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The existence of asymptotically almost periodic mild solutions for a class of abstract partial neutral
integro-differential equations with unbounded delay is studied.

1. Introduction

In this paper, we study the existence of asymptotically almost periodic mild solutions for a
class of abstract partial neutral integro-differential equations modelled in the form

t
%(x(t) + f(t,xy)) = Ax(t) + J‘OB(t - s)x(s)ds + g(t, x;), (1.1)

where A : D(A) ¢ X — X and B(t) : D(B(t)) ¢ X — X, t > 0, are closed linear operators;
(X, | - II) is a Banach space; the history x; : (-o0,0] — X, x:(0) = x(t + 0), belongs to some
abstract phase space B defined axiomatically f, g : I x B — X are appropriated functions.
The study of abstract neutral equations is motivated by different practical applications
in different technical fields. The literature related to ordinary neutral functional differential
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equations is very extensive and we refer the reader to Chukwu [1], Hale and Lunel [2], Wu
[3], and the references therein. As a practical application, we note that the equation

d

I [u(t) - )LJ‘t_ C(t- s)u(s)ds] = Au(t) + )LJ‘t_ B(t —s)u(s)ds — p(t) + q(t) (1.2)

arises in the study of the dynamics of income, employment, value of capital stock, and
cumulative balance of payment; see [1] for details. In the above system, . is a real number,
the state u(t) € R", C(-), B(:) are n x n continuous functions matrices, A is a constant n x n
matrix, p(-) represents the government intervention, and g(-) the private initiative. We note
that by assuming the solution u is known on (—oo,0], we can transform this system into an
abstract system with unbounded delay described as (1.1).

Abstract partial neutral differential equations also appear in the theory of heat
conduction. In the classic theory of heat conduction, it is assumed that the internal energy
and the heat flux depend linearly on the temperature u and on its gradient Vu. Under
these conditions, the classic heat equation describes sufficiently well the evolution of the
temperature in different types of materials. However, this description is not satisfactory in
materials with fading memory. In the theory developed in [4, 5], the internal energy and the
heat flux are described as functionals of # and u,. The next system, see for instance [6-9], has
been frequently used to describe this phenomenon,

d t t
— [u(t, x) + f ki(t - s)u(s,x)ds] =cAu(t,x) + I ko(t —s)Au(s, x)ds,
dt - - (1.3)

u(t,x) =0, x€0Q.

In this system, Q C R” is open, bounded, and with smooth boundary; (¢,x) € [0,00) x Q;
u(t, x) represents the temperature in x at the time ¢; ¢ is a physical constant k; : R — R,
i = 1,2, are the internal energy and the heat flux relaxation, respectively. By assuming that
the solution u is known on (-oo, 0] and k; = 0, we can transform this system into an abstract
system with unbounded delay described in the form (1.1).

Recent contributions on the existence of solutions with some of the previously
enumerated properties or another type of almost periodicity to neutral functional differential
equations have been made in [10, 11], for the case of neutral ordinary differential equations,
and in [12-15] for partial functional differential systems.

The purpose of this work is to study the existence of asymptotically almost periodic
mild solutions for the neutral system (1.1). To this end, we study the existence and qualitative
properties of an exponentially stable resolvent operator for the integro-differential system

dx(t)
dt

Ax(t) + ftB(t —s)x(s)ds, t>0, 1.4
0 .

x(0)=zeX

There exists an extensive literature related to the existence and qualitative properties of
resolvent operator for integro-differential equations. We refer the reader to the book by
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Gripenberg et al. [16] which contains an overview of the theory for the case where the
underlying space X has finite dimension. For abstract integro-differential equations described
on infinite dimensional spaces, we cite the Priiss book [17] and the papers [18-20], Da Prato
et al. [21, 22], and Lunardi [9, 23]. To finish this short description of the related literature,
we cite the papers [24-26] where some of the above topics for the case of abstract neutral
integro-differential equations with unbounded delay are treated.

To the best of our knowledge, the study of the existence of asymptotically almost
periodic solutions of neutral integro-differential equations with unbounded delay described
in the abstract form (1.1) is an untreated topic in the literature and this is the main motivation
of this article.

To finish this section, we emphasize some notations used in this paper. Let (Z, || - ||z)
and (W, ||-|lw) be Banach spaces. We denote by £(Z, W) the space of bounded linear operators
from Z into W endowed with norm of operators, and we write simply £(Z) when Z = W. By
R(Q), we denote the range of a map Q, and for a closed linear operator P : D(P) C Z — W,
the notation [D(P)] represents the domain of P endowed with the graph norm, ||z||; = ||z]|z+
|Pz|lw, z € D(P). In the case Z = W, the notation p(P) stands for the resolvent set of P, and
R(\,P) = (I — P)"! is the resolvent operator of P. Furthermore, for appropriate functions
K:[0,0) = Zand S: [0,0) — £(Z, W), the notation K denotes the Laplace transform of
K and 5% K the convolution between S and K, which is defined by SxK () = fgS(t—s)K(s)ds.
The notation B,(x, Z) stands for the closed ball with center at x and radius » > 0 in Z. As
usual, Cy([0, o0), Z) represents the subspace of C([0, o), Z) formed by the functions which
vanish at infinity.

2. Preliminaries

In this work, we will employ an axiomatic definition of the phase space B similar to that in
[27]. More precisely, B will denote a vector space of functions defined from (-oo,0] into X
endowed with a seminorm denoted by || - ||z and such that the following axioms hold.

(A) If x : (—00,0 +b) — X, with b > 0, is continuous on [c, 0 + b) and x, € B, then for
each t € [0, 0 + b) the following conditions hold:

(i) x;isin B,
@) llx® N < Hllxll5,
(iii) ||xellz < K(t - o) sup{||x(s)| : o < s <t} + M(t - 0)||x5|l5, where H > 0 is a
constant, and K, M : [0, o) +— [1, o0) are functions such that K(-) and M(-) are
respectively continuous and locally bounded, and H, K, M are independent of

x(:).
(A1) If x(-) is a function as in (A), then x; is a B-valued continuous function on [0, o +b).
(B) The space B is complete.

