M
[[(A—A)71| Sm, A€ w+ Sy (2.1)
These are generators of holomorphic semigroups. In case w = 0 we merely say
that A is sectorial of angle §. We should mention that in the general theory of
sectorial operators, it is not required that (2.1) holds in a sector of angle /2.
Our restriction corresponds to the class of operators used in this paper.
Sufficient conditions to obtain generators of an («, ),-regularized family are
given in the following result.

Theorem 2.3. ([11]) Let 0 <a< <1, u>0 and A be a w sectorial operator
of angle pr/2. Then A generates a bounded («, ), -reqularized family.

We next consider the linear fractional differential equation
Dot u(t) + pDPu(t) — Au(t) = DEf(t), t>0, 0<a<pB<1,u>0, (22)

with initial conditions u(0) = x, v'(0) = y and A is a w-sectorial operator of
angle S /2.

Recall that a function u € C'(R; X) is called a strong solution of (2.2) on R,
if u(t) € D(A) and (2.2) holds on R,. We have the following result.
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If A is w-sectorial of angle 7 /2 then, by [I4, Cor.3.4] and Theorem 2.3, a
strong solution for (2.2) always exists and is given by:

u(t) = Sap(t)x + (g1 * Sap)(t)y + 1(G14a—p * Sas(t))z + (Sap* f)(t), (2.3)

where 0 < a < <1, u>0; z,y € D(A); f : Ry — D(A) and S, 3(t) is the
(e, ) ,-regularized family generated by A. If merely z,y € X and f: Ry — X
instead of the domain of A, we say that u given by the formula (2.3) is a mild
solution of the linear equation (2.2).

In order to study the pseudo asymptotic behavior of mild solutions, we need the
following result on the integrability of the (o, 8),-regularized family generated by
A.

Theorem 2.4. ([11]) Let 0 < a« < < 1, u >0 and w < 0. Assume that A
is an w-sectorial operator of angle S /2, then A generates an (o, (),-reqularized
family S, 5(t) satisfying the estimate

C

Sap)|| < :
IS5l < T o)

for some constant C' > 0 depending only on «, (5.

>0, (2.4)

3. S-ASYMPTOTICALLY w PERIODIC SOLUTIONS: THE LINEAR CASE.
We can prove the following theorem which is the main result in this section.

Theorem 3.1. Let 0 < a < 3 <1 and p > 0. Assume that A is an w-sectorial
operator of angle B /2 with w < 0. Then for each f € SAP,(X) there exists a
unique mild solution u of equation (2.2) such that w € SAP,(X).

Proof. Let f € SAP,(X) be given. By Theorem 2.4, A generates a uniformly
integrable (o, 8),-regularized family S, 3(t) on the Banach space X, and the
unique mild solution for (2.2) is given by (2.3), that is;

u(t) = Sap(t)z + (91 % Sap) ()Y + (9140 * Sa,5(t)) T + (Sas % (1),
where 0 < a < 8 < 1L;u > 0 and z,y € X. An adaptation of the proof of
(8] shows that S, * f € SAP,(X). On the other hand, note that by (2.4)
we have lim; o [|Sas(t)]| = 0. Hence S, € SAP,(X). We now prove that
g1 % Sap € SAP,(X). Indeed, by (2.4) we have sup,., ||[tS,5(t)|| < oo, for each
7 > 0. Since A is an w-sectorial of angle 37 then 1Sas(N)|| = 0 as A — 0.
Thus, by the vector-valued Hardy-Littlewood theorem (see [3, Theorem 4.2.9])
we conclude that |[(g1 * Sap)(t)|| — 0 as t — oo and the claim is proved. It
remains only to show that g1414—p * Sa s € SAP,(X) for a < . To see this, we
estimate ||g14a-p * Sa,p(t)|| as follows. Let 0 < € < § — a be given, then

t
91405 * Sas (Ol = |IT(8 — o =€) /0 Grrap(t = T)gs-ae(T) T THLS, 5(7)d7]|

t
<= a0 [ grraslt = gD Sus (1)l
0
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where, thanks to (2.4), we have that
Mroa—Bte-l Mr—B+e
[(B—a—e)ro Pretl||S, 5(7)|] < = , 1>0.
(8= gr Sl € { e = e

Since € < 3, there exists a constant C' > 0 such that re=#+<t1||S, (7)|] < C.
Therefore,

t
Hgl+afﬁ * Sa,ﬁ(t>H < C/ glJrosz(t - T)gﬁfafe(T)dT = Cglfe(t) = Otiea
0

which shows that ||gi11a—p * Sas(t)|| = 0 as t — oco. Therefore ¢gi10—p * Sap €
SAP,(X) and finally, we have shown that v € SAP,,(X). O

4. S-ASYMPTOTICALLY w PERIODIC SOLUTIONS: THE SEMILINEAR CASE.

Define the Nemytskii superposition operator N(p)(-) := f(-,¢(:)) for ¢ €
SAP,(X). We define the set SAP, (R, x X; X) to consist of all functions f :
R; x X — X such that f(-,x) € SAP,(X) uniformly for each € K, where K
is any bounded subset of X.

