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APPROXIMATE CONTROLLABILITY OF IMPULSIVE
INTEGRODIFFERENTIAL EQUATIONS WITH
STATE-DEPENDENT DELAY

M. FALL - B. DEHIGBE - K. EZZINBI - M.A. DIOP

This paper considers the approximate controllability of mild solu-
tions for impulsive semilinear integrodifferential equations with state-
dependent delay in Hilbert spaces. We obtain our significant findings
using Grimmer’s resolvent operator theory and Schauder’s fixed point the-
orem. We give an example at the end to ensure the compatibility of the
results.

1. Introduction

This study investigates the existence of mild solutions and approximate con-
trollability for the following impulsive integrodifferential equation with state-
dependent delay

§0) =AM+ [ Bl )(0)ds+ A1, ey) + V()
teJ=[0,b],t#1,i=12,...,m, )

Al = L(E(Ty)), i=1,...,m,
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where A is the infinitesimal generator of a Cy-semigroup (T(t)) >0 On a Hilbert

space K, (B(t)) >0 1s a family of closed linear operators on K with domain
D(B(t)) D D(A), Tis a bounded linear operator from U into KK, the control func-
tion v is given in L2(J,U), h: J x B — K is a nonlinear function, where B is a
phase space, which will be described later. The impulsive functions /; : K — K,
fori=1,....mand Al|,—g, = &(T") —&(7 ) with 0= < T < Ty < -+~ <
Ty < Tuy1 = b, for i = 1,...,m. The function & : (—,0] — K, &(9) =
E(r+ ¥), belongs to the phase space BB and the function ¢ : J x B — (—o0,b], is
continuous. Integrodifferential equations can describe natural phenomena from
many fields, such as electronics, fluid dynamics, biological models, and chemi-
cal kinetics. Classical differential equations can not describe those phenomena.
That is why, in recent years, integrodifferential equations have attracted more
and more attention from physicists, mathematicians, and engineers. According
to the author of the citation, Volterra, the dynamics of certain types of elastic
materials can be characterized by a partial integrodifferential response diffusion
equation of the following form: In [41], the author makes the suggestion that
the kinetics of certain classes of elastic materials can be represented by a partial
integrodifferential response diffusion equation of the following form:

ou(0,t)
ot

where ¢ and ¢ are appropriates functions. In their investigation of the electric

displacement field in Maxwell Hopkinson dielectric, the authors in [9, 14] made

use of the linear partial integrodifferential equation that is presented below:
%u(6,r) 1

012 ne

_ Au(6,1) —l—/ot(])(t,s)Au(G,s)ds—l—(p(O,t), (0,1) €R xR,

Au(6,t) —i—/otnlgql(t—s)Au(O,s)ds, (0,t) €Qx[0,T),

for T > 0 and Q C R3, where 1,& € R and v is a vector of scalar functions.
The Rayleigh problem or the Stoke’s first problem of viscoelasticity is given by
the following integrodifferential equation:

du(6,1)
ot

_ /OtAu(G,T)da(T) Fh(0,1), (8,1) € [0,1] xRY,

where a: R™ — R is a function of bounded variation on each compact interval of
R™ with a(0) = 0. This problem is a typical example of one-dimensional prob-
lems in viscoelasticity, like torsion of a rod, simple shearing motions, simple
tension, etc, see [36]. A simple control system of integrodifferential equation is
that of the electrical RLC circuit:

dL(t)

1 1 1
= y(t)—— [ L(t)dt 1), teRT.



CONTROLLABILITY OF IMPULSIVE INTEGRODIFFERENTIAL EQUATIONS 53

Here, L(7) is the voltage in the electrical circuit and r(¢) is the current source
which serves as the control function, see [10, Eq (2.2)]. In [31], In order to
investigate the dynamics of several epidemiological systems, the authors in [31]
made use of a few delayed integrodifferential equations, see [31, page 685, Eqs
(11£)-(11g)]. An additional source of inspiration comes from biological sci-
ences, physics, and other disciplines. These include areas such as elasticity,
dynamics of populations, forecasting human populations, torsion of a wire, ra-
diation transport, Bernoulies problems, oscillating magnetic field, mortality of
equipment problems, and inverse problems of reaction-diffusion equations, etc,
see for instance [9, 14, 30, 31, 36, 37, 41, 42] and the references therein.

Many authors have researched the qualitative properties of numerous integrodif-
ferential equations in infinite dimensional spaces due to the importance of these
properties in applications (see [16], [17], [18], and [19] for examples). These
qualitative properties include existence, stability, optimal control, controllabil-
ity, etc.

Because it is more successful than classical differential equations, the theory of
impulsive differential equations is becoming an increasingly important research
topic. As models, impulsive differential equations are suitable for studying the
evolution of processes subject to abrupt changes in their states. The wide ap-
plications of these equations in fields such as mechanics, electrical engineering,
medicine, biology, ecology, and other fields have recently attracted the atten-
tion of many scholars. Readers should consult the books written by [6] and [8],
as well as the papers written by Chang[11] and Hernandez[24], along with the
references listed within those published works.