(C2) If (¢"),ey is a sequence in Cp((-o0,0], X) formed by functions with compact
support such that ¢” — ¢ uniformly on compact, then ¢ € B and ||¢" — ¢|lz — 0
asn — oo.
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Remark 2.1. In the remainder of this paper, £ > 0 is such that

el < £suplle@) 2.1)
6<0

for every ¢ : (—o0,0] — X continuous and bounded; see [27, Proposition 7.1.1] for details.

Definition 2.2. Let S(t) : B — Bbe the Co-semigroup defined by S(t)¢(0) = ¢(0) on [-£,0] and
S(t)p(0) = ¢(t+0) on (—oo,—t]. The phase space B is called a fading memory if ||S(t)¢p|lz — 0
ast — oo for each ¢ € B with ¢(0) = 0.

Remark 2.3. In this work, we suppose that there exists a positive £ such that
max{K(t), M(t)} < & (2.2)

for each t > 0. Observe that this condition is verified, for example, if B is a fading memory,
see [27, Proposition 7.1.5].

Example 2.4 (The phase space C, x L (p,X)). Letr >0,1<p <oo,andlet p: (—oo,-r] —
R be a nonnegative measurable function which satisfies the conditions (g-5) and (g-6) in
the terminology of [27]. Briefly, this means that p is locally integrable, and there exists a
nonnegative, locally bounded function y on (-oo,0] such that p(¢ + 0) < y(¢)p(0), for all
¢ <0and 0 € (—oo0,-1) \ N, where N; C (-oo,-r) is a set with Lebesgue measure zero.
The space C, x L?(p, X) consists of all classes of functions ¢ : (-o0,0] — X such that ¢ is
continuous on [-7, 0], Lebesgue-measurable, and p||¢||” is Lebesgue integrable on (—oo, —7).
The seminorm in C, x L?(p, X) is defined by

_r 1/p
lolla:sup(lp@) :-r<0<0)+ (| p@lo@|7de) 23)

The space B = C, x LP(p; X) satisfies axioms (A), (A-1), and (B). Moreover, when r = 0 and

1/2
p =2, wecan take H = 1, M(t) = Y(—t)l/z, and K(t) =1+ (j?tp(e)de) , for t > 0; see [27,
Theorem 1.3.8] for details.
Now, we need to introduce some concepts, definitions, and technicalities on almost
periodical functions.

Definition 2.5. A function f € C(R, Z) is almost periodic (a.p.) if for every € > 0, there exists a
relatively dense subset of R, denoted by H#(¢, f, Z), such that

lft+&) - FD|l,<e tER, ¢ek(e,f, 7). (2.4)

Definition 2.6. A function f € C([0, %), Z) is asymptotically almost periodic (a.a.p.) if there
exists an almost periodic function g(-) and w € Cy([0, o0), Z) such that f(-) = g(-) + w(-).

The next lemmas are useful characterizations of a.p and a.a.p functions.
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Lemma 2.7 (see [28, Theorem 5.5]). A function f € C([0, o), Z) is asymptotically almost periodic
if and only if for every € > 0 there exist L(e, f, Z) > 0 and a relatively dense subset of [0, o), denoted
by Tle, f, Z), such that

|ft+&)-f|, <e, t>L(e f,2), (€Tl f,Z). (2.5)
In this paper, AP(Z) and AAP(Z) are the spaces

AP(Z)={feC[R,2): fisap.},
2.6
AAP(Z)={f €C([0,0),Z) : f is a.ap.} 20

endowed with the norms |||ul||z = sup g [|u(s) [z and [|u||z = sup,llu(s)| z, respectively. We
know from the result in [28] that AP(Z) and AAP(Z) are Banach spaces.
Next, (Z,] - ||z) and (W, || - |lw) are abstract Banach spaces.

Definition 2.8. Let Q be an open subset of V.

(a) A continuous function f € C(R x Q,Z) (resp., f € C([0, ) x &;Z)) is called
pointwise almost periodic (p.a.p.), (resp., pointwise asymptotically almost periodic
(p-a.a.p.) if f(-,x) € AP(Z) (resp., f(-,x) € AAP(Z)) for every x € Q.

(b) A continuous function F € C(R x £, Z) is called uniformly almost periodic (u.a.p.),

if for every € > 0 and every compact K C € there exists a relatively dense subset of
R, denoted by H (¢, f, K, Z), such that

lft+&y)-fty)l,<e (LEy) eRxH(e f, K Z)xK. (2.7)

(c) A continuous function f : C([0, 00)x€2, Z) is called uniformly asymptotically almost
periodic (u.a.a.p.), if for every € > 0 and every compact K C Q there exists a
relatively dense subset of [0, o), denoted by T(e, f, K, Z), and L(¢, f, K, Z) > 0 such
that

lft+&vy)-ft,yll,<e t>L(e f,K Z), (§y)€T(e f,K,Z) x K. (2.8)

The next lemma summarizes some properties which are fundamental to obtain our
results.

Lemma 2.9 (see [29, Theorem 1.2.7]). Let Q C W be an open set. Then the following properties
hold.

(@) If f e CR xQ, Z) is p.a.p. and satisfies a local Lipschitz condition at x € Q, uniformly at
t, then f is w.a.p.

(b) If f € C([0,00) x Q,Z) is p.a.a.p. and satisfies a local Lipschitz condition at x € &,
uniformly at t, then f is w.a.a.p.

(¢) If x € AP(X), then t — x; € AP(B). Moreover, if B is a fading memory space and
z € C(R, X) is such that zy € Band z € AAP(X), then t— z; € AAP(B).
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d)IffeCRxQ,Z)isuap. andy € AP(W) is such that {y(t) : t € R}W
ft,y(®) € AP(2).
(e)If f € C([0,00) x Q, Z) is u.a.a.pand y € AAP(W) is such that {y(t) : t € R}W CcQ,
then t — f(t,y(t)) € AAP(Z).

