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We examine the controllability problem for a class of neutral fractional integrodifferential equations with impulses and infinite
delay. More precisely, a set of sufficient conditions are derived for the exact controllability of nonlinear neutral impulsive fractional
functional equation with infinite delay. Further, as a corollary, approximate controllability result is discussed by assuming compa-
ctness conditions on solution operator. The results are established by using solution operator, fractional calculations, and fixed point
techniques. In particular, the controllability of nonlinear fractional control systems is established under the assumption that the
corresponding linear control system is controllable. Finally, an example is given to illustrate the obtained theory.

1. Introduction

Control theory is an area of application-oriented mathe-
matics which deals with the analysis and design of control
systems. In particular, the concept of controllability plays an
important role in various areas of science and engineering.
More precisely, the problem of controllability deals with the
existence of a control function, which steers the solution of
the system from its initial state to a final state, where the
initial and final states may vary over the entire space. Control
problems for various types of deterministic and stochastic
dynamical systems in infinite dimensional systems have been
studied in [1-6].

On the other hand, the impulsive differential systems
can be used to model processes which are subject to abrupt
changes, and which cannot be described by the classical
differential systems [7]. Moreover, impulsive control which
is based on the theory of impulsive equations, has gained
renewed interests due its promising applications towards
controlling systems exhibiting chaotic behavior. Therefore,
the controllability problem for impulsive differential and

integrodifferential systems in Banach spaces has been studied
extensively (see [8] and the references therein). Moreover,
fractional calculus has received great attention, because frac-
tional derivatives provide an excellent tool for the description
of memory and hereditary properties of various processes
[9]. Also, the study of fractional differential equations has
emerged as a new branch of applied mathematics, which
has been used for construction and analysis of mathematical
models in various fields of science and engineering [10].
Therefore, the problem of the existence of solutions for
various kinds of fractional differential systems has been
investigated in [11-13]. Very recently, Dabas and Chauhan [14]
studied the existence, uniqueness, and continuous depen-
dence of mild solution for an impulsive neutral fractional
order differential equation with infinite delay by using the
fixed point technique and solution operator on a complex
Banach space.

Recently, many authors pay their attention to study
the controllability of fractional evolution systems [15, 16].
Wang and Zhou [17] investigated the complete controllability



of fractional evolution systems without involving the com-
pactness of characteristic solution operators. Kumar and
Sukavanam [18] derived a new set of sufficient conditions
for the approximate controllability of a class of semilinear
delay control systems of fractional order by using contraction
principle and the Schauder fixed point theorem. Sakthivel
et al. [19] studied the controllability results for a class of
fractional neutral control systems with the help of semigroup
theory and fixed point argument. The minimum energy
control problem for infinite-dimensional fractional-discrete
time linear systems is discussed in [20]. Debbouche and
Baleanu [21] derived a set of sufficient conditions for the
controllability of a class of fractional evolution nonlocal
impulsive quasilinear delay integrodifferential systems by
using the theory of fractional calculus and fixed point
technique.

However, controllability of impulsive fractional inte-
grodifferential equations with infinite delay has not been
studied via the theory of solution operator. Motivated by this
consideration, in this paper, we investigate the exact control-
lability of a class of fractional order neutral integrodifferential
equations with impulses and infinite delay in the following
form:

Df [x(t) + g (t:x,)] = Alx(®) + g (t,x,)]

+ 77 [Bu(t) + f (£, x,, Hx (1))],

te]=[0b], t#t,
Ax(t) =L (x(t;)), k=12,....,m,
xo = ¢ € By,
@

where D{ is the Caputo fractional derivative of order g, 0 <
q<1;A:D(A) ¢ X — X isan infinitesimal generator of
the solution operator, {S,(t)};5, is defined on a Banach space
X with the norm || - [ x; the control function u(:) is given in
L*(J,U), U is a Banach space; B is a bounded linear operator
from U into X; the histories x, : (—00,0] — X are defined
by x,(0) = x(t + 0) belongs to an abstract phase space 3,
defined axiomatically, and I, : X — X, k= 1,2,...,mare
bounded functions. Also, the fixed times t, satisfy 0 < t, <
t, <ty < - <t < b < b Ax(t) = x(t]) — x(ty),
and x(t) = limy,_, ox(t, + h) and x(t;) = lim, _,  x(t; — h)
denote the right and left limits of x(t) at t = ¢, respectively.
Further, g : Jx %3, — X, f : Jx%B, xX — X
are given functions; the term Hx(t) is given by Hx(t) =

