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APPROXIMATE CONTROLLABILITY OF
SECOND-ORDER SEMILINEAR EVOLUTION
SYSTEMS WITH STATE-DEPENDENT
INFINITE DELAY™

Xiaofeng Su! and Xianlong Ful'

Abstract In this article, we study the problem of approximate controllabil-
ity for a class of semilinear second-order control systems with state-dependent
delay. We establish some sufficient conditions for approximate controllability
for this kind of systems by constructing fundamental solutions and using the
resolvent condition and techniques on cosine family of linear operators. Partic-
ularly, theory of fractional power operators for cosine families is also applied to
discuss the problem so that the obtained results can be applied to the systems
involving derivatives of spatial variables. To illustrate the applications of the
obtained results, two examples are presented in the end.
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1. Introduction

The concept of controllability has played a central role throughout the history of
modern control theory. Moreover, approximately controllable systems are more
prevalent and very often approximate controllability is completely adequate in ap-
plications. Therefore, various approximate controllability problems for different
kinds of non-linear controlled systems represented by evolution equations have been
extensively investigated in literature in these years, see [4, 10,25, 36], for example.

We are concerned with in this paper the approximate controllability of systems
governed by a second-order semilinear functional evolution equation with state-
dependent delay of the form

d2

yOZSDEL@a y/(O):IBOEX, tE(*O0,0],

(1.1)

where the state y(-) and the control function u(-) take values respectively in Hilbert
spaces X and U. The histories y; : (—o00,0] — X, given in the usual way by
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ye(0) = y(t + 0) for 6 € (—o0,0], belong to the phase space % defined axiomat-
ically. Here y'(0) denotes the right derivative of y(-) at zero. We assume that
—A: D(—A) € X — X is the infinitesimal generator of a strongly continuous
cosine family (C(t))ier on X and L : Z — X and B : U — X are bounded linear
operators. F' : [0,T] x #, — X is a nonlinear continuous and uniformly bounded
function to be specified later, and p : [0,T] x B, — (—o0,T] is also a continuous
function.

Eq. (1.1) is the abstract form of some semilinear second order partial functional
differential equations (PFDEs) with state-dependent delay (for example delayed
wave equations), which describe many physical, chemical and biological problems.
An important way of studying semilinear second order PFDEs is to transfer them
into this kind of abstract second order evolution equations. Indeed, in many cases
it is more advantageous to treat the second-order abstract differential equations di-
rectly than converting them to the first order systems. The basic theory of abstract
second-order evolution equations governed by generator of strongly continuous co-
sine family was initiated and developed respectively by Fattorini [12,13], Travis and
Webb [44,45]. In the past decades, by means of the theory of cosine and sine operator
families, existence, uniqueness, regularity, periodicity, stability and controllability
of solutions for this kind of evolution equations have been much studied by various
authors, see [3,5,7,17,26,32,37]. Particularly, the approximate controllability of
second-order semilinear system with delay has also been discussed in some papers,
see [11,22,31,40,42]. Henriquez and Herndndez M [22] studied the approximate
controllability of the following second-order neutral functional differential systems
with infinite delay

L1 (t) — g(t,2)) = Aalt) + Bu(t) + f(t,2), 1€ [0,7),

ro=¢p€B, 2(0)=weLX,

(1.2)

where A, B, are defined as above. The authors established the approximate con-
trollability results for Systems (1.2) under some assumptions of range type (also see
Naito [36]). It seems that generally it is difficult in applications to verify such range
conditions for evolution systems with delay.

On the other hand, Numerous models that arise in applications are properly
described using functional (partial) differential equations with state-dependent de-
lay. We refer to the survey paper of Hartung et al. [16], for many examples. For
this reason, the theory of functional differential equations with state-dependent de-
lay has become, in recent years, an attractive area of research. We mention the
works [1,6,8,21,28,33] and the references therein for information on recent results
in this area. The problem of existence of solutions for the first-order and second-
order partial functional differential equations with state-dependent delay have been
studied in [17-20,29,30], while qualitative properties of solutions of these equations
with state-dependent delay have been investigated in [2,9,24].

There is no doubt that the control problems are also very interesting and
challenging topics for functional evolution systems with state-dependent delay.
Actually, some work on the approximate controllability of first and second or-
der functional differential equations with state-dependent delay can be found in
[11,14,39-41,43,47]. In [14] the authors considered the approximate controllabil-
ity of systems represented in the following semilinear neutral functional differential
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equations with state-dependent delay

CL(0) + Flt,a)] = —Az(t) + Bult) + Gt 2y0m), € 0,T),

l‘():(,bgr@a.

(1.3)

By concerning analytic semigroup theory and the so-called resolvent condition in-
troduced in [4], sufficient conditions of approximate controllability for System (1.3)
were formulated and proved there. While in [40], Sakthivel et al. obtained sufficient
conditions for the approximate controllability of second-order functional differential
equation with state-dependent delay described by the equation

2(t) = Ae(t) + Bu(t) + [(L2y00), ¢ €T = [0,1], »
ro=¢€B, 2'(0)=¢eX. )

In their paper, the authors also used the resolvent condition to obtain the sufficient
conditions for the approximate controllability of (1.4). Note that in recent years
this resolvent condition, which is equivalent to the linear system is approximately
controllable, was extensively employed to investigate the approximate controllability
of many deterministic or stochastic evolution systems with (without) delay since it is
easier to be verified in applications, see [14,31,34,42] among others. The outstanding
feature of this technique is that the nonlinear functions in the considered systems
should commonly satisfy the condition of uniform boundedness.

Our objective in this work is to study the approximate controllability of the
system (1.1). Observe that the term L(y;) in (1.1) is not uniformly bounded since
L is a bounded linear operator on %, thus it can not be regarded as a special case of
System (1.4), and its approximate controllability can not be investigated straightly
by cosine family and the above resolvent condition method as in [31,40] (where
the the nonlinear terms were required to be uniformly bounded). To overcome
the difficulties brought by the non-uniform boundedness of L(y:), as in [25, 35],
we are going to discuss this problem by constructing the fundamental solution for
the associated linear second order evolution equations with infinite delay. In this
manner we will represent the mild solutions of (1.1) via the fundamental solution
and Laplace transform. As a result, we can still explore the controllability by
applying the technique of the resolvent condition (see the condition (H3) in Section

On the other hand, in many practical cases the nonlinear function f in (1.1)
frequently involves a term of spatial derivative, like in Example 5.2 discussed in
Section 5. It can be seen that, when take X = L?(0, ), then the function f in (5.9)
is defined on [0, 7] x €, 1, ot on [0,T] x €,. This means that one can not discuss
the existence of mild solutions for (5.9) directly on space X, but on X 1. For this
reason, in order to study the approximate controllability of System (1.1) for this
situation, we shall also restrict this equation in Section 4.2 in the Banach space
X %(C X) induced by fractional power operators A2 to get the existence result.
Namely, we will discuss the existence of mild solutions by applying fractional power
operators theory and the %—norm. We note that, unlike analytic semigroups, there
are few similar estimates on the fractional power operators with analytic cosine and
sine operators. Fortunately we can take advantage of the assumption (F) due to
Travis and Webb [44] (see (H}) in Section 4.2) to carry on our discussion. We stress
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that, we do not use Schauder fixed point theorem to prove the existence of solutions
in Theorem 4.3 as the compactness of the operator Py in space X1 is unknown.

It is easy to see that our obtained results extend and develop directly the work
on approximate controllability of second order evolution systems with infinite delay
appearing in literature mainly in two aspects: one is that the considered system
(1.1) involves infinite state-dependent delay and a non-uniformly bounded term;
the second is that the results can be applied to the control systems in which the
nonlinear functions admit derivative terms of spatial variables. To the best of our
knowledge, there are seemly few similar results on this kind of second order evolution
systems. In addition, it is worth pointing out here that, the fundamental solution
theory for second order linear retarded evolution systems with infinite delay founded
in this article are theoretically meaningful and can also be applied to discuss other
important issues such as qualitative properties and optimal controls of solutions for
second order semilinear FDEs with infinite delay.

