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ON STATE-DEPENDENT DELAY, FRACTIONAL ORDER NEUTRAL
INTEGRODIFFERENTIAL SYSTEMS WITH NON-INSTANTANEOUS
IMPULSES AND NONLOCAL CONDITIONS: EXISTENCE AND
CONTROLLABILITY RESULTS

KORA HAFIZ BETE

ABSTRACT. The current paper is concerned by the existence and controllability of mild so-
lution for a new class of state-dependent delay, fractional order, neutral integrodifferential
systems with non-instantaneaous impulses and nonlocal conditions. More precisely, using the
a—resolvent operator theory, combinated with the theory of measures of noncompactness, we
derive some conditions which guarantee the existence and the controllability of the mild so-
lutions. One of the major innovations of this system is that the nonlinear term is a function
of both the state function and the control function. We provide an example which shows the

applicatibility of the results.

1. INTRODUCTION

The theory of differential equations has been widely developed and now applies in all fields.
Whether it is physics, climate sciences, medecine, including economics, finance, energy, etc...,
it is now obvious that we need to model the phenomena that we meet in order to make rational
decisions to achieve the targeted objectives. However, there are complex phenomena for which
the classical differential and partial differential equations fail for their modeling. For the latter,
the use of fractional order differential equations is essential.

Fractional calculus is the theory of integrals and derivatives of arbitrary real (and even
complex) order and was first suggested in works by mathematicians such as Leibniz, L’Hospital,
Abel, Liouville, Riemann, etc. The importance of fractional derivatives for modeling phenomena
in different branches of science and engineering is due to their nonlocality nature, an intrinsic
property of many complex systems. Unlike the derivative of integer order, fractional derivatives
do not take into account only local characteristics of the dynamics but considers the global
evolution of the system; for that reason, when dealing with certain phenomena, they provide
more accurate models of real-world behavior than standard derivatives. They arise in many
scientific and engineering areas such as physics, chemistry, biology, biophysics, economics, signal
and image processing, etc. Particularly, nonlinear systems describing different phenomena
can be modeled with fractional derivatives. Chaotic behavior has also been reported in some
fractional models. There exist theoretical results related to existence and uniqueness of solutions
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to initial and boundary value problems with fractional differential equations. For instance,
in [12], V. Lakshmikantham and A.S.Vatsala, discussed about the basic theory of fractional
differential equations. In [0], K. Diethelm and J. Ford studied the existence and structural
stability of solutions of nonlinear differential equations of fractional order. Using the Griinwald-
Letnikov definition of fractional derivatives, R. Sherer et al. discussed in [17] on finite difference
schemes for the approximation of solutions for fractional order differential systems. For more
informations on the theory of frcational differential systems, we refer the readers to the book
of N'Guerekata et al. [1].

On the other hand, following the exemple of the resolvent operator developed by R. Grimmer
[3] in the 1980s, to study the solutions of classical integrodifferential systems, R. P. Agarwal
et al. |2] and J. P. Dos Santos [7] introduced the a—resolvent operator for the fractional case.
This last tool indeed generalizes Grimmer’s theory to the case where the order of the derivative
is fractional, first for a € (1,2) then for o € (0, 1).

Moreover, in real life, it is common to find phenomena that in addition to the impulsive
effects, have effects of delays. Modeling such phenomena involves impulsive (integro)differential
systems with delay. These equations have also been widely studied, notably by Hernandez et
al. [10], Ren et al. [13] and references therein.

However, it is important to point out that from a theoretical point of view, the study of
impulsive differential equations has long focused on the case where impulses appear at fixed
moments. It was not until very recently in 2013 that O’Regan and Hernandez developed in [16]
a larger study, taking into account the case where impulses are non-instantaneous. This new
study, which has the merit of covering a broad category of real phenomena, has been further
developed by numerous publications including those due to Agarwal et al. [2|, Nieto et al. |1]
and refernces therein. Unlike the classical local conditions, nonlocal conditions are involved in
phenomena with functional dependance in the boundary conditions or in the equation.

The controllability is one of the fundamental concepts in mathematical control theory. It is
a qualitative behaviour of dynamical systems and is of particular importance in control theory
of dynamical systems. A control system is said to be controllable if it is possible to steer
the solution of the system from an arbitrary initial state to an arbitrary final state using the
set of admissible controls, where the initial and final states may vary over the entire space.
Different types of controllability have been defined, such as approximate, null, local null and
local approximate null controllability. Thus, the study of controllability for such systems is
important for many applications. Using various approaches, reseachers have studied different
types of controllability for several classes of integrodifferential systems. See for instance the
papers |9, 21] and references therein. But for the differential systems for which the nonlinear
term is a function of both the state function and the control function, we had to wait until
2011, and the paper of Sukavanam [19]. Later, in 2022 Wen et al. [20] will extend the previous
work to the case of a fractional order differential system of neutral type. However, to the best
of our knowledge, there is no work combining both the notions of state dependent delay, neutral
integrodifferential systems with non-instantaneous impulses, nonlocal conditions and in which

the nonlinear term depend on the control function.
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Motivated by the considerations mentioned above, in this paper, using an approach intro-
duced in the 1980s by Banas and Goebel (see [5]) and which mainly uses the theory of mea-
sures of noncompactness, we consider a controllability problem for the following class of state-
dependent delay, fractional order, neutral integrodifferential systems with non-instantaneous
impulses and nonlocal conditions and for which the nonlinear term is a function of both the
state function and the control function.

Di [v(t) = p (£ Vpan) ] = A [0(8) =2 (8, Vpeon) ] + /0 Yt = s) [v(t) = p (t Vpan)]

+< (t,vp(tvvt),u(t)) + Bu(t), tel= U lz e U (Si,ti+1]
=0

=0

v(t) = hi (t7 Uﬂ(tﬂ)t)) , te U, s

i=1

(Yo =49 (5(”)77}) eC= %([—T, 0]7 H)

In this system, D is the Caputo fractional derivative of order a € (0, 1); the state variable
v(+) belongs to a Hilbert space (H, || -||); A: D(A) C H— H is an infinitesimal generator of an
analytic semigroup {7'(¢), t > 0} in H; for t > 0, 7(¢) is a closed linear operator with domain
at least D(A). B: % — H is a bounded linear operator, % is a Hilbert space and the control
function u belongs to L2(J,%). Let 0 = tg = 8o <t; <851 <ty < -+ <t, <8, <tpy1 =T,
the mappmgs B:€(—,T], H) 0,T]; p:[0,T] xC—=1[0,T]; g:[0,T] x€(]—7,T],H) — C;
p: U(sl, tis] x C—H; (: U(sz, tiv1] x Cx % — Hand for i € [1,n], h; : (t;,s) xC—H

are gwen. The History v; : [— 7', O] — H is an element of C given by v;(6) = v(t + 6).

