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Abstract: The present work addresses some new controllability results for a class of fractional
integrodifferential dynamical systems with a delay in Banach spaces. Under the new definition of
controllability, first introduced by us, we obtain some sufficient conditions of controllability for the
considered dynamic systems. To conquer the difficulties arising from time delay, we also introduce a
suitable delay item in a special complete space. In this work, a nonlinear item is not assumed to have
Lipschitz continuity or other growth hypotheses compared with most existing articles. Our main
tools are resolvent operator theory and fixed point theory. At last, an example is presented to explain
our abstract conclusions.

Keywords: fractional integrodifferential dynamical systems; delay; controllability; resolvent operator;
fixed point theory

1. Introduction

The purpose of this work is to investigate the controllability of the following fractional
integrodifferential dynamical systems with a delay in Banach spaces:
CD"z(t) = Az(t) + g(t,z, H:(t)) + Bx(t), t € V:=10,T], ()
2(t) = §(t), t€ [~c,0]

where the state variable z(-) takes values in Banach space E. “D" denotes the Caputo
derivative with order r € (0,1). A: D(A) C E — E is a closed linear unbounded operator
on E. x is a control function defined in LZ(V,' U), where U is a Banach space. B: U — E
is a bounded linear operator. §(t) € C([—c,0];E). g is a given nonlinear item satisfying
some appropriate hypotheses and

H.(f) = /Oth(t, 5,25)ds

with h : A x L([—¢c,0; E) — E where A = {(t,s) € VxV :s < t}. L([-¢,0};E) is
the space of E-valued Bochner integrable functions on [—c, 0] with the norm ||z[[;[_. o) =

0
| =@t

The theory of fractional calculus has a long-standing history, and has received con-
siderable attention due mainly to its potential and wide applications in various fields,
such as viscoelasticity, signal processing, pure mathematics, control, electromagnetics, etc.
(see [1-7]). In the modeling of many phenomena in various science and technology fields,
fractional differential equations, including both ordinary and partial ones, are considered
to be more powerful tools than their corresponding integer-order counterparts. Many
phenomena, such as electronics, fluid dynamics, biological models and chemical kinetics,
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cannot be described through classical differential equations; in these cases, integrodifferen-
tial equations play an important role in describing most of these natural phenomena. For
more details of fractional calculus theory, and the results of integrodifferential equations,
one can see [8-14], and the references therein.

Time delay occurs frequently and is inevitable in various practical systems of the real
world [15-19]. This is especially true for dynamical evolution processes which are closely
related to time. Hence, if we intend to accurately describe the evolution systems, we must
consider the effect of time delay. With the development of the applications for fractional
calculus, research into the controllability of fractional dynamical systems with delay is
increasingly extensive [20-25].

It is well known that control theory is an interdisciplinary subject involving economics,
engineering and mathematics, which investigates and analyses some dynamical behaviors
of various systems [26-32]. It is worth noting that controllability is of importance in
some research fields of networks such as logical control networks, and steady-state design
of large-dimensional Boolean networks. Logical control networks are widely used in
controllability, evolutionary games, stability and optimal control, and many fundamental
results have been established for them [33-35]. With the rapid development of control
theory, the problem of controllability for a special kind of logical control networks, Boolean
control networks, was also investigated by researchers. For more details of the recent
works in this regard, we refer readers to [36-38]. Controllability is one of the fundamental
concepts in mathematical control theory. On the one hand, in the study of controllability
for fractional dynamical systems, the hypothesis of noncompact semigroups is especially
important, as the compactness of the semigroups is only applicable in finite-dimensional
spaces, since the inverse of control operator cannot be ensured if the state space is infinite-
dimensional. Some technical errors caused by the compactness of semigroups have been
pointed out by Herndndez et al. [39]. On the other hand, how to introduce the mild
solutions in infinite dimensional spaces is another particularly important step. For example,
Hernandez et al. [40] also pointed out that the definition of mild solutions in some articles,
such as [23,41], was inappropriate because it was only a simple extension of the integer-
order mild solutions. We know that a fractional evolution dynamical system is usually
transformed into a form of Volterra integral equation to obtain its mild solutions. Therefore,
the theory of resolvent operators is a powerful tool to study such systems. Compared with
the mild solutions constructed by some probability density functions (El-Borai [42]), it is
found that in the investigation of evolution dynamical systems with unbounded operators
in infinite dimensional spaces, resolvent operators seem to be more appropriate since they
are direct generalizations of Cy-semigroups and cosine families. This is why we adopted
the resolvent operator theory to define mild solutions and investigate the controllability of
the considered fractional dynamical systems in this paper.