Subsequently, we first present in Section 2 some notations and properties of
strongly continuous cosine operator families. In addition, notations about phase
spaces for infinite delay are also introduced in this section. Then in Section 3, we
construct the fundamental solution G(¢) and discuss some regularity properties for
it. After that, we represent the mild solutions of System (1.1) explicitly via the
fundamental solution G(t) using Laplace transform techniques. Based on this, in
Section 4 we exploit the approximate controllability of (1.1) for two cases respec-
tively by employing the resolvent condition and the uniform boundedness of the
function F(-,-), and some sufficient conditions of approximate controllability for
(1.1) are obtained. In Section 5 two examples are provided to show the applica-
tions of the main results. Finally, Section 6 is an appendix in which we prove for
completeness the existence and uniqueness of mild solutions of the corresponding
second order linear system. This is the start point of constructing the fundamental
solution.

2. Preliminaries

In this section, we collect some concepts, notations, and properties on strongly
continuous cosine family and the phase spaces for infinite delay to be used in the
whole paper. Let X be a Hilbert space with inner product (-,-) and norm || - ||, and
Z(X) be the Banach space of bounded linear operators from X into X.

2.1. Basic conceptions of cosine family

First, let us recall in this subsection some definitions and properties of cosine fam-
ilies.

Definition 2.1. The one parameter family {C(¢) : t € R} C Z(X) satisfying
(1) C(0) =1,
(#11) C(t+s)+C(t—s)=2Ct)C(s) for all ¢, s € R,

(#4) C(t)z is continuous in ¢ on R, for all z € X,

is called a strongly continuous cosine family on X.
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The corresponding strongly continuous sine family {S(¢) : t € R} ¢ Z(X) is
defined by

t
S(t)x = / C(s)xds, t e R, z € X. (2.1)
0
The generator of a strongly continuous cosine family {C(¢) : ¢ € R} is the linear
operator A: D(A) C X — X given by

d2
_ﬁgwn\,ﬁnmxepm% (2.2)

Az

with
D(A)={reX:C()zeC*(R; X)}.

There is a necessary and sufficient condition guaranteeing that an operator (A, D(A))
generates a strongly continuous cosine family, which is analogous to the Hille-Yoside
generation theorem of operator semigroup theory.

Theorem 2.1 (see [45, Proposition 2.7] ). A closed, densely defined linear operator
(A,D(A)) on X is the infinitesimal generator of a strongly continuous cosine family
(C(t))ter with |C(t)|| < Mye“t, if and only if the resolvent R(\?; A) exists for any
A > w, and it is strongly infinitely differentiable, satisfying

Mn!

<—F—, for A>w and n=0,1,2,---.

‘()‘R()‘23A))(n) = A —w)n

Next we present some basic properties of cosine families. Let
E={zeX:C(lzeC' (R;X)}.
It was proved in Kisyiniski [27] that E' is a Banach space endowed with the norm

2z = llzllx + sup [AS(t)z|x, = € E.
0<t<1

Lemma 2.1 (see [45, Proposition 2.2 and Proposition 2.3]). Suppose that (A, D(A))
is the infinitesimal generator of a family of cosine operators {C(t) : t € R}, {S(¢) :
t € R} is the corresponding sine family. Then

(i) There exist My, > 1 and w > 0 such that ||C(t)||zx) < Mu,e“" and hence
[S@l2x) < Moe*".

(i) For any v € X and r,s € R, [[ S(u)zdu € D(A) and A [] S(u)zdu =
[C(r) = C(s)].

(iii) There exists M > 1, such that ||S(s) — S(r)|lzx) < M| [ e<?ldf| for all
0<r<s<oo.

(iv) Ifx € E, then S(t)z € D(A) and LC(t)z = AS(t)x.
(v) If x € E, then tlir% AS(t)x = 0.
—

(vi) If x € D(A), then C(t)x € D(A) and %C(t)x = AC(t)x = C(t)Ax.

The uniform boundedness principle together with (i) above implies that both
{C(t) : t € [0,T]} and {S(t) : t € [0,T]} are uniformly bounded, i.e., there exist
positive constants M; and My such that

IC@®)| < My and ||S(t)]] < My for every t € [0,T]. (2.3)
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The following lemma which can be found in [12] gives a characterization of resolvent
of the infinitesimal generator of a strongly continuous cosine family.

Lemma 2.2. Let (C(t)),cp be a strongly continuous cosine family in X satisfying
|C(t)||x < M,e“!!l t € R, and (A, D(A)) its the infinitesimal generator. Then for
A € C with Re\ > w, \? € p(A) and

/\R(/\Q,A)x:/ e MC(t)xdt, for z € X, (2.4)

0

R()\Z,A)xz/ e MS(t)xdt, for ze€X. (2.5)
0

2.2. Fractional power operators

Throughout this paper, we will always assume that the linear operator (—A, D(—A))
in System (1.1) satisfies that

(Hy) For any A > 0, the resolvent R(\?; —A) exists, and it is strongly infinitely
differentiable, satisfying

n!
< ISR

‘ (AR(XZ; —A)) ™

for A>0 and n=0,1,2,---.

Then from Theorem 2.1, (—A, D(—A)) generates a uniformly bounded (strongly
continuous) cosine family (C(t)):cr on the Hilbert space X. Moreover, since the
spectrum o(—A) is merely contained in the negative real axis, (—A, D(—A)) also
generates an analytic semigroup (7'(t));>0 on X, and actually we have the Weier-
strass formula (see [12], Remark 5.11)

1 2
T(t)x = T / e~ wC(s)xds, t >0,z € X. (2.6)
(mt)z Jo

In the next section we shall, as mentioned in Section 1, study the fractional power
theory for the fundamental solutions which will be applied to discuss the control-
lability problem of System (1.1). For this purpose, in the sequel we present some
results on the fractional power theory for cosine families. Let 0 € p(A), then we
can define in the following way the fractional power A%, for 0 < a < 1, as a closed
linear operator on its domain D(A®) (see [38] for more details). Define the bounded
linear operator A~ as

1 o
AT = —/ t*IT(t)dt, 0 < a < 1, (2.7)
L(a) Jo
where T'(:) is the well known I' function given by I'(ar) = [t 'e~'dt. And A“
(a € (0,1)) is then defined as A% = (A=) "
dense in X and the expression

. Moreover, the subspace D(A%) is

[zlla = |A%]l, 2 e D(A%),

defines a norm on D(A%). Denoting the space (D(A%),| - |la) by X, then it
is well known that for each 0 < o < 1, X, is a Banach space, X, — Xg, for
0 < 8 < a <1, and the imbedding is compact whenever R(\, A) = (A + A)~ 1,
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the resolvent operator of —A, is compact for some A > 0. Hereafter, we denote by
C([0,T); Xo) the Banach space of continuous functions from [0, 7] to X, with the
norm

[zllc, = sup [[A%2(@)], @ € C([0,T]; Xa).
0<t<T

In the light of the above statements we can now establish the following result.

Theorem 2.2. Let (C(t))icr be the cosine family generated by (—A, D(—A)),
(S(t))ter be the associated sine family. Then C(t) and S(t) commute with the
operator A%, that is, for each a € (0,1), x € D(A%) and for all t > 0, there hold

A“Ct)x =C({t)A% and A“S(t)z = S(t)A%z.

Proof. If x € D(A%), let y = A%z, then + = A~“y. Combining (2.6) and (2.7)
we have that

Clt)r = C(H) Ay = C(t) —— /0 " 01T (s)yds

! R 0067% r)ydrds
=CORG |, gy ¢ Few

2

L - acr L ooe_ﬂ r)ydrds
‘ﬁaﬂls wm%A C(H)C(r)ydrd

_ L) /000 s T (s)ydsC(t) = A=“C(t)y.

NG
Hence, C(t)x € D(A%), and A*C(t)x = C(t)A“x. By the expression of S(t), it is
easy to verify

A*S(t)x = S(t) A%z, for each € (0,1), z € D(A%).

