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APPROXIMATE CONTROLLABILITY OF
SECOND ORDER IMPULSIVE FUNCTIONAL
DIFFERENTIAL SYSTEM WITH INFINITE
DELAY IN BANACH SPACES*
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Abstract This paper studies the approximate controllability of second order
impulsive functional differential system with infinite delay in Banach spaces.
Sufficient conditions are formulated and proved for the approximate control-
lability of such system under the assumption that the associated linear part
of system is approximately controllable. The results are obtained by using
strongly continuous cosine families of operators and the contraction mapping
principle. An example is given to illustrate the obtained theory.
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1. Introduction

Second order abstract differential systems arise in many fields such as mathematical
physics and engineering, and have been extensively studied during the past few
decades. The problem of controllability for second order differential systems in
Banach spaces has received considerable attention recently. Kang et al. [16] studied
the exact controllability for the second order differential inclusion in Banach spaces.
With the help of a fixed point theorem for condensing maps due to Martelli, the
authors found a control u(-) in L2(.J,U) such that the solution satisfies z(b) = 4
and 2/(b) = y1. Their results depend on the following two conditions:

(a) The associated sine family {S(t),t € R} of operators is compact.

(b) The linear operators
T
Glu:/ S(T — s)Bu(s)ds
0
and
T
Gau = / C(T — s)Bu(s)ds
0

are invertible and their inverses are bounded.
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Balachandran and Kim [3] corrected an error of the control function in [16]
and pointed out that the compactness assumption of the sine family S(¢) and the
conditions on G imply that the operator G; is compact and surjective, and thus
by the application of Baire Category theorem X is finite dimensional [26].

Chang and Li [5] investigated the exact controllability problem for a class of
second order differential and integro-differential inclusions in Banach space. They
defined a control function which was similar to that in [16] and established exact
controllability results. Their results also require G; to be invertible and its inverse
to be bounded without imposing a compactness condition on the sine family S(t).
However, in most of real control systems the operators S(t) are compact for ¢ €
R [14, Theorem 3.2], thus their assumptions restricted the state space to finite
dimensional, and the examples recovered from the abstract theory only pertain to
ordinary differential equations. Recently, Henriquez and Cuevas [12] studied the
approximate controllability of control systems with state and control in Banach
spaces and described by a second order semilinear abstract differential equation.
They compared the approximate controllability of the system with the approximate
controllability of an associated discrete system. The main assumption in [12] is the
approximate controllability of the corresponding linear system. To illustrate the
proposed result, they applied the theory to a wave equation.

In real systems, signal processing may introduce delays. The approximate con-
trollability results for second order semilinear abstract functional differential equa-
tions with infinite delay was shown in [13] under the assumption that the correspond-
ing linear system is approximate controllable. In recent years, the study of impul-
sive second order control systems has received increasing interest, since dynamical
systems with impulsive effects have numerous applications to problems arising in
information sciences, electronics, biology, ecology, etc. Sakthivel et al. [21] studied
the exact controllability of second order nonlinear impulsive differential systems by
using a fixed point analysis approach. Moreover, Sakthivel et al. [22] obtained the
approximate controllability results for second order stochastic differential equations
with impulsive effects under the assumption that the associated linear system is
approximately controllable. Unfortunately, in these two papers, the authors didn’t
consider the damped term 2’(-) in defining the exact and approximate controllability
of the corresponding systems, which violate the controllability definition “the state
variable steers some initial position to final one” because z/(t) is a state variable
for a second order system. Motivated by [3], Radhakrishnan and Balachandran [19]
discussed the exact controllability of second order neutral integro-differential equa-
tions with impulsive conditions in Banach spaces. For the same reason as described
above for [5], the results in those papers are only applicable to ordinary differential
equations.

More recently, Arthi and Balachandran [2] investigated the exact controllability
of second order impulsive evolution systems with infinite delay. However, they
only considered z(t) without taking into account the damped term z’(¢) in defining
the exact controllability of the second order abstract system. Up to now, to the
authors’ knowledge, controllability of such systems with proper definition has not
been studied.

The concept of exact controllability is usually too strong and has limited ap-
plicability. Approximate controllable systems are more prevalent, and very often
the results are adequate in application. Therefore, it is necessary and important
to consider approximate controllability for second order impulsive functional differ-
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ential systems with infinite delay. In this paper, we derive results on approximate
controllability of second order impulsive functional differential system with infinite
delay by assuming that nonlinear function and impulses satisfy some inequality
conditions, and the corresponding linear system is approximate controllable. The
system considered in this paper is a generalization of those without delay or impuls-
es that were studied in [2,12,13,19,21,22]. More precisely, we consider the following
semilinear system:

" (t) = Ax(t) + Bu(t) + f(t, ze,x}), t€J, t#ty,
Ax|t:tk :I]i(l‘(tk)), k= 1, ,m,
AT |i=, zflf(x’(t:)), k=1,---,m,

xo=¢p€B, zp=p€cb,

where J = [0,b], the state x(-) takes values in a Banach space X with the norm
|- |l, w(-) € L3(J,U) is the control function where U is a Banach space, A is the
infinitesimal generator of a strongly continuous cosine family {C(t) : t € R} on X,
B : U — X is a bounded linear operator. 0 = tg < t1 < -+ <t < tpy1 =
b, Azliy, = x(t]) — a(ty), Ax'|imy, = 2/(t)) —2'(t), and [} : X — X, j =
1,2, f:J x Bx B — X are appropriate continuous functions to be specified later.
The histories ¢, 2} : (—00,0] = X, z:(0) = z(t +0), z,(0) = 2/ (t +6), 0 <0,
belong to some abstract phase space B defined axiomatically.