Some excellent results concerning the controllability of various nonlinear fractional
dynamical systems were obtained. However, most of these controllability problems were in-
vestigated under the hypothesis that the nonlinear item f is Lipschitz continuous, compact
or satisfies some other growth conditions, see [20-23,43,44] for example. We point out that,
as a more stronger smooth condition than continuity, Lipschitz continuity, is only regarded
as an idealized supposition in many cases, which is difficult to apply to practical problems.
Furthermore, there are scarcely any results on the controllability of fractional integrodiffer-
ential dynamical systems with delay, except for [20,22-24]. However, in [20], the authors
still supposed the nonlocal item to be Lipschitz continuous, and that the nonlinear function
satisfied certain growth conditions. Notice that in [22-24], authors hobtained controllability
results for fractional delay differential and integrodifferential dynamical systems with the
nonlinear functions also being Lipschitz continuous. Therefore, a very natural question
is whether the considered fractional integrodifferential dynamical systems with delay are
controllable when the nonlinear item is only continuous, rather than Lipschitz continuous.
This is also the main motivation for the present work.
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Compared with the above-mentioned research, the main contributions of this work
are as below: (i) Under the new definition of controllability, we suppose that the nonlinear
function here only has continuity rather than Lipschitz continuity and other certain growth
assumptions. (ii) In order to overcome the obstacles caused by time delay, we utilize a
special complete space L([—c, 0]; E) in which to define the suitable time delay item z;.

The organization of the rest of this work is as follows. Some necessary preparations
are given in Section 2. In Section 3, sufficient conditions of the controllability for system (1)
are obtained. An example is provided in Section 4 to illustrate the effectiveness of the
abstract results.

2. Preliminaries

Notation 1. Let R denote the set of real numbers, R the set of positive numbers. T is the gamma
function. I represents the identity operator. Suppose E to be a Banach space along with the norm || - ||.
B : U — E is a bounded linear operator where U is also a Banach space. A : D(A) C E — E
is a closed linear unbounded operator on E. Denoted by D, the dense domain of closed linear
unbounded operator A equipped with the graph norm ||z||p = ||z|| + ||Az||; C(V; E) stands for
the space of E-valued continuous functions on V with the norm || - || c(v;g)- C([—c, T}; E) denotes
the Banach space of continuous functions from [—c, T| to E with the usual supreme norm. Denote
the norm of the space C([—c,0]; E) by || - ||c for brevity. C"(V;E), r € (0,1), represents the space
formed of all the r-Holder E-valued continuous functions from V into E equipped with the norm

z(t) —z(s
lellervey = lellcwie) + (ellerviey where (ielonwey = sup D2 poqume
t,seV t#s ( S)
that ] C R,and 1 < p < oo. For measurable function z : | — R, define the norm

1
</|z(t)|pdt>p, 1<p<oo,
J

inf {sup [z(t)[}, p=co,
n(J=0) tej—j

HZHLP(]) =

where yu(J) is the Lebesgue measure on J. Let LP(], R) be the Banach space of all Lebesgue functions
z: ] = Ruwith || - [|pp(j) < oo. The space of bounded linear operators from E into Banach space F
is defined as L(E, F) provided with the operator norm || - || (g ), and L(E, E) is written as L(E)
with norm || - || ).

To deal with the inconveniences caused by delay during the investigation of controlla-
bility in the sequel, we utilize a special complete space L([—c,0]; E). For z € C(V; E) and
t € V, define a function z;:

z(t+0), t+6>0,
Zt9 = (2)
P(t+0), t+6<0,

for any 6 € [—c,0]. It is not difficult to deduce that z; € L([—c,0]; E).

The basic definitions of fractional calculus are presented as follows. For further details,
please see [11] and the references therein.

The Riemann-Liouville fractional integral of order » > 0 and the lower limit zero for a
continuous function u is given by

1

() = 505 /Ot(t — ) lu(s)ds, t > 0,

if the right side integral is pointwise defined on (0, +0).
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The Riemann-Liouville derivative and the lower limit zero for a continuous function
u: (0,00) — R is defined as

1 ar ot u(s)
Lpyr _
D0+u(t)—mﬁ/omds,t>0,n—l<i’<n,1’>0,

and the corresponding Caputo fractional derivative of order r > 0 with the lower limit
zero for a continuous function u : (0,00) — R is given by

c L " uf(0) 4
Di.u(t) =" Dj [ u(t) - ) = ), t>0,n—1<r<mn,r>0.
k=0 ©

It is noted that if u(t) € C"[0, o), then one can obtain

1 toul(s _
“Dj.u(t) = T —7) /0 (t—s)r(—l“ds =" "u@), t>0,n—1<r<mn r>0.

Throughout this paper, we suppose that the following integral equation

2(t) = r(l) /Ot (t““z(s>_ ds, t > 0, (3)

r —s)l-r
has an associated resolvent operator { /N (¢) };>¢ on E.

Definition 1 ([45]). Bounded linear operator { N (t) }s>0 C L(E) is defined as a resolvent operator
for (3) if the following assumptions are satisfied:

(I) N (t) is strongly continuous on R and N'(0) = I;

(I N(t)D C D, AN (t)z = N (t)Az forall z € D and every t > 0;

B 1 Az(s)
(IIDN(t)z=z+ ) /0 = S)Prds, zeD,t>0.