The proof is completed. O

2.3. Phase space for infinite delay

In this subsection we turn to introduce some notations on the phase spaces for
infinite delay. Throughout this paper, we will employ an axiomatic definition of the
phase space & introduced by Hale and Kato [15]. Adopting the terminologies used
in [23], £ will be a linear space of functions mapping (—oo, 0] into X endowed with
a seminorm || - || and satisfies the following axioms:

(A) f z: (—o0,0 +a] = X, a > 0, is continuous on [¢,0 + a] and =, € B, then
for every ¢ € [0, 0 + a] the followings hold:
(1) x¢ is in B
(i) 2] < Hlwill
(i63) el < K (t — o) sup{lla(s)] 0 < 5 < 2} + M(t — o) |2, |
Here H > 0 is a constant, K, M : [0,4+00) — [0, +00), K(-) is continuous and
M () is locally bounded, and H, K(-), M(-) are independent of z(t).

(A;) For the function z(+) in (A), x4 is a H-valued continuous function on [0, o +a].

(B) The space Z is complete.
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We denote by %, the set of all the elements in % which take values in space X,
that is,
Bo:={p€B: o) € X, forall § <0}.

Then %, becomes a subspace of & endowed with the seminorm | - ||z, which is
induced by || - ||# through || - ||o. More precisely, for any ¢ € %B,, the seminorm
| - |l@., is defined by ||[A%p]|, instead of ||¢||. For example, let the phase space
B=CrxLP(g:X),r>0,1<p< oo (see [23]), which consists of all classes of
functions ¢ € (—00,0] — X such that ¢ is continuous on [—r,0] and g||¢(-)||? is
Lebesgue integrable on (—oo, —r), where g : (—o0o, —1) — R is a positive Lebesgue
integrable function. The seminorm in £ is defined by

-

el = sup {[l(0)] : —r <6 <0} + (/ 9(9)||<P(9)|”d9> ’

—o0
Then the seminorm in %, is defined by

l¢llz. = sup {[|A%(8)] : —r <6< 0} + ( / _Tg<e>||A%<e>||pd9)

— 00

See also the space €, A presented in Section 5. Hence, since X, is still a Banach
space, we see that the subspace %, will satisfy the following conditions:

(A) Ifz: (—o00,0 + a] = X4, a > 0, is continuous on [0, 0 + a] (in a—norm) and
Ty € By, then for every t € [0, 0 + a] the followings hold:
(1) @y is in By,
(@2) [l()|la < H[zt]|2,;
(ii0) |21l 2, < K(t — o) sup{[|z(s)]la : 0 <5 <t} + M(t = 0)|zo]| .-
Here H, K(-) and M(-) are as in (A)(éii) above.
(A}) For the function z(-) in (A4"), x4 is a B,-valued continuous function on [o, o+a].

(B’) The space %, is complete.

For any ¢ € %,, the notation ¢y, t < 0, represents the function ¢;(0) = @(t+86),
0 € (—00,0]. Then, if the function z(-) in axiom (A’) with zg = ¢, we may extend
the mapping ¢ — z; to the whole interval (—oo, T] by setting x; = ¢, for t < 0. On
the other hand, for the function p: [0,T] X B, — (—o0,T], we introduce the set

Z(p™) =A{p(s,¥) : p(s,9) <0, (s,9) € [0,T] x Ba}

and give the following hypothesis on ¢, : the function t — ; is continuous from
Z(p~) into A, and there exists a continuous and bounded function H¥ : Z(p~) —
(0, +00) such that, for each t € Z(p~),

lptll . < H?(@)[oll 2, -

Then we have the following lemma, which plays an important role in our proofs in
the next section.

Lemma 2.3 (see [23]). Let x : (—oo,T| — X, be a function such that xo = ¢ and
the restriction of x(-) to the interval [0,T] is continuous. Then

[2sll . < (Hi+Hs)ll¢llz, +Hasup{||z(0) o : 6 € [0,max{0, s}]}, s € Z(p~)U[0, T1,

where
Hy, = sup H?(t), Hy= sup K(t), H3= sup M(t).
teZ(p~) te[0,T] te[0,T]
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3. Fundamental solution

In this section we will first construct the theory of fundamental solution for the linear
system corresponding to Eq. (1.1), then we express the mild solutions of Eq. (1.1)
via the established fundamental solution based on Laplace transform arguments. Let
us make the following hypotheses on the operators appearing in System (1.1).

(H1) Be Z(U;X), ie., Bis a bounded linear operator from U to X.

(Hz2) The operator L : 8 — X is a bounded linear operator with ||L|| = I for some
[>0.

Consider now the following linear second order functional differential equation
on space X associated to System (1.1)

d2
@y(t) =—Ay(t) + L (y), t>0, (3.1)
yo=1¢, y(0)=a° t <0,

where (—A,D(—A)) and L : # — X are operators given above and (p,z°) €
% x X . The mild solutions of System (3.1) can be defined by the cosine family C'(¢)
and sine family S(t) generated by (—A, D(—A)) as (see [44])

Definition 3.1. A function y(-) : (—o00,T] — X, denoted by y(t; , 2") to show its
dependence on the initial date (¢, x°), is called a mild solution of Eq. (3.1), if it
satisfies that

C(t)p(0) + S(t)z° +/0 S(t —s)L (ys(-3,2°)) ds, t€[0,T],

o(t), t<0.

y(t;p,2°) =

(3.2)

Remark 3.1. Note that, if ¢(0) € E, then the mild solution y(-; ¢, z") is continu-
ously differentiable and verifies

Y (t;p,2°) = AS(t)p(0) + C(t)z° + /0 C(t — s)L(ys(;,2°))ds. (3-3)

Obviously, from Lemma 2.1 (iv), one has y'(0) = 2° in this case.

Then, we may establish the following existence and uniqueness result for Sys-
tem (3.1). Its proof is standard but not trivial, and for the sake of completeness we
will present the whole proof in details in Appendix, see Section 6.

Theorem 3.1. For any (p,2°) € B x X and T > 0, there exists a unique mild
solution y(t) = y(t; o, x°) of System (3.1) on (—oo,T|. Moreover, it satisfies that

ly(t; 0, 2%)|| < Mee™ (|l +[|2°]]) , (3.4)
for allt > 0, where M, > 1 and v € R are constants.

Making use of the preceding theorem we now set about to construct the theory of
fundamental solution. Let y(-;0,2°) denote the solution of (3.1) through (0;0, z").
For any x € X, we define the fundamental solution G(t) € .£Z(X) as

t; 07 b t Z 07
Gty = y(t;0,2)
0, t <O0.
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That is to say, from (3.2), G(t) is the unique solution of the operator equation

S(t) +/Ot S(t — s)L(Gy)ds, t>0,

G(t) = (3.5)

0, t<0,
where G¢(0) := G(t+0), 6 € (=00, 0]. This definition is well guaranteed by Theorem
3.1. For the fundamental solution G(t), one has the following properties.
Theorem 3.2. For G(t), t € R, there hold

(1) (G(t))te]R is a strongly continuous one-parameter family of bounded linear
operators on X and satisfies that

1G] < Me™, t=>0

)

where M, > 1 and v € R are from Theorem 3.1. Clearly, there is some M > 1
such that

IG)|| < M, t e [0,77. (3.6)

(i6) If the strongly continuous sine family (S(t))
compact for all t > 0.

1> is compact, then G(t) is also

(#i1) For all x € X, the function G(-)x is continuously differentiable for anyt > 0,

and
dG(t)x ¢ dG(t)x B
T C(t)x—i—/o C(t — s)L(Gs)xds, ol (3.7
Moreover,
IG’"()l <N, telo,T], (3.8)

fO’F N = M1 + MllMT

(iv) If x € E, then the function G'(-)x is still continuously differentiable for any
t > 0 and there hold

d—QG(t)x = AS(t):c—i—/t AS(t—s)L(Gs)xds and
0

s Gtz =0. (3.9)

dt? #=0

(v) G(t) is uniformly continuous on [0,T).

