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CONTROLLABILITY FOR SEMILINEAR FUNCTIONAL
INTEGRODIFFERENTIAL EQUATIONS

JIN-MUN JEONG AND HAN-GEUL Kim

ABSTRACT. This paper deals with the regularity properties for a class
of semilinear integrodifferential functional differential equations. It is
shown the relation between the reachable set of the semilinear system and
that of its corresponding linear system. We also show that the Lipschitz
continuity and the uniform boundedness of the nonlinear term can be
considerably weakened. Finally, a simple example to which our main
result can be applied is given.

1. Introduction

Let H and V' be two complex Hilbert spaces such that V is a dense subspace
of H. Identifying the antidual of H with H we may consider V. C H C V*.

In this paper we deal with the approximate controllability for the semilinear
equation in H as follows.
da(t) = Aw(t)+ [y k(t — 5)g(s, x(s),u(s))ds + Bu(t),

dt
(SE) z(0) = uxp.

Here, the nonlinear part is given by

flt,z,u) = /0 k(t — s)g(s,z(s),u(s))ds,

where k belongs to L?(0,T) and g : [0,T] x V x U — H is a nonlinear mapping
satisfying Lipschitz continuous, that is, there exist positive constants L, Lo
such that

lg(t, z,u) — g(t,2,4)| < Lalx — &[] + La||lu — .
In (SE), the principal operator A generates an analytic semigroup S(t) on H
and B is a bounded linear operator from some Hilbert space U to H. Let
x(T; f,u) be a solution of (SE) associated with the nonlinear term f and the
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control u at the time T. We say that the system (SE) is approximate control-
lable on [0, T if for every desired final state z; and € > 0 there exists a control
function u € L2(0,T;U) such that ||=(T; f,u) — z1||g < e. Dauer and Mah-
mudov [2] dealt with the approximate controllability of a semilinear control
system as a particular case of sufficient conditions for approximate solvability
of semilinear equations by assuming S(t) is compact operator for each ¢t > 0, f
is continuous and uniformly bounded and

(1) the corresponding linear system (SE) when f = 0 is approximately con-
trollable.

As for the some considerations on the trajectory set of (SE) and that of its
corresponding linear system (in case f = 0) as matters connected with (1), we
refer to [8, 9] and references therein.

Sukavanam and Nutan Kumar Tomar [5] studied the approximate control-
lability for the following general retarded initial value problem:

O = Aw(t) + Bx(t) + f(t,wu(t), 0<t<T,
zo(0) =¢(0), —-h<6<0

in C([—h,0]; V) by assuming (1) and

(2) there exists a constant S > 0 such that ||Bv|| > S|lv|| for all v €
L?(0,T;U) and L; < 3, where L is the Lipschitz constant of f.

In this paper, we will deal with the control problems of (SE) on

L20,T7; V)N WY2(0,T;V*) c C([0,T); H).

So, we no longer require the compact property of semigroup, and the uniform
boundedness and the inequality condition for Lipschitz continuity of f, but
instead we need the regularity and a variation of solutions of the given equa-
tions in L2(0,T;V). In Section 2, we will study wellposedness and regularity
properties for a class of the semilinear control system. In Section 3, it is shown
the relation between the reachable set of the semilinear system and that of
its corresponding linear system. We also show that the Lipschitz continuity
and the uniform boundedness of the nonlinear term assumed by [5, 8] can be
considerably weakened. In last section, a simple example to which our main
result can be applied is given.

2. Semilinear functional equations

Let H and V be complex Hilbert spaces such that V- C H C V* by identify-
ing the antidual of H with H. Therefore, for the brevity, we may regard that
[lull« < |u| < ||ul| for all uw € V', where the notations |- |, || - || and || - ||« denote
the norms of H, V and V*, respectively as usual. Let a(u,v) be a bounded
sesquilinear form defined in V' x V satisfying Garding’s inequality

Re a(u,u) > collul|® — c1|ul?, ¢ >0, ¢ >0.
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Let A be the operator associated with this sesquilinear form:
(Au,v) = —a(u,v), u, veV.

Then A is a bounded linear operator from V to V*. The realization of A in H
which is the restriction of A to

DA)={ueV:Auec H}

is also denoted by A. Therefore, in terms of the intermediate theory we can
see that

(1) (V,V*)1/22 = H,
where (V,V*)1 , denotes the real interpolation space between V' and V* (see
[7]). Moreover, for each T' > 0, by using interpolation theory we have
L*0,T; V)N WY2(0,T;V*) c C([0,T); H).
From the following inequalities
col|u|]? € Rea(u,u) + c1|u* < C|Au |u| + c1]ul?
< (ClAu| + crul)|ul < Cllul[paylul,
it follows that there exists a constant Cy > 0 such that

1/2
2) [ull < Collull 3¢y lul /2.