In the following, we introduce in section 1, the notations and preliminary notions that will
be used in the rest of the work, mainly the theory of measures of noncompactness and the
theory of a—resolvent operators. In section 2, we present and prove our main results. Section
3 focuses on the applicability of the results presented in the previous section and we conclude
in the last section.

2. PRELIMINARIES

First, we give some notations which will be used in the sequel of this work.

Let introduce the space

Z ={v:[-7,0] = H: v is continuous except at s where v(s~) and v(s™) exists and v(s™) =
v(s)}, furnished with the norm ||v||z = sup {||v(?)]}.
te[—7,0

We denote by =Zp¢, the space

Zpc = {v: [=7,T| = H such that v|(,,,) is continuous and v(t;) = v(t;), v(t]) exist; vy €
Cand sup [jv(t)| < oo}, given with the norm ||v||z,. = sup {||v(¢)||}. In the following, we

te[—7,T] tel—7,T]

will denote this norm by || - || is there is no possible confusion.

2.1. The Kuratowski measure of noncompactness. This section concerns the Kuratowski

measure of noncompactness. We give some basic definitions and lemmas.
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Definition 2.1. (Kuratowski [I1]) Let (H,d) be a complete metric space. The Kuratowski
measure of noncompactness of a nonempty and bounded subsets D of H, denoted by (D), is
the infimum of all numbers € > 0 such that D can be covered by a finite number of sets with

diameters less than €, i.e.,

u(D):inf{5>O: DCUBi: B; C H, diam(B;) <e, i € [1,n], nE]N}.
i=1
The function p defined on the set of all nonempty and bounded subsets of (H,d), is called

Kuratowski’s measure of noncompactness.

Throughout this paper, we denote by p(-) and pp4(-) the Kuratowski mesure of noncom-
pactness on the bounded subsets of H and %([a, b, H), respectively.

Let ¢t € [a,b]. If D C ¥([a,b],H) is bounded, then D(t) := {z(t) : = € D} is bounded in H
and 1(D(t)) < pfas(D).

Next, we give the following results on the Kuratowski measure of noncompactness which will

be very useful in the sequel.

Lemma 2.1. [5] On the Banach space H, let’s consider the bounded and equicontinuous set
D C €([a,b],H). Then u(D(t)) is continuous on |a,b], and

Hiat) (D) = sup p(D(t)).

t€la,b]

Lemma 2.2. [I8] On the Banach space H, if D = {x,} C %([a,b],H) is a bounded and
countable set, then pu(D(t)) is Lebesgue integrable on [a,b], and we have:

" ({/abxn(t)dt ‘ne m}) < 2/abu(D(t))dt.

Lemma 2.3. [3] IfD is a bounded subset of a Banach space H, then there is a countable subset
D* of D, such that u(D) < 2u(D*).

Lemma 2.4. [11| Considering two bounded subsets By and By of H, with norms respectively
| - B, and || - ||B,, if there is surjective map = : By — By such that for any x,y € By,
1Z2(2) = ZW)lls, <l —ylls,, then p(Bz) < u(By).

For more details on the measures of noncompactness and their properties, we refer the reader
to [11] and references therein.
To end this part, we give the Mdnch fixed point theorem, which is usefull to prove our

existence result.

Theorem 2.5. [15] Let B be a bounded closed and convex subset of H, 0 € B. A : B — B
is continuous, such that for any countable set D C B, D C conv ({0} U A(D)), D is relatively
compact. Then A has a fixed point in B.

2.2. Fractional order integrodifferential systems in Banach spaces. Now, for the ques-
tion of existence of mild solutions of the integrodifferential Eq.(1), we recall some needed
fundamental results. Regarding the theory of a—resolvent operator, we refer the reader to |7].

First, we consider the following homogeneous integrodifferential Cauchy problem:
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@) Dgu(t) = —|—f0 (t — s)v(s)ds for t € [0, T],
U(O):U(]EH,

where a € (0,1) and Dyv(t) represents the Caputo derivative of v.
The Caputo derivative of v is defined for o > 0 by:

mn

t
d
Div(t) == [ ot —s)=—v(s)ds,
Po(0) = [ ol =) gu(s)ds
where n is the smallest integer greater than or equal to a and [,,_,, is the Gelfand-Shilov function
given by lg(t) = %, t >0, f > 0. These functions satisfy the semigroup property
la * lﬁ = la+5.

Denoted by

JEFE) = (lax f) (1) = / lo(t — 5)f(s)ds,

we get
DJ2f(t) = f(t) and JEDf Z F®(0 )

The properties of the Laplace transform and the fact that l (/1) = A7% lead to:

n—

D f(A) Zf 0)A°1x,

=0
Throughout this paper, let (Z, ||-]|z) and (W, ||- HW) be Banach spaces. We denote by £(Z, W)
the space of bounded linear operators from Z into W endowed with norm of operators, and we

H

write simply £(Z) when Z = W. By R(Q) we denote the range of a map ) and for a closed
linear operator P : D(P) C Z — W, the notation [D(P)] represents the domain of P endowed
with the graph norm, ||z]|y = ||z|lz + ||Pz|lw, z € D(P). The notation, B(v, R) and B[v, R]
represent the open ball and the closed ball, respectively, with center at v and radius R > 0 in
H. Let J C R, by €'(J,H) we denote the space of continuous functions defined on J into H, and
%1 (J,H) stands for the space of continuous functions from J to H having continuous derivative.
We define the space €*(J,H), by €“(J,H) :={v € €(J,H): D}v e €(J,H)}.