(vi) If the operator L maps B, into D(A%) and there holds A*L = LA®, then for
all « € (0,1), G(t), G'(t) commute with the operator A%, that is, A*G(t) =
G(t)A® and A“G'(t) = G'(t)A™ for each a € (0,1).

(Here, A*L = LA is understood as, for any ¢ € Bo, A*L(p) = L(A%p). It
is readily seen that this commuting property is verified for any systems, also
see Example 5.2 in Section 5.)

(vii) If|[A2S(t)|| < C for some constant C > 0, then there is M > 0 such that, for
t € (0,7,

HA%G(t)H < 1.
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Proof. Assertions (i), (i¢) and (éi7) follow readily from Theorem 3.1 and the
formula (3.5) of G(-).

In order to prove Assertion (iv), firstly, for z € E, by the definition of S(¢) and
Lemma 2.1, we see S(t)z € D(A), then G(-)x € D(A) and the function G(-)z is
continuously differentiable. In particular, (3.9) follows from (3.7), and by Assertion
(7), we have

t
|G’ (t)]] <[|C(t)]| + II/O C(t —s)L(Gy)ds||
<My + M{IMT := N.

Due to Lemma 2.1, S(¢) is uniformly continuous on [0, T}, then from (3.5) again
we deduce that G(¢) is also uniformly continuous for ¢ € [0, 7] which proves Asser-
tion (v).

As for (vi), using (3.5) and (3.7) and applying Theorem 2.2 we obtain immedi-
ately the properties A*G(t) = G(t)A* and A*G'(t) = G'(t) A%, for each « € (0,1).

Finally, applying the assumption to (3.5) we get Assertion (vii) readily. O

Next we further consider the following linear inhomogeneous second-order func-
tion differential equation with infinite delay on X:

i) = ~Ay(e) + L)+ 70), 120,

Yo =, y(0)=2" t<0,

(3.10)

where the function f(¢t) € L*(R*, X). The mild solutions of Eq. (3.10) are repre-
sented by cosine and sine families as

C(t)¢(0) + S(t)a"

y(tp,a7) = / S(t—s) [L(ys(50,2°) + f(s)] ds, t>0, (3.11)

For the subsequent discussion, we need to represent the mild solutions (3.11) via
the fundamental solution G(t) established previously, that is

Theorem 3.3. For (,2°) € B x X, the mild solutions (3.11) of System (3.10)
can be expressed equivalently by

G090 +60a+ [ G- L)+ feds, 20,

where the function ¢(-) is defined as

=150

Proof. We prove this theorem by Laplace transform arguments. Thanks to The-
orem 3.1 we may calculate the Laplace transform §(A) of y(¢) for all A € C with
ReA > max{0,~}.
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In fact, due to Lemma 2.2, one has that C'(\) = f+°O e MO (t)dt = AR(N\?, —A)

for ReX > 0, and the Laplace transform of fo (t =) [L (ys(-590,2%) + f(s)] ds is
computed as

+oo Y t . 0
/ e / St —s) [L (ys(-50,2°)) + f(s)] dsdt
0 0
+oo “+oo
=[N Is @ L (wa0a%) + ()] ds
0 0
+oo
:R()\2, fA)/O e N [L (ys(~;<p,x0)) + f(s)} ds

=R()\?,—A) {/%0 e L (y(s +0,¢,2°) ds + f(A }
0

—roe )| [ Osou)ekw-ﬂdt) +L( )50+ F|.

Hence, from (3.11) we get
G(\) =AR(N?, —A)p(0) + R(\?, —A)x®

0
+ R(\2,—A) [L (/9 go(t)e”“)dt> + L (1) g(\) + f(/\)]
0
=R()\?,—A) {)«p(O) +2°+ L ( /6 cp(t)e)‘(et)dt) + L (M) g(N\) + f(A)} ,

AN G(N) = R(\2,—A) [A@(O) +2°+ L ( /9 ' gp(t)e’\(et)dt> + f()\)} ,

where A(X) := 1 — R(A\?, —A)L (e*I). It is easy to see that A(X) — I as ReX —
—+00, which indicates that there exists a A\g > 0 such that for any A € C with Re\ >
Ao, the inverse operator A71(\) exists. Thus, for all A with Re()\) > max{vy, Ao},
we get

(N = ATY N R(N2, —A) [)\go(O) + 2+ L < /9 ' <p(t)e’\(‘9t)dt> + f(/\)} . (3.13)

On the other hand, by (3.5) and Theorem 3.2 (i), we may similarly calculate
the Laplace transform of the operator G(t) as (note that G(¢t) = 0 for ¢t < 0)

+oo
G(\) = R(\*,—A) + R(\?, —A)L (
0

G(t+ 0)e‘”dt>
= RO, =4) [T+ L (M) G|
So, for all A with ReX > Ag, it gives
G\ = ATY(VR(A2, - A). (3.14)

Substituting (3.14) into (3.13), we obtain

g\ = G\ {)\ap(O) +a2°+ L ( /9 ’ gp(t)e’\(e_t)dt> + f()\)} . (3.15)
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Observe by the definition of function @(-) that

L (/HO go(t)ew—t)dt) .y (/09 ot + 9)6—*%) _ (/Om @(-)e—Mdt>
= (L(g()"

and G'(t) = AG(\). Then employing the inverse transform to (3.15) we arrive at

1) = G/ (00(0) + G0 + [ Gl =9)(L(5) + 1(5))ds

from which and the uniqueness of Laplace transforms, we get the desired result.
O

Remark 3.2. (i) If (¢(0),2°) € E x X, then by Lemma 2.1, (3.3) and Theorem
3.2, one has readily that

= 1‘0,
t=0

d 0
—u(t:
dty( s, x”)

which manifests that the initial condition y(0) = 2 is also involved in the expres-
sion (3.12).

(ii) The value of this new expression of mild solutions is that y(-) does not appear
directly in the right hand side of (3.12).

Accordingly, the mild solutions of Eq. (1.1) expressed by the fundamental solu-
tion are defined as

Definition 3.2. A function y(-) : (—o00,T] — X is said to be a mild solution of
Eq. (1.1), if it is continuous on [0, 7] and satisfies that

G’ (t)p(0) + G(t)z°

t
w0 =1+ [ Gt =) (L8 + Flosp0) + Buls))ds, t€ 0.7),
0
@(t% te (_0070}'
Next we turn to present the concept of approximate controllability.

Definition 3.3. For an initial date (p,2°) € 2 x X, System (1.1) is said to be
approximately controllable on [0, 7], if Z(T; ¢, ") is dense in X, i.e.,

%(T;(p7l‘0) =X,
where Z(T = {y(T;¢,2% ) : u(-) € L*([0,T);U)} .

As mentioned in Section 1, in the sequel, we shall study the approximate con-
trollability for System (1.1) by using a so-called resolvent operator condition (the
condition (Hs) below). For this purpose, we introduce the following resolvent op-
erator. Let

T
Fg:/ G(T — s)BB*G*(T — s)ds,
0

where B* and G* denote respectively the adjoint operators of B and G, then the
resolvent operator R(\, —T'Y) € Z(X) for A > 0 is defined as

R\, -TT) .=\ +18H)7!
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Since the operator I'Z is clearly positive, R(\, —I'}) is well defined. We will always
assume that

(H3) AR\, —T'T) — 0 as A — 0% in the strong operator topology.

The above condition (Hj) is equivalent to the approximate controllability of the
linear system

d—;y(t) = —Ay(t)+ L (y¢) + Bu(t), te[0,T],

Yo =0, y'(0)=a".

(3.16)

More precisely, we have that

Theorem 3.4. The following statements are equivalent:

(¢) The control system (3.16) is approximately controllable on [0,T].
(i5) If B*G*(t)y =0 for allt € [0,T], then y = 0.
(ii7) The condition (Hs) holds.