Cc Q, then t —

3. Resolvent Operators

In this section, we study the existence and qualitative properties of an exponentially resolvent
operator for the integro-differential abstract Cauchy problem

dx(t)

T Ax(t) + f;B(t - 5)x(s)ds,

(3.1)
x(0)=x€X.

The results obtained for the resolvent operator in this section are similar to those that
can be found, for instance, in the papers [21, 23, 30]. In this paper, we prove the necessary
estimates for the proof of an existence theorem of asymptotically almost periodic solutions for
(1.1). For the better comprehension of the subject, we will introduce the following definitions,
hypothesis, and results.

We introduce the following concept of resolvent operator for integro-differential
problem (3.1).

Definition 3.1. A one-parameter family of bounded linear operators (R(t));, on X is called a
resolvent operator of (3.1) if the following conditions are verified.

(a) Function R(:) : [0, 00) — £(X) is strongly continuous and R(0)x = x for all x € X.
(b) For x € D(A), R(:)x € C([0, ), [D(A)]) NC'([0, 0), X), and

dR;:)x = AR(H)x + f Bt - )R (s)xds, (3.2)
0
% =R(t)Ax + I;R(t —s)B(s)xds, (3.3)

forevery t >0,
(c) There exist constants M > 0, 8 such that ||R(t)|| < Me** for every t > 0.

Definition 3.2. A resolvent operator (R(t));, of (3.1) is called exponentially stable if there exist
positive constants M, a such that |[|R(t)|| < Me ™.

In this work, we always assume that the following conditions are verified.

(H1) The operator A : D(A) € X — X is the infinitesimal generator of an analytic
semigroup (T (t)),;o on X, and there are constants My > 0,w € R, and & € (7r/2, )
such that p(A) D Ay = {L€C: M #w,|arg(A-w)| < 8} and ||R(X, A)|| < Mo/ |A-w)]
forall A € Ay .
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(H2) For all t > 0, B(t) : D(B(t)) € X — X is a closed linear operator, D(A) C D(B(t)),
and B(-)x is strongly measurable on (0, o) for each x € D(A). There exists b(-) €
Llloc(R+) such that E()L) exists for Re(1) > 0 and ||B(t)x|| < b(t)||x]||1 for all t > 0 and
x € D(A). Moreover, the operator valued function B: N2 — L([D(A)], X) has
an analytical extension (still denoted by B) to Ay,s such that |[B(A\)x|| < |BO)]| |lx]lx
for all x € D(A), and ||B(\)|| = O(1/|A]) as |A| — oo.

(H3) There exist a subspace D C D(A) dense in [D(A)] and positive constants C;,i = 1,2,
such that A(D) C D(A), B(\)(D) C D(A), and ||AB(\)x|| < Ci||x|| for every x € D
and all A € A, 5.

In the sequel, for » > 0,0 € (or/2,8), and w € R, set

Arwo={reC:1#w, |\ >r, |arg(l -w)| <6}, (3.4)
and forw+Fi,9,i= 1,2,3, the paths
w+I’i/9= {w+tei9:t2r},
w+T2, = {w+rei§ —0<¢< 9}, (3.5)
w+T3, = {w+te‘ie :tZr},

ro —

withw + T, = Ule w + l"i/e are oriented counterclockwise. In addition, ¥(G) is the set
N -1
¥(G) = {,\ €C:G() = <)LI—A—B()L)> e,ﬁ(X)}. (3.6)

We next study some preliminary properties needed to establish the existence of a
resolvent operator for the problem (3.1).

Lemma 3.3. There exists r1 > 0 such that Ay, 8 C W(G) and the function G : Ay s — L(X) is
analytic. Moreover,

G() = R(, A)[I - B)R(, A)]_l, 3.7)

and there exist constants M; for i = 1,2,3 such that

M,

GV < T—al (3.8)
IAGM)x] < -2 |ixf,, x e D(A) (3.9)

— |)L _ (U| 17 7 .

[AG()|| £ M3, (3.10)

forevery X € Ay, 8-
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Proof. Since

IBOR, A)| < [|BO|IR, Al

Mo|[B)|| Molrl||Bw| (3.11)
\ el T g +|B ).

fixed ¢ < 1, there exists a positive number r; such that IBAWRM, A)|| < e for A €

Ay, . Consequently, the operator I — B(M)R(\, A) has a continuous inverse with ||(I —
B(M)R(A, A)) 7| <1/(1 - €). Moreover, for x € X, we have

(u ~B(\) - A>R()L, A) (1 - B(A)R()L,A))ilx - x, (3.12)
and for x € D(A),
R(\, A) (1 - 1§()L)R()L,A))_1 (M ~B(\) - A)x - x, (3.13)
which shows (3.7) and that A,, s C ¥(G). Now, from (3.7) we obtain R(G(1)) C D(A) and
AG() = (AR(L, A) - 1) (1~ BOR(, A)) (3.14)
Consequently,
JAGW)I < TIAR(L, 4) - 1|

< (Mo 7 41) (3.15)
1-¢ |A — w]

< M3/

the functions G, AG : Ay, s — £(X) are analytic, and estimates (3.8), and (3.10) are valid.
In addition, for x € D(A), we can write

IAG()xl| < || AR, A) (I - B()L)R()L,A)>_1x ~ AR(A, A)x

+[IR(L, A)Ax]||

= |[|AR(, A) (I - (I -B(\)R(A, A) I-B(\)R(\, A) Ty +||R(\, A) Ax||
i (- ( )] ( )

= [[AGBWR, A)x|| + IR(, 4) Ax]|
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< M3|BWIIR(, A)x[l; + [[R(A, A) Ax]|

2|
T —w]T
(3.16)
for || sufficiently large. This proves (3.9) and completes the proof. O

Observation 1. If R(-) is a resolvent operator for (3.1), it follows from (3.3) that 7%(1) (A -
A - B(\)x = x for all x € D(A). Applying Lemma 3.3 and the properties of the Laplace
transform, we conclude that R(-) is the unique resolvent operator for (3.1).

