Available online at http://scik.org

J. Semigroup Theory Appl. 2025, 2025:1
https://doi.org/10.28919/jsta/8981

ISSN: 2051-2937

EXISTENCE AND APPROXIMATE BOUNDARY CONTROLLABILITY OF SOME
PARTIAL FUNCTIONAL INTEGRODIFFERENTIAL EQUATIONS WITH
NONLOCAL INITIAL CONDITION IN BANACH SPACES

PATRICE NDAMBOMVE!*, SHU FELIX CHE?, MOUSSA EL-KHALIL KPOUMIE?

1Department of Mathematics, University of Buea, P.O.Box 63, Buea, South-West Region, Cameroon
2Mathematics and Computer Science, The University of Bamenda, Box 39 Bambili, North West Region,

Cameroon
3Departement de Mathematiques Appliquées et Informatique, Ecole de Géologie et d’Exploitation Miniére,

Université de Ngaoundéré, B.P. 115 Meiganga, Cameroon

Copyright © 2025 the author(s). This is an open access article distributed under the Creative Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. This work concerns the study of the existence of solutions and the approximate boundary controllability
for some nonlinear partial functional integrodifferential equations with nonlocal initial condition arising in the
modelling of materials with memory, in the framework of general Banach spaces. We give sufficient conditions
that ensure the approximate boundary controllability of the system by supposing that its linear part is approximately
controllable, admits a resolvent operator in the sense of Grimmer, and by making use of the Banach fixed-point
Theorem and the continuity of the resolvent operator in the uniform norm-topology. As a result, we obtain a
generalization of several important results in the literature, without assuming the compactness of the resolvent
operator and the uniform boundedness of the nonlinear term. An example of applications is given for illustration.

Keywords: approximate boundary controllability; semigroup; functional integrodifferential equation; nonlocal
condition; resolvent operator; Banach fixed-point theorem.

2020 AMS Subject Classification: 34K35, 45K05, 47H10, 47D06, 93B05.

*Corresponding author
E-mail address: ndambomve.patrice @ubuea.cm

Received October 22, 2024



2 PATRICE NDAMBOMVE, SHU FELIX CHE, MOUSSA EL-KHALIL KPOUMIE

Control theory plays a significant role in many modern applications within the physical sci-
ences, positioned at the intersection of engineering and mathematics. A control system is a
dynamic system that can be influenced through appropriate parameters, known as controls, to
achieve a desired behavior or state. A key challenge in studying such systems is the control-
lability problem, which involves determining whether it is possible to guide the system from
an initial state (or condition) to a desired final state (boundary condition) through a suitable
choice of control functions. Controllability, a qualitative property of dynamic control systems,
is fundamental to control theory. This problem is further divided into two key concepts: exact
controllability and approximate controllability.

Several researchers have explored the concept of exact controllability for systems governed
by nonlinear evolution equations, often employing fixed-point techniques to achieve their re-
sults (see, e.g., [20, 29, 30, 34, 32, 33] and the references therein). While in finite-dimensional
spaces, exact and approximate controllability are equivalent, in infinite-dimensional spaces, ex-
act controllability tends to be too stringent and thus has limited practical use (see [28] and
related works). In many applications, the notion of approximate controllability proves to be
more suitable and sufficient (see [28] and references therein). It is therefore crucial to investi-
gate this weaker form of controllability for nonlinear integrodifferential systems. In many real-
world applications—such as engineering, environmental sciences, and demography—nonlocal
constraints (e.g., isoperimetric or energy conditions, multipoint boundary conditions, and flux
boundary conditions) frequently arise and have attracted significant attention in recent decades
(see [16] and [17]). The concept of nonlocal initial conditions not only generalizes the classical
Cauchy initial condition but also offers practical advantages, as it can incorporate future mea-
surements over a period following the initial time ¢ equals 0.

The approximate controllability of nonlinear differential and integrodifferential systems with
distributed controls, both with and without delays in infinite-dimensional spaces, has been ex-
tensively investigated (see, e.g., [2, 11, 12, 24, 25, 26, 27, 28] and the references therein).

Similarly, many researchers have explored the exact boundary controllability of nonlinear

systems in infinite-dimensional spaces (see, e.g., [5, 6, 7, 8, 13] and related works).
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However, only a limited number of studies address the approximate boundary controllabil-
ity of nonlinear control systems (see, e.g., [13, 14, 15, 9]). The primary challenges in study-
ing boundary controllability include formulating an appropriate integral equation suitable for a
given fixed-point theorem, ensuring the existence of sufficiently regular solutions for the state-
space system, and selecting controls from a space of sufficiently smooth functions.

In [13], the authors studied the following integrodifferential boundary control system:

X(1) = ox(t) + f(t,x(1), /0 olt,5,x(s)))ds fort €J = [0,b]
o)) Tx(t) = Byu(t),
x(0) = xo,
where under some sufficient conditions, they established the exact boundary controllability of
system (1).
In [14], the author considered the following Sobolev-type stochastic differential boundary con-
trol system:
2
d(Fx(1)) = (px(t) + f(1,x(0(2)),x(10a(2)), -, x(%(2))))dt + g(x(11 (1)), x(12(1)), - -, x( (1)) )AW (2)
fort € J =[0,D]
7x(t) = Byu(t),
x(0) = xo.