We denote by LP(J,H) the set of all measurable functions v(-) on J into H such that ||v(¢)]|P
is integrable, and its norm is given by [[v|lwum = () lv(t) ||5")1 , similarly, by L7 (R*, H)
we denote the space of the functions belonging L?(J,H), for any compact set J C R™. When
H = R, for some n, we denote for simplicity by €(J), €'(J), €~(J), L?(J) and L} (RT),
respectively.

The notation p(P) stands for the resolvent set of P and R(A,P) = (Algwy — P)7' is
the resolvent operator of P. Furthermore, for appropriate functions K : [0,00) — Z and
S [0,00) — L£(Z,W), the notation K denotes the Laplace transform of K, and S x K the
convolution between S and K, which is defined by S * K (¢ fo (t — s)K(s)ds.

We introduce the following concept of resolvent operator for the abstract fractional integro-
differential problem (2).
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Definition 2.2. [7| A a—resolvent operator of (2) is a family of bounded linear operators
(Ra(t)),50 on H, satisfying the following properties:
(1) The function R, : RT — L(H) is strongly continuous and R,(0)v = v for all v € H and
€ (0,1).
(2) for each v € D(A), Ru(-)v € €([0, oo), (A)]) N€*((0,00),H), and

DR, (t)v = AR, (t)v + 7 (t — r)Ra(s)vds

DR, (t)v = R, (t)Av + Ra t—7r)y(s)vds, t>0.

S— — =

To study the existence of the relsolvent operator of the system (1), we suppose the following

hypothesis:

A; The operator A: D(A) C H — H is a closed linear operator with [D(A)] dense in H, for
some ¢ € (5,) there is positive constants Co = Cy(¢) such that A € p(A) for each

Yoo ={A€C: Jarg(A)] < ¢} C p(A),

and ||R(A, A)|| < € i forall A e X4

A, For all t > 0, v(t) : D(y(t)) € H — H is closed linear operator, D(A) C D(v(t))
and y(-)v is strongly measurable on (0,00) for each v € D(A). There exists a function
b(-) € L, .(RT) such that b(A) exists for Re(A) > 0 and ||y(t)v]| < b(t)||v]|; for all ¢t > 0
and v € D(A). Moreover, the operator valued function 7 : Xy /o — L([D(A)],H) has
an analytical extension (still denoted by 7) to X4, such that [|F(A)v|| < [[F(A)||||v]
for all v € D(A), and ||7(A)]] = O |A| , as |A| — oo.

A3 There exists a subspace D C D(A) dense in [D(A)] and positive constant Cy, such that
A(D) € D(A), 7(A)(D) € D(A), [|[Ay(A)v|| < Cy||v|| for every v € D and all A € X 4.

In the sequel, for 7 > 0 and 0 € (5, ¢),

Yp={A€C: |Al >r, and |arg(A)| < 0}.
In addition, p(F,) and p(G,) are the sets
p(Fo) ={A € C: Fo(A) := (A% — A=F(A)) 7" € L(H)}
and
p(Ga) ={A € C: Go(A) == A1 (A" = A=F(A))™" € L(H)}.
Assuming that the conditions (A;), i = 1,2, 3, holds, r, § are numbers such that r > r; and
0 € (7/2,¢). Moreover, we denote by I, F,fe, i =1,2,3, we define the paths

lo={te’ t>r}, Iy={re®: —0<E{<O}and IV, ={te ™ : t >7r},

and [ = U »¢ oriented counterclockwise.

In the followmg, we give the generalization of the analytic resolvent operator associated a
integrodifferential equations [3] for the fractional integro-differential problem (2) with a € (0, 1).

Definition 2.3. [7] We define the operator family (R, (t))i>0 by

(3) R(f) = —— / MG (A)dA, 1> 0,
Iy

271
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and the auxiliary resolvent operator family (So(t))i>0 by

tlfoz

/ ME,(A)dA, t >0,
I

271

Sa@) =

These operators satisfy the following properties.

Theorem 2.6. |7 The operator function R,(-) is:

(1) exponentially bounded in L(H);

(2) exponentially bounded in L([D(A)]);

(3) strongly continuous on [0,00) and uniformly continuous on (0, 00);
(4)

4) strongly continuous on [0,00) in L([D(A)]).

Theorem 2.7. [7| The operator funtion t — t*1S,(t) is exponentially bounded in L(H) and

uniformly (strong) continuous on (0, 00).
Theorem 2.8. |[7] The function R,(-) is a a—resolvent operator for the system (2).

Remark 2.1. By the theorems 2.6(i) and 2.7, we conclude that there is some constants M and
N, such that:

Ve 0T [Ra(®lleen M and [£7'S0(8)]lz < Na-
The existence of resolvent operator implies in the existence of solutions for problem (2).

Theorem 2.9. [7| Let vy € [D(A)] and define v(t) = Ry (t)vg. Then v € €([0,00),[D(A)]) N
¢*((0,00),H), and is a solutions of (2).

Let f : [0,T] x H — H be a appropriate function and we consider the following non-

homogeneous fractional order integrodifferential system:

Dv(t) = +f0 (t — s)v(s)ds + f(t,v(t)) for t € [0, T],

<4) U(O) =1 € H.

We give the following results.

Theorem 2.10. |[7] The functions R,(-) and S,(-) are respectively a—resolvent and auziliary

a—resolvent operators for the system (4).
Now we derive the appropriate definition of mild solutions of (4).

Definition 2.4. [7] Let 7 > 0, a function v : (0,7) — H is called mild solution of (4) in (0,7)

if ve €((0,7),H) and v satisfies the following variation of constants formula:

v@=RJWm+A@—$”@JFﬂﬁ@w®M&
holds for all t € (0, 7).
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3. MAIN RESULTS

In this section, we establish and prove the existence of mild solution for the system (1).
First we give the definition of the mild solution for (1).

