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Abstract. We investigate a nonlinear nonlocal fractional functional differential equations in a Banach
space associated with the family of linear closed operators {—A(t) : t > 0}. The object of our study
is to determine the asymptotic behaviour of solutions. Also, we render criteria for stability of the
zero solution. We establish our results with the assumption that — A(t) generates a resolvent operator
for each ¢ > 0 and the nonlinear part is continuous in all variables and satisfies certain conditions.
We conclude the article with an application of the developed results in which we discuss a nonlocal
nonlinear partial fractional functional differential equation.
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1 Introduction

The qualitative theory of infinite dimensional systems has gained a lot of intrinsic interest of many
researchers due to its demonstrated applications in biological and ecological systems (see the books
of R. Aris [1] and P. Fitzhugh [6]). Nowadays, authors are studying related problems and steadily
using an impressive amount of very sophisticated mathematics in their analysis, synthesis, and design
of systems (see [2], and the references listed therein).
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The prime concern of our paper is to determine the asymptotic behaviour of solutions to the
following nonlinear fractional order functional differential equation in a Banach space with a nonlocal
condition:

) L A yult) = £t u(t), u) for ¢ >0,
dte (1.1)
h(up-rg) = ¢-

@

(?ta is understood in the Riemann—Liouville sense with 0 < o < 1 and 7 > 0 be a constant. —A(t),
t > 0is a closed linear operator defined on a dense domain D(A) in X into X such that D(A) is
independent of t. {—A(t) : t > 0} generates a strongly continuous semigroup of evolution operators
in a Banach space X. f: [0,00) x X x Cy — X, h: Cy — Cy (Cy will be defined later) are
nonlinear maps and for any ¢ > 0, u; € Cp denotes a segment of u(-) at ¢ which is defined by
ur(s) = u(t + s).

Over the past years, a significant development has been done in the direction of functional
differential equations due to their applications in various physical problems of science and engineering
(see the book of Hale and Verduyn [8]). Most of these works are devoted to the study of functional
differential equations of integer order (see for example [4] and the references therein). It is worth
mentioning that the differential equations involving differential operators of fractional order describe
many physical phenomena such as fluid flows, signal processing, diffusion processes, etc. in a better
way than the integer order systems (see [13]). Therefore, in recent years, a considerable attention has
been paid to investigate various type of fractional differential equations [9, 10].

On the other hand, it is very important to study the asymptotic behaviour of solutions to distributed
parameter systems due to their demonstrated applications in many areas. Many authors have discussed
the asymptotic behaviour of solutions and the approach followed by most of the authors rely on
proving the existence of asymptotically almost automorphic solutions (see [15] and the references
listed therein). The concept of asymptotically almost automorphic functions was firstly introduced by
N’Guérékata [11]. Since then these functions have become of great interest to several mathematicians
and gained lots of developments and applications. Samuel [14] discussed the asymptotic behaviour
of mild solutions of functional differential equations in Banach spaces with quite different approach
based on the fractional power of operators, analytic semigroup and evolution operators.

Our aim is to contribute more in this direction. We consider the problem along with a more
general nonlocal condition which is the generalization of the nonlocal condition g(ug) = x with
ug € Cpand x € X (see [5]). We have already established the existence of solutions to (1.1) in
[5] under some certain hypotheses which are stated in Section 2. Our main objective in this paper
is to discuss the asymptotic behaviour of solutions to (1.1). We establish continuous dependence
of solutions on initial data by using Gronwall’s inequality and also present the criteria for the zero
solution to be stable. To discuss the asymptotic behaviour of solutions, we use the technique similar
to [14] with suitable modifications so as to be compatible with fractional order delay systems. Our
approach relies mainly on the theory of fractional powers of operators, analytic semigroup, resolvent
operators and techniques of nonlinear analysis.

The organization of the paper is as follows. We briefly recall some definitions and preliminary
facts about the fractional differential equations in Section 2. The main results concerning the
asymptotic behaviour of solutions, continuous dependence of solutions on initial data and the criteria
for the stability of the zero solution are given in Section 3. As an application of the developed results,
we discuss a nonlocal partial differential equation of fractional order in Section 4.
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2 Preliminary results
This section introduces definitions, assumptions, and preliminary facts which are used throughout
this paper. The fractional derivative of the function f of order 0 < o < 1 is defined as [13]

4o f(t) 1 4 [ .
= ) @ ds

where f is an abstract continuous function on the interval [a, b].