'[Ot G(t, s)x(s)ds, where G € C(D, R") is the set of all positive

continuous functionson D = {(t,s) € R*: 0 < s < t < b}. The
main aim of this paper is to obtain some suitable sufficient
conditions for the controllability results corresponding to
admissible control sets without assuming the semigroup is
compact. Further, we address the approximate controllability
issue for the considered fractional systems. In order to prove
the controllability results, we follow a technique similar to
that of [14, 19] with some necessary modifications.
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2. Preliminaries

In this section, we will recall some basic definitions and
lemmas which will be used in this paper. Let L(X) denote
the Banach space of bounded linear operators from X into
X with the norm | - [|(x). Let C(J, X) denote the space of all
continuous functions from J into X with the norm ||x|| =
supye, Ix(®)].

Now, we present the abstract space 3B) [7]. Let h
(=00,0] — (0,+00) be a continuous function with [ =
_LOOO h(t)dt < +oco. For any a > 0, define B = {p
[-a,0] — X such that ¢(t) is bounded and measurable}
and equip the space % with the norm ||§D”[—a,o]
SUPse(_a0 IS, ¢ € SB. Further, define the space %), =
{p : (-00,0] — X, foranyc > 0, ¢l_.o € B with ¢(0) =
0 and [°h(s)llgll,gds < +oo}. If By, is endowed with the
norm lpll, = [ h(s)lglgds: ¢ € By then (Bl - 15,)
is a Banach space.

We assume that the phase space (%, || - [l 5,) is a semi-

normed linear space of functions mapping (—00,0] into X
and satisfying the following fundamental axioms [22].

(AD) If x : (-o00,b] — X, b > 0, is continuous on |
and x, € 9, then for every t € ], the following
conditions hold:

(1) Xt € ‘%h’
(i) lx(®I < Llix;ll g, »

(iii) lIx;ll g, < Ci®)supgese ()l + C)lxoll g, »
where L > 0 is a constant; C, : [0,b] — [0,00)
is continuous, C, : [0,00) — [0, 00) is locally
bounded, and C;, C, are independent of x(-).

(A2) For the function x(-) in (Al), x, is a 9B -valued
function on [0, b].

(A3) The space 9B, is complete.

Definition 1 (see [10]). The Caputo derivative of order g for a
function f: [0,00) — R can be written as

t

Ul _ ; g1 p(n) _ nq gn
fo(”‘r(n_q)L“ 9 (5 ds = I (),
@

forn-1<qg<nneN.If0<g<1,then

q _ ' AT I¢Y)
DEF() = - L -9V ()ds. (3

_
(1-49)
The Laplace transform of the Caputo derivative of order g > 0

is given as

n—-1
LIDIf (1) : A} =277 (1) = Y AT 9 (0);
k=0 (4)

n-l<g<n.
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The Mittag-Leffler type function in two arguments is
defined by the series expansion

© k q-p H
4 1 ut re
Eyp@ =Y = | du,
P k;]l"(qk+p) 27ti Jo il -z )
q:p>0,zeC,

where C is a contour which starts and ends at —co and
encircles the disc [|u|| < |z|'/? counter clockwise. The Laplace
transform of the Mittag-Leffler function is given as follows:

o0 24P
J e MPE,  (wtf) dt = :

0 > M- w (6)
Rel> w1, w>o0,

and for more details (see [14]).

Definition 2 (see [9]). A closed and linear operator A is
said to be sectorial if there are constants w € R, 0 €
[7/2,7],and M > 0, such that the following two conditions
are satisfied:

(i) p(A) € Yipw) = 1A € C: A #w,|arg(A - w)| < 6},
(i) IR, Al < M/IA = wl, A € Y g4

Definition 3 (see [11]). Let A be a linear closed operator with
domain D(A) defined on X. One can call A the generator of a
solution operator if there exist w > 0 and strongly continuous
functions g R* — L(x) such that {A : Re A > w} C p(A)
and

AT - A) 'k = J s, (1) xdt,
0 (7)

Rel>w, x€X.