This theorem can be prove in the similar way as that of ( [4, Theorem 2]) and
( [10, Theorem 4.4.17]), so we omit the proof here.

4. Approximate controllability

With the preceding preparation, in this section we devote to investigating the ap-
proximate controllability for System (1.1) to obtain the main results of this article

4.1. The general case

We first discuss the general case, i.e., the approximate controllability problem of
System (1.1) under the assumption that the function F(-,-) is defined on [0, T] x .
To do this, besides the previous assumptions on operators A, L and B, we will
also impose the following restrictions on the sine family (S(t)),~, and the nonlinear
function F(-,-).

(H4) The sine family S(¢) is compact for any ¢ > 0.
(Hs) The function F : [0,T] x & — X verifies the following conditions:

(i) For any y : (—oo,T] — X satisfying that yg = ¢ and the restriction of
y(-) to the interval [0,T] is continuous, the function ¢ — F(s,y,(sy.))
is strongly measurable on [0, 7] and t — F(s,Y,(s,y,)) is continuous on
Z(p~)U|0,T] for every t € [0,T].

(ii) For each r > 0, there exists a function f,. € C([0,T],R") such that

sup HF(t,(,O)H < fr(t)7 te [07T]7 pEB

llella<r

And there exist [; > 0 and v, € (0,1) such that

[ < Ll +1).
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We shall prove that, for given (p,7¢) € % x X, for any y7' € X, by se-
lected proper control u* (for any given A € (0,1)), there exists a mild solution
(50, 2% u?) 1 (=00, T] — X for System (1.1), such that y*(T; o, 2°,u*) — y7 in
X as A — 0T, which reaches the result.

In what follows, we identify a function y(-) : [0,7] — X satisfying y(0) = ¢(0)
with its continuous extension to (—oo, 0] by ¢ (see (6.5)) so that y; is always well
defined for each t € (—o0,T].

Now, let yT € X, (p,2°) € & x X. For any function y(-) € C([0,7]; X) with
y(0) = ¢(0), we take the control function u*, simply denoted by u(t), as

u(t) := B*G*(T — t)R(\, -T'})-

T
(v" = &' (T)p(0) - G(T)a° - / G(T = 8)(L(35) + F(5,Yp(s)) ) ds )
(4.1)
Using this control function, we define the operator Py on C([0,T]; X) as

t
(PAy)(t) = G (1)p(0) + G(t)a® + / Gt = 3)(L(8) + F(5,Yp(s.0,)) + Buls) ) ds,
0
(4.2)
for ¢t € [0,T]. We begin with proving the following existence result by applying the
Schauder fixed point theorem.

Theorem 4.1. Let (p,2°) € x X. Assume that the above hypotheses (Hy) — (Hs)
are all fulfilled, then, for any X\ € (0,1), System (1.1) admits a mild solution
y () : (=00, T] = X which is continuous on [0,T].

Proof. Let y7 € X and (p,2°) € % x X be given, and put

E(b) := {y(-) € C([0,T; X) | y(0) = ¢(0), lly®)]l == sup [ly(#)]l < b}~

te[0,T)

Then E(b) is obviously a bounded, closed and convex subset of C([0,T]; X).

We will prove the assertion by applying Schauder fixed point theorem that for
each A € (0,1), there is a by > 0 such that the operator Py given by (4.2) has a
fixed point on E(by).

Initially, we show that Py(E(by)) C E(bg) for some by > 0. If this is not
true, then, for every b > 0, there exist y € E(b) and some ¢t € [0,7] such that
|(Pxy)(®)|| > b. Then, noting by (Hs) that (from (Hjz) we may assume w.l.o.g.
|[R(\, —TF)|| < & for A € (0,1))

[u(®)]|

IA

|B*G*(T — )R(\, -TT)|| - HyT — G'(T)(0) — G(T)z"

_ /OT G(T = 5) (L (4) + F(5,Up(o) ) s

1— — -
MBI - [ ly7[| + N ()| + M|a"l| + Mol

IA

T
N PGty ]

::M)\.
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Then, by virtue of Theorem 3.2, we can estimate
b < [[(Pxy) (1)

< 16 OO + 60027 + | [ 60— 9) (L (B + Fls i) + Buls) s

t
< N lp(O)[[+ [|2°[|+ M T ]| 2+ ; Gt = $)Il (1F (s, Yp(s,u.) |+ BIIM») ds.

For any y € E(b), it follows from Lemma 2.3 that

1Yp(s.y)lz < (H1 + H3)|[pllz + Hab = 1.

Hence, using (Hs)(it) we further obtain that

b<[I(Pxy) (1)l

_ S — 1 —2
<N [lp(0)[| + M ||2°|| + M Tl ¢l + MT]| f-(-)]| + XIIBIIQM

[Nyl + Nl )| + M|2°|| + MTl|¢]| 2 + MT]| £,()]]
I:Kl +K27"’71,

where K7, K5 are constants independent of b. Thus,
b*KQ’I"Yl < Kj. (43)

However, the left side of (4.3) may go to +o00 as long as b — +o00 since v; < 1 by
our assumption. This is a contradiction. Therefore, there is an by(A\) > 0 such that
Py maps E(bp) into itself.

To prove that Py is a compact operator, we first prove that Py is continuous on
E(by). Let {y™} C E(by) with y™ — y (n — +00) for some y € E(by), and then,
we have that Yn(s.yn) — Yn(s,y.) BS T2 —> 00 for every s € Z(p~)U[0,T]. Then for all
s€ Z(p~)U[0,T] by (A), we have

vz =yl < He sup | " (s +0) —y(s +0) | < Hally" — vl
s+6€[0,T]

—0 as n— 4oo.

Hence,
[P 5 = F 5. 0000)|
SHF(S7 yg(s,y;")) - F<s7 yﬂ(svy?))H + HF(S, yp(s,y?)) B F(S7 yp(s’yS)>H
—0 as n— 4oo.
Since

n«&wwwwammw<yéG@—ﬁ@uw%ﬂv—Fww@mww

+

)

/0 G(t—s)B (u"(s) —u(s)) ds
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where u™ and wu are the controls corresponding to y™ and y respectively. By carry-
ing on the semilinear estimations as above we may apply the Lebesgue dominated
convergence theorem to get that
sup [[((Pxy")(t) — (Pay)(@))[l = 0,
0<t<T

as n — 400, i.e., Py is continuous.

Next, we prove that the family V(-) = {(Paxy)(:) : y € E(bg)} is an equicontinu-
ous family of functions. To this end, let 0 <¢; < t3 < T, then

1(Pxy)(t2) — (Pay) ()]
<|G'(t2) = G"(t) | Hl[p(0)]| 2 + |G (t2) — G(ta)|] [12”]

+AWW@—$—Gm—$mw@aws
+Almmm—@—am—@mwwwm%»+&mmw
+[Wm@—@wu@ww

ta
+[|m@—@wnaWwy+&mmm

from which and the previous estimates we see that ||(Pxy™)(t2) — (Pxy)(t1)]| tends
to zero independently of y € E(bg) as to — t1, since we have shown in Theorem 3.2
(v) that G(t) is uniformly continuous on [0, 00). Therefore, V (-) is equicontinuous
onte[0,7T].

Now, it remains us to show that, for each ¢ € [0, T, the set V(-) = {(Pxy)(-) :
y€eFE (bo)} is relatively compact in X. In fact, since S(¢) is a compact operator
for t > 0, from Theorem 3.2 (%) G(t) is also compact. As a result, the set V(+) is
relatively compact in X for all ¢ € [0, 7.

The above arguments enable us to infer from Arzela-Ascoli theorem that Py :
E(by) — E(bo) is compact and, consequently, by Schauder fixed point theorem we
conclude that there exists a fixed point y(-) for Py on E(by) whose extension by ¢
on (—00,0] is (by Definition 3.1) a mild solution for System (1.1). O

Theorem 4.2. Let (o,2%) € B x X. If the assumptions (Hgy) — (Hs) are fulfilled.
Additionally, we assume that F(-,-) is uniformly bounded, that is, there is a K > 0,
such that ||F(t,¢)|| < K for any (t,p) € [0,T] x B. Then the System (1.1) is
approzimately controllable on [0,T).