Using the compactness of the semigroup operator, the author obtained existence and approxi-
mate boundary controllability results for equation (2).
In [15], the authors considered the following semi-linear delay differential system:
X' (t)=ox(t) + f(t,x;) forteJ=]0,b]
(3) Tx(t) = Byu(t),
xo =&(¢), fort € [—r,0].
Assuming the approximate controllability of the corresponding linear system, the authors ob-

tained existence and approximate controllability results for equation (3).
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The controllability problem of nonlinear deterministic systems described by integrodifferential
equations with nonlocal initial condition in infinite dimensional Banach spaces has been studied
by several authors by applying the resolvent operator theory (see for example [20] and the
references contained in them).

Motivated by the above works, we study in this paper, the approximate controllability of the
following abstract model of partial functional integrodifferential equation with nonlocal initial

conditions in a Banach space (X, ||-||):

x'(t) = ox(t) + /Ot y(t —s)x(s)ds + f(t,x(t)) fort € I=10,b]
) Tx(1) = Byu(t),

x(0) = xp+ g(x).
where xo € X, g: €(I,X) — X and f: I x X — X are functions satisfying some conditions,
0:9(0) C X — X is a closed and densely defined linear operator on X; the system state x(r)
takes values in D(c) C X where X is a Banach space, the control u belongs to L?(1,U) which
is a Banach space of admissible controls, where U is also a Banach space; 7: X — E is a linear
operator from X to a Banach space E; By : U — E is a bounded linear operator, (y(z));c are
closed linear operators on X and %(1,X) denotes the Banach space of continuous functions
x : I — X with supremum norm ||x||e. = sup,¢; ||x(7)]|x.
In this work, we extend and complement the works above without a compactness assumption.
To the best of our knowledge, up to now no work has reported on approximate controllability
of partial functional integrodifferential equation (4) with nonlocal initial condition in Banach
spaces. It has been an untreated topic in the literature, and this fact also motivates the present
work. We use the settings developped in [4] to achieve our goal.
The rest of the work is organized as follows: Section 2 is devoted to stating some preliminary
results and introducing most of the notation we need. In section 3, we study the existence of
mild solutions to equation (4). In section 4, we prove the approximate controllability of the
control system (4), assuming the approximate controllability of the associated linear undelayed

part. In section 5, we give an example to illustrate the results we obtain.
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1. PRELIMINARIES

In this section we introduce some definitions and Lemmas that will be used throughout the
paper.

Let I = [0,b], b> 0and let X be a Banach space. A measurable function x : I — X is Bochner
integrable if ||x|| is Lebesgue integrable. We denote by L' (1,X) the Banach space of Bochner

integrable functions x : I — X normed by

b
el = [ Iete) s

Consider the following linear homogeneous equation:

(5) X (t) = Ax(t) +/O ¥(t —s)x(s)ds for t>0,
x(()) =x9 € X.

where A and y(¢) are closed linear operators on a Banach space X.
In the sequel, we assume A and (y(t)) 1~ satisfy the following conditions:
(Hy) A is a densely defined closed linear operator in X. Hence Z(A) is a Banach space
equipped with the graph norm defined by, |y| = ||Ay|| + ||y|| which will be denoted by (X1, |- |).
(Hz) (¥(t)),, is a family of linear operators on X such that y(r) is continuous when re-
garded as a linear map from (X, |- |) into (X, || -||) for almost all # > 0 and the map ¢ — y(t)y is
measurable for all y € X;, and belongs to W' (R*, X). Moreover there is a locally integrable
function b : RT — R™ such that

d
dt

I¥yl < by and \ y<r>yH < bl

Remark 1. Note that (H) is satisfied in the modelling of Heat Conduction in materials with

memory and viscosity. More details can be found in [18].
Let .Z(X) be the Banach space of bounded linear operators on X.

Definition 1.1. [21] A resolvent operator (R()), ., for equation (5) is a bounded operator

t>0
valued function
R: [0,4+) — Z(X)

such that
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(i) R(0) =Idx and ||R(t)|| < NeP' for some constants N and 3.
(ii) For all x € X, the map ¢ — R(¢)x is continuous for r > 0.

(iii) Moreover for x € X;, R(-)x € €' (RT;X)N%(R*;X;) and
t
R(t)x = AR(t)x+/ v(t — s)R(s)xds
0

= R(t)Ax-I—/OlR(t—s)}/(s)xds.

Observe that the map defined on R™ by 7 — R(t)xo solves equation (5) for xg € Z(A).

Theorem 1.2. [31] Assume that (Hy) and (Hy) hold. Then, the linear equation (5) has a unique

resolvent operator (R(t)) =0

Remark 2. In general, the resolvent operator (R(r)),., for equation (5) does not satisfy the

t>0

semigroup law, namely,
R(t+s) # R(t)R(s) for some #,5>0.
We have the following lemmas that will be useful in proving the main results.