Definition 2 ([45]). A resolvent operator N (t) for (3) is called analytic, if the function N (-) :
R* — L(E) admits an analytic extension to a sector y(0,00) = {A € C : |arg(A)| < 6} for
some 0 < 6y < J.

Definition 3 ([45]). z € C(V;E) is defined as a mild solution to the Volterra integral equation

2(t) = k(t) + r(lr) /Ot (t“izs)sl)_rds, eV, (4)

t
1(V-E) z(s)
Wherek S L (V, E), #A mds S 'DfOT ﬂllt S Vﬂnd

z(t) = k() + F(lr)A/o 0 Z(:))l_rds

holds for V.

Lemma 1 ([45]). Suppose N (t) is an analytic resolvent operator of (4) and k € C'(V; E),k(0) =
0. Then

z(t) = N(H)k(t) + /Ot./\'/(t —s)[k(s) —k(t)]ds, teV,
is a mild solution of (4) and z € C"(V; E).

Lemma 2 (Monch). Assume that D is a closed and convex subset of a Banach space E and
zo € D. Suppose that the continuous operator A : D — D satisfies: C C D countable, C C
co({zo} UA(C)) — C is relatively compact. Then, A has a fixed point in D.
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Lemma 3 (Holder Inequality). Assume that p1, pa > 1,and plT + pl—z =1.Ifz; € LP(J,R), zp €
LP2(],R), then, z1zy € L'(J, R) and ||z122 | p1; < |21/l e g ll22 12

The theory of Kuratowski’s measures of noncompactness is crucial to the following
proof work. For more details, see [46].

Lemma4. Suppose E to be a Banach space and { (- ) to be the Kuratowski's measures of noncompactness.
(1) Let Dy, Dy be bounded sets of E and A € R. Then

(i) {(D1) = 0 if, and only if, Dy is relatively compact;

(i) {(D1) < {(D2) if Dy C Dy,

(iii) {(AD1) = |A[Z(Dy);

() {(D1+ D2) < {(D1) +(D2);

(v) C(xo U Dl) = g(Dl), xo € E;

(2) Let D C C(V; E) be bounded. Then, D(t) is bounded in E and {(D(t)) < (D).
(3) Let D C C(V;E) be bounded and equicontinuous. Then, {(D(t)) is continuous on V,
and {(D) = max( (D(1)).

€

(4) Let D = {uy} C C(V;E) be countable. If there exists ® € LY(W) such that |lu,(t)| <
O(t)aeteW, n=1,2,---, then {(D(t)) is integrable on V, and

C({/Vun(t)dt ne N}) < 2/Vg(D(t))dt.

On the premise of no confusion, Kuratowski’s measures of noncompactness of a
bounded subset in spaces E, C(V; E) and L([—c,0]; E) are all denoted by {(+).
Finally, we introduce some important results:

Lemma 5. If z,, converges to zg in C(V;E) as n — oo, then one has that (z,); converges to
(zo)¢ in L([—c,0];E) foreach t € V as n — +oo.

Proof. By means of (2), we have

t
/ 120 (s) —zo(s)llds, <,
0
[1(zn)t — (20)tllL[—c0) = ,
[ llzals) =zo(s) s, ¢ =
—C
This indicates that [|(zx): — (z0)tl[—c0) < ¢llzn — z0llc(v;E)- This completes the proof. [

On the basis of the definition of Kuratowski’s measures of noncompactness and
Lemma 5, it is not difficult to obtain:

Lemma 6. Assume that {z,,}3° , is a bounded countable sequence in C(V; E). Then one can obtain

C({(zn)t}) < cC({zn}), Vt € V.

3. Main Results

On the basis of the Riemann-Liouville fractional integral, together with Definition 3,
the mild solution to system (1) can be obtained as follows:
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Definition 4. For each x € L?(V;U), a function z € C(W; E) is said to be a mild solution of
t
fractional dynamical system (1) on W, if / (tz(ss))l_rds € Dforallt € [0, Ty and z satisfies the
0 (t—

following integral equation

t ) t g(s,zs,Hz(s)) t Bx(
) $(0) + 5 A fy (thHds + 1ty Jo 5N ds o+ 5 [ (t_’;)i),,ds, te [0, Ty,
w(t), tel-c0]

where W = [—c, Ty|, Tp € (0, T).

Definition 5. The system (1) is said to be controllable on V. = [0, T], if, for every ¢(t) €
C([~c,0];E) and zy € E, there exists a control x € L?>(V,U) and a constant Ty € (0, T), such
that a mild solution z of system (1) on W = [—c, Tp| satisfies z(Tp) = z7.

Remark 1. Compared with the existing definitions in [20,21,43,44,471], etc., in which z1 is obtained
at the right endpoint T, the present definition, which we introduced with z1 arriving at Ty € (0, T},
is weaker.