In this case, S, is called the solution operator generated by A.
Consider the space
By, = {x : (-00,b] — X such that x|; € C(J;, X)

and there exist x (t,) and x (t;)

(8)
Wlth x(tk) = x(t]:), xo = (/5 € ’%h’
k=0,1,2,...,m},
where x|; is the restriction of x to Ji = (tj,txl, k =
0,1,2...,m.Let|| - ||, bea seminorm in %, defined by
Iels, = sup lx ()1 + gl x < B )

Lemma 4 (see [14]). If the functions g : ] x B, — X,
f ] x B, xX — X satisfy the uniform Holder condition
with the exponent 3 € (0, 1] and A is a sectorial operator, then

a piecewise continuously differentiable function x € 9B) is a
mild solution of

D [x(t) + g (t.x:)] = A[x (t) + g (£, x,)]
+ ]tl_qf (t,x,, Hx (1)),
te]=[0,b], t#t, (10)
Ax (t) = I (x (£;))
Xg = ¢ (S ‘%h’
if x is a solution of the following fractional integral equation:

x (t)

k=12,...,m,

(p(t)’ te (_OO)O])
S0 [¢(0)+g(0,¢)] - g (¢, x,)
+J S, (t =s) f (s, x5, Hx (s)) ds, telo,t],
0
S, (1) [¢(0) +g(0,4)]
+8, (t =) I (x (1))
+8, (t = t,) [g (1‘1,xt1 +1 (xt;))
, -9 (tpxtl)] -g(tx,)
)+ J S, (t =s) f (s, x5, Hx (s)) ds, te(t,t,],
= 0
S, ) [¢(0) +g(0,¢)]
+28, (= 1) I (x (t7))
i=1
+qu (t-t;) [g (t,-,xti + 1 (xt;))
i=1
, - g(ti’xti)] -g(tx,)
+J S, (t =s) f (s, x5, Hx (s)) ds, te(t,,b],
° 1
where S,(t) is the solution operator generated by A given by
1 , AT
Sq (t) = Eq,l (qu) = 2_7'[1 J-Er 6/\ M——Adk’ (12)

where B, denotes the Bromwich path.

Let x,(¢; 1) be the state value of system (1) at terminal
time b corresponding to the control u and the initial value
¢ € B, Introduce the set Z(b,P) = {x,(¢;u)(0) : u() €
L*(J,U)}, which is called the reachable set of system (1) at
terminal time b.

Definition 5. The fractional control system (1) is said to be
exactly controllable on the interval J if (b, ¢) = X.

Assume that the linear fractional differential control
system

Dix (t) = Ax (t) + (Bu) (¢),
x(0) =¢(0)

t €[0,b],
(13)



is exactly controllable. It is convenient at this point to
introduce the controllability operator associated with (13) as

b
rg - L S, (b—s) BB*S; (b-s)ds, (14)

where B* denotes the adjoint of B, and S;(t) is the adjoint

of S (t). It is straightforward that the operator Fg is a linear
bounded operator [19].

Lemma 6. If the linear fractional system (13) is exactly
controllable if and only then for somey > 0 such that (l"gx, x) =
y||x||2,for all x € X and consequently II(FS’)_III <1/y.

In order to define the concept of mild solution for the con-
trol problem (1), by comparison with the impulsive neutral
fractional equations given in [14], we associate problem (1) to
the integral equation

x (t)
CIGE t € (-00,0],
S, 1) [¢(0)+g(0,¢)] - g(t.x,)
+J Sq (t = s) Bu(s)ds
0
+ J- S, (t =) f (s,x, Hx (s)) ds, tel0,t,],
0
S, (1) [¢(0)+g(0,9)]
+S, (t—t) L (x(t)))
+S, (t-t,) [g (tl,xt1 +1 (xq))
-9 (tl’xtl)] -g(tx,)
+I Sq(t —s)Bu(s)ds
0
- +Jt8q (t—3) f (s, x, Hx(s))ds, te(t,t,],
0
S; ) [4(0) + g (0,9)]
+3°S, (= 1) I (x (1))
i=1
+ZSq (t-t;) [g (ti, X, +1; (xt;))
i=1
-9 (ti’ xt,»)] -9 (t> xt)
+J Sq (t = s) Bu(s) ds
0
+Jtsq (t=s) f (s, x, Hx (s)) ds, t e (t,,b].
S
(15)

Definition 7. A function x : (—0o0,b] — X is said to be
a mild solution for the system (1) if for each u € L2(J,U),
xg = ¢ € By, on (-00,0]; Axl,, = L(x(tp)),k =1,....m,
the restriction of x(-) to the interval [0,b) \ {t,...,¢,,} is
continuous, and the integral equation (15) is satisfied.
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3. Controllability Results