Functional differential equation theory is now crucial to nonlinear analy-
sis. Researchers have long modeled scientific processes using differential delay
equations or functional differential equations. Many times, the delay is believed
to be constant or integral, creating a distributed delay.We refer the reader to the
books by Hale and Verduyn Lunel [23], Kolmanovskii and Myshkis [27], Smith
[40], and Wu [44], and the references therein. Researchers have recently stud-
ied complex cases where delay depends on unknown functions. Researchers
commonly refer to equations with state-dependent delay as such ( [1, 2, 25]).
Additionally, state-dependent delays are common and effective in applications,
as demonstrated in ([3, 12]).

Controllability underpins mathematical control theory. We can differentiate
between two controllability notions for infinite dimensional systems. There is
exact and approximate controllability. Excact controllability indicates a system
can reach a desired ultimate state in a finite time, whereas approximation con-
trollability means it can steer into an arbitrarily small neighborhood of it. In
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infinite dimensional spaces, perfect controllability is frequently too strong and
has limited applicability; (see [7, 39, 43]). Therefore, investigating the more
abstract notion of controllability, specifically the concept of approximate con-
trollability for nonlinear systems, is not only recommended but essential. In
the past ten years, a great number of works have reported on the approximate
controllability of the dynamical control system with delay via fixed point meth-
ods; for example, see([4, 5]). Muthukumar et al.[33] recently proved the ap-
proximate controllability for a class of impulsive neutral stochastic functional
differential systems with state-dependent delay in Hilbert spaces by making use
of semigroup theory, stochastic analysis techniques, and Sadovskii’s fixed point
theorem. In addition, the authors of the study in Zahra [32] investigated the ap-
proximate controllability for semilinear neutral integrodifferential systems with
finite delays in Hilbert spaces. They did this by employing Sadovskii’s fixed
point theorem and the resolvent operator theory. Later, Fu and Zhang[20] used
the fixed point method and semigroup theory to come up with enough condi-
tions for approximate controllability for semilinear neutral functional differen-
tial systems with state-dependent delay. Ndambomve and al. [34] studied the
approximate controllability for some nonlinear partial functional integrodiffer-
ential equations with infinite delay by making use of the measure of noncom-
pactness and the Monch fixed point theorem. A set of adequate criteria for
approximate controllability of the semilinear impulsive functional differential
system with nonlocal initial conditions was derived by authors very recently in
[5]. These conditions were derived by invoking Schauder’s fixed-point theorem.

However, to our knowledge, there has yet to be work on the approximate
controllability for impulsive integrodifferential systems with state-dependent
delay described by (1).

In this study, we want to fill in this gap by looking into how to roughly
control impulsive integrodifferential equations with state-dependent delay. This
is guided by the arguments that came before it.

The following is a summary of the major contributions that this work makes:

o A novel class of impulsive integrodifferential equations with state-dependent
delay in Hilbert spaces has been proposed.

e Using Schauder’s fixed point theorem and the theory of the resolvent operator
in the sense of Grimmer, we develop a new set of adequate conditions that
guarantee the existence of mild solutions for impulsive integrodifferential
equations with state-dependent delay.

e An example is used to illustrate the main results.

This paper is structured as follows: In section 2, we give some fundamental
definitions, assumptions and results needed to develop the approximate control-
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lability of system (1). In section 3, we discuss the approximate controllability
of system system (1) with the help of Schauder’s fixed point theorem and the
resolvent operator in the sense of Grimmer. An example is provided in the last
section to illustrate the obtained results.

2. Preliminaries

In this section, some definitions, notations, and lemmas that are used throughout
this work are stated. The norms in the state space K and control space U are
denoted by || - |k, and || - ||y, respectively. The inner product in U is represented
by (-,-). £(U;K) is the space of all bounded linear operators from U into K,
it is endowed with the norm || - || k) and we write £(K) when U =K. A
function & : [p, 0] — K is called the normalised piecewise continuous function
on the interval [p, 6], it is piecewise continuous on [p, 6] and left continuous
on (p, 0]. Let us detone by PC([p, 6], K) the space of all normalised piecewise
continuous function from [p, 8] into K. PC([p, 8],K) equipped with the norm
1€]lpc = supsep.01 16 (5)[lx is a Banach space. For convenience of notations,
we use PC in place of PC(J,K).

2.1. Phase space

Now, we give the axiomatic definition of the phase space B introduced by Hino
et al. in [26] and suitably modify to treat the impulsive evolution equations
(cf. [35]). Specifically B, is a linear space of all functions from (—oo,0] into K
equipped with the norm || - |5 and satisfying the following axioms:

(C1) If&: (—oo,p+86) =K, 8>0,suchthat &, € Band &, 10 € PC([P,p +
0];K), then for every 7 € [p, p + 0], the following conditions are satisfied:

(@) & eB.

(b) &5 < F(t—p)sup{JlE(s) i - p <5 <1} +Glt—p) |G|, where
F, G : [0,00) — [0,0) such that F is locally bounded, and both F, G
are independent of & ().