Suppose F is the Banach space formed from D(A) with the graph norm. Then we have the
following definition of resolvent operator generated by —A(¢) (see [3]).

Definition 2.1 (Resolvent operator) Ler 0 < s < t < T < oo. A resolvent operator for the
problem (1.1) is a bounded operator-valued function R(t,s) € BL(X), having the following
propetrties:

(i) R(t,s) is strongly continuous in s and t, R(s,s) = I, 0 < s < T, and | R(t, s)|| < MeP(:=%)
for some constants M, p;
(i) R(t,s)E C E, R(t,s) is strongly continuous in s and t on E;
(iii) for x € X, R(t, s)x is continuously differentiable in s € [0,T] and

t
({W = R(t,s)A(s)x;
(iv) forxz € X and s € [0,T], R(t, s)x is continuously differentiable in t € [s,T] and

OR(t, s)x

T —A(t)R(t, s)x,

strongly continuous on 0 < s <t < T.

... OR(t,s)x OR(t,s)x
with —5== and —5;

Furthermore, it is assumed that — A(t) satisfies the following assumptions ([7, pp. 108]):

(B1) foreach ¢ € [0, T] the operator [\ + A(t)] " exists for all A with R(\) > 0 and

|Ar+ A < (RO = 0);

| A +1
(B2) forany ¢, s, ¢ € [0,T] we have ||[[A(t) — A(Q)JA™ (s)|| < Clt—¢ °0<68<1),

where the constants C, 4 are independent of ¢, s, .

Then, under the assumptions (B1) and (B2), we can define the fractional powers of the operator
—A(t) (see [12]) as follows:

A7) = L / s01e=5AWM) g,
0
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for each ¢t € [0,7] and ¢ € (0,1]. We note that A~%(¢) is a bounded linear operator. Since 0 €
p(A(t)) and A~4(t) is one-to-one, A%(t):=(A~9(t))~! is a closed linear operator with D(A%(t))
dense in X . Moreover, (D(A%(t)), ||-||q7t) = X,(t) forms a Banach space with the norm ||z, , =
| A9(#)x]].

We fix the space X,(to) for some ¢y € [0, 7] and let C; := C (|-, t], X4(t0)) be the space of
all continuous functions, endowed with the norm

loll, == sup_ [, @€ Ch

—7<n<t

Then, the space (C, ||-||,) forms a Banach space.

On comparing the definitions of resolvent operator and evolution operator, and following the
results in Friedman ([7, pp. 160]) and Pazy ([12, Section 2.6]), we can deduce the following lemmas.

Lemma 2.1 [If the conditions (B1) and (B2) hold, and if 0 < v < 1,0 < g8 < 1, then for any
0<s<t<T,0<&<T, we have

| 4@ [R(t,s) = =IO A (s) | < K(B,A) ¢ =570,

where K (B,7) indicates the dependence of constants on (3 and .

Lemma 2.2 Let A(t) be the infinitesimal generator of a resolvent operator R(t, s). We denote by
plA(t)] the resolvent set of A(t). If 0 € p[A(t)], then

(@) R(t,s): X — D(A%(t)) forevery0 < s <t <Tandq > 0;
(b) forevery u € D(A4(t)) we have R(t,s)A%(t)u = AL(t)R(t, s)u;
(c) for§ €10,T) we have ||A1E)R(t, s)|| < Mgp|t —s | %
Employing the Banach contraction principle and resolvent operator theory, in [5] we have

established the existence of a mild solution u € Cp of (1.1) for some 0 < T < oo under the
following assumptions.

(H1) The closed linear operator —A(t) generates the resolvent operator R(t, s) with || R(¢, s)|| <
MeP(t=3) 0 <s <t <T.

(H2) The map h: Cy — Cp and there exists Lipschitz continuous function xy € Cj such that
h(x) = ¢ with x(0) € D(A).