In this section, we formulate and prove a set of sufficient
conditions for the exact controllability of impulsive neutral
fractional control differential system (1) by using the solution
operator theory, fractional calculations, and fixed point
argument. To prove the controllability result, we need the
following hypotheses:

(H1) There exists a constant M > 0 such that

8, @], <M. VE€0,0]. (16)

(H2) The function g : ] x %, — X is continuous, and
there exists a constant L >0 such that

lg (towi) =g (trw)lx <L, (|t1 —tof + [lyy - W2||%h)’

tie], v, € By, i=1,2.
17)

(H3) There exist constants y;, > 0 and g, > 0 such that

If (tox) = fF (v 9l < eulle - ‘/’“@h + o]l = yll o

te], o,y € By, x,y e X.
(18)

(H4) I, € C(X, X), and there exist constants p > 0 such
that

I =Ll < plx =y xyeX,

(19)
foreach k=1,...,m.

(H5) The linear fractional system (13) is exactly control-
lable.

Theorem 8. Assume that the hypotheses (H1)-(H5) are sat-
isfied, then the fractional impulsive system (1) is exactly
controllable on J provided that

L= (1 + lM§M2> [mMp + mML ,C; (2 + p)
Y

+L,Cy + Mb (i C; +iH") | <1,
(20)

where C{ = sup,_, ;,C,(7) and H" = sup;. (o4 L: G(t,s)ds <
0.

Proof. For an arbitrary function x(), choose the feedback
control function as follows:
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( * Q% 1 -1
B*S; (t, —t) (1)

B'S; (t, - t) (r(?)_1

u, () =1q:

B'S: (b-1)(18)"

m
i=1

b
_J S, (b—3) f (s, % Hx () ds |,
L Jo

(¢ (1),

+ JZ S, (t =s) f (s, x5, Hx (s)) ds,

(@x) (1) = 1

t

It should be noted that the control (21) transfers the system
(1) from the initial state ¢ to the final state x;, provided that
the operator @ has a fixed point. In order to prove the exact
controllability result, it is enough to show that the operator ®

has a fixed point in 3B,
Define the function y(-) : (-00,b] — X by

o), te(-00,0],

y(®) = {0’ e (0,01, (23)

<[ -S4 8@+ 9 0.9+ 9 (0m) - [[5, 6 -) % (soxHix ) ]

S, 0190+ 0.8 + Y5, () L (=) +

| 9 (t,x,) + J: S, (t =) Bu, (s)ds + L S, (t =) f (s, x5, Hx (s)) ds,

te0,t],

X [xtl =S (t2) [$(0) + g (0,9)] - Sy (t,=t;) I (x (1))

=S, (t, — ;) [g (l‘l,xt1 +1 (xti)) -9g (tl,x“)] + g(t2"xt2) _ J'O2 Sy (£ —5) x f (s, x,, Hx (s)) ds] , te(t,t],

x [s OO +9(0.9)]- 35, 6-1)1, (1)

_qu (b-t) [g (ti’xt,- +1; (xtf)) -9 (ti’ xt,-)] +g (b, x)

t € (t,,b]
21

and define the operator ® : B, — %, by

t € (-00,0],

S, [60)+ g (0,9)] - g (t,x,) + L S, (t - 5) Bu, () ds

te[0,t,],

Sq () [$(0) +g(0.9)] +S, (¢ —t.) I (x(87)) + S, (t = 1) [9 (1o %, + 11 (%)) — 9 (115 %, )]
—-g(t,x,) + Jt S, (t =) Bu, (s)ds + Jt S,(t=9)f (s, x5, Hx (s)) ds,
0 0

te(t,h],

isq (t-t) [9 (ti’xt,- +1; (xt;)) -9 (ti’xti)]

i=1
te(t,b].
(22)

then y, = ¢. For each z € C(J,R) with z(0) = 0, let the
function z be defined by

0

t € (-00,0],

t €[0,b]. @4

If x(-) satisfies (15), then we can decompose x(-) as x(t) =
y(t) + z(t) for t € J, which implies that x, = y, +z, fort € |
and the function z(-) satisfies
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(S, [$(0)+g(0,6)] -9 (.7, +7)
+j;sq(t—s)Buy+g(s)ds+jotsqa—s)xf(s,ys+ES,H(y(s)+z(s)))ds, refon],
S0 [0 +g(0.)] +S, (t-t) I (y(£]) +2(£7)) + S, (t - 1)
x[g(ty, +7, +1, (ytI +Zq)) ~g(thy, +z,)]| -9ty +7)