Lemma 1.3. (see [[10], Lemma 2.3]) AR(t) is continuous for t > 0 in the uniform operator

topology of B(X).

Theorem 1.4. (see [[20], Theorem 6]) Let A be the infinitesimal generator of a co-semigroup

(T(1)),~, and let (Y(t)) -, satisfy (Hy). Then the resolvent operator (R(t)),., for equation

>0
(5) is operator-norm continuous (or continuous in the uniform operator topology) for t > 0 if

and only if (T(t)) is operator-norm continuous fort > 0.

>0

Let A : X — X be the linear operator defined by:
(6) P2(A)={x€ P(0);tx=0} and Ax = ox, forx e Z(A).

Throughout the paper, we shall require the following hypotheses to be satisfied:
(H3) Z(0) C Z(7) and the restriction of 7 to Z(0) is continuous relative to the graph norm of
7(0).

(Hy) The operator A as defined above is the infinitesimal generator of a Cy-semigroup (S(1)) -,
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on X and equation (5) has a resolvent operator (R(t)) ,~0 that is continuous in the operator-norm
topology fort > 0.

(Hs) There exists a bounded linear operator B: U — X with B(U) C Z(0o) and a positive
constant K such that

oBe Z(U,X), ©(Bu) =Bu, YuecU,
(7

||Bu||x < K||Biu||g, Vu e U.
(Hg) Foreacht € (0,b] and u € U, one has R(¢)Bu € Z(A). Also, there exists a positive function
8(-) € L*(I) such that

(®) |AR(t)B|| 2w x) < 6(t), a.e;t€(0,b].
(H7) There exists a positive number L such that

©) 1£(t,y) — f(t.2)|| < Ll[y—z|, forall y, z€ €([0,b],X)and? € I.

((Hg))There exist positive numbers L, and M, such that
(10)
l8(v) =&l < Lglly —zll, forall y, z €([0,5],X), and [[g(x)[| < M, forall x & €([0,b],X)

Let x(¢) be a solution of equation (4), then we can define z(¢) = x(¢) — Bu(t) € €([0,b],X). So,

equation (4) becomes

x'(r) = Az(t) 4+ oBu(t) + /Ot y(t —s)x(s)ds + f(t,x(¢)) fort € I =10,b]
(1) x(t) = z(t) + Bu(r),
x(0) = xp + g(x).
If u € €1([0,b]), then, z(¢) can be defined as the mild solution of:
(12) ; t
Z(1) = Az(t) + oBu(t) — Bu (t) + / y(t —s)z(s)ds + / v(t —s)Bu(s)ds+ f(t,z(t) +Bu(t)), t €1
0 0

x(t) =z(¢t)+Bu(t), t >0
z(0) =x(0) — Bu(0)




8 PATRICE NDAMBOMVE, SHU FELIX CHE, MOUSSA EL-KHALIL KPOUMIE
This implies that

£(1) = ROY(0) ~ Bu(0)) + [ Rt —5)[oBuls) — Bil 5) + /5,2(5) + Buls) ] s

+ /0 "R(t—s) /0 (s — 7)Bu(t)dtds

and the solution of (4) is given by:
x(t) = R(t)(x(0) — Bu(0)) 4+ Bu(t) + /OtR(t —s)[oBu(s) — Bu'(s) + f(s,x(s))] ds
(13) t s
+ /0 R(t—s) /O v(s — 7)Bu(t)dtds.

Since the differentiability of the control u is an unrealistic and severe requirement, it is necessary
to extend the concept of the solution to accommodate general inputs u € L?(I,U). Integrating

by parts yields:
x(1) = R(1)[xo + g ()] + /0 "R(t— )6+ AR(t — 5)|Bu(s)ds + /0 "Rt — $) £ (s, x(s)) ds

3 y(s = T)R(7)Bu(t) drds + /0 "R(t—s) / (s — T)Bu(t)dTds.

0

(14)

Definition 1.5. Let u € L?>(I,U) and xo € X. A function x : [0,5] — X is called a mild solution

of equation (4) if x € €'([0,b];X) and satisfies the following integral equation

t

R(t) o + g(x )]+/ [R(t — 5)0 + AR(t — )| Bu(s) ds
(15) x(t) = 4 —I—/ (t—5)f(s,x(s ds+/ / §—71 Bu(t)dtds
+/0 R(t—s)/o ¥(s— ©)Bu(t)dtds, fort el

\

2. MAIN RESULTS

In this section, we state and prove the main results of this work which are the existence
and uniqueness of solution, and the approximate boundary controllability of the control system

under consideration.

2.1. Existence and Uniqueness Result. In this section, we prove an existence and uniqueness

result for the mild solution of (4).