In the remainder of this section, r and 6 are numbers such that v > r; and 6 € (or/2,8).
Moreover, we denote by C a generic constant that represents any of the constants involved
in the statements of Lemma 3.3 as well as any other constant that arises in the estimate that
follows. We now define the operator family (R (t)), by

—f eMG(\)dA, t>0,
R(t) = 3 27i) yur,, (3.17)

I, t=0.

We will next establish that (R(t)); is a resolvent operator for (3.1).
Lemma 3.4. The function R(-) is exponentially bounded in £(X).

Proof. If t > 1, from (3.17) and estimate (3.8), we get

yds  C 0
—_ + _
s  2mw) g

< C co ,t> wi
< ———+—¢€" )e*.
arlcos8| o

On the other hand, using that G(-) is analytic on A, g, for t € (0,1), we obtain

C(®
IR < EJ‘ pllw+scost et(w+rcos§)d§
r

(3.18)

IR®)| = “%f e“G(/\)d/\H

0
< EJOO et(w+sc056)§ + EJ‘ etw+rcos§d§
T v/t -0

w+lr /19

s 2

© 0
<g’[ eucosedu + C ’[ ercos§d§>ebﬁ
ax), u  2r)

< C Ce r> wt
< | ———— —e )e .

+
ar|cosO| o

(3.19)

IN

This complete the proof. O
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Lemma 3.5. The operator function R(-) is exponentially bounded in L([D(A)]).

Proof. It follows from (3.9) that the integral in

_ 1 At
S(t) = Zm,fw%e AG)dA, t>0, (3.20)

is absolutely convergent in £([D(A)], X) and defines a linear operator S(t) € £Z([D(A)], X).
Using that A is closed, we can affirm that S(t) = AR(t). From Lemma 3.3, G : A;ps —
£([D(A)]) is analytic and |G(A) |1 < C|A —w|™. If t > 1 and x € D(A), we have

0 0
||A7€(t)x|| < <§f et(w+sc059)ﬁ + EJ et(w+rcos§)d§>”x”1
-0

, s 2
(3.21)
<L + C_Qert>ewt”x”
~ \xr|cosf| B
Fort e (0,1) and x € D(A), we get
1
|AR(t)x]|| = —f eMAG(\)xdA
2.71'1 w+rr/t,6
© 0
< <EJ‘ et(erscosQ)@ + EI etw+rcos§d§> ”x”l (3_22)
T) s 2m)_g

<< < +Ceer>e“’t||x||
~ \xrlcosf| B

From before and Lemma 3.4, we infer that R(-) is exponentially bounded in £([D(A)]). The
proof is finished. O

Lemma 3.6. The function R : [0,00) — £(X) is strongly continuous.

Proof. 1Itis clear from (3.17) that R(-)x is continuous at t > 0 for every x € X. We next establish
the continuity at ¢ = 0. Let w > 0 and N be sufficiently large, using that

1 FleMdd = lim —— AleMd) =1, (3.23)

27ri w+Trg N =00 2771 {w+T 9t [r|SNJU w+Cnjg

where w + C ¢ represent the curve w + N e for0 <& <2 -6.
Forx e D(A)and 0 <t <1, we get

_ _L At oy -1
R(t)x x_sz (e G(M)x - le x)dA

w+1“,/9

(3.24)

_ Ay -1 5
i A G(A)<A+B(A)>di.



Advances in Difference Equations 11

Furthermore, it follows from (3.8), and assumption (H2) that

“eM*G(A) (a+ B(l))x” < % = D), (3.25)

where @(-) is integrable for A € w+1I, 9. From the Lebesgue dominated convergence theorem,
we infer that

lim (R(t)x - x) Zimf A1GY (A + B(A))xdl. (3.26)

w+1‘,,9

Let now w + Cp, g be the curve w + Le® for 0 < ¢ < 2or — 0. Turning to apply Cauchy’s theorem
combining with the estimate

f G (A + E(A))di < LLZ, (3.27)
w+CL,9 - )
we obtain
1 . _
T w+1"re)L G(\) <A + B(A))xdl
/ (3.28)
= lim —— Jinrelt) <A + E(A))xd/\ =0
L—o20Ti {w+T,p: [r|<L}U w+Cpe ’

we can affirm that lim;_, ¢+ (R(t)x — x) = 0 for all x € D(A), which completes and the proof
since D(A) is dense in X and R(-) is bounded on [0, 1].

Notice that w < 0, the sectors A;gs C Ayps, from Lemma 3.3, G : A, s — £(X) is
analytic. Consider the contours

11 ={L=5-iNsin(0) : cos(f) <s <w +cos(0)},
Y2 = {L =5+iNsin(0) : w + cos(0) < s < cos(0)},

w+l"%:{w+tei9:rStSN}U{w+rei§:—95§§9}U{w+te‘i9:rgth}, (329)

0+T%={teie:rStSN}U{reig:—9§§§9}U{te*"6:rStSN},

and Ry = w+1’i\’9 UYZUO+F5’9 Uy, oriented counterclockwise. By Cauchy theorem for 0 <t <1,
we obtain

J eMG(1)dA = 0. (3.30)
Ry
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The following estimate:

" w+cos(0) Re(s—iN sin(@)¢ C
e"'G(A)dr SI grelsmEsn = ds
JY] ) cos(0) ls = iN sin(6) - wl
w+cos(6 w
3 j ( )est C s < C (e - 1>ecos(9)t (3.31)
“Jes@  Nlsin(®)] " = Nisin(0)[\ ¢
C
ST a0 €
N|sin(0)|

is the one responsible for the fact that the integral fyle“G(/\)d/\ tends to 0 as N tend to +oo,
in a similar way the integral sze“G(/\)dA, tend to 0 as N tend to +oo, so that

1 At 1 At
e G(A)dxzm_f eMG(L)dA. (3.32)

201 W4T, 0+T 9

For x € D(A), we obtain

1 At -1 M
R(t)x—x = 271‘1’J‘0+rr,6 <e GM)x—-1A""e x)d)L
(3.33)

_ 1 1ot N
= i) o € A G()L)<A+B(/\)>xd)u,

and proceeding as before, we obtain lim;_, ¢« (R(t)x — x) = 0 for all x € X, which ends the
proof. O

The following result can be proved with an argument similar to that used in the proof
of the preceding lemma with changing [D(A)] by D.