+ jtSq (t = s) Buy,; (s)ds + JtSq (t=3)f(sy,+Z, H(y(s)+Z(5)))ds, te(t,t,],
0 0

z(t) = 1 (25)
S, [P0 +g(0,9)]+ DS, (k=) I (v (£7) +Z(1}))
i=1
+qu (t - ti) [9 (ti’yti + zt,- +1 ()’t; +Et;)) -9 (ti’yti + zt,-) -9 (t’ Nt Et)]
i=1

+ jtsq (t —s) Buy,; (s)ds + qu (t=95)f(s,y,+z, H(y(s) +2(s)))ds, te(t,b],
L Jo 0

where

U,z (£)

'B*S; (t, - 1) (rél)_l
o8, + 900 190, +2,) - [5,6- 97 (2 H B © 12@)ds)]|, £elonl,
5, -0 (1) [, 8, () 160 + 0,90 -5, (-0 1 () +26)
=S, (t, —t;) [9 (tp)’:l +z, +1 ()’t; +zt1)) - 9(t1’)’t1 +zt1)]

t
+g (1,‘2,)/t2 +Et2) - L S, (t, —s) xf (s, ys+ 2z, H(y (s) +E(5)))ds] , te(t,t],

B'S: (b-1)(18) " x [xb =S, ) [$(0) +g(0,8)] - DS, (b-1t) (¥ (1) +Z(£;))
i=1
_qu (b-t)g (ti>)’t,- +z, + 1 ()’t; + zt;)) -9 (ti’yti + zt,-) +g(b,y, +7%)
i=1
b

_ Jo S (b=95)xf (s y,+2z, H(y(s) +Z(s)))ds] , te(t,,b].
(26)
Let 93’2 ={ze€eB,:2y=0¢e AB,}.Forany z € 9}’2, we get Thus, (%’2, Il IIQE) is a Banach space. Define the operator IT :
Iolag = 5Pl + fels, = supllzOle 2 €8 B~ By
seJ s€

(27)
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Mz (t) = 3

have

|(012) ) - (1127) )]

< ”g (ty,+z) gty +z:)"x

N J: Is, - )28

t
[ 15,69

7
t
S; 1) [¢0)+g(0,)] - g(t:y +2,) + . Sq(t =) Buy,; (s)ds
t
+ J S (t=9) f (s y,+Z, H(y(s) +Z(s)))ds, te[0,t],
0
Sq (1) [$0)+g(0, )]+, (£ —1,) I (2 (£7)) + S, (£~ 1)
x [9t (tl’ytl +z; + 1 (}’t; + ztt;)) -9 (tp)/tl +Et1)] -9ty +7)
+J Sq (t—s)Buy+E(s)ds+ J Sq (t-ys)
0 B Jo
Xf(s,y,+zoH(y(s) +Z(s)))ds, te(t,t], (28)
Sy [$©O +g(0.8)]+ 38, (t-1,) I (= (1))
i=1
+qu (t-t;) [g (ti’ W+ 2+ (J’t; + Et;)) -9 (ti’ Y, T Et,,)]
i=1
t t
-g(ty, +z,)+ J S, (t =) Buy,z (s)ds + J S, (t=s)
0 0
Xf (s, ys+Zo H (y(s) +Z(s)))ds, te(t,,b].
It can be easily seen that the operator ® has a fixed point if M J h = s
and only if IT has a fixed point. Now, we will prove that IT has i 0 (Ml Iz -2 ”‘%h T
a unique fixed point. In order to prove this, we show that IT is _
a contraction mapping. Let z,z" € 932, forall t € [0,¢,], we x[[H (y () -2 ()
~H(y(s)
-z ())|x) ds] dn
t
, M [ (e Z ¢ I 9 -26)
t 0
(tl - ’1) (ro ) "X
- » ~H(y(s)-z" (s))||X> ds
oty +2,) - 9 (o, 2],
< <1 + lM§M2> [L,C} + Mb(u,C; +wH")]
Y
) ) e =2 g
x "f (S, ys + ZS’ H (y (S) +z (S))) (29)

_f(s’ys"'E:’

H(y(s) +2" (5))| xds | dn

t
+ JO "Sq (- S)”L(X)