It is known that A generates an analytic semigroup S(¢) in both H and V*.
For the sake of simplicity we assume that ¢; = 0 and hence the closed half
plane {A : Re A > 0} is contained in the resolvent set of A.

The following lemma is from Lemma 3.6.2 of [6].

Lemma 2.1. There exists a constant M > 0 such that the following inequalities
hold for allt > 0 and every x € H or V* :

3) [S(@)z| < M,

(4) I1S(@)[l« < Mllzll.,
(5) |S(t)z] < Mt~
(6) [S(t)z| < Mt~ 2z|.

The following initial value problem for the abstract linear parabolic equation

dlt) — Aw(t) +k(t), 0<t<T,
z(0) = zp.

(LE)
By virtue of Theorem 3.3 of [1] (or Theorem 3.1 of [3]), we have the following
result on the corresponding linear equation of (LE).

Proposition 2.2. Suppose that the assumptions for the principal operator A
stated above are satisfied. Then the following properties hold:
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1) Let F' = (D(A),H)y/2,2, where (D(A), H)1/2 is the real interpolation
space between D(A) and H (see [7, Section 1.3.3]). For o € F and k €
L?(0,T; H), T > 0, there exists a unique solution x of (LE) belonging to

L*(0,T; D(A)) nWh2(0,T; H) € C([0,T]; F)
and satisfying
(7) l|2[|z20,m50a)nwr20,7:m) < Cr(l|zollF + [|El|220,7:m) )

where C1 is a constant depending on T
2) Let xg € H and k € L*(0,T;V*), T > 0. Then there exists a unique
solution x of (LE) belonging to

L*0,T;V)n W20, T;V*) c C([0,T]; H)
and satisfying
(8) |12]| 2 0,75v ) w2 0,75v+) < Ci(lzol + [IEl|L2(0,7:v+))s

where C1 is a constant depending on T.

Lemma 2.3. Suppose that k € L?(0,T; H) and x( fo (t — s)k(s)ds for
0 <t <T. Then there exists a constant Cy such that

9) l2]|z20,m500a)) < C1llkllL20,75m)

(10) ||| 220,71y < C2T||E||L2 (0,710

and

(11) ||| L2 (0,7:v) < 02\/T||k||L2(O,T;H)~

Proof. The assertion (9) is immediately obtained by (7). Since

T t 2 T t 2
el = [ | [ 8=k ar<ar [ ([ eeas) ar
<M/ /|k ) [2dsdt < M / 5)|2ds,

2l L2050y < T/ M/2|[E] L2(0,7;m)-
From (2), (9), and (10) it holds that

12|22 (0,7:v) < Cov/C1T(M/2)*||k|| 12 (0,7, 1) -
So, if we take a constant Cy > 0 such that

max{F 2,Cor/C1( M/2)1/4}

the proof is complete. O

it follows that
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Consider the following initial value problem for the abstract semilinear par-
abolic equation

(SE) {gtx(t) = Ax(t) + [} k(t — s)g(s,2(s), u(s))ds + Bu(t),
z(0)  =xo.

Let U be some Hilbert space and the controller operator B be a bounded
linear operator from U to H.
Let g : RT x V x U — H be a nonlinear mapping satisfying the following:
(F1) For any z € V, u € U the mapping ¢(-, z, u) is strongly measurable;
(F2) There exist positive constants Lg, L1, Lo such that
(i) |g(t,x,u) —g(t,i‘,ﬁ)| < Lle - 53” +L2Hu - ﬁHUv
(ii) |g(t,0,0)| < Lo
forallt € RT, z,2 € V, and u,4 € U.
For = € L?(0,T;V), we set

[tz u) = /Ot k(t —s)g(s,z(s), u(s))ds,
where k belongs to L?(0,T)

Lemma 2.4. Let x € L?(0,T;V) for any T > 0. Then f(-,xz,u) € L*(0,T; H)
and
(12)
||f('7x7u))||L2(0,T;H)
< Lollkll 20,0 T/V2 + 1kl 20,0y VT (L |2l L20,7v) + Lallull 22 (0.750))-
Moreover if x, & € L*(0,T;V), then
(13) ||f(,(E,’LL) _f(7§;aﬁ)”L2(O,T,H)
< ||k||L2(O,T)\/T(L1||x — 2| p200,m;v) + Lal|lu — 4| 20,150
Proof. From (F1), (F2), and using the Holder inequality, it is easily seen that
||f('axvu)||L2(0,T;H)