Theorem 2.1. Suppose hypotheses (Hz) — (Hg) are satisfied. Then, equation (4) has a unique

mild solution.
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Proof. For any u(-) € L>(I,U), define an operator K : €' ([0,5];X) — %([0,b]; X) as follows:
(16)
R(1) [0+ g(v)] +/ R(t —5)[6Bu(s) + f(5,x(5)) ds—i—/ AR(t — 5)Bu(s) ds

N
—l—// s—T)R(7)Bu(t )d’cds—l—/ (t—s) /y(s— T)Bu(t)dtds, fort €l
0
We need to show that K is well-defined. First we show that for any x € €' ([0,];X), that is the

integrals in (Kx)(t) are finite. Indeed, we have from (H7) that || f(z,x)|| < Ly||x||x + M1, where
My = sup,e; || f(2,0)|]. Let M = sup,; || R(1)]].

We have that
_ o 2 2
- (t —5)Bus)ds|| < (/ IAR(t —5)B]| ds) (/ u(s)| ds)
< 18l llull 2
(18)

[ Ra=9)loButs)+ f(s,x(6))as| < M [ [IoButs)]|+ Lol -+ | ds

< M||oB|| 2w x)Vblull 2 + bMM +MLybl|x]|;

H/OIR(I—S)/OSY(S—’C)Bu(f)a’l’ds —l—H/Ot/os}/(s—‘c)R(r)Bu(f)df;ds
g/ot

(19) g/OIM/OSH}/(S—T)Bu(r)\|drds+/ot/os||y(s—r)R(r)Bu(r)Hdrds

ds

JR(7)Bu(t)dT

R(t—s) /OS Y(s — 7)Bu(t)dt

t s
<2 [ M [ Ma|Bllju(e) | deds
0 0

< 2MM>||BI|bv/blul] 2,

where M, is such that ||y(t)|| < M, Vrel
Combining (17), (18) and (19), we get that the integrals in (Kx)(z) € X for any x € € (]0,b];X)

are finite.
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Next, we show that K maps % ([0,b];X) into €'(]0,b];X), in other words, Kx € € ([0,b];X)
for any x € €([0,b];X). Taking ¢,z + € € [ with € > 0, then

[(Kx)(z + &) — (Kx) (1)

t+e s t+€ S
+ [ Rite—s) / ¥(s— 7)Bu(t)drds + / ¥(s— T)R(t)Bu(t) dtds
0 0 0 0

/0 " R+ £ —5)[0Buls) + £(5,x(s))] ds + Ot+8AR(t & 5)Buls)ds

_ /OIR(I —s)[oBu(s)+ f(s,ys+ @5)]ds — /OIAR(I —s)Bu(s)ds

t
—/R(t—s)/ s—T)Bu(t)dtds— // s —T)R(7)Bu(t d’L’dsH
0

/Oz [R(t+ & —5) — R(t — 5)][6Bu(s) + f(s,x(s))] ds

+ /IAR(t + € —s)Bu(s) —AR(t — s)Bu(s)ds
0

. /Oz [R(t+£—5)—R(t_s)] /Osy(s—’c)Bu(T)deS

+ t+€R(t +&—s)[oBu(s)+ f(s,x(s))] ds

t

t+e
+ AR(t+ & —s)Bu(s)ds

t

+ /tt+€R(t+g—s)/0Sy(s—’E)Bu(f)drds

t+¢€ s
—|—/ / s — ‘L' des

=L+ +I3 + 1 —|—I5 +I6 + 1.
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It follows thtat
L= ‘ /O [R(t+& — ) — R(t — 5)][0Bu(s) + f(s,x(s))] ds

< [ IR +e =)= R =5)lloBuls) + £ 5,3(5)) s

< [} WRGe e =) R —s)lds (0B 2+ M1 -+L 1]

Now, since R(-) is continuous in the operator norm topology, it follows by the Lebesgue domi-
nated convergence Theorem that the left hand side of the above inequality tends to 0 as € — 0.
Also, by the continuity of AR(-) in the operator norm topology (Lemma 1.3 ), and the Lebesgue

dominated convergence theorem, we have

L= H/OtAR(t +€&—s)Bu(s) —AR(t — s)Bu(s)ds

t
|AR(t + € — s)Bu(s) —AR(t — s)Bu(s)||ds — 0 as & — 0.

Also, it follows from (19) and from the Lebesgue dominated convergence Theorem that

I = /Ot [R(+e—s)~R(—s) /Osy(s—’c)Bu(’c)drds

1 Ky

g/ \|R(t+8—s)—R(t—s)H/ Ms||B||[[u(7)||drds —s O as & —s 0
0 0

Again, it follows from (18) that

t+€
(t+&—s)[oBu(s)+ f(s,x(s))|ds

t+€

< / IR(t+& — 5)[Bu(s) + f(s,x(s))]| ds
t+€

<M [ [loBu(s)]|+ Lyllx(s) | + Ml ds

<M||oB| #w x)VElull 2+ eMM, +eMLg||x|]| — 0 as € — 0.
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Also, we have from the following estimate

t+€

Is= ‘ AR(t+ € —s)Bu(s)ds

t

t+¢€
< / IAR(t + & — 5)Bu(s)|| ds
t

;
< ( / 62<s>ds) Jul .
t

that s — 0 ase — 0.