Lemma 3.7. The function R : [0,00) — L([D(A)]) is strongly continuous.
We next set 6 = min{d — /2, — 3}.

Lemma 3.8. The function R : (0, 00) — £(X) has an analytic extension to Asy, and

dR(z) _ L
dz 2o

LeG\)d),  z € Agp. (3.34)

w+Iy g
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Proof. For A € w + T, and z € Agp, we can write A1z = w|z|e!¥8(3) + g|z|e!@8()+)  where
w/2<arg(z)+¢{<m,-0<¢<0and s >r If [z| > 1, from (3.8) and (3.17), we obtain

IR < —— f Rt )
271 ) it |A — e
v 4s
S

C (o)
< = ew|z| cos(arg(z))+s|z| cos(arg(z)
Ty

(3.35)

0
+ — ew|z|cos(arg(z))+r|z|cos(arg(z)+§)d§
2.71' )

C CO 1zl ) peolzlcos
< + —Zerl=l ) pwlzlcos arg(z))‘
= \ 7zr|cos(arg(z) +6)| o

Using that G(-) is analytic on A, 6, for z € Asp, 0 < |z] < 1, we get

1
IR(z) = —f e G(L)dA
2‘7[1 w+rr/|z\,9

< EJ‘OO gzl cos(arg(2))+slz| cos(arg(z)Jrg)ﬁ
IRV S

0
+ £ ew|z| cos(arg(z))+r cos(arg(z)+§)d§ (3 36)
2.ﬂ' —9 ’

0
< (g’[weucos(arg(z)+9)@ + EI ercos(arg(z)+§)d§> ew\z|cos(arg(z))
-0

), u 2

C co |2 cos(
< + —Zef ) ewlzlcos arg(z))‘
= \orr|cos(arg(z) +0)|

This property allows us to define the extension R(z) by this integral.
Similarly, the integral on the right hand side of (3.34) is also absolutely convergent in

£L(X) and strong, continuous on X for z € Agg. For A € w + T,

A(z+h) _ LAz A(z+h) _ LAz
% GO - e G| < |€ - € _eM|= 0 as|h—0,
3.37
el(z+h) _ e/\z \ Re(12) C ( )
_ z < e(Az =
———— G -1e"G| <e Tl ),

where X(-) is integrable for A € w + T, 9. From the Lebesgue dominated convergence theorem,
we obtain that R'(z) verifies (3.34). The proof is ended. O
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Lemma 3.9. For every A € C with Re() > max{0,w +r}, 7€(A) =G(\).

Proof. Using that G(-) is analytic on A, and that the integrals involved in the calculus are
absolutely convergent, we have

RO = [Cerraar= [ et dyar
0 0 271 ) it 4

1 _
=5 (A=71)"'G(y)dy
e (3.38)
. 1 -1
= lim —I A= G d
L_’°°<2‘7T1 {w+T,0: [r|<L}U w+CL,9( Y) (Y) Y>
=G(\). -

Theorem 3.10. The function R(-) is a resolvent operator for the system (3.1).

Proof. Let x € D(A). From Lemma 3.9, for Re(A) > max{0,w +r},

R(\) [u —A- B(A)]x = x, (3.39)
which implies
N 1 1. 1~ -
R()x = zx+ TRWA+ TROB)x. (3.40)

Applying [31, Proposition 1.6.4, Corollary 1.6.5], we get
t t s
Rt)x =x+ f R(s)Axds + f j R(s—¢)B(¢)xd¢ds (3.41)
0 0Jo

which in turn implies that

AR (t !
%x =R(t)Ax + J‘ R(t—s)B(s)xds. (3.42)
0

Arguing as above but using the equality [A] - A - B ()L)]ﬁ()t)x = x, we obtain that (3.2)
holds.

On the other hand, by Lemma 3.8 we infer that R(-)x € C*((0, o), X). Next, we analyze
the differentiability on t = 0. Let a > 0 and x € D(A), for all £ > 0; we can choose 6 € [0, a]
such that

t
sup ||R(t)Ax + f R(t-s)B(s)ds — Ax|| < e. (3.43)
te(0,6] 0
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For { € X' and t € (0, ), there exists c;; € (0,t) such that

CoR(t)x — o R(0)x
t

= g(R(cQt)Ax + J‘:JR(C(,,J - s)B(s)xds). (3.44)

Consequently, for t € (0, 6) we have that

|| R(t)x -RO0)x Ax| = sup oR(H)x—-goR(0)x §(Ax)‘
t et t 6.45)
< sup [|[R(s)Ax + ISR(S —7)B(T)xdTt - Ax“,
s€(0,6] 0

which proves the existence of the right derivative of R(:) at zero and that (d/dt)R(t)|,_, = Ax.
This proves that resolvent equation (3.3) is valid for every t > 0 and R(-)x € C'([0, o0); X) for
every x € D(A). This completes the proof. O

Corollary 3.11. If w + r < O, then the function R(-) is an exponentially stable resolvent operator for
the system (3.1).

In the next result, we denote by (—A)® the fractional power of the operator (-A) (see
[32] for details).