(r )

T 2 1/2
i </0 /0k(t”){g(w(S)W(s))—g(s,o,o>}ds dt>

L0||k|\L2(07T)T/\/§+ ||k||L2(0,T)\/THg(',33,U) - g('a070)||L2(07T;H)
< Lollk|| 20T/ V2 + ||| 20,0y VT (Lt |2 120, 7:v) + Lallul| p2(0.7:09)-
The proof of (13) is similar. O

IN

/Ot k(t — s)g(s,0,0)ds

IN
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Theorem 2.5. Under the assumptions (F1), and (F2) for the nonlinear map-
ping f, as given by

ft,x,u) = /t k(t —s)g(s,z(s),u(s))ds,
0
there exists a unique solution x of (SE) such that
x € L20,T;V)nWh2(0,T;V*) c C([0,T]; H)
for any xog € H. Moreover, there exists a constant Cs such that
(14) 2|22 0,75 yrwr 2 0,mv+) < Cs (Jzo] + |ull L2 0,707)) -
Proof. Let us fix Ty > 0 satisfying
(15) Co Ly To|[kl| 20,1y < 1
with the constant C5 in Lemma 2.3. Let y be the solution of

y(t) = S(t)¢° + /0 S(t = s){f(s,2(s), u(s)) + Bu(s) }ds.

We are going to show that x + y is strictly contractive from L2(0,Tp; V) to
itself. Let y, § belong to V' with the same initial condition in [0,7p]. Then,
noting that z(s) — &(s) = 0 for s € [0, Tp], from assumption (F1), (11) and

u(t) — () = / S(t — 5){F(5,2(5), u(s)) — F(s,2(5),u(s)) }ds
we have

||y - :QHLQ(O,TO;V) S 02 V TO||f(u$7u) - f('7:%au)”L2(O,TO;H)
< CoLnTollkl z20,m0) [12(-) — ()| L2(0,10:v)-

So by virtue of the condition (15) the contraction mapping principle gives that
the solution of (SE) exists uniquely in [0, Tp]. Let = be a solution of (SE) and
ro € H. Then there exists a constant C7 such that

(16) 1S ()xollL2(0,10;v) < Cilol
in view of Proposition 2.2. Let
t
x1(t) = / S(t— s){f(s,z(s),u(s)) + Bu(s)}ds.
0
Then from (11), it follows

(A7) z1llz2(0,105v)
< C(2 V T0||f(,.%‘,u) + BUHLQ(O»TMH)
< CyVTy (Ll\/TTO\|/€\|L2(0,T)|\35||L2(0,T0;V) +[f(,0,u) + BUHLQ(O,To;H)) :
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Thus, combining (16) with (17) we have
2l 22 0,10:v)) < (1= CoLaTo| [kl L2 (0,1)) ™" (Chlzol
+C VT || (0, 0) + Bl o mysmy) -

Now from

To
|2(To)| = |S(To)¢"| + /0 S(To — s){f(s,z(s),u(s)) + Bu(s)}ds

< Mlzo| + ML/ Tol|k[| 20, l|% || L2 0,70 v))
+ M/ To|| f(+,0,w) + BullL2(0,19;8)

since the condition (15) is independent of initial values, the solution of (SE) can
be extended to the interval [0,nTp] for every natural number n. An analogous
estimate to (14) holds for the solution in [0, nTp], and hence for the initial value
ZnT, in the interval [nTy, (n + 1)Tp]. O

3. Approximate controllability of semilinear systems

Let (T; f,u) be a state value of the system (SE) at time T' corresponding
to the nonlinear term f and the control u. We define the reachable sets for the
system (SE) as follows:

Ry(f) = {=(T; f,u) s u € L*0,T;U)},
Rr(0) = {2(T;0,u) : w € L*(0,T;U)}.

Definition 3.1. The system (SE) is said to be approximately controllable in
the time interval [0, T if for every desired final state z1 € H and € > 0 there
exists a control function u € L?(0, T’; U) such that the solution z(T'; f, u) of (SE)
satisfies |z(T; f,u) — x1| < €, that is, if Rp(f) = H where Rp(f) is the closure
of Rr(f) in H, then the system (SE) is called approximately controllable at
time 7.

Let u € L'(0,7;Y). Then it is well known that

h
(18) lim h—l/ lu(t + 5) — u(®)||yds = 0
- 0
for almost all point of ¢t € (0,T).

Definition 3.2. The point ¢ which permits (18) to hold is called the Lebesgue
point of u.