(H3) Let G be an open subset of [0,00) x X,(tg) x Cy = X. For all (t,z,y) € G there exist
constant L > 0 and a neighbourhood F' C G of (¢, x,y) such that the nonlinear map f is
continuous with respect to the first variable on F' and it satisfies the following condition on F'

| f(t,u,v) — f(t,w,p)| < L(Hu — w4 v —pHO) for all (t,u,v) and (t,w,p) € F.
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We remark that the mild solution to (1.1) is defined as follows. Let x € C( be such that h(x) = ¢.
The function u € Cp,0 < T < 00, such that

x(t), ift € [—7,0],
u(t) = t
Rmmmm+ré%£u—ﬁwww»ﬁ@M$waw, ift e [0,7],

is called a mild solution of (1.1) on [—7, T (see [3, 5]).

In the subsequent sections, we establish the continuous dependence of solutions on initial data
and discuss the asymptotic behaviour of existing solutions.

3 Main results

3.1 Continuous dependence of solutions on initial data

In this subsection, we establish the continuous dependence of solutions on initial conditions by using
Gronwall’s inequality.

Theorem 3.1 Let f: [0,T] x X (to) x Co — X with 0 < g < o and let the hypotheses (H1)—(H3)
hold. Also, let 0 € p[—A(t)]. Let u(t) and u(t) solve (1.1) for x, x € Cy, respectively. Then, for
t>0

2[Ix — Xllo e®TMING), ifp >0,
g — ﬂt”o < Moe™PT)N(t
I = Xl e 77 |14 e MINO | ey <,

where My = % and N (t) = max{t,t*"9}.

Proof. Fort > 0, from (H3), Lemma 2.2 and the definition of a mild solution, it follows that
2L Mg,
I'(a)

(i) Let p > 0. Then from (3.1), for ¢t > 0, we have

lu(®) = @)l < € 1X(0) = X(0) ]l +

t
/ (=520 uy — il ds. (.1)
0

t
lue = el < €™ lx = Xl + Ma(a — q) / (t =) Jus — sly ds.
0
Using Gronwall’s inequality we have

[l = delly < e lIx = Xl + Mz [Ix = Xllo (@ — @)
t t
X / (t—s)* " Lexp <ps + Ms(a — q) / (t —r)>—a-t dr> ds
0 s
< e [x = Xllo + Mz lIx = Xl (@ — q)e™
. 3.2)
X / (t—s)* 9 texp (Ma(t — 5)*77) ds
0

< [1+exp (Mat®™ )] e” |Ix — Xl

< 2|[x = Xlp ePHIND,
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(i1)) Let p < 0. Then from (3.1), for t > 0, we have
t
lue = ellg < €77 [Ix = Xllo + Ma(a = Q)e_m/ (t =) 7T [lus — 1|y ds.
0
Again by Gronwall’s inequality, we get
s = ellg < €7 Ix = Xllo + Moo — q)e 7 [[x = X[l
¢ ¢
X / (t—s)* 9 Lexp (ps + Ma(a — q)e_pT/ (t —r)oat dr) ds
0 s
< D x = Kl + Ma(a = g)e™7 [Ix = Xlo (3.3)
t
X / (t—s)* 7 Lexp (ps + Ma(t — 5)*79) ds
0

< lx = Rllg e [1+ el ING]
Hence, equations (3.2) and (3.3) imply our claim. This completes the proof. ([l

Remark 3.1 In addition to hypothesis (H3), if we assume that f(t,0,0) = 0 fort > 0 and h(0) = 0,
then u = 0 is always a solution of (1.1) with x = 0. We say that the solution u = 0 is stable if for any
€ > 0 there exists § > 0 such that the solution u(t) of (1.1) with ||x||, < 0 satisfies ||u(t)][,,, <€
forallt > 0. Theorem 3.1 gives sufficient condition for the solution u = 0 of (1.1) to be stable, in
terms of the growth rate of the resolvent operator {R(t, s) }+>s>0 and the Lipschitz constant of f.
Namely, if (p + Mae™P7) < 0, then the solution u = 0 is stable.

3.2 Asymptotic behaviour of solutions

In this subsection, we discuss the asymptotic behaviour of solutions to (1.1). We require the following
hypotheses to prove our main result.