The paper is organized as follows. In Section 2, we recall some fundamental
concepts and establish existence of mild solutions for system (1.1). In section 3, we
present some criteria for the approximate controllability of system (1.1) in terms of
the system defined by the linear part. Finally, in Section 4, an example is presented
which illustrates the main theorem.

2. Preliminaries

In this section, we review some basic concepts, notations and properties needed to
establish our results.

Definition 2.1. (see [23,24]) A one parameter family {C(¢) : t € R}, of bounded
linear operators in the Banach space X is called a strongly continuous cosine family
iff

(i) C(s+1t)+C(s—1t)=2C(s)C(¢) for all s,t € R;

(i) C(0) =1
(iiii) C(t)z is strongly continuous in ¢ on R for each fixed x € X.

Throughout this paper, A is the infinitesimal generator of a strongly continuous

cosine family, {C(t) : t € R}, of bounded linear operators defined on a Banach

space X endowed with a norm || - ||. We denote by {S(¢) : t € R} the sine function
associated to {C(¢) : t € R} which is defined by

t
S(t)xz/ C(s)xzds, z€ X, t€R.
0
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Moreover, M and N are positive constants such that [|C(t)|| < M and ||S(t)] <
N for every t € J.

The infinitesimal generator of a strongly continuous cosine family {C(¢) : t € R}
is the operator A : X — X defined by

d2
Az = @C(t)x\tzo, x € D(A),
where D(A) = {z € X : C(t)z is twice continuously differentiable in ¢}, endowed
with the norm

[ella = [zl + [Az]l, = € D(A).

Define E = {z € X : C(t)x is once continuously differentiable in ¢}, endowed
with the norm
lellz = [lz| + sup [[AS(t)z], = € E,
0<t<1

then F is a Banach space. The operator-valued function

is a strongly continuous group of bounded linear operators on the space E x X

0o I
generated by the operator A = defined on D(A) x E. From this, it

A 0
follows that AS(¢) : E — X is a bounded linear operator and that AS(t)z — 0 as
t — 0 for each z € E. Furthermore, [25]

S(t+s)=C(t)S(s) + C(s)S(t), (2.1)
C(t+s)=C{t)C(s)+ AS(s)S(t),
AS(s)S(t) = z[C(t+s) — C(t — s)] (2.3)

The following properties are well known [23]:

(i) if x € X then S(t)x € E for every t € R;
(ii) if z € E then S(t)z € D(A), £C(t)z = AS(t)z and %S(t)x = AS(t)zx for

every t € R;

(iii) if z € D(A) then C(t)z € D(A) and ;—;C(t)x = AC(t)x = C(t) Az for every
teR;

(iv) if € D(A) then S(¢t)x € D(A) and %S(t)m = AS(t)x = S(t)Ax for every
tcR.

The existence of solutions of the second order abstract Cauchy problem,
z"(t) = Az(t) + h(t), teJ,
2(0) = <o, (2.4)
z'(0) = ¢1,
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where h : J — X is an integral function, has been discussed in [23]. Similarly, the
existence of solutions of semilinear second order abstract cauchy problems has been
treated in [24]. We only mention here that the function x(-) given by

x(t) = C(t)so + S(t)s1 + /t S(t— s)h(s)ds, t € J, (2.5)
0

is called a mild solution of (2.4), and that when ¢; € E the function z(-) is contin-
uously differentiable and

z'(t) = AS(t)so + C(t)s1 + /t C(t—s)h(s)ds, t € J. (2.6)
0

A function w : [0,7] — X is said to be a normalized piecewise continuous
function on [0, 7] if w is piecewise continuous and left continuous on (o, 7]. We denote
by PC([o, 7], X) the space of normalized piecewise continuous functions from [o, 7]
into X. In particular, we introduce the space PC formed by all normalized piecewise
continuous functions u : J — X such that u is continuous at t # tx, k= 1,--- ,m.
It is clear that PC endowed with the norm ||u||pc = sup ||u(t)|| is a Banach space,

teJ

where || - || is any norm of X.

Throughout, we set tg = 0,t,,4+1 = b, and for u € PC we denote by uy, for
k =0,1,---,m, the function @y € C([tg,tr+1]; X) given by ug(t) = u(t) for t €
(tk,tk+1] and ﬂk(tk) = lim ’U,(t)

t—t}

A normalized piecewise continuous function x : [0, 7] — X is said to be normal-
ized piecewise smooth on [0, 7] if z is continuously differentiable except on a finite
set S, the left derivative exists on (o, 7] and the right derivative exists on [o, 7).
In this case, we present by z’(¢) the left derivative at ¢t € (o, 7] and by 2'(c) the
right derivative at 0. We denote by PC*([o, 7], X) the space of normalized piecewise
smooth functions from [0, 7] into X and by PC ! the space formed by all normalized
piecewise smooth functions z : J — X such that S = {t; : k=1,--- ,m}. Obvious-
ly, PC* is also a Banach space with the norm ||z||pe1 = max{||z||pc, || pc}-