First we consider the approximate controllability of the system (SE) in case
where the controller B is the identity operator on H under the Lipschitz con-
ditions (F1), (F2) on the nonlinear operator f. So, H = U obviously. Consider
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the linear system given by

(19) Gy(t) = Ay(t) +u(t),
y(0) = Zo

and the following semilinear control system

{;tx@) = Az(t) + f(t, (1), v(t) + v(t),

(20) z(0) = xo.

Theorem 3.1. Under the assumptions (F1) and (F2) we have

RT(O) C RT(f)

Therefore, if the linear system (19) with f = 0 is approzimately controllable,
then so is the semilinear system (20).

Proof. Let y(t) be solution of (19) corresponding to a control u. First, we show
that there exists a v € L2(0,T; H) such that

{v(t) = u(t) - f(ty(t),v(t), 0<t<T,
u(0).

Let Ty be a Lebesgue point of u, v so that

<

—~
o

=
I

(21) LQ\/TonHL?(o,TO) <1
For a given u € L2(0,T; H), we define a mapping
W L*(0,T; H) — L*(0,T; H)
by
(Wo)(t) = u(t) = f(t,y(t),v(t), 0<t<Tp.
It follows readily from definition of W that
[[Wor — WUQ”%?(O,TU;H) =[f(y,v2) = f('ayavl)H%Q(O,To;H)
< L% T0||k||%2(o,TU)HU2 - U1||2L2(0,T0;H)
whence
Wor = Wosl| 20,z < LaVTol [l 20,10 102 = v1l] 220, 10:0)-

By a well known the contraction mapping principle W has a unique fixed point
vin L2(0,Ty; H) if the condition (21) is satisfied. Let

v(t) = ult) = ft,y(1),v(t)).
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Then from (F1), (F2) and Theorem 2.5, it follows

(22)  vllz20,10:) < NG5 y,0) + 220,700
< VTollklL20.10) (L1l[Yll22(0,10:v) + Lalv]| 220,701
F1£(+,0,0) + ul[ £2(0,70; 1)
< \/TOHkHL?(QTO){LlCl (lwo| + [|ul|2(0,7050))
+ Lol|v|[ 20,105 } + [[£(-,0,0) + ul|£2(0, 70, 11)

Thus, from which we have

I 22 (0,m05m)) < (1= LaVTollEl|120,7)) " {VTol|El| 2(0,7) L1 C1 (|20
+ [|ul|20,750)) + 11F(+0,0) + ul[22(0,7;1) }-

And we obtain

[v(To)|
| f(To, y(To), v(T)) — u(To)|

Aokﬂb—$w®wwhwﬁ—gwﬂﬂﬂw

(23)

IA

To
+ / k(To — $)g(s,0,0)ds + u(Tp)
0

IN

HI{?HL2(0’TO)||Q(',y7’U) - g<'7070)‘|L2(0,T0;H)
+ Lo||k||£2(0.10) VT o + [u(To)|
< |IE]I 2 0,70) (L1llyll 2 0,10:v)) + Lalvl]L2(0,70;1) + Lo/ To) + [w(To)|-

If 2Ty is a Lebesgue point of u, v, then we can solve the equation in [Tp, 2Tp] with
the initial value v(Tp) and obtain an analogous estimate to (22) and (23). If not,
we can choose T € [Ty, 2Tp] to be a Lebesgue point of u, v. Since the condition
(21) is independent of initial values, the solution can be extended to the interval
[T1, Ty + Tp), and so we have showed that there exists a v € L?(0,T; H) such
that v(t) = u(t) — f(t,y(t),v(t)). Let v(t) = u(t) — f(¢,y(t),v(t)) and let y be a
solution of (19) corresponding to a control u. Consider the following semilinear
system

{gww = Ax(t) + f(t2(t), v(t)) + u(t) — F(t,y(t),v(t), 0<t < T
z(0) = xo.

The solution of (19) and (24), respectively, can be written as

y(t) = S(t)zo +/O S(t — s)u(s)ds,
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and