Proof. Let y7 € X, A € (0,1) and y*(-;¢,2°) : (=00, T] — X be the mild
solution of (1.1) obtained in Theorem 4.1 under the control u(:) given by (4.1). So
Yy (5, 20) satisfies that

T
P(Ti.0) = GD)0)+ GI + [ GT =) (L) + Pl ) ds

/ G(T — s)Bu(s)ds

— G/(T)p(0) + G(T)a +/ (T — ) (L (B2) + s,y ) ) ds
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T
+ [ 6= 98B G T~ RO -1 (47 - G'(T)e(0)
0
T
— G(T)a? - /0 G(T ) (L(@0) + Frp(r) ) ) ds.
By the definition of the operator I'} we have
v (T;0,2°) = y" + (TF RO\, —T¢) — 1)
T
- <yT ~ G D)pl0) = A0~ [ GT =) (L) + F 5 tpe) ds> .
0

Since I'T R()\, —Fg) — I = -AR(\, -T¥), we get

YN (T50,2°) —y" = =AR(A, -T¢)

4.4
. (yT - G/(T)(p( .CC - / G - S (905) + F(Sayp(s,ys))) dS) . ( )

By assumption we know that {F(s7 y;‘(s b)) 1A E (0, 1)} is bounded uniformly in

A€ (0,1) in X, from which it follows that there is a subsequence, still denoted by
F(s, y;\(s 4.))» that converges weakly to, say, f(s) in X as A — 0% for each s € [0, 7.
Meanwhile, the compactness of G(t), t > 0, implies that

s,ys)) - G(T - S)f(S)

in X, for s € [0,T]. Then from this we infer that

T—s) (F(s, Vo) — f(s)) ds|| — 0, (4.5)

as A — 0F. Thus by (4.4), (4.5) and (H3) we deduce easily that y»(T; ¢, 2°) — y©
as A — 07, and consequently we conclude that, for (¢, 2°) in & x X, System 1.1)
is approximately controllable on [0, T]. O

4.2. The case involving spatial derivatives

Note that if the function F(-,-) is defined on [0, 7] x #, , then Theorem 4.2 becomes
invalid since the mild solutions are obtained in space X by Theorem 4.1 which do
not verify F(-,-). Hence, in this part we will discuss the approximate controllability
problem of System (1.1) for this situation. More precisely, when F' satisfies the
assumption (H{) below, we shall show that, for (p,2°) € %, x X and for any yl e
X, by selecting some u*(t) for given A € (0,1), there is a solution y(-, ¢, 2°,u?) :
(=00, T] = X for (1.1) such that v (-, 0, 2% u) = yT in space X.

To this end, we require here that the operator L, the sine family S(¢) and the
function F'(-,-) satisfy respectively the following conditions (Hj), (H}) and (HY)
instead of (Hs), (Hy) and (Hs).

(H}) The operator L : 8 — X is a bounded linear operator with ||L|| = for some
[ > 0. In addition, it maps %% into D(A%) and A*L = LA? holds.



1136 X. Su & X. Fu

(H}) There is a constant C' > 0 such that
|AZS(t)|| < C, for t € [0,T).

(Hz) The function F* : [0,T] x %1 — X satisfies the Lipschitz condition with

respect to the second variable uniformly in ¢ € [0, 7], that is, there exists a
constant k£ > 0 such that for any ¢ € [0, 7] and 1, @3 € @%, there holds

1E'(t p1) = Ft, 02)l < kllor = ¢z, -
Moreover, there is a positive constant K such that
[F(t o)l < K, forall (t,¢)€[0,T]x B;.

We remark here that, (H}) is actually a standard assumption for seconder order
evolution equations since it coincides with the hypothesis (F') in [44].
As above, we first need to establish the existence result in the subspace X 1

Theorem 4.3. Let (p,2°) € P x X. Assume that the above hypotheses (Ho),
(Hy), (HY), (Hs), (Hy) and (HL) are satisfied, then, for any A € (0,1), System
(1.1) admits a mild solution y*(-) : (—oo, T] — X1 with Y ‘[O,T] € C([0,T]; X1).
Proof. Let the operator Py and the control u(:) be respectively defined in (4.2)
and (4.1). As there is no assumption on compactness of S(t), we will prove Py has
a fixed point on C([0,T]; X1) by Banach fixed point principle.

At first we show that, for any A € (0,1), there is a b;(A) > 0 such that
Py (E(b1)) C E(by) where

[N

E(by) = {y(') € C(I0, T X3) | y(0) = ¢(0), ly(®)lc, = sup 1AZy ()| < bl}.

t€[0,T]

In fact, for any y(-) € E(by) with b; > 0 determined below, from (4.1) we have
lu()ll <||B*G*(T = HRO, -TD)|| 5" = G'(T)(0) = G(T)a°
T
— /0 G(T —s) (L (@s) + F(s,yp(syys)))dsH

1— —
<SMIBI- " | + V|| 473 | e ()l + M)

+MT;HA*%

l¢lles, +MKT]
=M.
Therefore, from (4.2) and Theorem 3.2 (4)(#24)(vii), it follows that

I(Pry) @)l <G (12(0)lly + [[GE)2°],

+ ‘ /ot G(t—s) (L (Ps) + F(S7yp(s7ys)) + Bu(s))ds

1
2

<N [[@(0)lly + M [[2°]| + DT ] 2,
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t
1
+/O IAZG(t = $)|| (I1F (s, Yp(s,p.) Il + [1BII M) ds
<N [|(0)]5 + M [|2°]| + MTl|¢l|0, + MKT + M||B||Mj
::bla

where we have used the community between A2 and G/(t) (cf. Theorem 3.2 (vi)).
Hence, we have Py(E(b1)) C E(by) for such b; > 0.

Next we prove that P{ is a contraction mapping on E(b;). Indeed, for any
yt, y? € E(by), from (H}) it follows that

lut,y") — u(t, y?)l

T
B*G*(T — )R(, —FOT)/0 G(T - s) (F(& Yl eany) — F(s, yi(s,yg))>ds

IN

1 — (T
SIBIEE [ bty = ey 0
By (A’) and Lemma 2.3, for all s € Z(p~) U[0,T], we have
o =2, <Ho sup | (s 0) =7 (s +0) ||, < Hollyt =, -
2 s+6€[0,7T] 2 2
from which it yields that
1 -2
lutt,y") —u(t,y*)| < {IBIM KT Hslly' = yllo,
Therefore,

[(Pay" = Pay?) (1)

< [ a6t - IBtats.ud) - Buts. 2 s

+/
0

t —1 . b
S M T R A R
3 2

ds
Z
2

1
ASG( =)k [whsany — Wiy

¢
— 1 =2
:/ MkH, <A||B|2M T+ 1) ly' = o[l ds.
0 3
Put W(A) = MkH, <%||B||2M2T + 1), then the above formula becomes

(P =Put) 0, < [ WO " =42, d (4.6)

[~ P?) ], < W [ls* — o, t (47)
Hence,

sup |[(Pay' = Pay?) (D], W) ||y =2l ¢
T€0,t] 2 2
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It then implies that
1B 0= (B Ollogu,

< su W) [[(Pay') — (Pay? ds
_Og—rzt ) ( )H( \y ) — (Pay )HC’([O,s];X%)

< sup /0 WZ(/\)SHyl*y2||0([07s};><%>d5

0<r<t

]. 2 2 1 2
< W) o' =y Hc([o,t];X%)'

Now for any integer n > 1, by iteration, it follows from (4.6) and (4.7) that

Wn()\)TW,
n!

1

[(PLy') () = (PLy?) (')HC([O,T];X%) = [ y2HC([O,T];X%)

=by, Hyl - y2||c([0,T];X%) '

It is easy to compute that

bppr  WPHL(A)TTH n! WNT
— . = — n — 00.
by, m+1)! WrN)T*  n+1 ’

Thus, for sufficiently large n, there must have

_ w1

by
n!