In this paper we employ an axiomatic definition of the phase space B which is
similar to that introduced by Hale and Kato [10] and appropriated to treat retarded
impulsive differential equations. Specifically, B is a linear space of functions map-
ping (—00,0] into X endowed with a seminorm | - ||5. We assume that B satisfies
the following axioms:

(A) If z : (—oo,0 +b] — X, b > 0, is such that x, € B and |5 o4 €
PC([o,0 4+ b], X), then for every t € [0, 0 + b) the following conditions hold:

(i) x¢ is in B;
(i) [l < Hllz: | 5;

(i) [laells < K(t — o) sup{lle(s)]| 1 0 < s < t} + M(t - o)z,

where H > 0 is a constant; K, M : [0,00) — [1,00), K is continuous, M is locally
bounded, and H, K, M are independent of z(-).
(B) The space B is complete.

Example 2.1. (The phase space PC, x LP(p, X)). Let r > 0,1 < p < oo and let
p: (—o0,—r] = R be a non-negative measurable function. Assume that p satisfy
the following conditions:
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(i) For every & € ( ff 0)df < oo,

(ii) There exists a non-negative, locally bounded function ¢ on (—oo, 0] such that
p(§+0) < ¢(&)p(0), forall ¢ < 0and 0 € (—oo, —r)\ N¢, where Ng C (—o0, —r)
is a set with Lebesgue measure zero.

The space B =PC, x LP(p, X) consists of all classes of Lebesgue-measurable func-
tions ¢ : (—00,0] — X such that |, o € PC([-r,0], X) and pl[[1)[|” is Lebesgue
integrable on (—oo, —r). The seminorm in PC, x LP(p, X) is defined by

r )
[¥]ls = sup{[[¢(0)[| : —r <6 <0} + (/ p(0)||6(0)||7d0)" "

—00

Proceeding as in the proof of [15, Theorem 1.3.8], it follows that B is a space
which satisfies the axioms (A) and (B). Moreover, when r = 0 and p = 2, B =
PCo x L?*(p, X) coincides with Cy x LP(p, X ). We can take H = 1, M(t) = ¢(—t)*/?

and K(t) = 1+ ([°, p(6)d6)"* for t > 0.
In order to define the solution of the system (1.1), we consider the space

h, = {x : (—o0,b] = X such that x(-)|; € PC, xo € B} and
hy = 12 1 (—00,b] = X such that z and 2’ € Bj, }.

Set || [z, » || - 1 to be the seminorm in B} and Bj,, defined by
1 2
lzlls, = llélls + sup [x(s)ll, « € By,
seJ
and

2], = max{|lz]ls, ,ll2'll5, }, « € By,

Motivated by the formula (2.5), we give the mild solution for the problem (1.1).
Definition 2.2. A function z(-, ¢, o, u) € Bj,_ is said to be a mild solution of (1.1)
if

(i) :o=0¢ € B, z) = € B;
(i) Azl = Ip(x(tr)), k=1,---,m;
) Az'|imy, = (2 (), k=1, ,m;
(iv) z(-)|s € PC' and the following integral equation is verified:

(iii

2(t) =C()$(0) + S(t) / S(t — 8)[Bu(s) + f(s,2s,2")ds
2.7
+ Y Clt—t) i)+ D St — ) ().t € J. &)
O<tp<t O0<tp<t

To establish our results, we introduce the following assumptions on system (1.1):
(Hy) For each 0 <t < b, the operator a(al +T%)~ — 0 in the strong operator
topology as o — 07, where

b
T = / S(b— 5)BB*S*(b— 5)ds
t
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is the controllability Grammian.
(Hg) f:JxBxB — X is a continuous function and there exist positive
constants k; and ko such that

ILf(t,wi,v1) — f(t,wo,v0)|| < killwr — walls + k2l — 2|5

for every wy,wso, 1 and v € B.
(Hs) The functions I} : X — X are continuous and there exist positive con-
stants L(I}), j = 1,2 such that

(1) = i (z2) || < L{Ip) |21 — 22|

for each z1, 29 € X.
(Hy) max{¢1,p2} < 1, where

m

¢1 = BINb(ky + ko) Ky + M Y L(I}) + N Y L(I})],

k=1 k=1
¢2 = Mb(ky + ko) Ky, + n[Nb(ky + ko) Ky + M > L(I}) + N> L(I})]
k=1 k=1
+NY L)+ MY LI,
k=1 k=1

1 1
and 3 =1+ —N2K?b, n=—MNK?b.
! o

Theorem 2.1. If the conditions (H1)-(Hy4) are satisfied, then the system (1.1) has
a mild solution on J for all w € L*(J,U).