(C2) The space B is complete.

Remark 2.1. For any y € B, the function y;, t <0, defined as y,(¥) = y(t +
D), ¥ € (—o0,0]. Thus, if the function &(-) fulfills the axiom (Cy) with & = v,
then we may extend the mapping t — & by setting & = y;, t <0, to the entire
interval (—eo,b).
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Furthermore, for the function ¢ : J x B — (—o0,b], we introduce the set
X(o7)={o(s,9) : o(s,9) <O, for (s,9) € J x B},

and we give the following assumption on ;. The function # — y; is well defined
from X'(0~) into B and there exists a continuous and bounded function JV :
X (07) — (0,0) such that |||z < JY(¢)|| |5 forevery t € X (o).

Lemma 2.1. [38, Lemma 2.3] Let § : (—o0,b] — K, be a function such that
Eo=vwvand §|; € PC. Then,

I16slls < Fillwlls + Fasup{[|S (1) [x = u € [0,max{0,s}]}, s € X(07)UJ,

where Fy = sup JY(¢t)+supG(r), F, =supF(r).
teX (o) reJ teJ

Example 2.1. Phase space.

Let f : (—,0] — R be a Lebesgue function, which is locally bounded. Take
B = PC; x L}(K) as the space of all functions y : (—e,0] — K such that
Vl—z0 € PC([~7,0];K), for some T > 0, y is Lebesgue measurable on (—o, — 1),
and ||y (-) ||k is Lebesgue integrable on (—oo, —t|. The norm in B is defined as

0 -7
Ivlis = [ Iw@)lkad+ [ r@)w()xas. @)

Furthermore, there exists a locally bounded function H : (—,0] — R™ such
that f(t+0) <H(t)f(9), forallt <0and ¥ € (—,0)\ F; where F; C (—o0,0)
is a set with a Lebesgue measure zero. A simple example of f is given by f(0¥) =
e“s,for some s > 0.

To verify that the space B is a phase space, first, we prove that it satisfies
the axiom (Cy). Here, we choose p =0, 8 = b. Let () be a function such that
& € Band |y € PC(J;K). Remember that the function & : (—,0] — K is
described by

E(V)=E(t+9), foreacht € J.

Fort € J, we verify that & € B. It is easy to see that for eacht € J, the function
&ili—z0) € PC([—7,01;K), T > 0 and Lebesgue measurable. Now, fort € [0, 7],
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we estimate

16115
= /_OT 16 ( +B)l|lxd® +/_:f(19)H§(t+ 3)||kdd

- 0 —t—T
= [ N+ D)ledd+ [+ 9 dd+ [ FO)E+9)]xdd

+ F)&( + D) [xd?

—t—7T

< [ 1e@lcas+ [ Ie@lxas+ [ o -olig@®)lxas
+ [ s -01E@)ad

0 -7
< [ IE@) ks -+1 sup £+ H(=1) [ FB)IE®)dd

B€[0,1]

0
+H (=) [ JO)1§(0)xdd

0
< (1480 s 1®)) [ 1§ xdd+1 sup |E()]
] -7

ve[-1,0 ¥€[0,1]

H(=1) [ 79)E®)av.

3)

In a similar manner, fort > T, we get

181z
< (1+HC0 s 7)) [ 1E)ao

Be[—1,0]

+(r [ r@a0) sup 6@+ H-0) [ FONED) .

B€(0,¢] -
4)
From (3) and (4), we deduce that the axiom (Cy) holds with

t, for 0<tr<7
— —T
FO=3 14 [ fw)av, for, <t
—t

and

G(t) = max{l Y H(—1) Rl f(ﬂ),H(—t)}.
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Finally, the completeness of the space B, under the norm || - ||g described in (2)
follows similarly to Theorem 1.3.1 [26] and hence the axiom (C,) is satisfied. In
particular, we take T = 0 and in this case, we consider the following condition:

(A1) The function ¢ € PCy X L}(K) and K := SUP ¢ (_co M

f(9)

2.2. Resolvent operators in Banach spaces

In this part, we recall some basic results about the operators for the following
linear homogeneous equation

X (t) = Ax(t) + /0 "B(t — s)x(s)ds fort >0
x(0) =xp € X,

&)

where A and B(r) are closed operators on Banach space X. Let Y be the Banach
space formed from D(A) with the graph norm

Il = llAx[| + x|, for x € D(A).
In the sequel, we suppose that A and (B(t)) . satisfy the following conditions:
>

(P1) A is the infinitesimal generator of Cyp-semigroup (T(t)) o on X

(P) (B(t)),>( is a family of closed linear operator on X such that B(t) is con-
tinuous when regarded as linear map from (Y, | - |ly) into (X, | - ||x)
and the map r — B(t)x is measurable for all x € X and 7 > 0, and be-
longs to W'!(R* X). Moreover there exists an integrable function ¥ :
[0, +00) — R such as

’ d

—B(t

S B0x

Definition 2.2. [22] We call resolvent operator for Eq. (5), a bounded linear op-
erator valued function R(¢) € L(X) forz > 0, verifying the following properties:

< Y<t) HXHYv Xe th > 0.