Definition 3.1. A mild solution of the fractional order integrodifferential system (1) is a func-
tion v € Epc such that vy(t) = g(S(v),v)(t) fort € [—7,0] and satisfying the following integral
system

()

Ra(t) [g(ﬁ@)a v)(0) —p (07 Up(O,vo))] +p (ta Up(t,vt)) + /0 (t— S)Oﬁlsa(t — 8)
X [C (8, Vp(s,00), u(s)) + Bu(s)] ds, t€[0,t]

U(t) —{hi (t7 Up(tvvt)) , te (tia Si]

t
Ra<t - Si) [hz (t, ’Up(t,vt)) —p (Sia ’Up(si,vsi))] +p (t7 vp(t,'ut)) + / (t - S)Olilsa(t — S)X

i

X [C (8, Vp(swy) u(s)) + Bu(s)] ds, te€ U (si, tis]-

n
\ =1
To prove our results, we need the following conditions

H; The function ¢ : | x C x % — H satisfies the following conditions:
(a) ( is of caratheodory, this is: for any (v,u) € C x %, the function ¢ — ((t,v,u) is
strongly measurable; and for any ¢ € |, the function (v, u) — ((t, v, u) is continuous.
(b) There is a bounded function ¢ : | — (0,+00), and a continuous nondecreasing
function @ : R — R™ such that for any (¢, s,v,y,u,z) € (I> x C* x %?),

IC(t, v,u) — C(s,y,2)|| < st —s)(@(||lv—yl)+ ||u—2|z), and liminf =(n) =0.

n—o0 n
Where ((0,0,u) =0, Vu € %.
(c) There is é; : | = R*, such that for any bounded set D C Zp¢, and (¢,u) € (I x %),

p(C(t, Dy, u)) < Oc(t)p(Dy),

where D; := {v;: veD} C =Z.
H, The function p : | x C — H satisfies:
(a) For any v € C, the function ¢ — p(t,v) is piecewise continuous and for any ¢ € I,
the function v — p(t,v) is continuous.

(b) There is a bounded function 7 : | — R*, and a continuous nondecreasing function
¢ :RT™ — R™ such that for any ¢t € | and v € C,

Ipte,o)l < noo(el), tmint “ =0

(c) There is 0, : | = R, such that for any bounded set D C Zpc and ¢ € |,
p(p(t, D)) < 0p(t)p(Dy),

where D; := {v;: veD} C Z.
H; For any i € [1,n], the functions h; : (t;, s;] x C — H satisfy:
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(a) There is a bounded function k; : (t;,s;] — R™, and a continuous nondecreasing
function v; : R™ — R such that for any ¢ € (¢;,s;] and v € C,

It )1 < el Hming 24 o

n
(b) There is 0y, : (t;, s;] — R, non decreasing, such that for any bounded set D C =Zp¢
and t € (t;, s,
(hi(t,Dy)) < Op, (¢)1(Dy),
where D; := {v;: ve D} C =Z.
H, The function ¢ : [0, T] x € ([—7, T],H) — C satisfy:
(a) There is a bounded function A > 0, such that for any v € €([—7, T],H),

lg(B(v), v)[| < AL+ (J[oll);
(b) There is 6, > 0, such that for any bounded set D C € ([—7, T], H),

1(g9(B(v), D)) < G,u(D).
H; B : % — H is a bounded linear operator, ©; : L%(I, /) — H is a linear operator defined
by:
tit1
Ou = / (tiz1 — 8)* 'Sa(tiy1 — s)Bu(s)ds, i€ [0,n],

and we have the following asumptions:
(a) The operator ©; has an inverse ©; ' which takes values in L%(1,%) \ ker ©; and

there is some positive constants Lg and Lg, such that:
IBIl <Ls, 1167 < Le;
(b) There is dg € L'(I,R*) and d5 > 0 such that for any bounded sets D; C H and
D, c %,
1 ((67'D1) (1) < do()u(Di(t)), w(B(D2)) < dppa (Da).
H; For i € [0,n],
II; = {maX{Méhi(si); My} + Mo, (s;) + 0,(t) + 2(t — s;)Ny sup 0¢(s) + 2(t — s5;)No0pdo(t)

s€[0,T]
X (1 + max {Mdp, (s:); Méy} + M, (i) + 0p(tiv1) + 2(tir1 — si)Ng sup 5<(s)) } <1
s€[0,T]
We give the main result of this section.
Theorem 3.1. Under the asumptions Hy — Hg, the fractional order, non instantaneous im-

pulsive integrodifferential system (1) admits at least a mild solution which is controllable on |,

provided that

Se(si,ti+1]

1 —/tiz1 —siLeNa  sup  <(s)

SE(Si,ti+1]

L@\/t——siNa( sup §(3)+LB) {1+ MA}

(6) MA + <1, iel[o,n].
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Proof. Using the hypothesis Hg, for an arbitrary function v, let’s define the control function
u,, satisfying the following integral equation:

(7)
(611 {1 Ralt) [(5(0),0)0) = p (0, p0m)] = » (1:0010,)
—/0 (tr — ) 'Sa(t1 — 8) [C (5, Up(s,00), Us(5))] ds} (t), tel0,t]

@i_l {U - Ra(ti—l—l - Si) |:hz (t’i-‘rl) Up(ti+1,vti+1)> - D (Sia Up(si,vsi))] - D <ti+1a /Up(tiJrl,vtiJrl))

b [t = 9l = 9 ¢ st D] s @) € Ui

\ 2

Using the control u,, we introduce the operator A : Zpc — Zpe defined by:

(8)

(9(B(v),0)(1), t € [-7,0] t
Ra (1) [g(ﬁ(v), v)(0) —p (O, vp(o,vo))} +p (t, vp(t,vt)) + /0 (t — 5)* 1S, (t — s)x
X [C (s,vp(s,vs),u(s)) + Bﬂv(s)} ds, te€|0,t]

(Av)(t) = n
hi (t, Up(t,w)) , te U (tla si]

=1

t
Roe(t - Si) [hz (ta Up(t,vt)) —p (Sia Up(si,vsi))} +p (t, Up(t,vt)) + / (t - S)Q_lsa(t — S)X

X [C (8, Up(son) u(s)) + Buy(s)] ds, te€ ‘OI(Si,tZ'+1].

\
We will show that the operator A has a fixed point. We give the proof into the following four
steps.