Proof. Let Iy = r?ea}(||f(t70’0)|| and ||B|] < K. Define the feedback control

function
u(t) = B*S*(b—t)(al +T)~ [z — C(0)$(0) — S(b)p(0) — fy S(b—5) (5,5, 2})ds
- 3 =01 e(n) = 3 S0 1)1 1)
For ¢ € B, we define (E by

s [0 L (~o0,0,
C(1)6(0) + S(1)p(0). L€,

and then ¢ € B, -
For ¢ € B, we define ¢ by

and then ¢ € B}, .
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Let z(t) = Z(t) + ¢(t), 2/ (t) = F'(t) + 3(t), —oo < t < b. It is easy to see that
x satisfies

) =C060) + SOR0) + [ S0 5)F(5,70020)05
t
+/ S(t —n)BB*S*(b—n)(al + )~
0
-z — C(b)o( /Sbfs (s, w5, 2%)ds
—Zc — ) I} (x Zs — tp) I3 (2 (t))]dn
+ Z Clt—to)Ih(z(te) + > St—t) R (&), te]
0<tp<t 0<t <t

if and only if T satisfies o = 0 and
t
:/ St — 8)f(s,Ts + b5, T, + Fs)ds

0 t

+ / S(t —n)BB*S*(b— n)(al +T2)~!
0
b ~

[z — C()$(0) — S(b)p(0) — /O S(b—5)f(s,Ts + ¢s, Ty + Ps)ds
- Zc — ) I E () + d(tr) ZS (b — t3) I2(F () + @(t))]dn

k=1
+ Z Ot —te) I (E(te) + o(tr)) + D S(t— to) IFE (1)) + 3(t))), t € J.
O<tr<t 0<trp<t
It is also easy to see that z’ satisfies
t
a'(t) =AS(t)p(0) + C(t)(0) +/ C(t—s)f(s,zs,2)ds

0

t
+ / C(t —n)BB*S*(b—n)(al +T§) 7"

0

b
1 — CB)B(0) — SB)p(0) — / S(b— 8)f(s, 2, )ds

—ZCb—tk I}z ZSb—tk I3« ()] dn
+ Z AS(t—ti) i (x(t) + Y Clt—t) IR/ (t])), t€J
O<tp<t 0<tp<t

if and only if ' satisfies z{, = 0 and
t
z'(t) :/ C(t—s)f(s,Ts + s, T + Ps)ds
0

+ /t C(t —=n)BB*S*(b—n)(al +Tg) "
0
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b ~
[z — C(b)p(0) — S(b)p(0) — / S(b—5)f(s,Ts + ¢s, Ty + Ps)ds

—ZC — t) L (F(tk) + 6(tk)) — D S(b—t) (& (6) + B(t))]dn
k=1

+ Z AS(t =t ) IEE(te) + o(tn) + Y C(t— ) IRE () + B(t), t € J.

O<tp<t O<tp<t
Let B ={z € B), : 7o =0¢€ B}. For any = € B}/ ,

1215y, =lIZolls + sup [|Z(s)]|
seJ

= sup [|Z(s)]],
seJ

and thus (By . - |5y ) is a Banach space.
1

Let Z = B) x B}/ be the space
Z={(z,2): 7,z € By, and T'(t) = Z(t) for t # t;}
provided with the norm

1%, 2l z = max{[[Z[|sy , lIZ]s; }-

It is now shown, (7, 2) € Z implies € B),_.

On the space Z, we define the nonlinear operator

@(E,g) = (@1(%,2 7(1)2(%72))7

where

D(7,2) / S(t—s)f(s, $S+¢S,ws+tps)d
+ /t S(t—n)BB*S*(b—n)(al +T§)~!
0
b ~
a1 — C)B(0) — S(B)p(0) — / S(b— 8)F(5,Ts + Gs, T, + Fa)ds
—ZC b—tr) Ik Z(ty) +¢tk ZS — Ik (t2)+¢(t2))}dn
k=1

+ Z Ot —te) L (E(te) + o(tn) + D St — o) IFE () + 3(t])),
0<trp<t 0<tp <t
(2.8)
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Dy(7,2) / C(t—9)f(s, ms—l—qﬁs,aﬁs—i-gos)d
+ /t Clt — ) BB*S*(b— n)(al + T8)~!
0
b ~
o1 — C()6(0) — S(b)(0) — / S(b— 8)F(5,Ts + Go, T, + Fa)ds

=0 - t)IEE(t) + d(t)) ZS — )R (@ (55) + @(t)))dn

=1

+ Y ASE— )Gt + o)+ Y Ot — ) IRE (1) + ().
0<tp<t 0<tp<t
(2.9)

The continuity and well-definedness of ® follow directly from the assumptions.
It will be shown that the operator ® has a fixed point.

Let Q = {(z,2) € Z : ||(T,2)]|z < r}, where r is a positive constant. For
(z,2) € Q, we have

1Z¢ + el < [|Zell5 + [9ells
< Ky sup ||Z(s)|| + My||Zo||ls + Ky sup [|¢(s)]| + Me||¢ols
0<s<t 0<s<t

< Kip(r+ M|¢Q0)] + Nll(0)I]) + M6l = r1. (2.10)
Similarly, we have

17t + @ells < 17t + 18l
< Ky sup [|7(s)]| + Ml Tplls + Kb sup [[&(s)]| + Mol @olls
0<s<t 0<s<t

< Ky(r + N[¢(0)|| + M|(0)[]) + M5 = r, (2.11)

where N = iu}; [ASOl z(z,x)-
€
For (Z,2) € @, taking norm on (2.8), we obtain

t
1@1(z, 2) D) SN/ (F1llZs + balls + k2|7 + @slls + f]ds
0
1
+ ~N2Eb[lz1 ]| + M 6(0)[| + N(0)]

b ~
N / e [F + Balls + all, + Bl + Ly)ds
+MZ VR @) + (k) — I@E) + 11E @)