Again, it follows from (19) that
t+é& s
Is = ‘/ R(t+8—s)/ Y(s—7)Bu(t)dtds
t 0

t+€ s

< [ IRa+e=9)l [ Ivs—m)Bu(e)|dzds
t
t+€ s

< [ m [ Bl (o) deds

< ev/bMM,||B|||ju||;2 — 0 as & — 0.
Also, we have that:

h=

[ [ s or@Bu(z)azas

t+€ Ky

<[] Ins=0R@)Bu(o)] deds
t 0
t+€ Ky

< [ m [ o)l ate)| deds

< ev/bMM; | B||||ul|;2 — 0 as e — 0.
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Thus, we have ||(Kx)(t +¢€) — (Kx)(¢)|| — 0 as € — 0 and, hence, Kx € €([0,D]; X).

We now prove that K is a contraction mapping. In fact, let by € [0,b] and y, z € € ([0,b1]; X).

Then, we have

I(59)0)~ (K0l = |[RO)e0) - RO+ [ R =917(506) = Fs.26)] s

< Mllg(y) @)+ MLy [ I3(5) —9)lxds

SMLg|ly —z|| +MLyt|ly — z|| = (MLg +MLgt)||y — 2|

It follows that:
|Ky —Kz|| < (MLg+MLyby)|ly —z||

Now, if we choose by such that (ML, +MLsb;) < 1, then K is a contraction mapping. The con-
traction mapping principle implies that K has a unique fixed-point in € ([0,5;];X ), which is the
unique mild solution x of equation (4). A similar argument can be used for [by,2b],--- , [nby, (n+
1)by], for all n > 0, which implies that the mild solution exists uniquely in [0, +oo[, and hence

on [0,b]. This completes the proof.

2.2. Approximate Controllability Results. In this section we establish the approximate con-
trollability of system (4) whose mild solution is given by (15). The corresponding linear bound-

ary control system to (4) is:

+/yt—s s)ds fort € I =10,b]
(20) x(t) = Byu(t),
x(0) = xo+g(x),
and its mild solution is given by the following corresponding linear system to (15):
2D
R(1)[xo+g(x) +/ (t — 5)5 +AR(t — 5)|Bu(s) ds+/ / ¥(s— T)R(7)Bu(t) dtds
+/Rt—s/ — T)Bu(t)dtds, fort el
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Let A be a nonempty bounded subset of U. We denote the solution of (4) by x(#;0,x(0),u) to
emphasize the initial time 7 = 0, the initial state x(0), and the control function u. x(z1;0,x(0),u)
is called the system state at time #; corresponding to the initial pair (0,x(0)) and the control

function u. Introduce the set
X (11;0,x(0))(N) = {x(¢1;0,x(0),u), u € LZ(I;A)},

which is called the reacheable set of system (4) at time #; corresponding to the initial pair

(0,x(0)). Z(t1;0,x(0))(N) denotes the closure of the reachable set Z(t1;0,x(0))(N).

Let us now define the notion of approximate controllability which is the main topic of this paper.

Definition 2.2. Equation (4) is said to be approximately controllable on the interval [0,#] C

[0,D] if Z(11;0,x(0))(N) is dense in X, i.e., Z(t1;0,x(0))(N) = X.

Definition 2.3. Equation (4) is said to be approximately null controllable on the interval [0,#,] C
[0,b] if for any x(0) € X and & > 0 there exists a control function u € L*([0,];A) such that
1x(21;0,x(0),u)|| <.

Similarly to the nonlinear system (4), we define the reachable set of system (20) at time #;
corresponding to the initial pair (0,x(0)) as Z(t1;0,x(0))(L). The approximate controllability
and the approximate null controllability for equation (20) can be defined in a similar way as for
the case of equation (4).

For any 11, t, € I with t, > t1, we define the operators L(t1,22) : L*([t1,t2];A) — X, and N(t1,1) :

L2([t1,1]); A) — X as follows:

Lo = /IZ[R(IZ—s)G—i—AR(tz—s)]Bu(s)ds—i— /;2 /[ (s — T)R(7)Bu(t) dtds

n

+ [PR—s) /t “y(s — 7)Bu(t) dtds

n

N(tn)u = /tzR(tz—s)f(s,x(s))ds,

n
where in the definition of N(t1,#;), x(¢;u) is the solution of (11) with the initial pair (¢,x(z1))

and the control function u € L?([t;,5]; A).
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One observes that the mild solution of (4) with initial time #; is given by

R(t —11)x(t1) + /t [R(t —s)0 +AR(t — 5)|Bu(s)ds

n

22)  x(t) = 4 ttR(t—s) F(s,x(s)) ds + /, t [ (s — T)R(7)Bu(t) dtds

t S
+ / R(t—s) | v(s—t)Bu(t)dzds, fort €l
1 n

We now state and prove a result that provides sufficient conditions for the approximate con-

trollability of system (4).

Theorem 2.4. Suppose that system (20) is approximately controllable on the interval [a,b) for
any a > 0, and there exists a function q(-) € L'(I,RY) such that ||f(t,x)|| < q(t), V(t,x) €

I x € (1,X). Then, system (4) is approximately controllable on I.