(H4) The assumptions (B1), (B2) hold for all T" < oo with C' independent of 7" and

sup HA(t)A_l(s)H < 0.

0<t,s<oco

(H5) There exists a closed operator A(oco) with bounded inverse and domain D(A) such that

H(A(t) — A(oo))A_l(O)H — 0ift — 0.
If (H4) and (HS) hold, then we can deduce the following bounds ([7, p. 153]):

AYBR(t, )| < Ke® ) (t —s)™%, t—s>0,w<0,
{\ (R(t,s)|| < Ke (t—s) s>0,w 3.4)

|A%(to) R(t, 8)|| < Ke"'=*)(t — )7,

where K and K are independent of ¢, s and R(t, s) is defined for all 0 < s < ¢ < oo.
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(H6) f(-,-,-) is continuous in all variables with 0 < ¢ < « and satisfies
Lt 2,9l < L[l + lyllo +n(8)),

. . T (—w)* 4T ()
where 7(t) is continuous on [0, co) and L < Ry

Theorem 3.2 Assume that the hypotheses (H4)—(H6) hold. Then a solution of (1.1) satisfies
() [Jutl, is bounded as t — oo if n(t) is bounded,

—wr ) 1/(a—q)
(i) [lutlly = O(e%%), where w + (%ﬁ@v—z;)) ! <8 < 0ifn(t) = 0(e), and

(iii) [uellg = o(1) #fn(t) = o(1).

26_1UT[~(LF(04*(]) > 1/(0&—(1)

Proof. Let us choose ~ such that w + ( @)

< 7 < 0. Let us define

U= sup {e 7" ||lusl|p} and Ny = sup {e °n(s)}.
0<s<t 0<s<t

For t > 7, the hypothesis (H6) and the inequality (3.4) imply that

et HUtHO =t sup HAq(to)u(t + 9)||
7<60<0

<e sup {|JA%(to)R(t +0,0)x(0)]}
—7<6<0

t+6
/0 " (t+6—s5) TAYto)R(t + 0, 5) f(s,u(s), us) ds

|

w2
+ sup
(@) —r<o<0

<e sup {Re" 0 (t460)7x(0)]}
—7<6<0

e "KL t+0 ot (s
+ (o) %ﬁw{ﬂ @+9—s)q'%(we)mu@mwo+WMb+n@ﬂ&§

< e MK ([t — 1) 7 [} (0)]|
2 t+6
4 BL sup { / (t+6 — 5)2 9 Lem(mWtH0=9) 0 =519 |14y || -+ 1(s)] ds}
['(a) —r<6<0 LJo

< e MR (E = 1)} (0)]

RL —wT t+6
ek sup {/ (t+ 6 — )97 lem ) tH0=s) 191, 4 N,] ds}
(o)  —r<o<0 Lo
KLe ™ T'(a — q)
I'(a)

Since U, is increasing as a function of ¢, from the above inequality we have

< e MKe T (- 7) 7 x(0)]| + (v =) (2U; + Ny).

Up < e " Ke"7 (8 = 1) |x(0)]| + C(7)(2U; + N),



28 Madhukant Sharma, Shruti Dubey, J. Nonl. Evol. Equ. Appl. 2015 (2015) 21-30

where C(v) = %@};(a_q)(’y — w)?7%. Itis easy to see that C'(y) < 3. Since w and 7 are fixed,

there exists ¢2 such that e™*7 (¢ — 7)~9 < 1 for all ¢t > t9. Therefore, for all ¢ > t5, we have
—1 ~
Uy < (1-2C(7)) " [K[IxOO)] + C () Ne].
Thus, for all ¢ > t5, the above inequality implies that

luelly < €7 (1 —2C (7)) " [K [x(0)]| + C(7)N]. (3.5)

(i) First, we assume that 7(¢) is bounded. Then

€' N; = sup {e"e™n(s)} < sup {n(s)}
0<s<t 0<s<t

and the right-hand side of (3.5) is bounded for ¢ > 0, which implies that ||u||, is bounded on
[0, 00).
11 h =0 ot Al 267“”—I~(LF(04—Q) 1/(a—q)
(ii) Next, we assume that n(t) = O(e°"). Also, w + (W)
v = 4. It gives

<, then we choose

N, = sup {e**n(s)} < sup {e K 'e”} <K,
0<s<t 0<s<t

where K is a constant independent of t. Therefore, the right-hand side of (3.5) is O(e%), and so
lully = O(e*).