Next, we impose the main hypotheses on the components of the systems:

Hypothesis 1 (H1). ¢ : V x L([—c,0]; E) x E — E is continuous and takes bounded sets in
V x L([—c,0]; E) x E into bounded sets in E.

Hypothesis 2 (H2). h : A x L([—c,0];E) — E is continuous where A = {(t,s) € V. x V :
s <t}

Hypothesis 3 (H3). (i) The linear operator B : L?>(V;U) — LY(V;E) is bounded, and there

exists a constant Q1 > 0 such that ||B| £y < Qu/
(ii) The linear operator A(t) defined by

A()x = N (8)Bx(t) + /()tN(t — §)(Bx(s) — Bx())ds

t
where By(t) = F(lr) /0 (tlixs()sl_rds, has an invertible operator A~ (t) takeing values in

L2(V;U)/kerA(t) for each t € V, and there exists a constant Qp > 0 such that
sup [ A C) | zigzviu srerac) < Q2

1
Hypothesis 4 (H4). (i) There exist constants r; € (0,r) and real-valued functionsk; € Li (V;R™),
i = 1,2, such that for any bounded subsets D1 C L([—c,0];E), D, C E,

C(g(t,D1,D2)) < k1(t)2(D1) + ka2(t)0(D2), t € V.
(ii) There exists a function | € L'(V; R") such that, for any bounded subset D C L([—c,0]; E),
¢(h(t,s,D)) <U(s)C(D), (t5) € A,
(iii) There exists a constant Iy > 0 such that
LATI()D)(D) <hog(D), tEV,
for any bounded set D C E.

We point out that resolvent operator {N () };>¢ is supposed to be analytic in the rest
of this work. In light of [45], we can assume that Nj, N, are positive numbers, such that
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INOl ggy < Nit ™! [N (#)]| g(gy < Nat =2 forall t € (0, T]; Ny is a positive constant, such
that [NV (t)[|z(g) < No forall t € V.

For simplicity, take
g s, zs, H; (s
(t—s)l-r 7
and let 11, o1
0, = ff’il % = T i=1,2;

K = 2c9%”1||k1|\ﬁ +4c9;*r2||k2||L% 1|l 15
K, = 2C91||k1HL% + 4C92Hk2HL% iy

and
Q = NoKj +4N; (Kl + K»).

In addition, for the purpose of simplifying our next work, we provide the next two
necessary conclusions:

Lemma 7. (i) Assume that g(-,z.,H.(+)) : V x L([—c¢,0];E) x E — E is continuous. Then,
2
6. € C'(ViE) nd [G:]lcr < s gtz He Ol

(ii) Assume that x(-) € L2(V;U). Then, By € C"(V;E) and [|By|]cr
()l z2-

Proof. For t € [0,T) and ¢ > 0 such that t +: € V, we have

2
< WHBHL(U,E)

||gz(t—|-l) — gz(t)H < r(1r> /()t|:(t—1s>17 - (t+li5)1r:| ||g(S/ZS/HZ(S))||dS
L1 /‘W g (s,zs, Hz(s)I
1F(r) (t+1—s)t7 (i)t
)" =t 0
< r(r>\|g( Z-,Hz(’))||C(V;E)<r+r>
<

r(r+1)Hg( 2o He(Dllewe)ts

which implies that [|G;|]cr Ig(-,z., Hz("))llc(v;py and G; € C"(V; E).

= T0 ( 1)
Repeating a similar process, we can obtain [|By|]cr < I“(rz—l—l) 1Bl z(u,e)ll%()|| 2 and
By € C"(V; E). This completes the proof. [

Lemma 8. Assume that (H1), (H2) and (H4) (i), (ii) hold. Then, operators KC; : C(V;E) —
C(V;E) (i = 1,2), defined by

(K12)(t) = /Ot [(t e s)r’l}g(s,zs,Hz(s))ds, teV, t <ty

t
(22)(1) = [ (0 =9 g5, 20 He(9))ds, 1, €V, £ <,
t

satisfy {((K,D)(t)) < Ki(t; — t)"C(D) (i = 1,2) for any countable bounded set D C C(V; E).
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Proof. Obviously, we can check that IC; (i = 1,2) takes bounded sets in C(V;E) into
bounded sets in C(V; E). Generally, a bounded countable set is chosen D = {z,}$ ;. From

Lemma 6, we have
c({(zn)s}) < cC({zn}).
By means of Lemma 3, Lemma 4 (4) and the well-known inequality

t0—s9>(t—5)9 0€[l,+0), 0<s <t

— Kt —£y7(D).