<|f (53 + 2. H(y (5) +Z(5)))

Similarly, for t € (t;, t;1], k = 1,2,...,m, we can obtain

|@2) () - (127) )]

< Z"Sq (t = 1)), I (2 () = L (= (7))

k
+ ;”Sq (t - ti)“L(X)

—f (55, +Z, H(y(s) +Z" (5)))] ds

< Lylz -7 g,

1 t .
+ ;MlﬁMz L [Lg"zt -

d

2 "@h -9 (ti’yt,» + E: +1; (J’t; + E::—)) IIX



oty +7) - gy, + 2l

+lgty+2) - gty +2)|x

+ _Lt ||Sq (t-n) BB*S; (trar — 17)(1«51)_1 H

X

k
X [Z“Sq(fkn - ti)"L(x)"Ii(z(ti_)) = L(z(t)]
iz

k
+ ;"Sq (tk+1 B ti)“L(X)
% [“9 (to 3, + 2, + 1 (1 + 7))

-9 (ti’J’t,. +E: +1; (yf,-‘ +E:—))"X

x|

+|g (i 3, +2.) - 9 (53, + 7))

z)l
tk+1 X

+ ||g (tk+1’ytk+1 + ztk+1) 9 (tk+1’ ytk+1

try
o =
0 L(X

x| f (s ys+ 2, H(y(s) +Z(s)))

—f(s, ¥, +z,, Hy(s) + Z°(s))| ds | dn

t
+ L ”Sq (t- S)“L(X)
<|[f (s +Zo H(y (5) +2(5)))
~f (s +ZLH(y () +27(9)) | ds
< <1 + %M§M2> [kMp + kML ,C} (2+ p) + L ,C}

+Mb (1, Cy + pH") ] |- Z*”%g'

(30)
Thus, for all t € [0, b], we get the estimate
|@2)(6) - (112") )]
< (1 + %M;MZ) [mMp + mML ,C; (2 + p) + L,C;
+Mb (1, C + u,H™) ] Iz - Z*"@g

<Dz -2l
(31)
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Thus, we have ||(T1z)(¢) — (ITz*)(t) |l x

t € [0,b]. Since L < 1, this implies that IT is a contraction
mapping, and hence, IT has a unique fixed point z € .
Thus, the system (1) is exactly controllable on [0, b]. The proof
is complete. O

< ILlz- z*||gjg for all

However, the concept of exact controllability is very
limited for many dynamic control systems, and the app-
roximate controllability is more appropriate for these con-
trol systems instead of exact controllability. Taking this
into account, in this paper, we will also discuss the app-
roximate controllability result of the nonlinear impul-
sive fractional control system (1). The control system is
said to be approximately controllable if, for every initial
data ¢ and every finite time horizon b > 0, an admis-
sible control process can be found such that the corr-
esponding solution is arbitrarily close to a given square
integrable final condition. Further, approximate controllable
systems are more prevalent, and often, approximate con-
trollability is completely adequate in applications. In rec-
ent years, for deterministic and stochastic control systems
including delay term, there are several papers devoted to
the study of approximate controllability [23-25]. Suka-
vanam and Kumar [26] obtained a set of conditions which
ensure the approximate controllability of a class of semi-
linear fractional delay control systems. Recently, Sakthivel
et al. [23] formulated and proved a new set of sufficient
conditions for approximate controllability of fractional dif-
ferential equations by using the fractional calculus theory and
solutions operators.

Definition 9. The fractional control system (1) is said to be
approximately controllable on [0,b] if the closure of the
reachable set % (b, ¢) is dense in X; that is, Z(b, ¢) =

Remark 10. Assume that the linear fractional control system

Dix(t) = Ax(t) + (Bu) (t), te€[0,b],
(32)

x(0)=¢

is approximate controllable. Let us now introduce the oper-
[} Sb~ BB S:b -
s)ds, R(«a, Fg) = (ocI+l“é’)_1 for « > 0. It should be mentioned
that the approximate controllability of (32) is equivalent to

the convergence of function aR(«, Fg ) to zero, as &« — 0F
in the strong operator topology (see [23, 27] and references
therein).

ators associated with (32) as Fg =

Theorem 11. Assume that conditions (H1)-(H4) hold and that
the family {S,(t) : t > O} is compact. In addition, assume
that the function f is uniformly bounded and the linear system
associated with the system (1) is approximately controllable,
then the nonlinear fractional control system with infinite delay
(1) is approximately controllable on [0, b].