(i) R(0) =1 (identity operator on X) and ||R(¢)|| < Me® for some constants
M and o.

(ii) For each x € X, R(¢)x is strongly continuous for # > 0.

(iii) Forx € Y, R(-)x € C!([0,+0),X) NC([0,+o0),Y) and
R'(t)x =AR(t)x+ /OIB(I —5)R(s)xds

t
— R(1)Ax+ / R(t — 5)B(s)xds for > 0.
0



CONTROLLABILITY OF IMPULSIVE INTEGRODIFFERENTIAL EQUATIONS 59

Remark 2.2. In general, the resolvent operator (R(t));>o for Eq. (5), does not
satisfy the semigroup property, namely,

R(t+5) # R(t)R(s) for somet,s > 0.

Theorem 2.3. [22] Suppose that (P) and (P>) hold. Then, Eq. (5) has a unique
resolvent operator (R(t));>o0.

Lemma 2.4. [29] Let (Py) and (P») be satisfied. Then, for all t > 0 there exists
a constant L such that

IR(t+p) ~ R(P)R() | ey < Lp for 0 < p <1 <b.

Theorem 2.5. [15] Assume that (Py) and (P») hold. The resolvent operator
(R(t))r>0 is compact for t > O if only if the semigroup (T (t));>0 is compact for
t>0.

Let us define the operators

b
ch ::/ R(b—1t)IT*R*(b—1t)dt,
0
G(a,Ch) = (al+Ch) ", a >0,

(6)

where R*(¢) and I'* denote the adjoints of the operators R(¢) and I, respec-
tively.

Definition 2.6. A function & (-; y,u) : (—oo,b] — K is called a mild solution of
Eq. (1), if it satisfies the following:

() &(1) =y(1) € B, 1 € (—°,0],
(ll) A§|t:1',- :Ii(é(fi)), = 1,...,m,

(iii) x(-)|; € PC and the following integral equation is verified:

E(1) = R(O)w(0) + /0 "Rt~ ) (5, gy )ds + /0 "R(t — )TV (s)ds
+ Y Rt—w)h(&(n)) ™

o<t<t

Next, we present the concept of approximate controllability.

Definition 2.7. The system (1) is approximately controllable on J, if for any
initial function y € PC, the set R(b, y) is dense in K, i.e.:

R(b7 II/) =K,
where R (b, y) = {& (b, w,u), u(-) € L2(J,U)}.
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To obtain the approximate controllability results for Eq. (1), we need the
following hypotheses.

(Ap) aG(a,Ch)(g) — 0as o | 0 in the strong topology.
(A1) (R(t))r>0 is compact for > 0. Let N = sup,c (g 5 [|R()]-
(A2) The linear operator I : U — K is bounded with ||T'[| z(y.x) = Nr-

(A3) (i) Let& : (—oo,b] — K be such that & = y and &|; € PC. The function
t — h(t,&) is strongly measurable on J and ¢ — h(s, &) is contin-
uous on X (o~ )UJ, for every s € J. Moreover, for each 7 € J, the
function A(z,-) : B — K is continuous.

(ii) For each positive integer a, there exists a function m,(-) € L' (J;R")
such that

sup ||h(t,¥)||x < mgu(t), forae.te€Jand y € B,

lvlz<a
and ,
t
timinf [ 74D — g < oo,
a—»oo 0 a
(A4) For i = 1,...,m, the impulses /; : K — K are completely continuous.

Moreover, we assume that there exist constants @; such that ||7;(&)||x < @;
forallé eK, i=1,...,m.

Note that the assumption (Ap) is equivalent to the fact that the linear control
system:

() = Ag(z)+/0t3(t—s)g(s)ds+rv(t), rel,

ae (1,&)€[0,b] xQ, ®)

[ §(0) = w(0)eB,

corresponding to Eq. (1) is approximately controllable on J.
Theorem 2.8. [13] The following statements are equivalent:

(@) The linear control system (8) is approximately controllable on J.
(b) I*R*(t)E =0 forallt €J, = £ =0.

(¢) The assumption (Ag) is satisfied.
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We end this section with Schauder’s fixed point theorem, which we will use
in the following to prove our results.

Theorem 2.9 (Schauder’s fixed point theorem). [2]1] Let F be a nonempty
closed convex bounded subset of a Banach space X. Then every continuous
compact mapping S : F — F has a fixed point.

3. Approximate controlability of the nonlinear system (1)
In this section, we establish the approximate controllability of the system (1).
To this end, we first show that, for every a > 0 and &, € K, the system (1) has
at least one mild solution using the following control

Vo =T"R*(b—1)G(,C}) B (§(-)), 1€, ©)

where

;DTI

D(E0) = & —REW(O) — [ Rb= (g s~ 3R~ 1 (E(x).

(10)
and & : (—oo,b] — K such that & = y and & = £ on J.