+N Y IRE ) + @) = RGO + 1R @E))}

MSEMS

(172 @ (tx) + 6(ta)) = i (S(t))I| + 114 (@(Ex) ]

~
Il
—
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+ N CIRE () + 2(50)) = R@ED |+ 1R @)
k=1
SNk Ky (r + M| @(0)[| + Nllp(0)[1) + M|l 5]
+ ko[ Ky (r + N9 (0)]| + M|p(0)]]) + Mol plls] + 15}
+ $N2K2b{llwlll + M[o(0)[ + Nlle(0)]]
+ No{k [K (r + M| $(0)[| + Nl (0)[}) + M [ 6]| 5]
+ ko[ Ky (r + N9 (0)]| + Mlp(0)]) + Mollplls] + 15}
+MZ (I)r + 1T ()] +NZ (TR)r + 1@

m m

+ MY LD+ TGN+ N YL + TR @E)I]
k=1 k=1

1
=NbN; + —N2K2bN2 + Ns,

where Ny = kyry-+kara 1y, Na = a1 |+ M[[0(0)]+N[o(0)]| + NoNy + Na, Ny =

m

Mk;[ (IDr + 11 @) + Ng_:l[ (IR)r + 1 (@EI-
= 1 -
Now let NbN; + EN2K2bN2 + N3 < 7, which is equivalent to

Nb{k1 [Ky (M| p(0) | + Nip(0)[1) + Mo [ 6]] 5]
+ ko[ K (N9 (0) | + M p(O)) + Mollplls] + 1}

+ SN | + M)+ No(0)]
+ No{a [ (M6(0)] + Nle(O)]) + Mol
+ RO+ MO+ Millole] + 1)

+MZ”L€ o(tr)) H+NZ”Ik &I
+MZIIIk (tr) H+NZIIIk |
<r{l — Nb(k; + ko) K — MZL(I;) - NY L(I})
k=1 k=1

1 m m
- aJ\IQKQb[z\fb(kl + ko) Ky — MY L(IY) = N> L(IP)]}. (2.12)
k=1 k=1
There exists a r such that (2.12) hold if

61 = (14 =N K20)[Nb(ky + ko) Ky + MY LD+ NY LR < 1. (213)
k=1 k=1

Similarly, taking norm on (2.9), we obtain

_ 1
|®o(z,2)(t)]| < MbNy + —MNK?bNy + Ny,
«
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where Ny = § 35 (LUD)r + 1300 + M 3 (L) + RG]

1
Now let MbN; + —MNK?bNy + Ny < r. Similarly, this is true for large r if
«

1 m m
do =Mb(ky + ko) K, + aMNK%[Nb(k1 + ko) Ky + MY L(I})+ N> L(I})]
k=1 k=1
+NY LU+ MY LIF) < 1. (2.14)
k=1 k=1

Therefore, ® maps @ into @), when max{¢1, 2} < 1.

Next, we show that ® is a contraction mapping on ). For this, let us take
(Z,2), (v,w) € Q, then we get

1@1(2, 2)(t) — @1 (v, w) ()]

b
< [ NG E, ~ Tl + kel — T )
0

1 b o SR
+ ENQKQI)[/ N(k1||Zs — sl + ko||T% — VL] 5)ds
0

+ Y ML(IR)||E(t) = 0(t)l| + D NLURIE (t) = 7 ()]
k=1 k=1

+ Y ML(I)||E(t) = 0t + D NLURIF (6) = 7' ()]
k=1 k=1

1 ’ - I
<1+ SN K [ NOE Tl + kel — )
0

NE

(U NTR0) ST I - 30|

b
Il
—

NE

+(1+ LNz NLIRF () =" ()]
«

k=1
In view of
|75 — Vslls < Kp sup ||z(7) —o(7)|
0<7<s
and
|7 = 4lls < Kp sup [|7'(1) —0'(7)].
0<7<s
We have

1@1(, 2)(t) = @1 (v, ) ()]

1 - 57
<(1+ — N0 (Nk1bE, + - ML(IY)|F sy,
k=1

1 e I
+(1+ aNQKQb)(NkaKb +) NL(I})|z - @l - (2.15)
k=1
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Similarly, we have

12 (7, 2)(t) — P20, w) ()]

1 s~ I
<M+ MNP [ (haE s + el - T ) s
0

+ (éMNKQb SOML() + 3 NLUID) () — 5t
k=1 k=1

FCMNEZDY NLOE) + 3 ML) IF () — ()]
k=1 k=1

Finally, we have

1®2(Z, 2)(t) — P2(v, w)(1)]]

m
<[(M + nN)k1bK, + Z nM + N)L (I = ollsy,

+ [(M + nN)kbIG, + Y (0N + M)L(IR)]||Z = | sy, - (2.16)
k=1

The above inequalities (2.15) and (2.16) and the assumption max{¢;,p2} < 1
imply that @ is a contraction mapping. Hence there exists a unique fixed point
(7,%) € Q. Then the function z(-) = z(-) + ¢(-) € Bj,, is a mild solution of (1.1).
This completes the proof. O

3. Approximate Controllability

In this section, we compare approximate controllability of the semilinear system
(1.1) with approximate controllability of the associated linear system. For this
reason, we consider the linear system

z"(t) = Ax(t) + Bu(t), teJ, (3.1)

with initial condition
z(0) = ¢(0), 2'(0) = ¢(0). (3.2)

Both the exact and the approximate controllability of systems (3.1)-(3.2) have
been studied by several authors. Directly related to systems modeled by (3.1)-(3.2),
we mention the works [6,7,9,11,17,18,20,27,29,30].