Theorem 3.12. Suppose that the conditions (H1)—(H3) are satisfied. Then there exists a positive
number C such that

s Ce(r+w)t’ t> 1,
A=) < (3.46)
Cel@lt=8  +€(0,1),

forall & € (0,1).

Proof. Let 8 € (0,1). From [32, Theorem 6.10], there exists Cy > 0 such that
|=4)°x|| < CollaxI®lIx™®,  x € D(A). (3.47)
Since G(-) is a D(A) valued function, for all x € X

A ez < callAGxI*IG)

1-8

M
< CoMy|x[|* ——= [lx]*
3 I)L—w|1_ﬁ (3.48)

C
=l

S—
A - wl
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where C is independent of A. From (3.48), we get for t > 1

Ji-aro] =

1 M ay®
szmwe (-A) G(A)d)t"

S 0
< EJ‘ et(w+s cos 0) ds + EJ el‘(ﬂ”f cosg) Ldg (3.49)
“r), s 2 ), ri-¢

9
< < C Cor ert>ewt < Ce(rﬂu)t.

+
ar1=%|cos 0] a

On the other hand, using that G(:) is analytic on A, g, for t € (0,1), we get

|-ar°= )| = H%f eﬂ(—A)ﬂG(A)dAH

0 —
< EJ‘OO et(w+sc039) ds + C ’[ etw+rcos§ rt 1d§
TS v/t -0

W+l /10

s1-0 ' 2 F1-040-1
(3.50)
C(~ ucos 0 t_ldu C o 7 cosé T't_ldg wt
<l =] e o T — e — e
x), ul=ot 2% ) g rl-046-1
C cor® |\ et
< + e |—.
ar=%|cos 0| T t®
From the previous facts, we conclude that
|| (~A)°R (1) || < Celr @8 e (0,1), (3.51)
which ends the proof. O
Corollary 3.13. Ifw +r < 0and & € (0, 1), then there exists ¢ € L*([0, o0)) such that
” (AR (t) n < $(b). (3.52)

In the remainder of this section, we discuss the existence and regularity of solutions of

dx(t)
dt

= Ax(t) + ftB(t —-s)x(s)ds+ f(t), te]l0,al], (3.53)
0

x(0)=z€X, (3.54)

where f € L([0,a], X). In the sequel, R(-) is the operator function defined by (3.17). We
begin by introducing the following concept of classical solution.
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Definition 3.14. A function x : [0,b] — X, 0 < b < g, is called a classical solution of (3.53)-
(3.54) on [0, b] if x € C([0,b], [D(A)]) N C'((0,b], X), the condition (3.54) holds and (3.53) is
verified on [0, a].

The next result has been established in [30].

Theorem 3.15 ([30, Theorem 2]). Let z € X. Assume that f € C([0, a], X) and x(-) is a classical
solution of (3.53)-(3.54) on [0, a]. Then

x(t) =R(t)z+ Itk(t -s)f(s)ds, tel0,al. (3.55)
0

An immediate consequence of the above theorem is the uniqueness of classical
solutions.

Corollary 3.16. If u,v are classical solutions of (3.53)-(3.54) on [0, b], then u = v on [0, b].
Motivated by (3.55), we introduce the following concept.

Definition 3.17. A function u € C([0, a], X) is called a mild solution of (3.53)-(3.54) if

u(t) = R(t)z + ftR(t —5)f(s)ds, tel0,al. (3.56)
0

4. Existence Result of Asymptotically Almost Periodic Solutions

In this section, we study the existence of asymptotically almost periodic mild solutions for
the abstract integro-differential system (1.1). To establish our existence result, motivated by
the previous section we introduce the following assumptions.

(P1) There exists a Banach space (Y, || - [ly) continuously included in X such that the
following conditions are verified.

(a) For every t € (0,00), R(t) € L(X) N L(Y,[D(A)]) and B(t) € £L(Y,X). In

addition, AR (-)x, B(-)x € C((0, o), X) forevery x € Y.
(b) There are positive constants M,  such that

max{[[R(s)Il, 1B(s)ll2vx)} < Me™?, s>0. (4.1)

(c) There exists ¢ € L1([0, 0)) such that [|AR(#)|| 2vx) < ¢(t),t > 0.

(P2) The continuous function f : R x B — Y is p.a.a.p, and there exists a continuous
function L : [0,0) — [0, o0), such that

If(t ) = F(tg2)lly <Ls(Mllgn —glln,  (t¢j) € R x B.(0,B). (4.2)
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(P3) The continuous function g : R x B — X is p.a.a.p, and there exists a continuous
function Ly : [0,00) — [0, o0) such that

g (t 1) = g(tg2)l < Lyl = g2l (£ 955) € R x B, (0, B). (43)
Motivated by the theory of resolvent operator, we introduce the following concept of

mild solution for (1.1).
Definition 4.1. A function u : (-oo,b] — X, 0 < b < g, is called a mild solution of (1.1) on

[0,b], if ug = ¢ € Byuljop € C([0,b] : X); the functions 7 — AR(t - 7)f(7,u;) and 7 —
[oB(T = &) f(§,uz)d¢ are integrable on [0, t) for every t € (0,b] and

¢
u(t) = R() (p0) + £(0,¢)) — f(t, us) - IOAR(t - 5)f(s,us)ds
(4.4)

- ftk(t - S)ISB(S - &) f (& ug)déds + ’[tR(t -95)g(s,us)ds, te|0,b].
0 0 0

Lemma 4.2. Let condition (P1)—(c) hold and let v be a function in AAP(Y). Ifu : [0,00) — X is
the function defined by u(t) = ngR(t —s)v(s)ds, then u(-) € AAP(X).