Proof. We need to prove that the reachable set of system (4) at time b is dense in the Banach

space X, in other words,

(23) Z(5:0,x(0))(N) = X

for any x(0) € X.

To this end, given any € > 0 and x;, € X, since (20) is approximately controllable on [0, b], there

exists a control function vy € L*([0,b]; A) such that
IR(B)x(0) +L(0,b)vo — x| < 17

Observe that since g(-) € L!(I), we can select an increasing sequence {t,} C I such that

b
/q(t)dt—)O, asn —» oo,
In

Let x; := x(#1;0,x(0),vp). Again, the approximate controllability of (20) on [¢;,b] implies that
there exists a control function vy € L?([t1,b];A) such that ||x(b;t1,x(t1),v1) — xp|| < 5. This
implies that

€

HR(b —tl)xl +L(t1,b)v1 —XbH < H



16 PATRICE NDAMBOMVE, SHU FELIX CHE, MOUSSA EL-KHALIL KPOUMIE

Define

vo(t), 0<t<n
(24) u(t) =

vi(t), h <t <bh.

Then, u;(-) € L?([0,b]; A). Repeating the procedure, we have three sequences x,, v, and u,

such that v,,(-) € L?([ty,b]; A), un(-) € L*([0,b];A), defined as follows:

unfl(t)v 0 <t<t
(25) un(t) =

va(t), t, <t <b.

E
Xn = x(t250,x(0),up—1), ||R(D—10)xn+ L(tn,b)vy —xp|| < TR
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We now write the mild solution of equation (4) under the sequence of control functions as

follows:
x(£;0,x(0), uy)
= R(t)x(0) +L(0,t,)up, + N(0, 1, )1ty + Lt 1)ty + N (£, )ty
+ /0’ [(R R(t, —s) )G+A<R(t—s)—R(l‘n—s)ﬂBun_](s)ds

+ /t [R R(t,—s) /}/s T)Buy,—1 (T des—i—/ s)—R(tn—s)}f(s,x(s))ds

0

+ /Rt s/}/s T)Buy,(t)dtds — /Rt s/}/s T)Bu,(t)dtds
th

+ / (s T)Buy,(t)dtds — / Y(s — T)R(T)Bu,(t)dtds
t, JO h Jiy

= [R(t2)x(0) + L(0,t,)ty—1 +N(0,t,)ttn_1] + [R(t) — R(t2)]x(0) + L(tn,t)vn + N (tn,t)vy

b [R5 =R =9)) oA (RU—5) = Rl —9)) | Bun-1(5) s

n /Ot" [R(t—s)—Rtn—s /S}/S—r )Buty_1(7) drds+/tn Rt—s)—R(tn—S)}f(&x(s))ds
+ /Rt s [/}/s ) Buy(t drds+/ ¥(s—7)Bun( )drds}

+ /[/ys DR(%)Bun( deer/ Y(s— )R ()Bun(f)drds]

= Xn+L(tn,1)un + N(tn,1)utn + [R(1) — R(tn)]x0 + [R(1) — R(ts)] g (x)
+ /Ot" (RO )~ R —5) )0 +A(R(—5) = R(ty —5) )| By 1 (5)ds
+ /0 " R(1 = 5) = Rty —5)] £(5,3(5))ds

¢
+ / R(—5) = R(ty ) /ys )Bu,_ (1) dtds

+ /Rt s/}/s T)Buy,— (T des—i—//)/s T)R(7)Buy,—1(t)dtds

= R(t —ty)xn+ L(ty, 1)ty + N (ty, 1)ty + [R(t) — R(2,)]x0 + [R(0) — R(t — 1,) | xn

=

g :(R(t —5) —R(ty —S)>G+A<R(t —5)—R(t,—s) i|Bun—1 (s)ds

=

R(t = 5) = R(ty = 5)]| £(5,x(s))ds + [R(1) = R(1) 8.

=

Rt —5) R —9)] /Os}/(s ) Bu,_ (1) dTds

T S — —

Rt s/ Y(s — T)Bup—1(7 dfds+// (s —T)R(T)Bu,—i(t)dtds
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Therefore,

[12(5;0,%(0), ) — x|

IN

IR(b — )+ L(tu, b)Yt — 3| + |N (£, bt
+ R(B) =R(t)xo | + [[[R(0) = R(z = 1) x|

(R(b —§)—R(tn— s)) GBitn_1(s) H ds

A (R(b —§) —R(tn— s))Bun_l (s) H ds

)
)
N /otn R(=5) =Rt =3)|| [ 1706~ 7By 1 (2) | deds
)
[

+ R(b—s)—R(rn—s>Huf<s,x<s>>Hds+H[R(b)—R(tmg(x)u
+ [ Ire —sH/ 7(s—7)Bun_1 (% Hdrds+// 7(s — T)R(7)Bun_, (7)|| drds
< %+ﬁ+ﬁ+ﬁ+ﬁ+ﬁ+/ ||R(b—s)f(s,x(s))||ds