In the same way, one can obtain

one has
ED)) = T((Kz) (0}
- g({/o [(t—s)r_l—(t1—s)r_l]g(s,(zn)s,HZ”(s))ds}>
< 2 [ [(=9r = (=] aals, (onls H(5)) s
t
< 2 [[t=s = (0 =9 k(e (e )ds
w4l [ =9 = (=5 ka(6)0({(z0): s
1 1-r
< 2 [le—ort= - as) el etz
t 1 1-rp
sl ([ =97 = =y ) el yel(Gan)
1-r1
< z(/of[(t_s)m_(tl—sy%]ds) Il c8({z))
t 1-rp
salil ([ =% = 0= 9%]ds) kel yei(tzn)
2]
< (14_;1;{171[t1+191_t%+191+(t1_t)1+191}1 cl({zn})
el gl S
+W[t+2—tl P (=01 %] T Peg({za))
< (267l (= 00 a6l y a0 = 050 gz, )
< (287l g (= 41l (=2 e (zn)
< (28l +4e8d el I ) (1 = 72(Gzn)
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(Pz2)(t)

Z((KC2D)(t)) C({(Kazn)()})

- 5({[1 ﬁsf 1905, (s i, (9)ds |

2 / (b= 9 26, (z0)s Hey (5)) s

2 [* = oy ) {2

s [ -9 ) () )ds

2( “(tl—sw"%ds)l el ({za))

il ([ —s)f—éds)wnkzn Le({zn))
2011y~ 0% k1], + 402001 — D% Dl 111 )z )

ractlial |1|L1)<t1—t>rg<{zn}>

)

IN

IN

IN

IN

IN

201l
= Ky(th—1)'¢(D
The conclusion follows. [
Theorem 1. If assumptions (H1)-(H4) hold, then the dynamical system (1) is controllable on V.
Proof. We let constant

KISUP{llg(fther(t))ll [zellLi—c0p < c(l[$lle + Ro), [[H.(#)

Nor + 2N

| <Ko teV},

where Ry = No||9(0)| + , and

Ko =sup{ | [ (5, 20051+ (15) € 8, il cop < cllple+ Ro) .

From (H3), for an arbitrary function z(-) € C(V;E) and any z; € E, define a
feedback control

To
xz(t) = A_l(TO)<Zl = N(To)((0) + G=(To)) —/0 N(To —5)(Gz(s) — gz(To))dS) (t), teV,

where

e 1 7 rr3(7‘+1) ’
To—mln{T, (K+Q1N3) 4 (1+Q+210Q1Q2QT7(N0+8N1T7)) }' (5)

KT" 2KNT” Sy
and N3 = Q2<||zl|| + No(llp(0) || + —)—i— r21 ) Take W = [—c¢, Tg]. By considering

Lemmas 1 and 7, in what follows, it sufﬁces to show that, when using this control, the operator
P : C(W;E) — C(W;E) defined by

N(t)t(lP(O) + Gz(t) + Bx. (1)) t

+ [ (= 9)(Ga(6) = Galt)ds + [ N(t = 5)(Br.(5) ~ B (0))ds, £ € 0,T0], (6)

P(t), t€[—c0],

has a fixed point, from which it follows that this fixed point is a mild solution to the system (1) on W.
Clearly, (Pz)(Ty) = z1, which means that the control x; steers the system (1) from the initial function
1 to z1 in finite time Ty. Denote

0—{zec<w E)| sup Ilztlluico < clllle + Ro); z<t>—¢<t>,te[—c,o1},

tE[O To]
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then ) is obviously a closed convex set in C(W; E). Subsequently, we will use Monch fixed point
theorem. To this end, we proceed the following four steps.

Step I. P(Q)) C Q. From (H3), we have

)] < Q2<H21H+N0H1P( I+ NoKT 4+ [ 2N 75 10:(To) - (s)Hds)
< szl + Noll ()] + NoF + 28 [ T_g(To—syds)
< Qz(||zl||+No<\|lp<o>||+@>+2KN1 ) =Ny, tev.

From (H3) and (6), for any z € Q and ¢ € [0, Ty, it follows that

Q1N3Ty

r
/tﬂiﬂqt—s) ds + N1 20iNs (t—s)"ds
o t—s tfs

I(P2)(B)I < N0(||1P( )H+ ILELY

< Nollp(0)] + (o + 2N (K + Qi)
< Nollp(o)) + 22N g,
On the other hand,

[ s+ [[(Pa)eas, i<
s)ds + z)(s)ds, <cg
1Po)ilco = [ (Po@rto = { 71 °
/t ~ (P2)(s)ds, =

which implies ||(Pz)¢][1[—c0] < cll$llc + ¢l Pzllc((o,;E)- Then, one can obtain

sup |[(P2)¢llLj—c0] < c(ll#llc + Ro)-
te[0, o]

It is clear that (Pz)(t) = ¢(t) forany z € Q, t € [—c,0]. Then, we conclude that P(Q)) C Q.
Step II. P : () — Q) is equicontinuous.