Theorem 3.1. Assume that assumptions (P;)-(P-), (Ag)-(A4) are satisfied. Then,
for every a > 0 and for fixed &, € K, the system (1) using the control (9) has at
least one mild solution on J, provided that

NEN?b
NEO(1+-L

)<L. (11)

Proof. Let H ={& € PC : £(0) = y(0)} be the space endowed with the norm
|| - ||pc. Let g be a positive constant. We now consider the set H, = {§ € H :

18llpc < g}
For 0 < a < b, we define the operator Wy, : H — H as

Wa8)(0) = ROW(O) + [ R(—s)h(s, &,y ) )ds + / "R(t —5)Tva(s)ds
+ Y R(t—m)E(E(w)). (12)

o<t<t

It is clear from the definition of W, for @ > 0, that the fixed point of W, is a
mild solution of the system (1). Next, we will prove that VW, has a fixed point
by applying Schauder’s fixed point theorem. The proof is split in several steps:
Step 1: Wy (H,) C Hy, for some g. Indeed, suppose that our claim is false.
Then for any a > 0 and for all ¢ > 0, there exists £7(-) € Wy, such that
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|(We&9)(2)|lx > g, for some t € J, where ¢ may depend upon ¢. First, by
using the expression defined in (9), and (A;), (A7) and (A3), we estimate

Ve ()l
= [T°R* (b —1)G(at, CG) O (E ()|

1 ok *
< I leae s IR (0 =)l e G(a,C§) 0 (E()) -

<t (Hibm IR®) L0 1(0)

b _
+ 1RO =9l lIh(s. oy g s

i=1

+ i [R(b— Ti)”lﬁ(K)Hli(‘S(Ti))HK>

<t (Hébmwnw( )l

+N/ Ik (s, HKdS—i-NZHI T:))!K)

i=1

N m
<= (Hib\KJrNHV’( HK+N/ 1A (s, ,gs))HKdSJrNZwi><+°°7

i=1
(13)

which implies that ||v(7)||y is bounded for all 7 € J.
Let us define || Vg ||eo = sup,c; || Va(?)|lu. Using (C1)(b) and (A3)(ii), we ob-
tain

q <[[WaS")(1)llx

= HR(I) +/ R(t—s)h ( &) ds—l—/ R(t —s)I'vy(s)ds
+ ¥ RG-%) ,-<<sq<r,->>HK

! z 14
< IR 20 | w(O) e + /0 IRt =3 (s, €L z0)) e (14

+/Ot 1R(2 = )|l ) [T Ve ()| el + i IRz =) | 2y 12:( & (7)) e

m

1 _
< NHq/(O)HKJrN/O I1(5,E2, z0)) licds + NNeb |Vl + N Y. @
' i=1
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On the other hand, for any § € #,, it follows from Lemma 2.1 that
24 o
1€ oo lls < Fillvlis+Fog =4 (15)
Then, using (13),(14), (15) and (Ap), we have

q < [[WaSh)(0)llx

t m
§N|]1//(O)HK+N/O my(s)ds -+ NNpb||vallo + N 'Y o
=1

1
N>NZb
(04

b m m
+N/0 mg(s)ds+N'Y w,-) +N) o
i=1 i=1

1

b
<MVl N [ ma(oias + 5 (18l - MvOle g

N>NEb, [?
<M+N(1+ ar )/ mg(s)ds,
0

N>NZb

where M = N||w(0)||x +
From (A3), one can see that
b mg(1)

bm(f) G
timinf [ ") gp — timing [ 720 4 9
q— J0 q q—>= J0 q q

(Il + NIy (0) [l + N T, @) +N T, o

=F0.

Dividing by ¢ in the inequality (16) and letting g — oo, we obtain that

N2N2b
N(1+—=F

JR6>1, (17)

which contradicts (11). Hence Wy (H,) C H,.
Step 2: We prove that W, is a continuous operator.
Let {&"} | € H, such that §" — & in H,,, that is,

lim [|§" — &||pc = 0.
n—yo0
Now, by virtue of Lemma 2.1, we deduce that

& ~&lls < B Sl[l&}Hgf(n)—fs(n)HK=F2||§"—5H7>c — 0, asn — oo,
nefo,

forall s € X(o~)UJ. Since o(s,&E") € X(0~)UJ, then

HEZ(S,&") - Eo(s,cfg) lg—0asn— oo, forallseJ.
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Hence, by assumption (A3) and the above convergence, we infer that

h(s, En g))_h( 5(5)) «

< 105 B )~ 5 o)+ i B ) 5 B

— 0 as n — oo, uniformly for all s € J.