Step 1: We show that there is » > 1, such that A(B,) C B,, where B, = {v € Zp¢ :
||| < r}. If it is not true, for any r > 1, there exists v* € B,., such that Av* ¢ B,.
In fact, we have from H; — Hj that:

For t € [0,t],
r < [[Av(@)]]

< IRa()g(B("), ) (O} + ||Ra(®)p (0. 050, ) || + [} (8- v |
/ot“ = 5)" 7S (t = 5)C (5 U(p0p) Tor () s /Otu — 87 Sa(t — 5) By (s)ds
< MA(L+ ([0 ) + Mn(@)(lugl12) + 156 (15 =)

t
4 / Nas(5) (1)

_|_

.

t
=) + [ (s)]%) ds +/ NoL || ()| ds
0

< MACL A+ [[0]]) + Mn(0)e([[v*]]) + n()¢ (lv™]]) + Nc@(llv*ll)/O S(s)ds

¢ 1 ¢ 5 ¢ 1 ¢ 1
Ny sup <(s) ( / ds) ( / ||%(s)||%ds) T NaLs ( / ds) ( / Hﬂw(S)H%ds)
s€[0,t1] 0 0 0 0
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< MA +7) + Mn(0)d(r) +n(t)¢ (1) + tNawo(r) sup <(s)

Se[ovtl]

1 Lo
PNy sup 60) (0F [0 ls + NoL ()3 [ o
s€[0,t1]

< MA(L +7) + Mn(0)d(r) +n(t)¢ (r) + tNaw(r) sup. <(s)
(9) +ViN, ( Es[léli}g(S) + LB> [ |12

Concerning the control u,-, we have:

[T |2 = Hel_l {6 — Ra(t1) [9(5(0),?1)(0) -p (07 Up(Oﬂ)o)” -p (tl’ Up(tlﬂ)tl))
_/O 1(tl - S)Ohlsoé(tl - S) [C (37 Up(s,vs)aﬂv<8))} dS}

<le {|IU|| + IRa ()l 2 [[g(B(@"), v™) (O)] + IRa (1) | i)

L2

(0550 |

t1
o (o) 0 = 970tt1= 9 6 st () 85}
<le {IIEH +MA(L A+ [[o*]]) +Mn(0)é(llvgll=) +n(t)o([vpa, 0 ) ll=)

[ M) (@il + 511 5

< L@{ 1]} + MACL + [[o™][) + Mn(0)e([[v*[]) + nt) e ("))

1 1
t1 2 t1 2
+t1Nyww(||v*]|) sup <(s) + No sup <(s) </ ds> (/ ||ﬂv*(s)||o;/ds) }
s€[0,t1] s€[0,t1] 0 0

< L@{r + MA(L +7) + Mn(0)p(r) + n(t)o(r) + tiNawo(r) sup <(s)

SE[O,tl]

+VEN|[@ |2 sup §<5)}'

s€[0,t1]

By this inequality, we deduce that

Lo {7« + MM +7) + Mn(0)é(r) + n(t1)¢(r) + tiNyw(r) sup c(s)}

s€[0,t1]
- \/EI—QNQ sup C(S)

s€[0,t1]

(10) [ (RS

Using (9) and (10), we get:

For ¢t € [0, 4],
r <MX(1 +7) + Mn(0)p(r) + n(t)p (r) + tNyw(r) sup <(s)

s€[0,t1]

+ VN, ( sup <(s)+ LB) ([ || L2

s€[0,1]
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<SMA(L+7) + Mn(0)g(r) + n(t)¢ (r) + tNow(r) sup s(s) + LoViN, ( sup <(s) + LB>

s€[0,t1] s€[0,t1]

{'f’ + MA(L +7) + Mn(0)¢(r) +1(t1)d(r) + tiNazw(r) sup <(8)}

s€[0,t1]
1- \/EL@NQ sup §(S)

s€[0,t1]

_l_

Dividing both sides by 7, we obtain :
¢(r)
r

+ n(t)¢ (r) + tNaw(T) sup <(s) 4+ LoVINg ( sup <(s) + LB>

r r s€[0,t1] s€[0,t1]

1
1 gMA(; + 1) + Mn(0)

{1 +MACE 4+ 1) + Mp(0)22 4 ()22 4 N, 2 sup c(s)}

T T
s€[0,t1]

i 1 —/tiLeN, sup <(s)

s€[0,t1]
Taking the limit as r — oo and using the hypothesis H;(b), Hy(b) and H3(a), this
contradicts with our assumption (6). Thus, there exists > 1, such that A(B,) C B,.

For t € (t;,s], i€ [l,n]
r < 1A @O < wits (|03 |.)
< ralt)ess (711

(11) < wi( )i (1)
Using the hypothesis Hs — (a) and taking the limit as » — oo, this contradicts with our
assumptions. Thus, there exists r > 1, such that A(B,) C B,.
For t € (Si,ti+1], 1€ [[1,71]]
r < [l Avt(®)]]
< ‘ Ra(t — s;)hilt, U;(t»vt*))H + ) Ra(t — s:)p <Si’U;(5iaU§i)> H + Hp <t, U;(t,vt*)> H
t t
+ / (t — S)a_lsa(t - S)C (57 U;(s,fug)aﬂv* (8)) ds|| + / (t o S)a_lsa(t - S)Bﬂv*<8)d8

=) +n(t)e (”UZ(W?)H5>

< Mei(0)i([[05,05 | 2) + M0(s:) ([ 076,01,
t

t
T / Nac(5) (@05 ueyll2) + [1T0r (5) 1) ds + / No L sl [To- (5) | s

Si

< Mrs(@)gi([[o™[1) + Mn(si)o(l[o™]]) + n(t)¢ (107]]) + (¢ = si)Naw([[o*]])  sup - <(s)

SE(Si,tH_l]

t t
+N, sup }g(s)/ H%*(S)Hﬁ/zds-irNaLB/ [t (5) |2 ds

sE€(sitit1

< M ()¢i(r) + Mn(si)p(r) +n(t)é (r) + (£ — si)Naww(r)  sup = <(s)

Se(si,ti+1}

SG(Si,ti_‘_l]

(12) + v/t —s;N, ( sup  <(s) + LB) T || L2
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Concerning the control u,«, we have:

HE'U*HL2 == H@;l {ﬁ - Ra(terl - 87,) |:h’7, (ti+1avp(t¢+1,’uti+1)> _p (817 Up(si,vsi)):|
tit1 )
—-p (tiJrl? /Up(ti+1f0ti+1)) + / (ti+1 - S>a7 Sa(tiJrl - S) [C (87 vp(sms)aﬂv(s))} dS}
<le {WI HlIRa(tivr = si)ll e llPitivn Vo0 )l
HIRatiss = 5o [ (s 0y ) |+ [ (v )|

+/v’ [(tig1 — $)*"Sa(tiv1 — )|l e ”C(> Up(s,0r v*(5)>||d3}

|_2

) {H@H + M'fz‘(ti+1)¢z‘(||UZ(ti+1,U;M)||E) + Mn(si) o106,z =)

tit1

(i) oV =) + Nas(s) (@ ([0, l2) + [T (5)] ) dS}

< Lo {|[v]] + Mm(tm)wz(llv*II) + Mn(s)o(([v]]) +n(tia) (vl

SE(s4tiy1] SE(s4tit1]

i = sONo(lol) swp o)+ N swp o(s) [ ||%<s>||%ds}
<Lle {7“ + Mg (L) (r) + Mn(s:)o(r) + n(tiva)d(r)

+(tiv1 — si)Ngww(r)  sup  <(s) + v/tix1 — $iNa|[Tp|L2 sup }g(s)} .

s€(845ti41] s€(s4,tit1

By this inequality, we deduce that

[0 |2

SE(Si,ti+l]

Le {7” + Mei(tig1)wi(r) + Mn(si)d(r) +n(ti1)o(r) + (tir — si)Naww(r) sup §(S)}
(13) <

tiv1 — siLoNa  sup  ¢(s)
SE(Si,ti+1]

Using (12) and (13), we get:

For t € (Si,ti+1],
r <M (8)1i(r) + Mn(si)o(r) +n(t)¢ (r) + (t — si)Nawo(r)  sup <(s)

SE(Si,tH,l]

+ vVt —siN, ( sup  s(s) + LB) (||| L2
]

SE(S4,ti+1
<M ()i (r) +Mn(si)p(r) +n(t)d (r) + (£ — si))Nawo(r)  sup  <(s)

SE(Si,ti+1]

+ LoVt — s;N,, ( sup  <(s) + LB> X

SE(Si,ti+1]
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{r + Mg (tis1)i(r) + Mn(s;)o(r) + n(tiv1)o(r) + (tiv1 — si)Ngw(r)  sup }g(s)}

sE€(sitit1

. Tiri = siLoNa  sup  s(s)
SE(Si,tH_l}
Dividing both sides by r, we obtain :
t <M (02 ()™ g g ED o

Se(si,ti+1]

se(si,tHl]

+ LoVt — s;N, ( sup  <(s) + LB) X

{1 + Me (1) 22+ M (s0) 22 + (ti) 22+ (tien — s)Na =2 sup §(5)}

S€(8i7t¢+1]
1 —/tiy1 —siLleNy  sup  <(s)

Se(si,tprl]
Taking the limit as » — oo and using the hypothesis H;(b), Hy(b) and Hs(a), this
contradicts the condition (6). Thus, there exists r > 1, such that A(B,) C B,.

X

Step 2: We show that the operator A : B, — B, is continuous. Let {v("}> be a
sequence in B, such that v” —— v in B,. Using the hypothesis H; — H5 and the Hélder

n—oo
inequality, we have:

For t € [0,14],

(™) (t) = (Av)(t)]|
< IRa(®)]l2x) [|9(B™), v (0) — g(B(v),v)(0)]|

+IRa®) oo p(wﬁng)) (0 v0)| + [l (102 ) =9 00|
o
= 9150 ) ¢ (5012 g T ) = € st 7o)

T / (= 5)°7Sa(t = 9)]| ey |1 BTt (5) = Baa(s)]| ds
< M lg(8™),v)(0) — g(5(v), v)(0)

(n) (n)
+ M Hp <07 ’Up(O,v(()n))) - D (07 vp(O,vo)) H + Hp (ta ’Up(t,vgn))) —p (t, Up(t,vt)) H

)+ ) = Tl s

ds

v — U
p(s,v§">) o(s,vs)

+NoLs / [T (5) — To(5)]l ds
< MJg(B(),0)0) = (50). ) O)|

(n)
o (046 2 ) )

(14) +Na§0/0w(H ) = Vpls)

p(s,vs

_) ds + VN, (s(0) + Lp) [Ty — U |12
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For the control function, using the hypothesis H; and the Holder inequality, we get:

|2y n) — T |2

< Lo {I[0"™ — 0] = M{|g(8(v™),2!)(0) — g(B(v),v)(0)]]

(n) (n)
‘p (0 ‘o0, o“)) _p(o’v”(o’”"))H ! Hp (tl’”pm vﬁ’“)) _p(tl’%““”)H
7Tty

t1
ot [150) [ ([, =,

t1
—|—NaLB/ ”Ev(n)(s) - Ev(s)H% ds}
0

< Lo {17 3| = M{|g(8(™),v™)(0) — g(B(v), v)(0)]|

(n) (n)
‘p (O’Up( ("))) _p<O’UP(OaUO))H + Hp (tl?vp(tl,v(n))) _p<t1’vp(t17vt1))H

31
+No¢§ / (H sv(n) P S’Us) ,—) dS

+v11Na (5(0) + L) [Ty (5) — To(s) 2}

Lo o N
S T Tovi, (@) ) U =7l = Mg(B™), ) (0) — 9(B(0), ) O

(n) (n)
+M Hp (07 Up(07v(()n))> - p (07 vp(O,vo)) H + Hp (t17 U,O(tl v(n))) - p (t17 Up(tl,vtl)) H

s [ Yol

Substituing (15) in (14), and using the Lebesgue dominated convergence theorem, we
get ||(Av™)(t) — (Av)(t)|| — 0, for t € [0,1,].
n—oo
Similary, for ¢ € (s;,t;41], we get:

1(40™)(t) — (Av)(B)]

+M

)+ I (5) = )l s

+M

(n)
v ( (’ﬂ>) UP(SuUS)