Proof. Let 1 = max{2|[v|ly, [; ¢(s)ds}. Let T((e/3)n7",v,Y), T = T((¢/3)n",v,Y) be as in
Lemma 2.7 and T; > 1 such that [ ¢(s)ds < (¢/3)7". Fort > T+Ti and ¢ € T((e/3)7!,v,Y),
we get

0
(e + &) - u(®)] < fgnAR(t =)Ll + &) lyds
t
+ fonAR(t = )L [0(s + &) - 0(s) lyds
0
sf $(t - 9)[os +&)lyds
¢
T
+f Pt - )[[o(s + &) — 0(5) lyds (45)
0
t
+f Pt - o5 +&) — v(s)llyds
T
t+¢

t t-T
<lol [ peds 2ol gpo)ds e[ pisras

<oy s +2foly [ s+ 5[ pleras
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which implies that

2

lu(t+&) —u@)||<e, > :r<37fl,v,y> +Ty, Ee t(%;fl,v,lr). (4.6)

Now, from inequality (4.6) and Lemma 2.7, we conclude that u(-) is a.a.p. The proof is
complete. =

Lemma 4.3. Assume that the condition (Py) is fulfilled. Let v € AAP(Y) and let w(-) : [0,00) — X
be the function defined by

t S
w(t) = JOR(t - S)IOB(S —&)ov()déds, t>0. (4.7)

Then w(-) € AAP(X).

Proof. Let T((¢/3)n7%,0,Y), T=T((¢/3)n7},v,Y) be as in Lemma 2.7 and Ty > 1 such that

I ePeds < Eifl, tePt1) < 51171 (4.8)
T 3 3

for t > Ti, where 71 = max{3||v|ly(M?/p),sup,r, (M?/p)teP"D}. For t > T+ Ty and ¢ €
T((e/3)n7},0,Y), we get

t+¢ s t s
w(t+¢) —w(t) = -[o R(t+¢- S)JOB(S —u)v(u)duds - IOR(t - S)IOB(S —u)v(u)duds
t s
= f R(t- s)f B(s—u)(v(u+¢)—v(u))duds
0 0
¢ s
+ IOR(t +¢&— S)J.OB(S —uw)v(u)duds

3
+ ftk(t - S)J- B(s+¢—u)v(u)duds.
0 0
(4.9)
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We obtain

[w(t+8) —w(@®)]

t T
< j IRt - s)||f 1B(s — 10) L gy [0 + &) — o)l ydu ds
0 0
t s
N f IR s>||fT||B<s W) Lo 0 + &) — o)y du ds
¢ s
+ f O||R(t+§—S)”IO”B(S—u)”z(y,X)HU(”)Hyd”dS
t ¢
s f OnR(t—s)nfOnB(Hg—u>||£<y,x>||v<u>||yduds-
t T
< J Me-ﬂ“-S)j Me P | v(u+¢) - v(u)|lyduds
0 0
t t
+ I Me’ﬂ(t’s)J‘ Me P | vo(u+ &) - v(u)||yduds
0 T
¢ s
+ f MePtes) I Me P o (u) ||y duds
0 0
t 4
+ f Me’ﬂ(t’s)J‘ MePE ) 1o(u)||ydu ds.
0 0
t T t t
< 2||Ullyf Me_ﬁtf Meﬂ”duds+gf Me_ﬁtf MeP duds
0 0 0 T
¢ s
+ ||v||Yf Me‘ﬂ(”‘i‘S)J‘ Me P dy ds
0 0
t ¢
+olly I Me’ﬂ(t’s)f MePE+1 dy ds
0 0
2 2
< 2||U||YM7te_ﬂ(t_T) v e pepem
MZ t+ MZ
L N e

p i

MZ M2 MZ ©
< 3l[olly ——te P 4 e—tePED o]y —— | ePods,
o ; "B

(4.10)
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which implies that

2

lw(t+&) —wd)|| <6, t> T<371‘1,v, y) +Ty, Ee C(%q‘l,v,Y) (4.11)

From inequality (4.11) and Lemma 2.7, we conclude that w(-) is a.a.p., which ends the proof.
O

Now, we can establish our existence result.

Theorem 4.4. Assume that B is a fading memory space and (Py), (P2), and (Ps) are held. If L¢(0) =
Lg(0) = Oand f(t,0) = g(t,0) = O for every t € R, then there exists ¢ > 0 such that for each
¢ € B.(0, B), there exists a mild solution, u(-,¢), of (1.1) on [0, co) such that u(:, ) € AAP(X) and
uO('r (P) = (P

Proof. Letr > 0and 0 < A < 1 be such that

M2
©=MHA+ MLf(Ar)d + Le((A+1)Rr) (A + 1)ﬁ<||i6||£(ylx) + |9l + F)
(4.12)

+Lo((A+1)&r) (A + 1)ﬁ% <1,

where £ is the constant introduced in Remark 2.3. We affirm that the assertion holds for € =
Ar. Let ¢ € B;(0, B). On the space

D ={x e AAP(X) : x(0) = 9(0), [x(®)|| <r,t >0} (4.13)

endowed with the metric d(u, v) = |[u — v||, we define the operator I : ® — C([0, o0); X) by

t
Tu(t) = R(t) (¢(0) + f(0,9)) — f(t, 1) — IOAR(t - 5)f(s,ils)ds
(4.14)

- JtR(t - S)ISB(S - &) f (¢ u)déds + jtk(t -95)g(s,ils)ds, t>0,
0 0 0

where 7 : R — X is the function defined by the relation 7iy = ¢ and % = u on [0, c0). From the
hypothesis (P;), (P»), and (Ps), we obtain that I'u is well defined and that I'u € C([0, «0); X).
Moreover, from Lemmas 4.2 and 4.3 it follows that ['u € AAP(X).
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Next, we prove that I'(-) is a contraction from ® into ©. If u € © and t > 0, we get

ITu(t)| < MHAr + MLy Or)AT + [licl oy L (A + 1) &r) (A + 1) &r

+ f;¢(t —s)L(A+1)Rr)(A+ 1)Rrds
t s

+ f Me“’“‘s>f Me PO (L + 1) &) (A + 1) &r déds
0 0

t
+ f MePUSL (A +1)Rr) (A + 1) R ds
0
< MHAr + MLy(Ar)Ar + Lp((A + 1) &r) (A + 1) &r (4.15)