R(b—s)—R(1 —qu )ds +M,||R(b) — R(t,)|

In

=
tn
+ M// 7(s — T)R(T)Bup_1 (v ]drds—ir// 7(s — T)R(T)Bup_ ()| dtds
< = + TR L . +/
11 TR TR TR TR TRT! | als)d
+ M// I7(s — T)R()Bun_1 (v Hd'cds—i—// 7(s — T)R(¥)Bun_1 (7) || dTds
1

<

For a sufficiently large n such that M / s)ds < ﬁ and by the continuity of R(-) and that of
AR(-) in the operator norm topology (Lemma 1.3), and the Lebesgue dominated convergence

theorem, such that

/In
0

Similarly,

€

(R(b—s)—R(tn—s))GBun_l(s)Hds—l—/otn A T

X
0

Also we have for sufficiently large n that

R(b—s)—R(1, —s))Bun 1 Hds<1

R(b—s)—R(tn—s H/ 17(s = 7)Bun_1 (% )||d‘L'ds<l

1

b rt,
M [ [ 17— DRE B 1 (7) [ deds <
th JO
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b oty
/ / 17(s — TD)R(T)Bup_, (7)|| drds < —.
t, JO 11

Hence, (23) follows, and the proof is complete.

The next result is about the approximate null controllability of system (4).

Theorem 2.5. Suppose that system (20) is approximately null controllable on the interval
[a,b] for any a > 0, and that there exists a function q(-) € L'(I,RY) such that ||f(t,x)|| <

q(t), Y(t,x) €I xE(I,X). Then, system (4) is approximately null controllable on I.

Proof. Given any € > 0, since (20) is approximately null controllable on [0,b], there exists a

control function vy € L*([0,b]; A) such that
E
1R(5)x(0) +L(0,B)voll < 17

Select a sequence {z,} as in the proof of Theorem 2.4. Let x| := x(#1;0,x(0),vp). Again, the
approximate null controllability of (20) on [t1,b] implies that there exists a control function

vi € L?([t1,b]; A) such that

€
||R(b—l‘|)xl +L(t17b)vl H < ﬁ

Similar to the proof of Theorem 2.4, we obtain three sequences x;, v, and u, such that v,(-) €
L?([ta,b);A), un(-) € L*([0,b];A), defined as follows:
un—l(t)a 0<r<y,
(26) up(t) =
va(t), tn <t <b.
Xp = X(230,x(0), 1), ||R(D—t0)x + L(tn, D) va| < {5
It follows that,
(53 0,x(0), 1)

< |IR(b —tn)xn + L(tn, b)tn ]| + || N (20, )|

+ [[R(D) = R(tn) ol + [[R(D) = R(2a)]g () | + [[[R(0) = R(t — 1) ]|

tn
+ /
0

ds

(R(b —5)— R(tn — s)) GBitn_1(s)
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n
+ / A(R(b—5) = R(ty—5) ) Buy 1 (5) | ds
In
+ / R(b—s)—R(t,—s)

/OS 7(s — ©)Bun_1 (7)|| dds

+ [ R(b—s)—R(t,,—S)H||f(S7X(S))||dS

R(b—s)—R(t, —qu

In
+/

17
+ M// 7(s — ©)Bup_1 (T ||drds+// 7(s = ©)R(%)Bup_1 ()| drds
tﬂ

< ll+ll+ll+ll+ll+ll+ll+ll+ /
+ M// 7(s = 7)Bitn_1 (7 Hdrder// 7(s — D)R(7)Bun_1 (7)|| dzds
In

<

b €
For a sufficiently large n such that M / q(s)ds < 11 and by the continuity of R(+) and that of
tn
AR(-) in the operator norm topology (Lemma 1.3), and the Lebesgue dominated convergence

theorem, such that

In
A

Similarly,

R(b—5) = R(tn —5) ) Bun 1 (s Hds< + £

(R(b —5)— Rty — s)) 6Bty (5)

\/tn
0

Also we have for sufficiently large n that

11

R(b—s)—R(tn—s H/ 17(s = 7)Bup_1(7)||drds < =

1

I e
M// I7(s = T)R(T)Buy 1 (7)) dTds < -
In

In
// I7(s = D)R()Buy 1 (%) | deds < .

Hence, we have shown that for any € > 0 and xo € X, there exists a control function u(-) €

L?(I; A) such that ||[R(b)x(0) +L(0,b)u+ N(0,b)u|| < €, and the proof is complete.
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We now illustrate our main result by the following example.

3. ILLUSTRATIVE EXAMPLE

Let Q be bounded domain in R” with smooth boundary I" and consider the following nonlinear
integrodifferential equation.
27)
ov(t,8) ’
22 = Av(e,€) +/ C(t—5)Av(s,E)ds+ f(1,v(1,E)) forr€l=[0,1] and & € Q
0
v(t,E) =u(r) forr€]0,1]and & €T

v(0,8) =vo(§) +8(v)(&) for & € Q,

where { € €' (RT,RT), and f and g satify (Hy) — (Hg).

LetX =L*(Q), E=H Y2('), U=L*("), By =1d, 2(c)={ve L*(Q) : Av€ L*(Q)}, and
c=A

We define A: Z(A) C X — X by:

2(A) = H*(Q)NH} (Q)
Av = Av forve 2(A).