EXON

< ||R ( (t U(() ("))) hZ (t’vp(tyvt)) H
4 IRalt = 5:) oo [ (si,v;?;’vg))) p (<>)H o (10 ) = )|
/ =908l = ) e € (50 o Tuon () = € (5 00, )| s

/ H )" 15 S)H[,(x) | Bty (s) — Buy(s)]| ds
i <t’ U;(t),vt(m)) = hi (t> Up(t,vt)) H

(n) (n)
+M Hp (Sia 'Up(Si’vg,'L))) p (S7,7 Vp(s;,vs, ) H + Hp (t (n>)> —p (t, Up(t,vt)) H

t
+Na§(0) / (H p(sv(n)) (s,vs) -

t
NoLp / (t— )7 [Ty (5) — o (5)] ds

) ds + Nus(0) / [Ty (8) — 1y (s)|| 2 ds
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h; <t, U(nt) (n>)) — Ry (tvvp(t,vt)) H + M Hp (Si, (n) (n))) —p (Si, Up(sl',vsi)) H

p( sVt p( Si5Us;

t
For the control function, using hypothesis Hs and the Holder inequality, we get:

(n)
Up(s v(”)) UP(SJJS)

(16) -+ \/t — SiNa <§<0) + I—B) Hﬂv(n) — ﬂvHLQ-

[y — o2 < 1_L9\/%7LSZN EOET™ {H@(”) il

i (tiﬂ’ U;()?Lﬂ,z;igl)) —h (ti+1’vp(ti+1:vti+1)> H
+M HP <3i7 Ul()?),shvg?))) —-p (Si> Up(si,vsi)) H
o) st

i+1, Ut i+l
)}

(17) 1+ Nas (0) / ;M w( _

Substituing (17) in (16), and using the Lebesgue dominated convergence theorem, we
have ||(Av™)(t) — (Av)(t)|| — 0, for t € (s;, tis1],
n—oo

The same conclusion hold for ¢ € (¢;, s;].

—M

v n) — U
p(s,vg">> p(s,vs)

This mean the continuity of the operator A on B,.

Step 3: The operator A is equicontinuous.

Let &, & € [0,t1], such that & < & and v € B,.

(Av) (&) — (Av)(&)]
< [Ra(&) = Ra(&0)ll o0 19(B(), 0)(0) = p (0, vp(0.00)) |

b etn) - )]
+ /061 H(SZ - 3)(1_1504(52 —8)— (& — S)Q_lsa(fl - S)H[)(x) HC (3>UP(8,US)>EU(S)) H ds

&1
#6506 ) = (6 = 97750l = )| 1505 s

&2
[ = 970l = 9 2 € (5t )

&1
&2
08) [ = 97151l = 9 1B

By the norm continuity of (R, (t))s>0 and (t*71S,(t))s>0, we deduce that the right hand
of the above inequality tends to 0 as & — &.
For &, & € (t;, s;], such that § < & and v € B,., we have:

19 IA0)E) — (A)EN < [ (& vhiearen)) =i (61 vnerny)) | =2 O
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Let &, & € (84, tiya], i € [1,n], such that & < & and v € B,..
[(Av)(&2) — (Av)(&)]]

‘ £2 — 8 ) % (527 vp({zﬂ)gQ)) - Ra(fl - Sz)hz (fla vp(fl,v51)> H
+ [[Ra(&2 = 5:) = Ra(& = 50)ll coxo |2 (503 V(s |

+ Hp (527 Up({z,v§2)> —Pp <€17 ’UP(&:U&)) H

&1
+ /S (&2 — ) "Sa(& — ) — (& — )" 'Sal& — S)Hﬁ(x) 1€ (5, Vp(s,ua) T (9)) || s

&
+ /S (6 = )" 7"Sa(€ = ) = (&1 = )" 'Sa(&1 = 8)|| 1 | BT(5)]| ds

&2
I = 978 = 9 6 (5t )

&1
&2
(20) +/E 1€ — 9)°1Sa( = )| 10 | BTls) ds

By the norm continuity of (R, (t))s>0 and (t*71S,(t))i>0, we deduce that the right hand
of the above inequality tends to 0 as & — &.

Therefore, the operator A is equicontinuous on [0, T].

Step 4: The conditions of Mdnch hold. Let D C B, be a countable set such that D C
conv({0} U A(D)). We will show that the set D is relatively compact. In fact, we only need to
show that the Kuratowski measure of noncompactness of the set D is null; that is, (D) = 0.

Suppose that D = {0} C B, is a equicontinuous set. We have:
For t € [0,1],

pa ({1321 (1))

= (o7 fo =Rt a8 @ = p (069 )] =0 (1002 )
_/0 (tl _ S)a—lsa(tl — S) [C <S, U;?s),ué”))’ﬂv(")(s)>] dS} (t))

< bo(t) { p({T122) + Myu({v™ (0)122,) + M8, (0) <{v(”) )}:1>

p(0,05™)

e ({ogen} ) v [ ({0 1) o

< do(t) {n({TM )2, + 'V'5gﬂ({v(”( Y50) + M3, (0)x

< ({1 (0.0 1 0)} ) o s ({o (oot 1 0) )

0e[—,0] n=1

2/0 Nodc(s) sup p ({v(") (p(s )y + 9)} ) ds}

0e[—7,0]

< So(t) {m{w}z;) £ MO0 (0)132,) + M3,(0) sup g ({0 (5)}77)

-1
s€[0,T] "


https://doi.org/10.28919/ejma.2025.5.1

Eur. J. Math. Appl. | https://doi.org/10.28919/ejma.2025.5.1 18

s€[0,T] s€[0,T]

+0,(t1) sup p ({v(”) (s)}zozl) +2 /Otl Nodc(s) sup p <{v(”) (s)}:ozl) ds}

(21) < e(t) {1 + M, + M6,(0) + 6, (¢1) + 2t1N, sup 54(3)} sup p ({v(”) (s)}oo_ )

—1
s€[0,T] s€[0,T] "

Similary, for ¢ € (s;,tiv1], @ € [1,n] we get:

far ({Typm bon ()