Proof. For each « > 0, define the operator ¥ : B, — %, by
Yx(t) = z(t), where
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z(t)=<'

where

p(x())

)

x, =S, (6) [0 +g(0,¢)] + g (t;,x,)

'¢(t)> tE(—O0,0],
S, ) [¢(0)+g(0,¢)] - gt x,)+ Jo S, (t = s) Bu, (s)ds
+JtSq (t—3) f (s, x, Hx(s))ds, tel0,t,],
0
5,019+ (0.9)] +5,(~) 1 (£()) 5, =) [g (1, +1 (5,)) ~ (6%,
—-g(t,x,) + J S, (t —s) Bu, (s)ds + J S, (t = s) f (s, x5, Hx (s)) ds, te(t,t,],
0 0
S, ) [¢(0) +g(0,¢)] + qu (t=t) L (x(t;)) (33)
i=1
2 Sq(t =) [g(tnx, + 1 (x)) = g (8%, )]
i=1
_g(t,xt)+J'tSq (t —s) Bu, (s)ds+J S, (t=9) f (s, x5, Hx (s)) ds, t e (t,.b],
! 0 0

BS; (t—t)R(a Ty ) p(x (), te[0t],
Uy () = ?*S; (b= R(aL7) p(x(). te(tit],

B'S; b-DR(aTI) ) p(x(), te(t,b],

Let X*(-) be a fixed point of . Further, any fixed point of
Y is a mild solution of (1) under the control

BS; (t, ~t) R, I3) p (%), teot],

t - B'S; (t, - t) R(a I3?) p (%), te(tt,],
- Jo Sy (t1 =) f (s, x, Hx (5)) ds, te[0,t], u (1) = :

X, =Sy (t2) [¢(0) + g (0,9)] B*S; (b—t)R(oc,Fé’)p(fE“), t € (t,b]
=8, (t, =) I (x(£))) (35)
-S4 (t,—t,) [g (tl’xtl +1 (xt;))

-g (tl, X, )] +g (tz, xtz) and satisfies

Sq (t; =) f (s, x,, Hx (s)) ds, te(t,t], (1) = X, —aR (oc, I‘él)P(fa), te o],

X% (ty) = x, —aR (. Ty ) p (%), te(tpty],

%= S, () [¢(0)+ g (0,4)] (36)
38,6 1)1 (x(5) :

55,01 g (1, + 1, ()

55“(b)=xb—ocR(0c,l"g)p(5Za), te(t,,b].

-g (ti,xti)] +g(b,x,) Moreover, by the assumption that f is uniformly bounded,
b there exists N > 0 such that
_ Jo S, (b=3) f (s, x, Hx (5)) ds, te(t,,b]. b
G4 [ 12z fPas < o2 &)
0

One can easily show that for all « > 0, the operator ¥ has
a fixed point by employing the technique used in Theorem 8 ~ and consequently, the sequence { f (s, X7, Hx"(s))} is bounded

with some

changes. in L*(J,X). Then, there is a subsequence still denoted
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by {f(s,X{, Hx*(s))} that converges weakly to say f(s) in
L*(J, X). Now, we define

w
-5, (1) 6+ 9 (0.9)
+g(t1,x?‘l)—L S, (ty =) f (s)ds, eo,t,],
x, =S4 (6) [¢(0) + 9(0,9)]
4 (b, —t,) I (x* (tf))
=S, (t,—t;) [g (tl,x‘t"1 +1 (xf‘l_))
~g9(tx7))] + 9 (t2:7)
- L S, (t, —s) f (s)ds, te(tpt,],
xp = S, (0) [¢(0) + g (0,¢)]
-qu (b-1;) I (x* ()
=Y s, (-t [g (s + 1 (x))
i=1
b =g (t ;)] + 9 (b:x7)
—j S, (b-5) f (5)ds, tet,b].
’ (38)

Now, for t € [0,t,], we have

lp (x%) - w]

[, 800 =9 1f (055 2 ) - £ (9] ds

< sup
tel0,t,]

j S, (=9 [f (55 HE* () - £ (5)] s
(39)

Also, for t € [t;,t ,m, we have

lp (%) - w]

[ s -9 s b ) - 0l ds

JS(t

By using infinite-dimensional version of the Ascoli-Arzela
theorem, it is easy to show that an operator I(-) — fo Sq(- -
Ns)ds : LYJ, X) - C(,X) is compact. Hence, for all
t € [0,b], we obtain that |p(x*) —w|| — Oasa — 0.
Moreover, from (36) we get for t € [0, 1],

wli=1...