Definition 3.1. Systems (3.1)-(3.2) are said to be approximately controllable on
JiED =X x X , where D = {x(b, $(0), (0), u), y(b, 6(0), 9(0), u) : u € L2(J, )},
y(a¢(0)7<)0(0)au) = x'(,¢(0),gp(0),u) and x(7¢(0)?@(0)au) is a mild solution of
(3.1)-(3.2).

The following result has been established by Fattorini [7] and Triggiani [27,28].
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We introduce the sets

Doo(A) = N2, D(A™),

Uss ={u €U : Bu € Dw(A)},
Xo = UpsoT'(1)(X),
Up={ueU:Bue Xy},

where T'(t) is the analytic semigroup generated by A [1,8]. It is clear that Uy C Uy,.
Theorem 3.1 (see [7,27,28]).

(a) Systems (3.1)-(3.2) are approximately controllable on J if, and only if,
z*, y* € X* are such that B*S(t)z* 4+ B*C(t)*y* =0, fort € J, then z* = y* = 0.

(b) If Sp{A"BUs : n > 0} is dense in X, then systems (3.1)-(3.2) are approz-
imately controllable on J.

(c) If BUy is dense in BU and systems (3.1)-(3.2) are approzimately control-
lable on J, then Sp{A"BUp : n > 0} is dense in X.

We return to the controllability problem for the semilinear system (1.1). Before
stating and proving our main result, we give first the definition of approximate
controllability.

Definition 3.2. System (1.1) is said to be approximately controllable on J if

R(f.0,0) = X x X, where R(f,¢,¢) = {2(b, ¢, 0,u),y(b,¢,¢,u) : uw € L*(J,U)},
y(, 0, 0,u) = 2'(, 0, o, u) and z(-, ¢, p,u) is a mild solution of (1.1).
Theorem 3.2. Assume that BUy is dense in BU and the conditions (Hz)-(Hy4) are

satisfied. If systems (3.1)-(3.2) are approximately controllable on J, then system
(1.1) is approximately controllable on J.

Proof. It follows by the approximately controllability of (3.1)-(3.2) on J, we ob-
tain (H;) is satisfied. Because the hypotheses of Theorem 2.1 are fulfilled, for each
u € L%(J,U), there is a unique mild solution of (1.1). Let (Z,2) be a fixed point of
®in Q. () = Z(-) + ¢(-) is the mild solution of (1.1) on J. By the conditions (Hy)
and the proof of Theorem 2.1

[ f(s,2s, )| < kar1 + kara + 1.

We fix z = (21, 22) € X x X. We take 0 < b,, < bsuch that b,, — basn — oco. Let
Ty = x(by, ¢, 0, 0) and y, = y(by, ¢, ¢, 0). It follows from the properties established
in Section 2 that x,, € E. In addition, it follows from Theorem 3.1 that system (3.1)
with initial conditions z(0) = z, and 2'(0) = y, is approximately controllable on
[0,b — b,]. Consequently, there is a control function w,(-) € LP([0,b — b,],U) such
that

b—by,
/ S(b— by, — s)Bwy(s)ds + C(b—bp)xy + S(b—bp)yn — 21
0

b
:/ S(b— s)Bvp(s)ds + C(b—bp)xy + S(b—bp)yn — 21 = 0, n — o0,
b'n,
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and
b—by
/ C(b—b, — s)Bwy(s)ds + AS(b—by)zy, + C(b — by)yn — 22
0
b
:/ C(b— 8)Bv,(s)ds + AS(b — by)xy + C(b—by)yn — 22 — 0, n — o0,

where v, (s) = wy (s — by). We define

In the following development, we use the abbreviate notation z(-) = z(-, ¢, ¢, u,,)
and y(-) = y(-, #, p, u,). Using the uniqueness of solutions, we have that

bn
£ =C(b)B(0) + (by)p(0) + / S(bn — ) f (5, 20, 21)ds

+ Z Cb—tklk Z Sb_tk—rk(( ))7
0<tk<bn 0<tk<bn
bn
yn =AS(b)$(0) + C(br)p(0) + / Clbn — 3)f(5, 20, 2)ds
+ ) AS(by — )i (2 + Y Clon — )R (1)).
0<tr<bn 0<tr<bn

Combining these expressions with (2.1) and (2.2), we obtain
b
(b, ¢, ¢, un) =C(b)$(0) + S(b)¢(0) + / S(b— s)Bun(s)ds
0

b
+/0 S(b—5)f(s, 25, 2%)ds

300 - ) I at) + 3 S — ) ()
k=1 k=1

—C(6)$(0) + S(b)p(0) + / " S(b— 5)Buy(s)ds

/ S(h—s)f sxé,sds—F/S—s (5,20, 2)ds
+ZC — ) I} (a(ty,) +ZS —te) IR (2 (t))
—C(b)6(0) / S(b — 5)Bun(s)ds
+S(b—bn)/0 Clbn — 8)f (5,20, 2)ds

bn
+O(b—bn)/ S(bn — 8)f (5,75, 2)ds
0
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b
+/ S(b—s)f(s,xs,x%)ds
bn