In what follows we study existence and uniqueness of solutions in SAP,(X)
for the semi-linear fractional order differential equation

DO Yu(t) + uDPu(t) — Au(t) = D2 f(t,u(t)), t>0, 0<a<pB<1 pu>0,

(4.1)
where A is an w-sectorial operator of angle f7/2 with w < 0, u(0) = = and
u'(0) = y.

In view of the linear case, the following definition of mild solution is natural.
Note that in the borderline case p = 0 and o« = 1 it corresponds to the notion
of mild solution for the semi-linear problem u”(t) = Au(t) + f(¢,u(t)) under the
hypothesis that A is the generator of a cosine family C(¢). In fact, in this case:
S10(t) = C(t) and the associate sine family is equal to (g; * S1,0)(%).

Definition 4.1. Suppose 0 < a < 3 <1, u > 0. A function v : R, — X is said
to be a mild solution to Equation (4.1) if it satisfies

¢
u(t) = Sap(t)z+ (91 *Sa,ﬁ)(t)eru(gHaﬁ*Sa,ﬁ(t))$+/ Sap(t =) f(s,u(s))ds,
0
(4.2)
for each t € R, and z,y € X.

We next give a result on existence of mild solutions for the semi-linear problem.

Theorem 4.2. Let 0 < a < 3 <1 and p > 0. Assume that A is an w-sectorial
operator of angle fr/2 and w < 0. Let f : Ry x X — X be a function on
SAP,(Ry x X;X) and assume that there exists a bounded integrable function
Ly:Ry — Ry satisfying

F @t 2) = f(E )l < Le(®)]lz = yll, (4.3)

for all x;y € X and t > 0. Then Equation (4.1) has a unique mild solution
u e SAP,(X).
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Proof. Let S, 5(t) be the (a, ), -regularized family generated by A (cf. Theorem
2.4). We define the operator K, 3 on the space SAP, (X) by

(Kapu)(t) = Sapt)r+ (g1 % Sap) )y + p1(g11a—p * Sap(t))x

+ /0 Sap(t —s)f(s,u(s))ds. (4.4)

From the proof of Theorem 3.1, we know that S, g(t)x+(g1%Sa.5) (1) y+1(g1+a—p*

Sap(t))xr € SAP,(X). Moreover by [18, Theorem 4.1] we conclude that the func-

tion s — f(s,u(s)) is in SAP,(X). Then, by hypothesis and in the same way
t

as in the proof of Theorem 3.1, we arrive at the conclusion that Sap(t —

s)f(s,u(s))ds is also in SAP,(X) and thus K, s is well defined. Letou,v be in
SAP,(X). Observe that
|| (Kapu)(t) = (Kapv)(0)]] < /0 10,8t = $)III|f (s, uls)) — f(s,v(s))llds
S/ 1Se5(t = )| Ls(s)llu(s) = v(s)lds
0

t

< Sl — oo / Ly(s)ds
0

< 1Suslhlle = ollsl L.

By induction, we find the following estimate:

(T ) (6) — (K ><>|r_'('5°‘ﬁ";|| HOO/OLAs)(/OSLf(T)dT)n_ s

= WSl oy ([ 2srrar)

[EMA
< TPy — el

Since MHL #|It < 1 for n sufficiently large, applying the contraction principle
we conclude that F' has a unique fixed point u € SAP, (X) such that (K, gu)(t) =
u(t). O

To finish, we present one example, which do not aim at generality but indicate
how our theorems can be applied to concrete problems.

Example 4.3. Suppose that b € L'(R,) N SAP,(R,). Then the equation

2

0
D?+1u(m’t) + ,quU(IL‘,t) = @u(x,t) + TU(.I‘,t)

+ D{b(t)sin(u(t))], t > 0,0 <a < g <1(4.5)

where 7 < 0 is fixed, with initial and zero boundary conditions has a unique mild
solution u(t, ) such that u(-,z) belongs to the space SAP, (X)



EXISTENCE OF S-ASYMPTOTICALLY w-PERIODIC SOLUTIONS 7

Indeed, the equation (4.5) is of the form (4.1) with Au = aa—;u—FTu and f(t,u) =

b(t) sin(u(t)). Setting the Dirichlet boundary conditions u(0,t) = u(27,t) = 0 we
consider A with domain D(A) := {u € L?[0,27] : u” € L?[0,27]; u(0) = u(27) =
0} and f(¢,x) = b(t) sin(z). Then it is wellknown that the operator A is w sectorial
with w = 7 < 0 and angle 7/2 (and hence of angle f7/2 for all 5 < 1). On the

ot

her hand, since b € L*(R,) we have

£t w) = f(t,0)]5 = /Oﬂ [b(t)[?| sin(u(s)) — sin(v(s))|*ds < [b(t)*[lu — v]}3,

and the condition (4.3) holds. Hence the hypothesis of Theorem 4.2 are satisfied
and thus the conclusion of the example follows.
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