Now, we estimate

19(5"(-)) = 3(S())llx

b

< RO=5) (585 ) —hls Sopog)))ds)|
+ iR(b—fl)(Ii(E"(Tz))—Iz(é(ft))) §
b _
SN 5, Ey )~ s o)

N Y| () ~ (& ()

According to the convergence (18) together with Lebesgue’s dominated conver-
gence Theorem and assumption (A4), we devire that

19(8"(-)) = 9(S()llxk — Oasn — oo. (19)
Using (19), we obtain that

G, ChYBE()) - Gl CDEC)
= laG(@, CB(E" ()~ BE) e

< é”ﬁ(i"(')) —(E)x
—0asn— oo,

Hence, G(a,CY)0(E"(-)) — G(a,CE)V(E(+)) in K as n — 0. Remember that
operator B is compact if and only if its adjoint B* is compact. Since the operator
R(t) is compact for all ¢ € J, then the operator R*(¢) is compact for all z € J.
Therefore, by using (20) and compactness of the operator R*(+), we have

Ve (t) = Va(1)llu
= TR (b 1) (G(r, C) B (E" () — G(et, C5) ¥ (& (1)) b
< Tz 1R (0 = )11 (G (et C5) 98" () = Gt C5) 9(E())) |

—0asn—» oo,

(20)

2D

K*
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Consequently, by (18),(21) and assumption (A4), we obtain

[Wa")(t) = (Wa)(1)lIx
: H /o R(t =) (h(s, &5, 1) = (5. Eo() ) ds

K

i

/ R(— )D(VA(s) — Vals)ds .
+H| Y RG—m) (HE(w) — HE @) |l

0< T <t
!
S /
0

m
+N Y ||1(E" (%) — 1i(E (%)) || — O as n — eo uniformly for 7 € J,
i=1

R(t ) (h(s,&5, g0)) = (s, Eo(s.2y))ds|| +NNb||Vg — Voo

K

(22)

which implies that W, is continuous.

Step 3: W, is a compact operator. To prove this, first we show that W (H,,) is
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equicontinuous. For 0 <7 <, <band § € H,, we evaluate

IWa&)(12) = Wa&)(11) I

< [|R(22) w(0) = R(t1) w(0) [ +

/ot1 (R(t —s) —R(ty _s))h(s,éc(sg))ds

(5} —

R(ty = 5)h(s,E5,2)) HK

~—

N /Otl (R(t2 . S) —R(fl — S) FVQ(S)dS

i

K il

+ /t ® R(ta— $)T'v(s)

+‘ Z (R(l‘z—fi)—R(tl_Ti))li(g(ri))

0<Ti<ty

K K

+ Z R(t; — Ti)li(é(fi))

1 <1<ty

< [R)Y(O) = RO e+ [ IRz =5) = Rion =) [1h(s. &y s

K

+Aﬂmm—ﬁ—Rm—nme@mwm

++N /tlzz!!h(s,é(,(&&))\\de+ N /ﬁrz ——
+ Y Rz —7) =R =)l EE () +N Y, 5 (w))llx

0< 1<t 11 <7<ty

< [R()W(0) — R WO -+ NN Valle(e =) +N [ mg(s)ds

+ [ IR = 5) = Rty =) mg(s)ds + NVl | IR (2 =) = R(t1 =) ds
0 0
+ Y |R(2—7)—R(t —7)|gkw;+N Y, o (23)

0<1;<t 1 <1<ty

By the continuity of (R(#)),;>0 in the operator-norm topology and the domi-
nated convergence Theorem, we conclude that the right-hand side of (23) tends
to zero uniformly for & € H,, ast; — ;. As a consequence, Wy (H,,) is equicon-
tinuous.

Next, we show that for each o > 0, the operator VW, maps H, into a rela-
tively compact subset of H,,. For this purpose, we prove that for every t € J, the
set F(1) ={(Wa&)(t) : € H,} is precompact in K. By (A;) and (As), we know
that the operators R(7) and I;, i = 1,...,m are compact. Therefore, in order to
prove the compactness of F(t), for each ¢t € J, we have to prove that the oper-

ator (Dy&) (1) := /OZR(I —s)h(s, EG(S_’ES))ds + /OtR(t —5)I'vg(s)ds is compact.

To this end, we demonstrate that the following set

Fi(t) = {(Cbaﬁ)(t) = /Oth(s,éc(sﬂgs))ds—k/olR(t —5)T'vy(s)ds :€ Hq}
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is relatively compact in K. Let 7 € J be fixed and p € (0,1). For & € H,, we
define the following operators

(@O0 =R(P) [ R1—s5—pIh(s:Eyiog))ds
+R(p) /(:_p R(t—s—p)['vg(s)ds

(CI;’&\&)(I) = /Ot_p R(t —s)h(s, EG(SV&))ds + /Ol_p R(t — s)['vg(s)ds.

The set {(PLE)(r) : € € H,} is relatively compact thanks to the compactness
of the operator R(p) in K, for every p € (0,1).

On the other hand, by Lemma 2.4 and Holder’s inequality, for all § € H,, we
have

I(@5E)(0)  (@EE) )]
= [ree) [ RG=5—pyils. B s
+R(p) [ R— 5= )T vals)ds
-/ t_pR<r—s>h(s e )ds— [ Ru=9Tvals)as]
= | [ R@IRG =5 = p) = R —5)h(s. Gy s
/ PIR(r —5—p) — R(t —5)|TVa(s)ds|
< [T IROIRG =5 —p) =R =5) (5. Eoi )
+ [T IR@)RG—s5—p) (= 5) [Tl vl s

t—p
ng/O ||h(s,§a(s7§-s))Hds+Ler/0 [Va(s)| = Oas p — O*.