+ Zm:C(b — i) () + Y S~ t) (2 (#)

k=1 k=1

b
=C(b)p(0) + S(b)¢(0) + /b S(b— s)Buy,(s)ds

n

b
T / S(b— 8)f (s, w0, )ds
by,

300 - ) I at) + 3 Sb -t ()
k=1

1

T S(b— ba)ly — AS(D >¢>< >_ ~ Cb)e(0)
= D ASGy —t) I (x(t) — D Clbn — t) IR (t)]

0<tr<by 0<ty<bn

+ (b= b — C(ba)$(0) — S(ba)(0)
S Ol — L) = S Sba — )R ()]

=

0<ty<bn 0<ty <bn,
/ S(b— s)Buv,(s)ds + / (b—s)f(s,xs,x")ds
+ZCb—tka )+ > Sb—te) (' (1))
k=1 k=1
+Sb—bn)lyn — > AS(bn —ti) i (z(ty))
0<ty<by
D Clon—t) (@ ()]
0<tr<by
+COb=bp)zn — Y Clbn —te) I (x(tr))
0<tr<bn
> S —t) R ()]
0<tr<by

Because the function f is bounded on @, we infer that

b
/ S(b—s)f(s,xs,x%)ds — 0, n — oo.
b

n

In addition, from (2.1) and (2.2), all the summation term cancel. Thus we obtain
x(b?¢7(paun) — Z1 as n — 0.
In a similiar way

y(b, &, 0, un) =AS(b)p(0) + C(b)(0) + /0 C(b— s)Buy(s)ds

b
-|—/O C(b—S)f(saxsvxs)dS
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+ Zm: AS(b — i) I} (z(ty)) + i C(b—tp)IE (2 (t]))

k=1 k=1

b
=AS(b)p(0) + C(b)p(0) + /b C(b— s)Bvy(s)ds

n

b
+ / Cb — 8)f(s, 20, a)ds
by,

3 ASG - )L (a(t) + 3 O — ) 2 (1))

k=1 k=1

+ C(b = bu)lyn — AS(ba)$(0) = C(ba)(0)
= > ASa—t)i(a(t) = Y Clon — ) IF(' ()]

0<tp<bn 0<tr<bn

+ AS(b = by — C(ba)(0) — S(ba)(0)
— Y Ol -t t) — Y S — )R ()]

0<t<bn 0<ty<bn

b b
:/ C(b— s)Buv,(s)ds + / C(b—s)f(s,xs,x%)ds
bn bn

£3ASb - )t + 3 O - )2 ()

+I;‘:(1b— bn)[yn — 0 Zb Aslzz: = t) I (1))
- tzb C(bn — t:);g(;’(tz))]
+ZS’EZE by) [ — O tzb C(bn — ti) Iy (2(tr))
- O}Qb S(bn — tk)Iﬁzx'Zﬁ))]-

Using again that f is bounded, we infer that fbbn Cb—s)f(s,zs,2%)ds = 0, n —
oo. Again, as in (b, ¢, ¢, u,,), from (2.1) and (2.2), all the summation terms cancel
as n — oco. Thus, y(b, @, v, un) — 22 as n — 0.

This implies that z € R(f, ¢, ¢). Because z was arbitrarily chosen, this completes
the proof. O

4. Example

In this section we present an example of controllable impulsive partial differential
equation with infinite delay. In the following, X = L?([0,n]); B = PCo x L*(p, X)
and A : D(A) € X — X is the map defined by Af = f” with domain D(A) =
{f € X : f and f' are absolutely continuous, f” € X, f(0) = f(x) = 0}. It is
well known that A is the infinitesimal generator of a strongly continuous cosine
family of operators, {C(t) : t € R} on X. Furthermore, A has a discrete spectrum
and the eigenvalues are —n?,n € N, with corresponding normalized eigenvectors
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zn (&) = \/%sin(ng); the set {z,,n € N} is an orthonormal basis of X and the
following properties hold:

o0

(a) If f € D(A), then Af = — > n?(f, 2,)2n.

sin( t)

(b) For f € X, C(0f = 55 cos(nt)(f, )2, and S(0)f = 5
n=1

Consequently, ||C(¢)| = HS( )| <1forallteR.
(¢) If @ is the group of translations on X defined by D(t)
is the extension of z with period 2, then C(t) = $(®(t

where B is the generator of ® and E = {z € Hl([O, 7]
(see [8] for details).

(fszn)2n.

x(§) = T(£+1t), where T
+®(—t)) and A = B?,
)+ 2(0) = x(m) = 0}

Consider the impulsive partial differential equation

9 0z(t,x),  9%z(t,x)

0 0eta)y D) | gyt
0z(s,x)
+f e(t — s)( (s7x)+T)ds7x€[077r],t€J,t7$tk,
s
z(t,0) :z(t m) =0, teJ
Az(tk fo Kl tkvx y) (tkay)dy7 k= 172a"'am (41)
A7 (tk fo K2 tk,l’ y) (tkvy)dya k= 1727°"7m

z(t7 :I:) = ¢(t’ $)7 t E (_w’ O]’ €T e [07 7(.]7

EZ(t,.’E) = 90(75733)’ te (_0070]7 S [0771-]7
where we assume ¢, ¢ € B, with the identifications ¢(t)(x) = ¢(t,x), o(t)(x) =
o(t,z). 0=ty <t1 < -+ <ty < tmy1 =b. We assume that the function ¢ can be
expressed in the form ¢ = 3 e Gnzn, where g, # 0 forallm € N and 5 ¢2 < oco.