_ —1 ) =(n) _ . 4 (n) _ ()
s (81' {U Raltivr = si) [h’ <t’“’vp<t+1 vi“jp) p (S“Upm,v&?)))}
tit1
—p ( tisr, 0" —/ (tip1 — ) 'Sa(tivs — 5) [C <3 o T (S)H ds ¢ (t)
p(tit1 Ut +1) si p(s,vs )

<de(t) {1 + Mo, (i) + M, (i) + 0p(tiv1) + 2(ti1 — $i)No sup 54(5)} X

s€[0,T]

(22) x sup ,u({v(”) (s)}:;)

s€[0,T]
Using (21), we have:
Fort e [O,tl],

p ({4}, )
= ({Ra(t) [g(ﬁ(v(”)),v("))(o)— ( ) (né (v )} b 5& <")>>
[ [ (5 g 9] + B 0] i) )

<M, ({0 (0)}32,) + M8, (0)p ({ p0a" }OO _

a0 ({u o b ) 2 f e ({0 )

t
49 / Nad gt ({Tym (5)}5,) ds
0

s€[0,T]

< {Még + M6, (0) + 6,(t) + 2tN, sup d¢(s) + 2tN,0pdo(t) <1 + Mé, + Mé,(0)

s€[0,T] s€[0,T]

(23) +0,(t1) + 2t;N, sup (54(5)) } sup p ({U(n) (5)}:0:1)
Similary, using (22), we get for ¢ € (s;,t;41], @ € [1,n],

p ({01 )
- ({Ra(t ~ ) {h" <t Yt <")>> P (Si’“ffl,vém)] o <t’“,()?t),v§"’>>

+/St(t— $)*Sa(t — 5) [C (S Yygangery T (8 )) + Bt (S)] dS}ZOl)

i
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< {Méhi(si) + M6, (i) + 0p(t) + 2(t — 5i)Ny sup 6¢(s) + 2(t — s;)Nadpdo(t) (1 + M6y, (s;)

s€[0,T]
(24)
+M0,(s;) + 0p(tiv1) + 2(tix1 — si)Ny sup 54(s)> } sup i ({U(n) (s)}Z;)
s€[0,T] s€[0,T]
By (23) and (24) and Lemma 2.1, we conclude that for t € (s;,t;41], ¢ € [0,n],

(2
({Av(")} )

< {max (M6, (s:); Mdy) + Moy (s;) + 6,(t) + 2(t — s;)Ng sup ¢(s) + 2(t — s5;)Nadpde(t) <

s€[0,T]
X (1 + max (Mdp, (s;); Md,) + Mé,(si) + 0p(tiv1) + 2(tit1 — si)Na sup5<(3)> }

s€[0,T]
sup p <{v(”) (S)}n:1)
s€[0,T]

<H;L({v N 1)

In the same way, for ¢t € (¢;,s;], i € [1,n], we get:

L ({Av(”)}:il (t)) < Op,(8;) sup u ({U(”)(s)}zozl)

s€[0,T]
(25) < I ({v}7).
Thus,
(26) #(D) < o ({0} U A(D)) = 1 (A(D)) < (D).

As II; < 1, for ¢ € [0,n] (Hypothesis Hg), we conclude that (D) = 0.

By the Monch fixed point theorem (Theorem 2.5), the operator A has at least one fixed on
B, and this fixed point is a mild solution for the state dependent delay, non-instantaneaous
impulsive integrodifferential system (1). Clearly, for any ¢ € [0,n], (Av)(¢t;11) = v which
implies that the system (1) is controllable on I. This completes the proof. 0

4. APPLICATION

As an application, we consider the following state-dependent delay, fractional order, neutral

integrodifferential system with non-instantaneous impulses and non-local conditions.
( aa 82
o alt = plt), ) = a (b2t = plt), 2)] = =5 [alt = p(t),2) — a (t,2(t ~ p(t), )
t ~t=s) 8
0

z

m)+M@()t@—Ul—w%Hﬂ
2(t,2) = Hi (t,a(t — p(t), 2)), t € U (ks

=1

| zo(t, 2) =1 (2n()(0,2)), 6 €[ z € 10,7,

where a € (0, 1).
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To represent this system in the abstract form, let 2 = H = L*([0,7]). In the sequel, A :

D(A) € H — H is the operator given by: Av = A =
2

0
527 € H, v(0) =v(T) =0}.

It is well known that Av = v” is the infinitesimal generator of an analytic semigroup (7°(¢))+>0

P 21} with domain D(A) = {v € H :

on H. Hence, A is sectorial of type and A; is satisfied. We also consider the operator v(¢) :
D(A) CH —H, t >0, y(t)v = e = Av for v € D(A). Moreover, it is easy to see that conditions
A, and Aj are satisfied with b(t) = e~ + and D = ([0, T]), where €°([0, T]) is the space of
infinitely differentiable functions that vanish at z =0 and z = T.

Moreover, we set:

t,z)) = sin (z(t — p(t))u(?))
), 7)) = cos (x(t = p(t)))
):2)): (t = p(t)))
(Bu)(2) := m(2)u(t, 2), z € [0,7]
Under the above conditions we can represent the system (27) in the abstract form (1).
By these above functions, the assumptions (H;)-(Hj;) are satisfied. Moreover, we choose
the appropriate parameters to make (Hg) hold. Therefore, all the conditions in Theorem 3.1

have been satisfied. Thus, the fractional order, non-instantaneous impulsive integrodifferential
system (27) admits at least one mild solution which is controllable on I.

5. CONCLUSION

In this paper, we investigate the controllability of a class of state-dependent delay fractional
order, neutral integrodifferential system with non-instantaneous impulses and nonlocal con-
ditions. It is very important to point out that in the considered integrodifferential system,
the nonnlinear function depend on the control function. Clearly, we use the theory of the
a—resolvent operator developped by J. P. C. Dos Santos in [7] and the theory of measures
of noncompactness, combinated with the fixed point theory, to derive a set of conditions that
guarantee the existence and the controllability of mild solutions for the aformentionned system.
At the end, we gave an application to illustrate our results.

For future works, it will be very interesting to consider approximate controllability and
optimal control problem for this system. It will also be very good to consider the stochastic

case.
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