< 1.

Therefore, P} is a contraction map on C([0,T]; X 1 ) and hence P, itself has a unique

fixed point y(-) € C([0,T]; X1). Clearly its extension by ¢ on (—00,0] is a mild

solution for System (1.1). The proof is completed. O
We now present the following the approximate controllability result for Sys-

tem (1.1).

Theorem 4.4. Let (¢,2°) € P x X. If the assumptions (Ho), (H1), (H}), (Hs),
(H}) and (HY) hold true, then the system (1.1) is approximately controllable on
[0,7].

Proof. Since we have just obtained the mild solution y(-, ¢, 2%, u*) : (=00, T] —
X% for (1.1) for each A € (0,1), as in the proof of Theorem 4.2, we only need to

prove that y* (-, ¢, 2% u*) — yT in space X (not in X%). But obviously the proof
of this assertion is very similar to that of Theorem 4.2, so we omit it here. O

5. Examples
In this section, we apply the results established above to study the controllability

of semilinear wave equation with state-dependent delay. Specifically, we discuss the
approximate controllability problem of the following controlled systems.
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Example 5.1. Consider the boundary value problem of semilinear retarded wave
system.

62 62 t—1 ™
@z(t,x) = @z(t,x) + /_Oo /0 a(s —t,x)z(s,y)dyds + Bu(t, x)
+ [tz —r(zt2)]),z), 0<t<2, 0<z<m,
2(t,0) = z(t,7) =0, 0<t<2, (5.1)
z(0,x) =p(0,x), <0, 0<x<m,
82(802; x) (o),

where the functions a(-,-), f(-,-) and ¢(-,-) are functions to be described below.

As stated in the introduction part, the second term on the right-hand side in the
first equation is not uniformly bounded and hence the approximate controllability
of (5.1) can not be obtained by directly the same methods (concerning cosine and
sine operator families) as in Ref. [40]. However, as what follows, Theorem 4.2 is well
applied to this system due to theory of fundamental solution and its approximate
controllability can be obtained.

Let us first represent this problem as the form of System (1.1). For this, take
X = L?(0,7) and define Z(t)(-) := z(¢,-) and ¢(0)(-) := p(0,-). Let A: D(A) = X
be the operator given by ,

d?z(x)
(A2)(e) = -5,

with the domain
D(A) = {z() €X: ze H*0,7), 2(0) = z(1) = O}.

Then the spectrum of — A consists of eigenvalues —n?, n € N*, with the correspond-
ing normalized eigenvectors e, (z) = \/g sin(nx), n = 1,2,---. And the following
properties hold.
(i) If z € D(A), then
Az = Z n*(z,en)en,

n=1
for every x € D(A).

(ii) (—A,D(—A)) generates a compact analytic semigroup (T'(f))i>0 on X ex-
pressed by

(iii) The operators C(t) defined by

Ct)x = Z cos(nt){x, ey)en, (5.2)

n=1

is the cosine family in X generated by (—A, D(—A)), and the associated sine
family is given by

S(t)x = Z sinflnt) (x,en)en. (5.3)
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It is clear that C(-)z and S(-)z are periodic functions, and ||C(t)|] < 1,
IS@| <1, t € R. Moreover, S(t) is a compact and self-adjoint operator
for each t > 0.

(iv) The operator A2 is given by

m\»—A

(oo}
Z n{x, en)en, (5.4)

on the space D(A?) = {x() € X, > nlz,en)e, € X}. Moreover, from
(5.3) and (5.4) we see that HA%S(t) ‘ <1, for ¢ > 0, which implies that (H})
holds. And clearly, A2 S(t) = S(t)Az=.

We take the phase space # = %, where the space % is defined as: let g be a
continuous function on (—oo, 0] with ¢g(0) = 1, . lim g(0) = o0, and g is decreasing
——00

on (—o0,0], then

Cy = {90 € C((—00,0]; X) : sup el < oo},

s<0 9(s)

and the norm is defined by, for ¢ € €,

[ ()l
Y|, = sup ———.
| ‘g <0 g(s)

It is known that %, satisfies the axioms (A), (A1) and (B) (see [40]). We may
choose a proper g such that H, K(-), M(-) < 1 (see [40]). Thus we have Hy < 1,
Hs < 1.

We impose the following conditions on System (5.1):

(a1) The function a(6,-) € C(]0,7]) for any 6 < 0 and there holds

2

. W/Oﬂ (/_: g(@)|a(9,x)|d9) dz < 0. (5.5)

(a2) The functions r : [0,00) — [0,00) and f(-,-) : [0,2] x R — R are continuous,
and there exist constants 1 € (0,1), K > 0 such that, for any ¢ € [0, 2] and
©E G,

(/07, |f<t7s0(9>(w>>|2dx) <h(llel, + 1,

and
|f(t,2)| < K,
for any (t,z) € [0,2] x R.
(ag) The function ¢(¢, x) belongs to 6, and z(-) € X.

Now define the operator L : ¢, — X ,the map F(-,-) : [0,2] X €, — X and the
state-dependent function p(-,) : [0,2] x €, — (—o0,T'), respectively, as

—1 T
L(6)(x) = L($(6,2)) = / / a(8,2)6(0, y)dydb,
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F(tv¢) = f(t,(,b(e)(iﬂ)),
p(t, ¢)(x) =t —r([|p(0)])(x),

for any t € [0,2] and ¢ € 6,. Then under these notations System (5.1) is rewritten
into the form of (1.1). Evidently, the assumption (az) ensures that the function
F satisfies the hypothesis (Hs) and (a1) implies that L : 4, — X is linear and
bounded because we have

IL()|2 < / (/_1/ (6, )0 9y)|dyd9> dx
<[(] oo 0 )dx

2

™ —1
§7r/ (/ N|a(f,x)|dl | dx|o(6)
0 —00

So (Hs) holds with [ given by (5.5).
Here, as in [25,36], we take

o0 o
U:{u:Zunen: Zui<+oo},
n=2 n=2

with the norm
oo 3
o= ()"
n=2

Then U is a Hilbert space. Now define the linear continuous operator B from U
into X as

o0
Bu = 2uge(z) + Zunen z), for u= Zunen e U.

n=2 n=2

It is easy to compute that

B*v = (2v1 + v2)ea(x) + Z Upen(x (5.6)

for v = Z vpen(x) € X. So (Hy) is verified too.

Accordmg to Theorem 4.2, to obtain the approximate controllability for System
(5.1), it remains to verify the condition (Hs) since (Hy) is guaranteed by Property
(iii) of S(t) above. As one can see that, generally speaking, it is difficult for us to
obtain the explicit expression of the fundamental solutions G(t) associated to the
linear system. Fortunately, however, we are able to express it through the relation-
ship between G(t) and S(t) on the interval [0,1], and this is enough to ensure the
condition (Hs) holds in this situation. Indeed, the mild solutions on the interval
[0, 1] of the linear equation

G20) = ~AZ() + (Z) + (), 1€[0.2),

Zy=0, Z'(0)=x",
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are given by the sine family S(t) as
t
Z(t) = S(t)x° +/ S(t—s)f(s)ds, t €0,1],
0

since L(z,)(x) = f:olo Jy a(8,2)z(s+6,y)dydd = 0 for s € [0,1]. On the other hand,
however, from Theorem 3.3, the mild solutions can also be represented as

Z(t) = G(t)z° + /0 G(t — s)f(s)ds.

This indicates that S(t) = G(t), for t € [0,1], thus we have (note that S(t) is
self-adjoint)
G*(t)=G(t)=S(t) = S*(t), fortel0,1]. (5.7)

Let now || B*G*(t)z|| = 0,for all ¢ € [0, 2], then
|IB*G*(t)z]| =0, te]0,1].
Hence by (5.7), it gives
IB*S*(t)z] =0, telo,1]. (5.8)

+oo

Combining (5.3) and (5.8) we may calculate directly that, for z = > z,e,(x) € X
n=1

and t € [0, 1],

sin 2t >, sin(nt)
B*S*(t)z = (51ntZ1 + 5 22> € —|—T;3 o AnCn; t €[0,1].