n=1 n=1

We define B : R — X by Bu = qu. Then |B| < K = ,[ Y e=2"*¢2. To study the
n=1

approximate controllability of (4.1), assume c(t) is measurable and continuous with

. 0 [
finite Ly = (7 p<(9f>d9) Ki(t,z,y) : J = L2(A), A = [0,7] x [0,7], Ii :=
(fOTr fOTr |Ki(tk7xay)|2dxdy)§7 7;:1’27 k:1727 , M

Defining the operator f: J x B x B — X by

£t 6.0)(x) = / (~0)(B(0,2) + (8, 2))do.

Also defining the maps I} and I?

(2) = / " K (b2, gu(y)dy, w e X,

(2) = / " Kyt 2 y)u(y)dy, w e X,
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then system (4.1) can be modelled as (1.1).

Define

b
b — / S(b— s)BB*S* (b — 5)ds.
t

We claim that B*S*(b — s)z* + B*C*(b — s)y* = 0, 0 < s < b implies that
z* = y* = 0. Indeed

B*S*(b—s)z*+B*C*(b—s)y" =0, 0<s<b

o0 o0

= Z e*" n(Zns Z 78111]6(]? =9 (x*, z) 2k)
n=1 =1
Z n{Zn, ;cos k(b— s){y*, zk)zk) = 0

:>Z . sinn b_8)<m*,zn>

+Z qncosn —s){y*,z,) =0
=" =y* =0.

It follows from Theorem 3.1 that the linear systems (3.1)-(3.2) are approximately
controllable on J. Then the operator a(al + T'?)™! — 0 in the strong operator
topology as a — 07 (see [4,27,28]). So assumption (H;) is satisfied.

In these conditions

£(t, ¢, )72
:/O / 0)(6(0, ) + (0, x))d0] *dx
§2/ )é(6, 2)d6] dac+2/07r [/OOO c(—6)p(6, x)d0]*dx
_ / / % =0 30 ¢(0,x)d0]2dx+2/07r [/_OOO ;(é_(Z;pé(O)cp(G,x)dG]de
< / / ) ) 0)(6(0, 2)dd] da

Z(=9) 2
+2/0 [/m FOR /m p(0)]p(0, x)[*d0] dz
B 0 02(_0) . 0 ™ - 9 .
,Q[w o do [[mp(ﬁ)/o |60, z)|*dzdb]

0)
0 02 — 0 T
+2/_ p((ﬁ)e)dg' [/_ p(@)/o lo(6, z)[*dzdd].
<2L3[161% + loll3],
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which implies that the function f verifies the following condition
|f(t, d1,01) — f(t, P2, 02)| 12
([ / 0)(61(6,2) + 1 (0,))d6

- / (=0)(62(6,) + pa(0, 2))d6] %z}
={ / / 0)(61(0, %) — 60, 2))do

/_ (=0)(91(0, 2) — po(0, 2))d0] 2} 2

1/2

<203 (161 = dall3 + llor — 2213]
<V2L; (|61 = d2lls + o1 — #2ll5),

which means (Hs) is satisfied.
In a similar way

[Tk (w1) = I (ws)] 2

:{/O” [/O” Ki(tk7x,y)w1(y)dy_/0” Kt 2,9 ()]}
:{/O [/0 Ki(t, 2, 9) (wi (y) — wa(y))dy] *da}

S{/OTF[/(;r |Ki(tk,x7y)Zdy,/OTr \wl(y)—wg(y)|2dy]dlf}1/2

Sy@ﬂihﬂl—TﬂﬂL2,i::1,Z

which means (Hj) is satisfied.

Moreover, the function ¢ — AS(t) is uniformly continuous into £(E,X) and
|AS(t)||z(p,x) < 1 fort € J.

Let

m

1= (1+ éKQb){%/ﬁbLf[l + (/_Z p(0)d0) 2]+ r Y (1 + 7))

k=1
and
0

d2 =2V2bL¢[1 + ( / ’ p(0)d6)'/?) + lK%{Q\/ibL £l ( / p(6)d6)'/?]
—b (&%

—b

FVEY (AR VT Y I+ 1),
k=1 k=1

The next proposition is a consequence of Theorem 3.2.

Proposition 4.1. Assume max{¢$1, P2} < 1. Then the system (4.1) is approximate
controllability.
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5. Conclusion

In this paper, the issue on the approximate controllability criteria for a class of
second order impulsive functional differential systems with infinite delay has been
addressed for the first time. A new set of sufficient conditions for the approximate
controllability of the considered nonlinear systems have been established by using
strongly continuous cosine families of operators and the contraction mapping prin-
ciple. Particularly, we have shown that under the assumption that the approximate
controllability of its linear part, this system is approximate controllable. Moreover,
the example presented in Section 4 illustrated exactly an application of the obtained
results.
The neutral functional differential system in the form of

A1o' (t) — g(t, ) = Ax(t) + f(t,2(t)) + Bu(t), te€[0,T],

zo=9p€eB, 2'(0)=weX,

which was studied in [13], is a special case of our system. So our results are appli-
cable to such system.
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