< sup
t€(tpstinl

)[f (s, %5, HX* (s)) = f ()] ds] -
(40)

"3?“ (t)) = x, " < ”ocR (. Ty') (w)"
+]ar (0 19| o (%) - w| (41)
< Jlar (@ 13") )] + Ip (2) - w]
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It follows from Remark 10 and (39) that || X, (t,)
asa — 0. Similarly, in the view of (40), for t € (t;,t;,,],
i=1,...,m,

—xt1|| -0

“?co‘ (tin) = X, " —0 asa—0". (42)

Thus, for all £ € [0,b], we get [|X*(b) — x| — Oasa — 0.
This proves the approximate controllability of (1). The proof
is completed. O

Example 12. Now, we present an example to illustrate the
abstract results of this paper which do not aim at generality
but indicate how our theorem can be applied to concrete
problems. Let X = L*[0,7]. Define A X - X
by Az = Z" with domain D(A) = {z € X :
z,z' are absolutely continuous, 2" € X,z(0) = z(n) = 0O}
Then, A generates an analytic semigroup {T'(t),t > 0} in X,
and it is given by [14]

T(t)z—Ze 't (z.e,)e, z€X, (43)

where e, (y) = 2/nsinny,n = 1,2,3,... is the orthogonal
set of eigenvectors of A. Also, define an infinite dimensmnal
control space Uby U = {u | u = Y2, u,e, with Y0 u? <

n=2"n
oo} with norm defined by [lull, = (Zn ) n)l/2 Define a
continuous linear map B from U to X as Bu = 2u,e; +
Yo, uye, foru=Y"" u.e, €U.

Note that the subordination principle of solution operator
implies that A is the infinitesimal generator of a solution
operator {S,(f)}s. Since S (t) is strongly continuous on
[0, 00), by the uniformly bounded theorem, there exists a

constant M > 0 such that ||Sq(t)||L(X) < M fort € [0,b] [14].

Consider the following fractional partial integrodifferen-
tial equation with infinite delay and control in the following
form:

‘Dl [x (t,y)+ J_too a(t,y,s—1)Q; (x(s,y)) ds]
= %22 [x (ty)+ [00 a(t,y,s—1t)Q; (x(s,5)) ds]

gl

><[M(s,y)+J._S K (s,x,&E—5s)
XQ, (x (5) )’)) dé
* ~x(Ey)
+ Jo g&s)e df] ds,

te]=1[0,1], y € [0,7], t#&4,

(44)

with x(¢,0) = x(t,7) = 0, x(t, y) =
[0, 7], Ax(t)(y) = [ qi(t; -

o(t, y), t € (—00,0],y €
s)x(s, y)ds, and y € [0,7],
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where 9] is the Caputo fractional partial derivative of order
0<g<Lp:[0,1] x[0,7] — [0,7] is continuous and in
t;q; : R — Rare continuous; 0 < t; <t, <---<t, <bare
prefixed numbers; and ¢ € %,.

Let h(s) = €*,s < 0, thenl = L?O h(s)ds = 1/2. Let
%), be the phase space endowed with the norm |¢ll, =

ji)oo h(s)supge(s o) l@(@)ll 2ds. Let x(t)(y) = x(t, y), and define
the bounded linear operator B : U — X by (Bu)(t)(y) =

Wt ), 0< y < gt )y) = [ alt, y,0)Q,$(6)(7))d6,

L(x(t)(y) = Ltoo q;(t;—s)x(s, y)ds,and f(t,¢, Hx(t))(y) =
Ji)oo K(t, y,0)Q,(¢(0)(¥))dO + Hx(t)(y), where Hx(t)(y) =

Jot g(s,)e™ ) ds and ¢(0)(y) = $(6, ), (6, ¥) € (—00,0] x
[0, 7]. Moreover, the linear fractional control system corre-
sponding to (44) is exactly controllable. Further, if we impose
suitable conditions on a, K, Q;, Q,, g, ;> and B to verify
assumptions on Theorem 8, then the system (44) can be writ-
ten in the abstract form of (1). Therefore, all the conditions of
Theorem 8 are satisfied, and hence, the nonlinear fractional
control system (44) is exactly controllable on [0, b].
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