By the total bounbedness principle, the set {(®5E)(t) : & € H,} is relatively
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compact. Using the same technique, we obtain

|(©a)(1) — (DRE) ()|
— H/OR(t—s)h(s,ég(s7&))ds+/o R(t — $)T'V(s)ds
t—p

—/0 R(t—S)h(s,ic(s?gv))ds—/Ot_pR(t—s)Fva(s)dsH

:)’ t

R(t—s)h(s.Egg))ds+ | R(t— S)Fva(s)dsH
1=p
! - t
<N [ (s &g s N [T v(s)as

t—p

t
< N/ mg(s)ds+ pNNr||V]j. — 0as p — 0",
—p

and there are precompact sets arbitrarily close to the set {(®&)(r) : § € H,}.
Hence, the set { (D¢ &) (1) : & € H,} is relatively compact in X. Finally, F () is
relatively compact in € H,. By Arzeld-Ascoli Theorem, we conclude that the
operator Wy, is compact. Thus, by using Schauder’s fixed point theorem, we see
that Wy has a fixed point in H,, which is a mild solution of system (1). ]

To establish the approximate controllability of system (1), we assume the
following assumption on A(-,-).
(As) h: J x B — K satisfies the assumption (A3)-(i) and uniformly bounded, that
is, there exists a constant M > 0 such that

|A(t, w)|lx <M, forall (r,y) € J x B.

Theorem 3.2. Let assumptions (Py)-(Ps), (Aog)-(Az) and (A4)-(As) hold. Then
the system (1) is approximately controllable on J.

Proof. By Theorem 3.1, we know that for every o > 0 and &, € K, there exists
a mild solution £%(+) such that

E%(t) =R(t)y(0) —i—/OtR(t —s)h(s,{"‘G(S’é-as))ds—i—/otR(t —s)I'v%(s)ds
+ Z R(T— ’Cl‘)li(g_a(fi)) te J,

o<ti<t

with the control

ve(t) =T"R*(b—1)G(a, C))I(EX(")), (24)
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where
HE“() =& ROWO) -~ [ RO (s, 85 g )ds
_;R(I_Tz)lz(é (T,)).

Using (24), one can see that

(1) = & — aG(a, COI(E*()). (25)

Applying the assumption (As), we get

[

That is, the sequence {h(-, E(‘;‘(S;Eg)) S > O} is bounded in L?(J;KK).
Therefore, there exists a subsequence relabeled as, such that {h (-, Eg‘(& 5;")) :
o> 0} such that
s Eote ) = H0)-

In addition, by (A4), we have

(@), <o

for each i = 1,...,m. Hence, the sequence {I,-({O‘(Ti)) o> O} is bounded in
K. Once again using the same argument, we can find subsequences relabeled as
{I,'(é_“ (1) : a> 0}, which are weakly convergent to the pointwise weak limit

6; € K, foreachi=1,...,m. Let us now define
m
W= & —R( /R — s)h(s)ds— Y R(t — 1:)3.
i=1
Then, we have

&) e < | [ RO =9 [ Egqog0) 0]

+Z (=) (1w - 5) | (26)

—>0asa—>0+.
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In the right-hand side of (26), the first term tends to zero thanks to the com-
pactness of the operator (Sh)(-) = [y R(- —s)h(s)ds : L*(J;K) — C(J;K) (see
[28, Lemma 3.2, Chapter 3]), and the second term converges to zero using the
compactness of the resolvent operator (R(t));>0.

Next, we compute ||E%(b) — & ||k as

1E%(5) = Epllx = Il eeGler, (G ()l

(27)
< llaG(a, o)V + [ aG(e, CG)(1(E()) = V)
According to (26) and assumption (Agp), we get
1E%(b) = &llx — 0 as ¢ — 07,
which gives the approximate controllability of system (1). O

Remark 3.1. Theorem 3.2 assumes that the operator A generates a compact
semigroup and, consequently, the associated linear control system (1) is not
exactly controllable. As a result, Theorem 3.2 has no analogue for the concept
of exact controllability.

4. Example

In this section, we provide an example to illustrate the obtained results. Consider
the following equation:

2 t 2
O x(1) = Soelty) + L)+ /Owa—s>§(2 (s.)ds

et [ 2= OO
yE[O 7'[] tedJ= [Ob],t#fi,i:l,...,m, (28)
Ax(t,y) = / pi(t t" %) —— L dt, i=1,2,3y€el0,x],
(x(#;, 7))?

x(t,0) =x(t,m) =0, teJ
x(6,y)=9(c.,y), y€[0,7], ¢ <0,

where 0 < 1} < 1, < t3 < b are real constants, p; € C([0,n] x [0,n],R), i =
1,2,3, the function @ : R, — R is a bounded and C! function with a derivative
|0’ (1)] < o(t) for all r > 0, the functions oy : [0,00) — [0,0), for k = 1,2, are
continuous. Also the function { : J x [0, 7] — [0, 7] is continuous in 7, and the
function ¢ belongs to the phase space which will specify later.
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Step 1: Resolvent operator.
Let K = L*([0,7];R), and U = L*([0, 7t]; R). We define the operator A induced
on K as follows:
D(A) = H*(0,m)NHL (0, 7),
(29)
AB=6".