Hence from (5.8) we get

. sin2t \? X [sin(nt)\” 9
sintz) + = —2 +nz 22=0, telo,1],

n
=3

which implies immediately that z, =0, n=1,2,--- . So, by virtue of Theorem 3.4,
(H3) holds true. Consequently, applying Theorem 4.2 we deduce that System (5.1)
is approximately controllable on the interval [0,2].

Example 5.2. Consider the control system of the following semilinear retarded
wave equation.

t—1 ™
g—;z(t,x) = aa—;z(t,x) + /_ /0 a(s — t,x)z(s,y)dyds + Bu(t, )
0
1 (st = rlateal)oe) G - ) o))
0<t<2 0<z<m, (5.9)

z(t,0) = z(t,7) =0, 0<t<2,

z(0,x) =p(0,z), <0, 0<x<m,

0z(0,x)
ot

= zo(x),

where the functions a(-,-) and r(-) are functions as in Example 5.1.
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Since there is a spatial derivative term in the function f as we mentioned pre-
viously, the approximate controllability problem should be obtained by applying
Theorem 4.4.

Hence we take the phase space %, 1 (C €,), which is defined by

) sup 1AZEB OO}’

C, 1= € C((—00,0]; X1
{so (00,01 ;) sup 1= 7F5

1
endowed with the norm || 9,4 = Sup ”A;(%. Clearly, %97% satisfies correspond-
s<0

ingly the axioms (A'), (4}) and (B').
We proceed the similar discussion as in Example 5.1 with the same notations.
Obviously it suffices to verify the conditions (H5) and (H{) so that Theorem 4.4

applies. For this we assume in System (5.9) that

(a}) The function a(6,-) € C1([0,n]) for any 6 < 0 and satisfies (5.5)
(a%) The function f(-,-,-) : [0,2] Xx R x R — R is Lipschitz continuous with respect
to the last two variables, and there exists constant K > 0 such that

|f(t,z,y)| <K,
for any (¢,z,y) € [0,2] x R x R.
Note that, by (a}) one has, for any ¢ € ¢ 1,

L/t o
<L(¢),en> = ﬁ </—oo /0 %a(e,x)qb(e,y)dyde, én(£)> ’
where é,(x) = \/gcos(nm), n=1,2,---. Hence we see that L maps %, 1 into D(Az)
and (HJ) holds true. Meanwhile, (af) implies F' verifies the condition (H{). There-
fore, in view of Theorem 4.4, we infer that, for any initial functions (0,-) €% 1
and zp(-) € X, System (5.9) is approximately controllable on the interval [0,2] as
well.

6. Appendix

In this section we prove Theorem 3.1 for the sake of completeness.

Proof of Theorem 3.1. We shall show the existence and uniqueness of solutions
of (3.1) by the contractive mapping theorem. For the functions K(-) and M(-) in
Axiom (A)(#it) we put, for any b € (0,77,

Kp:= max K(t) and M,:= sup M(t). (6.1)
t€[0,b] te[0,b]

Moreover, we may take some 77 > 0 such that
ko = MQZTIKTl <1, (62)

and let
(MyH + MylTy Mr,) ol + M || 2|

pe= 1— ko
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Define the set E(T7, p) by

E(T1,p) = {y(-) € C([0,T1); X) | y(0) = ¢(0) and  |lyllc := tes[gl; } ly@®) < p}

Clearly, E(T1, p) is closed, bounded and convex. On the set E(Ty,p) we define an
operator (Q as

(Qy)(t) = C(t)p(0) + S(t)a° +/0 S(t — s)L(gs(:p,2%))ds, te€[0,T], (6.4)
for any y € E(T1,p), where g(-,-,-) is given by

y(t)a if te [Ole]a
o(t), if te(—o00,0].

g(ts p,2%) = {
Then by virtue of (2.3) and (Hz) we have, for any t € [0, 7],

t
1R @I < IO o) + 1S@)l HJCOHJF/O ISt =)l [|Z (8s(5 0,2%)) ]| ds
< Mulp(0)| + Mz [[2°| + MalT: || s (s 0, 2°) | -
Using the Axiom (A) and System (6.1) we get

QW) < (MiH + MalTi Mr,) | ¢l + My ||2°|| + Mol Ty Ky lyllc
< p, (by the definition (6.3) for p).

Thus
1RWc < p,

which shows that Q maps E(T1, p) into itself since clearly (Qy)(0) = ©(0). On the
other hand, for any y', y? € E(T1, p), by virtue of (6.2) it yields that, for ¢ € [0, T],

H(Qyw<w-—<Qy%<wH::HA S(t— $)L (71() — 72() ds

t
QMAH@@—ﬁM@“
<MyITy K, |yt — 2|
ko | ~ 7]

Hence
Q" — Qv <kolly" =

which from (6.2) implies that @ is a contractive mapping on E (77, p). Therefore, by
the well-known Banach fixed point theorem, there exists a unique fixed point y(-) for
the operator Q in E(T1, p). Now we may extend y(-) on (=00, T1] by y|(—sc,0) = ¢ s0
that y(-) : (—oo,T1] — X is a mild solution of Eq. (3.1) defined on (—o0,T}]. Then,
using the same technique we can obtain a fixed point y(-) on interval [T}, 2T7]
for operator @, which may also be extended to a mild solution on (—oo,2T] for
Eq. (3.1).
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Repeating these arguments on [277,3T1], [3T1,4T1], - - -, in finite steps we can
prove the existence of a mild solution of Eq. (3.1) on (—oo, 7.

Next we use the Gronwall’s inequality to prove the uniqueness of the solutions
of (3.1). Let y'(t;¢,2°) and y2(t; ¢, 2°) be two solutions through (0; ¢, 2°%), then,
for any ¢ € [0, T,

I2(t0,2%) — o' (0, ") < H [ -9 (20 - i) as

t
< MQI/ 2 — 2, ds
0

t
< MylKr, / sup ||y () — y'(7)| ds.
0

0<7r<s
Hence
t
sup HyQ(T) — yl(T)H < MylKr, / sup ||y2(T) — yl(T)H ds.
0<r<t 0 0<r<s
The Gronwall’s inequality implies that sup |[|y?(7) —y*(7)|| = 0, thus y'(t) =
0<r<t
y2(t) for all t in [0, 7], and consequently y'(¢; ¢, 2°) = y?(t; ¢, 2°) for t € (—o0,T].
Actually, it is easy to see that, the mild solution y(¢; ¢, 2°) may exist on the whole
(=00, +00).
Finally we show the estimate (3.4) by applying Gronwall’s inequality once again.

For any (¢,2°) € % x X, from the expression (3.2) it follows immediately that, for
t e 0,77,

[yt 0, 2°)||

t
<M, [[(0)]| + My ||2°]| + Mal / 195 (6; 0, 2°) || 5 ds

t
<(MyH + MlT M) ||<p||@+M2||xOH+MglKT/ P y(7; 0, 2%)]| ds,
0 0<7<s

or

sup [ly(si o, 2°)| S(MLH + MaITMr) |9l + Mz [

t
+MQZKT/ sup ||y(T;g0,xO)Hds.
0

0<7r<s

Thus from Gronwall’s inequality we infer that

Syl . @)l < ((MyH + Mol TMr) [l gy + Mo [[°]) eM=tEr)t

= m(T) (llellz + [|2°]]) -
Now, for any t > 0, let t € ((n — 1)T,nT) (n € N), then proceeding inductively as
above, we obtain easily that
ly(t: @, 2| < m™(T) (Igll + [|2°]]) -

Inm(T)

which, letting v = —%

, immediately yields that, for any ¢ > 0,

ly(t; 0, 2°)|| < M€ (loll 5 + [|2°]])
with M, > 1 and v € R. So (3.4) is proved. O
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