(iii) Assume that 7(¢) = o(1). Then, from (3.5) we have

luelly < €7(1 = 20(7)) K [[x ()] + (1 = 2C(1) 7' C(7) sup {e7n(s)}

0<s<ty
+e7(1-2C(7))7'C(y) sup {e77n(s)}
t1<s<t
< (1=20(7) 'K [[x(0)]| + € (1= 2C(3))"'C(7) sup {n(s)}
0<s<t1
+(1=2C(7)7'C(v) sup {n(s)}.
t1<s<t
The above estimate implies that |[u||, = o(1). O

4 Application

Consider the following nonlinear fractional order delay partial differential equation:

0%z(t, ) 0? B

TR + a(t,x)wz(t, x) = F(t, z(t,x),z), te€(0,T),zeqQ,

2(t,x) =0, z €00, tel0,T], .1
gO(Z(t,.T)) = ¢O(x)a te [_Tv 0]7 T € Q,

where {2 is a bounded domain in R with sufficiently smooth boundary 0f2.
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Let X = L2(Q) be the space of functions which are square integrable. Now, it is well
known that the operator A: D(A) C X — X defined by Az = 2’ with domain D(A4) =
{r e X :2" € X,2(0) = z(mw) = 0} is the infinitesimal generator of the analytic and compact
semigroup (7'(t)),~, on X which is given by T'(t)x = >">7, et (x, wy,)wy. In particular, we
have that (T'(t)),, is a uniformly stable semigroup with ||7'(t)|| < e~ for all ¢ > 0.

We define A(t): D(A(t)) € X — X by —A(t)z(§) = a(t,§)Ax(§) for x € D(A(t)),t €
[0,T], € € Q, where D(A(t)) = D(A) = H*(Q) N HE(Q) = {H?*(Q) : v(z) = 0forz € 99},
t > 0. We require the following assumption for the system (4.1):

(i) a(t,z) is uniformly Holder continuous in ¢ € R with a(t,z) < —dp, (69 > 0) for all z € Q.

We can see that the system

has an associated evolution family (U (, s))~, on X, which can be explicitly given by U(t, s)y =
T (—a(x,t)(t — s))y. One can extract the resolvent family R(t, s) from the evolution family of
A(t), and then, by using the properties of semigroup and the assumption (i), we have

|AT()R(t, 5)||x < M(t — s)"Te=%0E=3)

where M is independent of ¢, s and can be calculate by fixing the values of «, q.

We define u(t)(z) = z(t,z) and uy = 2/(0,-), that is, (u(t + 6))(z) = z(t + 0,x) for
t €[0,T], z € Q, 0 € [—7,0]. Also, we define the functions f: [0,7] x X x Cp — X and
g: Co — L%(Q) by

Then we can write (4.1) in an abstract form

d%u(t) _
)y Awu(t) = £t u(r),w),

g(ug) = do.

Note that the boundary condition is absorbed into the definition of the domain of the operator A(t)
and into the requirement that u(¢) € D(A) for all ¢ > 0. Let g be defined by

0
g(@W)(x) = [ Us)y(s)(x)ds, L€ L'([-7,0]).
Hence, we can write (4.1) as a fractional delay differential equation of the form (1.1), where
h(uo)(0) = g(ug) for ug € Cp, 0 € [—7,0] and ¢(0) = ¢ for § € [—7,0]. Now we can take
X(t) = $¢o on [—7,0] with k = fET I(s)ds # 0. Let f(t,u(t),us) = c(u(t) + sin(ut)), where ¢

is such that ¢ < 7207 (09)* T () Then it is easy to see that the function f satisfies (H6). Also, under
2MT(a—q) y . ,

the assumptions (i) and (ii), one can see that the hypotheses (H4) and (HS) hold. Hence, one can
apply Theorem 3.2 to see the asymptotic behaviour of solutions to the considered problem.
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