Itis well know that A generates Co-semigroup (7'(r))
Moreover, the operator A can be expressed as

;>0 10 K, which is compact.

AO =

n

n?(6,4,), 6¢€D(A),
=1

2
where A, (y) = 4/ = sin(ny), n=1,2,... is a orthonormal set of eigenvectors in
A and
T1)0=Y ¢ (6,A4)h, 6cK.
n=1

Next, we define the bounded linear operator I : L?([0, 7], R) — K by

L(v()(y) == v()(y) = ¢(t,y), 1 €J, y €[0,7].

Moreover since @ a bounded and C' function such that @ is a bounded and
uniformly continuous, (P) is satisfied. Therefore, (P;) and (P>) hold and hence,
by Theorem 2.3, system (28) has a unique resolvent operator (R(t)),>o. Addi-
tionaly, in virtue of Theorem 2.5, (R(7));>0 is also compact for r > 0, and then
(A}) is satisfied.

Step 2: Phase space.

For the phase space, we take B = PCy x L}(K) which is described in Section 2

with r = 0. Let f(t) = e**, for T < 0, then

0
p= Kmf(f)dTZ %

and define the norm

0
lolls= | _£(e) sup [l9(s)dz.

¢€[z,0]
Step 3: Abstract formulation and approximate controllability. Let us define

E()(y):=x(t,y), fort € Jand y € [0, 7],
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and the bounded linear operator I" : L2([0,7],R) — K by

L(v()(y) = v(@)(y) = E(t,y), 1 €J, y €[0,7].

The function y : (—e0,0] — K, is defined as

v(t) () = o(1,y), y € [0,7].

Next, we define the function 4 : J x B — K such that

0
h(t,9)y:= eft/ ezf%dr fory € [0, x].

Also, we define the state-dependent function ¢ : J x B — K as

o(1,0) :=1—01(1)02([9(0)[|x)-
Now, we define the impulses /; : K — K by

L(E(T))y = Li(x(1:,y)),
fori=1,2,3and y € [0, 7]. Take

™ 2(1;,s
Ii(x(1:,)) :/0 nf(y’s)lfri(z%ds’

where 1; € C([0, 7] x [0,x];R), y € [0, 7].
Now, according to the above definitions, the system (28) is written in the
abstract form

§ 1) = AL + [ BU—9)EW)ds+h(rErg)) + V),
teJ=[0,b],t#1,i=1.2,...,n, (30)
A=, =Li(&(m)), i=1,....,m,
So=yeB,
Step 4: Verification of hypotheses

It is obvious that  is a continuous and bounded function. In addition, we obtain,
for || || < ¢, that

ot ([ (e [y a)
< </O” <%e_[ /i€2s5up\\(p\\ds)2dy>l/2

Vi N
< V% < Y%,
<55¢ H‘PHB_Soe q
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We take my(t) = \S/OEe’q and in this case 0 = \5/()%(1 —e ). Thus, (Ap) is
satisfied.

Clearly, the impulses /;,i = 1,2, 3 are completely continuous and satisfy as-
sumption (A3). Moreover, an adequate choice of @ > 0 allows us to verify (11).
Therefore, all assumptions of Theorem 3.1 are satisfied and then system (28) has
at least a mild solution.

Finally, it remains to check that the corresponding linear system of (28) is
approximately controllable. In order to do this, let IT*R*(b — s)§* = 0 for any
&* € K*. Since I' = I in the system (28), then we have

'R (b—$)E* =0=R'(b—s)E* =0=> E* =0.

Consequently, in accordance with Theorem 2.8, the linear system corresponding
linear system of (28) is approximately controllable and the condition (Ag) is
satisfied. Thus, by Theorem 3.2, the semilinear system (28) is approximately
controllable.

5. Conclusion

In this paper, we have discussed the approximate controllability for a class of
impulsive integrodifferential equations with state-dependent delay in Hilbert
spaces. We fisrt proved the existence of mild solutions for the impulsive in-
tegrodifferential equations with state-dependent delay by applying Schauder’s
fixed point theorem and the resolvent operators theory in Grimmer’s sense.
Then, we established the approximate controllability of the considered system
under some conditions by assuming that the corresponding linear system is ap-
proximately controllable. Finally, an example has been provided to illustrate the
effectiveness of our findings.

However, there are many way to extend this work. Thus, for the future re-
search, we propose the analysis of approximate controllability for neutral impul-
sive integrodifferential stochastic equations with state-dependentdelay driven by
a Rosenblatt process which is an interesting topic.
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