+ (f:o¢(s)ds) Li((A+1)Rr)(A +1)&r

+ (fwMe‘ﬂsds> <f:°Me-ﬂédg> Li((A+1)&r)(A + 1) 8r

0

" (Ije_ﬂsds> Le((A+ 1)R)(A+ 1) &r

<Or,

where the inequality ||7;|| < (A +1)&r has been used and i, : Y — X represent the continuous
inclusion of Y on X. Thus, I'(®) C ®. On the other hand, for u, v € © we see that

ITu(t) - To(t)]|
t
< llicll oo | f (8 i) = £ (£, ) || + fonAR(t = )l 1 £ (5, 7is) = £(5, ) || ds

t S
+j IRt - s)nf IB(s = &)l ooxxo | f & i) = £ (&, D) || déds
0 0

: (4.16)
v Lnra(t ~9)lllg(s, ) - g(s,50)| ds

. M?
SLe((A+ 1)ﬁr>ﬁ<||zc|u<y,x> + gl + ?> e ~ ]|

M
+Lg((A+ 1)5@)37”“ -0l <Oflu-n,

which shows that I'(-) is a contraction from ® into ©. The assertion is now a consequence of
the contraction mapping principle. The proof is complete. O
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5. Applications

In this section, we study the existence of asymptotically almost periodic solutions of the
partial neutral integro-differential system

d t T
= , b(s—-t, 1, ,1)dnd
at[““ o+ | pe-tndusnn s]

t
0

az t
_ (a_é2+u> [ua,g) | e-Y<*-S>u(s,g>ds] o a-nusods s

u(t,0) =u(t,o) =0,
u(0,4) = ¢(6,4),

for (t,¢) € [0,a] x [0,or], 0 < 0,4 <0, and y > 0. Moreover, we have identified ¢(08)(¢) =
0(0,0).

To represent this system in the abstract form (1.1), we choose the spaces X = L*([0, r])
and B = Cy x L*(p, X); see Example 2.4 for details. We also consider the operators A, B(t) :
D(A) C X — X,t >0, given by Ax = x" + pux, B(t)x = e " Ax forx € D(A) = {x € X :
x" € X,x(0) = x(or) = 0}. Moreover, A has discrete spectrum, the eigenvalues are —n? + p,
n € N, with corresponding eigenvectors z,(¢) = (2/ yr)l/ 2 sin(n¢), and the set of functions
{z, : n € N} is an orthonormal basis of X and T(t)x = >, e Wt < x 7, > z, for x € X.
For a € (0,1), from [32] we can define the fractional power (-A)" : D((-A)") ¢ X — X of
Ais given by (-A)x = 3%, (n* — u)*(x, 24 ) zn, where D((—A)*) = {x € X : (-A)"x € X}. In
the next theorem, we consider Y = D((—A)l/z). We observe that p(A) D {L € C: Re(A) > u}
and [[AR(A, A)|| £ M; for Re(l) > p; from [33, Proposition 2.2.11], we obtain that A is a
sectorial operator satisfying ||R(A, A)|| < M/|A — u|, M > 0. Moreover, it is easy to see that
conditions (H2)-(H3) in Section 3 are satisfied with b(t) = e, and D = CZ([0,x]) is the
space of infinitely differentiable functions that vanish at { = 0 and ¢ = or. Under the above
conditions, we can represent the system

u(t, o) =u(t0) =0,

in the abstract form

dx(t)

T Ax(t) + f;B(t —s)x(s)ds,

(5.3)
x(0)=zeX.
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We define the functions f,g: B — X by

0 T
F@=[ [ vt mdnds,
” (5.4)

0
s @ = m©p(shas

where

(i) the functions ap : R — R are continuous and L, := (f(jm((ao(s))Z/p(s))ds)l/2 < oo,
(ii) the functions b(-), 0b(s,1,¢)/0¢ are measurable, b(s,7,7) = b(s,7,0) = 0 for all
(s, ) and

1/2

o 0 T ol 2
L¢ := max <Io I_m’[O p 1(0) <a_§ib(9' 71,§)> dqd9d§> :i=0,1 p <oo.

(5.5)

Moreover, f, ¢ are bounded linear operators, || f|l25x) < Ly, [I8ll25x) < Lg, and a
straightforward estimation using (ii) shows that f(I x B) C D((—A)l/ %) and

A 25| < Lo (5:6)

forall t € I. This allows us to rewrite the system (5.1) in the abstract form (1.1) with
Uy = € B.

Theorem 5.1. Assume that the previous conditions are verified. Let 2 < K < y and p < 0 such that
|pe| > max{M (K +1+7y),y}, then there exists a mild solution u(-) € AAP(X) of (5.1) with uy = ¢.

Proof. For A = p + se®, from |\ + y| > s — |y + p|, we obtain

HE(A)R()L,A)” < |J\1Y| <1+ M, MW >

+
[A=p| A=y

1 ( 1 1| > M
< + +
[A+y] \|A+y] [A+y] /[ -p]

1 < 1 7| > M
< + +1+
[A+y]  \[A+7] [A+y] /|4 = pl
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1 < 1 7] > M
< + +1+
s=ly+ul \s-lr+# s=ly+ul J|A-p

1 <1+K+y> M
<—+

K K /Ayl
< 1 . 1
_K K/

(5.7)

since s > r = max{M(K + 1 +y),K + |y + p|}. By using a similar procedure as in the
proofs of Lemma 3.3 and Theorem 3.10, we obtain the existence of resolvent operator for (5.2).
From the hypothesis, we obtain p + r < 0; by the Lemma 3.3, Corollaries 3.11 and 3.13, the
assumption (P;) is satisfied. From Theorem 4.4, the proof is complete. O
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