Foranyz € Qand t,t, € W = [—¢, Tg] with t; < tp, we have the following discussion.
(1) 0 <t < tp < Ty. Note that

(Pz)(t2) — (Pz)(t1)
= (N(t2) = N(t1))y(0)
+N (t2)Gz(t2) = N (t1)Gz(t1) + N (t2) By, (t2) — N (t1)Bx. (1)

+/ (t2 — $)(Gx(s) —(]z(tz))ds—/otl N(t; —8)(Gs(s) — Ga(tr))ds
b [ Nt =) (81 (5) ~ Buclt2))ds — [ (= 9) (B (5) B ()
Clearly,
|(Pz)(t2) — (Pz)(t1) ]| < 1D1]] + |21 + 193] + [|D4ll,

where
= (N(t2) = N (t1))9(0),
Dz = (/\/(tz)gz(tz) N(t1)G:(t)) + (N(ftz)BxZ(fz) =N (t1)Bx.(t1)),

K (12 = 3)(Ge(s) = Gultz))ds — [ N(tr =3)(Gu(s) - Galtr))ds
0, = /O Nlt2 = 5) (B, (5) = B (12))ds = [ Nty = 9) (B (5) — B, 11))ds.

tz

. o\
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The strong continuity of A(-) indicates that ||O1]] — 0, as |t; — to| — 0. By Lemma 7, one
can obtain

1920 < IV (Bl £y ll G2 (t2) = Ga (B + I[N (£2) = N (1)) Gz (1)
HIN ()l £(8) 1Bx. (£2) = Br. (1) [| + (N (t2) = N (t1)) B (1)

NGzl (12— 1) + [ 17()G(10) s
+NleN3t2r_tlrt(tz—tl)f +No/ ||sz(s)||
to(

ty ,S)l r
N, TE
I (1) = N (1)) ey 22T

r

ty s"
No[|Gz[ler (t2 = )" + Ni[|Gz e /t ?ds
1
' —h"+ (b — 1)

A

IN

IN

+NoQ1N3 +N0Q1N3(h_%l)r
N () = N (t)) gy 22T
< Nor(zf 1) ( tl) n N1r(2i 1) (tz ; tl)r + NoQ1Ns to" — tlrt(t2 — tl)’
#No@Ns 2 () - N () e 2T 0, s [ — 1] 501
By means of Lemma 7, we can obtain
1031 < /0“ IN (12— 11) +5) = N ()l e IG= (1 —5) — G (1) | s
H/ N((ty— 1) +35)(Ga(tr) — Ga(tr))ds
+ 1N =9 1:65) — Gt s
< [ @l g e sazas
+N(t2) =N ((t2 — t1))ll () 1G=(t1) — Gz(t2) | + Na[|Gz]cr /:(fz —s)"lds
< fgems [ [ e tagas 1 amglGa e (- ) + Mgl 20
< 72(:(21 )) [1G=]lcr N2 + 2No |Gzl cr (b2 — ¢ )’+N1“gz|]c;(t27t1)r
N N T
Similarly,
0dl < HEZE 1B lloN: + 200 (1B et~ 1) + MillB o 2
4Q1N2N3(t2 — tl) 4Q1N0N3(t2 — t])’ 2Q1N1N3(t2 — tl)r

- r(1-nr(r+1) I'(r+1) T(r+1)
— 0, as |f1 71’2‘ — 0.

(il) —c < t; < tp < 0. From the continuity of ¥ (-), we have
1(P2)(t2) = (P2)(t1)|| = l¥(t2) = ¢(ta)[| = O, as [t — 2 = 0.

(iii)) —c < t; < 0 < tp < Tj. Then,



Fractal Fract. 2021, 5, 89 12 of 18

(P2 (k) — P < [(P2)(k) — (PO + [ (P2)0) - (P)(1)]

< V() - v+ HN(tz)gz(tz)H N (1) Be (1)

+ / (12 = )(Ga(s) — G (1))

[ K2 5)(Bec5) B ()] + 19(0) — g
< V() — Do) + DK+ QiNs)

ta

2N B L1y — s+ 9(0) - yit0)]

< IW(t) - Dp(o)] + MoK+ QiNs)

2N (K + Q1 N-
2K QN ) (o) 0, a1y — 2] .

Thus, ||(Pz)(tz) — (Pz)(t1)|]| — 0, as |t — to| — 0, for every z € Q. This deduces that
P : O — Q) is equicontinuous.

Step III. P is continuous on ().

Let y, be a sequence, such that i, — yin Q) as n — co. We only consider the case ¢ € [0, Tp]
since the continuity of operator P is obvious under the case t € [—c,0].
For each t € [0, Ty, one has

[(Pya)(®) = (PO < NollGy, (¢) - gymn + Nonsxm (1) = By (1)
+ / |7t = $)[(Gy, () = G (1)) = (Gy(5) = G (8))] s
+f |wt—s>[<6xy<> B, (1)) = (By,(5) = B, (1) lds
No [ (6 =) (5, () Hy () — (5, Hy 5)) s
R[5, () = () s

[N = 91(G0,(5) = G (1)) = (G (5) — Gy )]s
1N = 9)[(Bu, 5) By, () = (B 5) — By ()]s