Then, one can easily convert system (27) into its abstract form like equation (4).

We have the following result.

Theorem 3.1. (Theorem 4.1.2, p.79 of [23]) The operator A defined above is the infinitesimal
generator of a Cy-semigroup S(t);>o of contractions on L*(Q). Moreover, A is self-adjoint and
(2(A), || - | 9(a)) is continuously included in H}(Q). If Q is bounded with € -boundary, then
(2(A), || - 2(a)) is compactly imbedded in L*(Q).

By Theorem 3.1 above, A generates a co-semigroup (S(t)) ., of contractions on L*(Q).

t>0
Moreover, (S (t)) ,~o generated by A above, is compact for # > 0 (see Corollary 6.3.2, p.143 of
[23]) and therefore is operator-norm continuous for # > 0. Hence by Theorem 1.4, the corre-
sponding resolvent operator is operator-norm continuous for # > 0.

The operator 7 is the trace operator Yv which is well defined and belongs to H -1/ 2(T") for

each v € (o). Clearly, assumptions (Hy) — (Hy) are satisfied. Define the linear operator
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B: L*(T) — L*(Q) by Bu = w,, where w, € L>(Q) is the unique solution to the Dirichlet

boundary-value problem:

Aw, =0 1in Q
(28)

wy,=u on I.

From [3], we have that for every u € H~'/2(T"), equation (28) has a unique solution w, € L?(Q)
satisfying ||Bul[;2(q) = [Wullr2() < Cillullg-1/2(r), for some Cy > 0. This shows that (Hs) is
satisfied. Also, in [36], it was proven that there exists a constant C; > 0 independent of u and ¢

such that
(29) IAS(1)Bul 20y < Cat®M|u]l 2r), 0 < 8 < 1

for all u € L>(T") and ¢ > 0.

Now consider the following system:

X(t) =Ax(r) + /Ot [71(t—s)+7(t —5)]x(s)ds fort>0

x(0)=xp €X,

(30)

where 7, (r) and 7»(¢) are closed linear operators in X and satisfy (Hy).

Then we have the next Lemma coming from [35].

Lemma 3.2. (Perturbation result)([35]) Suppose A satisfies (Hy) and (71(t)) -, and (1(1))

satisfy (Hp). Let (R},1 (t)),-q be a resolvent operator of equation (5) and (R be a

n+n (t))tzo

resolvent operator of equation (30). Then

t
31) R, (0% —R, ()x = /0 R, (1 —5)Q(s)xds

where the operator Q is defined by

t s t
0(t)x = /0 Hit—s) /0 R, ., (t)xdeds + p(0) /0 R, ., (s)xds,
is uniformly bounded on bounded intervals, and for each x € X, Q(-)x belongs to € (]0,0),X).

Corollary 3.3. ([35]) Let A be a closed, densely defined linear operator in X, y(t) = 0 for all

t >0, and (R(t)),., be a resolvent operator for equation (5). Then (R(t)), ., is a Co-semigroup

>0 >0

with infinitesimal generator A.
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By Lemma 3.2 and Corollary 3.3 (applied to equation (30) ), when y; =0, (Ry1 (t)) ~01saCo-
semigroup (denoted S(#)) with infinitesimal generator A. By replacing R, () in equation (31)
by S(¢), we have the following relationship between the semigroup S(z);>0 and the resolvent

operator R(t);>0:
(32) R(t)x = S(t)x + /OIS(I—S)Q(S)de

for x € X, and where the operators (Q(t)) are uniformly bounded for # on bounded intervals.

>0

Now using (29) and (32), we have that there exists a constant C3 > 0 such that
||AR(I)BL£’|L2(Q) S C3t6_1 ||M||L2(F), 0< 2] <1

for all u € L*(T") and 7 > 0. In other words, hypothesis (Hg) holds with 8(¢) = C3t~!/3, taking
0= % Hence, system (27) can be formulated in the form of equation (4).

The associated linear part to equation (27) is given by:

Iv(t,6) '
5 :Av(t,é)—l—/o §(t—s5)Av(s,E)ds fort € I=1[0,1] and § € Q
(33) v(t,E) =u(t) forr € [0,1]and & € T
v(0,8) =vo(§) +8(v)(&) for g € Q,
From Theorem 2 of [1], equation (33) is approximately boundary controllable on any inter-
val [b, 1] with b > 0. Hence, it follows that system (27) is approximately controllable on I if

the nonlinear perturbation function f satisfies hypothesis (Hy) and the function g is chosen to

satisfy hypothesis (Hg).
CONCLUSION

This paper contains the approximate boundary controllability of some partial functional inte-
grodifferential differential equation with nonlocal initial condition in Banach spaces. We use
the resolvent operator theory, and fixed point theory techniques to prove the existence of mild
solutions. The result shows that without assuming the compactness of the resolvent operator
for the associated linear homogeneous part, one can obtain approximate controllability results
under some sufficient conditions such as the approximate controllability of the associated linear
homogeneous part. Moreover, the example presented in Section 5 illustrates an application of

the obtained results.
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