2(t) = S(t)zo + /0 S(t — s)u(s)ds

+ / S(t— $){F(s,2(5),0(s)) — F(s.9(s), v(s)) }ds.
0

Then from Theorem 2.5 it is easily seen that =(-) € C([0,T]; H), that is, z(s) —
x(t) as s — ¢t in H. Let € > 0 be given. For t > ¢, set

z¢(t) = S(t)xo + /0 - S(t— s)u(s)ds

+ / S — ) {f(s,2(),0(s)) — F(s,y(s), v(s)) }ds.
0

Then we have
x(t) —a°(t) = . S(t— s)u(s)ds — . S(t—s)f(s,y(s),v(s))ds

+ | St=s)f(s z(s),v(s))ds

t—e

+ / B S(t = 5){f(s,2(s),v(s)) — f(s,2°(s),v(s)) }ds.
0

So, as seen in the proof of Theorem 2.5, for some constant Ty > 0 satisfying
CoLiTyl|k[| 20,7y < 1, we see easily that

|z — 2|2 0.10:v) < Covellullzz 0,1y +CoLi Tol |kl 20,7 || — 2| L2 (0.10:v)
+ Cov/eLiVTo ||kl 20,1 |12 — Yl L2005

By the step by step method, we know that 2¢ — z as ¢ — 0 in L2(0,7;V)
(T > 0) for e <t < T. From (6) it follows that

[z — y”%?(O,T;V)

T t+s—e
/0 / S(t + 5 — T F(r,25(r), v(r)) — F(7,5(r), v(r)) }dr

T t+s—e
(ML |Ikll 0.0y / ( / (H’S—T)1/2||$6—y||L2(o,T;V)dT) ds
0 0

2
ds

IN

T
t €
< MLl | 108 (£) o = ol raydrds

t T
< Tz P10 (£) [ 6% = a0 rvyc

By using Gronwall’s inequality, independently of €, we get 2¢ = y in L2(0,T;V)
for almost all € < ¢ < T, and z¢(t) = y(t) in H. Therefore, noting that
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x(+), y(-) € C([0,T; H]), every solution of the linear system with control v is
also a solution of the semilinear system with control w, that is, we have that
Rr(0) C Rr(f). O

From now on, we consider the initial value problem for the semilinear para-
bolic equation (SE). Let U be some Hilbert space and the controller operator
B be a bounded linear operator from U to H.

Theorem 3.2. Let us assume that there exists a constant § > 0 such that
||[Bu|| > Blu|| for all u € L*(0,T;U), and the assumptions (F1), (F2), and
R(f) C R(B) be satisfied. Then we have

RT(O) C RT(f)

Proof. Consider the linear system given by

(24) wv(t) = Ay(t) +u(b),
y(0) = 2o
and the following semilinear control system
(25) da(t) = Az(t) + f(t,(t),v(t)) + Bo(t),
z(0) = Zo-

Let y be a solution of (25) corresponding to a control u. Set v(t) = u(t)
B71f(t,y(t),v(t)). Then as seen in Theorem 3.1, we know that v € L?(0,T;U).
Consider the following semilinear system

{ftff(t) = Aw(t) + f(t, x(t),v(t) + Bu(t) = f(t,y(t),v(t), 0 <t <T
z(0) = xo.

If we define z¢, y as in proof of Theorem 3.1, then we get

t—e

zf(t) —y(t) = S(t—s){f(s,2%v(s)) = f(s,y,v(s)) }ds.

0

So using Gronwall’s inequality, as in Theorem 3.1, we obtain that Rr(0)

C
Ry (f). O

Example. We consider the semilinear heat equation dealt with by Zhou [9],
and Naito [4]. Let

H = L*0,7), V=Hj0,r), V*=H0,n),
a(u,v) = /0“ du(x) dv(z) da

dr dx

and

A=d*/dz* with D(A)={y <€ H*0,7):y(0)=y(r) =0}
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We consider the following retarded functional differential equation

%y(a:, t) = Ay(z,t)+ fot k(t — s)g(s, z(s),u(s))ds + Bu(t),
(SE1) y(t,0) =y(t,m) =0, t>0,
y((),x) = (bo(x)v y({E,S) = ¢1(xa5)a —h < s <0,

where k belongs to L?(0,T). The eigenvalue and the eigenfunction of A are
An = —n? and ¢, (7) = sin nx, respectively. Let

o0 oo
U= Zun¢n:2ui<oo ,
n=2 n=2

Bu = 2uyp1 + Zunqbn for u= Zun el.
n=2

n=2

It is easily seen that the operator B is one to one and R(B) is closed. It
follows that the operator B satisfies hypothesis as in Theorem 3.2. For example,
consider the nonlinear term f given by

9(t,y,u) = a(t) ([[Daylld1(z) + [[ulld2(z)),  alt) € C([0,T]).

Then f is not uniformly bounded and R(g) C R(B) and from Theorem 3.2 it
follows that the system of (SE1) is approximately controllable. In case where
B = I we obtain the approximate controllability of (SE1) without restrictions
such as the uniform boundedness and inequality constraints for Lipschitz con-
stant of f or compactness of S(t).
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