IN

It is easy to check that the following inequalities hold:
(=) 8(s, (yn)s, Hy, (5)) — (s, ys, Hy(s))I| < 2K(- —5)""! € L1([0, To}, R™),

(- =)y, (5) — 2y ()| < 2N3(- =) ~! € LY([0, To], RT),

A = 9)(Gu(6) = Guu ()~ (Gul) = Gy < (0 2K
< 21\11[((- —s) 1 e LY([0, Tp], RT),
I = 9B, (9~ B, () = (B (9) = By (]| < o 20RaC =)
< HNIS (gt e (o1 RY),

r
Moreover, one has

I, (5) = (5| i
< Qa(Nollgy (o) = Gy (Tl + | 1A (Ta = )G (5) = G 1)) = (Gy(5) = Gyl s ),

and 2
||N(T0 _ s)[(gy,, (S) — gyﬂ(~)) (gy ]H < (1;\]1 S) K('r s)r
< NlK(' 75)7’*1 € Ll([o' 0],R )

7

Then, Lebesgue’s domination convergence theorem implies that || (Py,)(t) — (Py)(t)|| = 0,
as n — +oo. From Ascoli-Arzela theorem, it follows that || Py, — PyHC(W;E) — 0, asn — +oco. The
proof is completed.
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Step IV. Monch'’s condition holds.

Suppose B = coP(Q)). From Step I and II, it is not difficult to check that P(B) C B and B
is equicontinuous.
For any z € B, we take

(P1z)(t) + (P2z)(t) + (Paz)(t) + (Paz)(t), t € [0, Tol,
(Pz)(t) =
¥(t), tel—c0],
where
(P1z)(t) :Nt(t) #(0) + N (1)G=(t),
(Paz)(t) = | N(t—5)(G:(s) — Ga(t))ds,

(=}

(Psz)(t) N( )Bx. (1),
(Paz) (t / N (t = 8)(Bx. (s) — By, (£))ds.
Suppose bounded set Dy C B is countable and Dy C ¢0({zo} UP(Dy)), we shall show that

{(Dg) = 0. Without loss of generality, we may suppose that Dy = {z, }5_;.
From Lemmas 4 (4) and 6 and Hypothesis (H4) (i), (ii), for any s € V, we have

¢({8(s, (zn)s, Hz, (5))})

IN

() + ({ [ Gnsin )
RO GEn)s}) +2ka(6) [ (s, (20)y)}) ey

K(S)E({(zn)e}) + 2ka(s) [ 1Tzl )y
(k1 () + 2k () )2 ({z0).

Then, for any t € [0, Ty], by Lemmas 3 and 6, one has

IN

INIA

2 [ (=500 (2 H 5)) 1)
2 [ () el () + 4l [ (-5 halo)ds el ({z))
t 1 1-n
2( [l =syds) il etz
1 1-1r
sl ([le=9r 117 lal g etz

1-n o r—r 1 ) o r—ry
(2(Hl) el 4l (22 ) ekl b))

(2081 |y +4061 72|\k2||L%||lHLl)tr {({zn))
Kngg({Zn})'

Therefore,

IN

IN

IN

IN N

H(PiDy)(1) = a({N( D9(0) + N (05 [ 8By )

< ZNQ/ r 1€ zn)s,Hz,,(S))})ds (7)
< K) L5 ({zn})
- Z\F](r) Tp¢(Do), t € [0, To)-

For t € [0, Ty), in view of Lemmas 4 (4) and 8, we get
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8y 8y
(PO = i({/ V=g (/ o) gy 180 Bl S0 gy}
< mo b (s - s, G i ))dy)ds
o s (= s, ol e ) oty ) s
< B[l ez blas o
AN; to1
Tl o s Kalt =9 ezl
4NIK; 4NIK2
< Tron N+ e
< Ty
< Mo,
From (7) and (8), it follows that
(B, () = ZBAEL [ o 14((z1 N (To)yo ~ N (To) G (T} s
+2ZOF%)QZ/(t s)' ™ 1g({/OT N(T()*S)(gzn(s)7gzn(T0))ds})ds
< 2L g (((PD0) (1) + E{(PaD) (T) s o
20001QT" [ NoK1  4Ny(Ky +K2) \ .,
) ZIIQ(er—(Si%" (g\frl%(r)l 4N- (%((”_E‘I}))z >TO€(DO)
T + "
< 01%2 yroz(’l/_"_l)l 1 2 Toé(DO)
AT (Do), < 0.7,
and this indicates
(D)) < PO Tig (D), £ e 0T (10)
By means of Lemma 4 (4), Hypothesis (H3) and (9), for ¢ € [0, Tp], one derives
£ 1 s BXZ ¢ sz(
APDO)() = €<{/0tN(f_s)””(/ Sy [ ety )as) )
4N s
< r(;)/ott_s(oqs—y) APty )y )ds
ron [t ([ e =wr B wpay)as
< MLERO) 11 (5 P e,
= N g({é}’) (t)}) OttIS r r r (11)
1 Xz r g r
) 4N Cr((~{rli~’+1)(t)})/O tIS(S e
Xz, t r
) 8N1§r(({r3+1)(t)}) /Ot e
Xz, r—
Y L
< 1610Q1Q2QN1T2rT6€(D0).

rI3(r+1)
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Thus, (7), (8), (10) and (11) imply that
Z((PDo)(t)) < g\(]g?llDf)(t)) + Ci%jz(%;)f}();)*‘ gr((P3D0)(t)) + C((P4Do)(t))
< WTog(DO) + WTog(DO)

ZIoﬁgglfi)QTr T32(Dy) + 1610’%13((2”2311\])1 T2" T2 (Do) (12)

< Q+21pQ ?;3Q(f$11\§0 + 8N T") T52(Dy).

On the other hand, we have from the equicontinuity and boundedness of P(Dy)

£(P(Do)) = max((PDo)(t)). (13)

Then, by the definition of Ty and (12), (13), one can derive

¢(Do) < (eco({z0} UP(Do))) < ¢(P(Do)) < &(Do),

that is, {(Dg) = 0, which shows that Dy is relatively compact. By Lemma 2, we know that P has
at least one fixed point z € B, which is a mild solution to system (1) on W, satisfying (Pz)(Tp) =
z(Tp) = z1. The proof is now completed. [

Remark 2. (I) Compactness of the resolvent operators associated with the system (1) is unnecessary.
(1) By introducing the complete space L([—c,0]; E) and function z;, the difficulties in the estimate
of noncompactness measures caused by delay are effectively solved (Lemmas 5 and 6). Therefore, we
generalize some related control results such as [20,21,43,44], etc.

4. An Example

To illustrate our theory, we consider the fractional integrodifferential dynamical
system with delay of the form

93 )

atéi(t ) = @Z(t,y) ,

3< (t+6,y) +/ tz_:lzz(ig y)y)lds> toulty), teV,ye(0,1), (14)
2(,0) ==(1,1) =0, €V,

2(ty) = ¥(ty), tel=c0,yec(01),

where 1 is continuous and satisfies certain smoothness conditions, @ > 0, u: V x [0,1] —
[0,1] is continuous, and V = [0, T}, 0 € [—c,0].

Let E = U := C([0,1]) and let A : D C E — E given by Av = v with domain
D={veE: v eE, v(0) =v(1) =0}.So, A generates a semigroup {7 () : t > 0} on X,
which is defined as T (t)v(s) = v(t +s) for v € E, and 7 () is not a compact semigroup
onE.

Furthermore, from the Corollary 2.4 in [45], it follows that the integral equation

1 [t Az(s)
= >
z(t) 0] /0 0 _S)lfrds, >0,
admits an analytic resolvent operator N (t) on E.

Define
z2(t)(y) ==(ty),

85
“Dz(t)(y) = —zz(ty),

at3

E(t—s)*|z(s
g(t 21, Ha (D) () = ;(z(t—l—@,y) + [ (t2+)|z|(s(+;3')y’|)’ds),
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_ (E=9)Yz(s +0,y)|
M) = G+ ey
xX(8)(y) = pu(t y).
It is easy to see that (H1) and (H2) hold. For y € (0,1), suppose that the linear operator
A(t) defined as

, (ts) e A={(t,s) e VxV:s<t},

N t 2
(ADu)(y) = wr(g()t)/o(t—s) 5u(s,y)ds

+% /()tN(t —s) (/Os(s — ) R p(y,y)dy — /Ot(t - U)_éﬂ(ﬁ,y)dq>ds,

satisfies the assumption (H3). In addition, simple verification can imply that (H4) holds with
1
k() =ko(t) = 3 t € VandI(s) = T, s € V. Consequently, if all the requirements of Theorem 1

are satisfied, then system (14) is controllable on V.

5. Conclusions and Future Work

Some new controllability results for a class of fractional integrodifferential dynamical systems
with a delay in Banach spaces are derived in this paper by using resolvent operator theory and
fixed-point theory. A new definition of controllability is introduced, and the nonlinearity is not
supposed to be Lipschitz continuous compared, with most of the existing literature. A suitable delay
item in a special complete space is also introduced to solve the difficulties caused by time delay.
An explicit example is given to demonstrate the effectiveness of our results.

Drawing on the ideas of this paper, the controllability for a class of fractional integrodifferential
dynamical inclusions with time delay and nonlocal conditions will be further studied in the future:

{ D"z(t) € Az(t) + g(t,zt, H.(t)) + Bx(t), ae.t € V:=10,T],
z(t) + h(z) = ¢(t), t € [—c,0],

where h : C([—c¢, T|,E) — E is a given function. In common applications, the nonlocal conditions
m

are usually described as h(z) = Y k;jz(t;), where k; (i = 1,2,---,m) are given constants and
i=1

0<uyg<n<---<17, <T.
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