ANNALES
POLONICI MATHEMATICI
101.1 (2011)

On a nonlocal problem for fractional integrodifferential
inclusions in Banach spaces

by ZUOMAO YAN (Zhangye)

Abstract. This paper investigates a class of fractional functional integrodifferential
inclusions with nonlocal conditions in Banach spaces. The existence of mild solutions
of these inclusions is determined under mixed continuity and Carathéodory conditions
by using strongly continuous operator semigroups and Bohnenblust—Karlin’s fixed point
theorem.

1. Introduction. Fractional differential equations have attracted much
attention due to their wide applications in engineering, economics and other
fields. For details, see the monographs [HI|, [MR], [P], the papers [DF],
[E], IM], [JA], [L], [LV], [M], [YG] and the references therein. The non-
local Cauchy problem was considered by Byszewski [BL], [B], [BA], and the
importance of nonlocal initial conditions in different fields has been discussed
in [AM], [DE], [LL], INT], [Y], [YP] and the references therein. Recently, some
classes of abstract fractional differential and integrodifferential equations
with nonlocal conditions have been investigated by Mophou and N’Guérékata
[MN], [MGI; Balachandran and Trujillo [BT], Chang et al. [CK] and Yan [YA]
have studied the existence of mild solutions of fractional functional integro-
differential equations with nonlocal conditions in Banach spaces by using
fractional calculus and Schaefer’s fixed point theorem. On the other hand,
realistic problems arising from economics, optimal control and so on can
be modeled as differential inclusions, so differential inclusions are widely
investigated by many authors (see [BH], [D], [EI], [F], [H], [HP], [S] and
references therein). Since many partial fractional differential and integro-
differential equations provide a unifying structure for the study of fractional
differential equations, we feel that there is a real need to discuss the nonlocal
Cauchy problem for fractional differential inclusions in abstract spaces.
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In this paper, we shall study a class of fractional functional integrodif-
ferential inclusions with a nonlocal condition in Banach spaces, of the form

By
(1.1) ddté” € Ax(t)
n F(t,a:(al(t)), ey (8), (s, 2(0041(5)) ds), te
0
(1.2) z(0) + g(x) = o,

where J = [0,b], 0 < 8 < 1, the state z(-) takes values in a Banach space
X with the norm |- | and A generates a strongly continuous semigroup 7'()
in X; F:Jx X" — 2%\ {0} is a multivalued map, h: A x X — X, A =
{(t,s):0<s<t<b},g:C(J,X)—X,0;,:J—=J,i=1,...,n+1, are
given functions to be specified later.

Motivated by the above mentioned works, our goal in this paper is to
establish the existence of mild solutions of (1.1)—(1.2) by using Bohnenblust—
Karlin’s fixed point theorem. We only assume continuity and Carathéodory
conditions. The rest of this paper is organized as follows. In Section 2, we
introduce some notation and necessary preliminaries. In Section 3, we give
our main results. In Section 4, an example is given to illustrate our results.
Finally in Section 5, we apply the preceding technique to a control problem.

2. Preliminaries. In this section, we introduce some basic definitions,
notation and lemmas which are used throughout this paper.

Let C(J,X) denote the Banach space of continuous functions from J
into X with the norm

[#]loc = sup{la(t)] - ¢ € J}.

A measurable function z : J — X is Bochner integrable if |x| is Lebesgue
integrable. (For properties of the Bochner integral see Yosida [YO]). L*(J, X)
denotes the linear space of equivalence classes of all measurable functions
x:J — X, normed by

b
|zl = {|=()|dt for all z € L'(J, X).
0

Let (X,|-|) be a Banach space. A multivalued map G : X — 2%\ {0}
is convex (closed) valued if G(X) is convex (closed) for all z € X; and G
is bounded on bounded sets if G(B) = |J,cp G(x) is bounded in X for any
bounded subset B of X, that is, sup,cpgsup{|y| : y € G(z)} < cc.

G is called upper semicontinuous (u.s.c.) on X if, for each 2y € X,
G(zp) is a nonempty, closed subset of X and, for each open subset N of
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X containing G(zg), there exists an open neighborhood V' of z( such that
G(V)CN.

The multivalued operator G is called compact if G(X) is a compact sub-
set of X, and completely continuous if G(D) is relatively compact for every
bounded subset D of X. If the multivalued map G is completely continuous
with nonempty compact values, then G is u.s.c. if and only if G has a closed
graph, i.e., T, — Ty, Yn — Ysx, Yn € G(zp) imply y. € G(x4).

In the following, BCC(X) denotes the set of all nonempty bounded,
closed and convex subsets of X.

G has a fized point if there is x € X such that x € G(x). For more
details on multivalued maps see the books of Deimling [D] and Hu and
Papageorgiou [HP].

Now, we recall the properties of fractional calculus which are used in this
paper (see [HI|, [MR], [P]).

DEFINITION 2.1. A real function f(¢), ¢ > 0, is said to be in the space
Cy, p € R, if there exists a real number p (> p) such that f(t) = tPk(t),
where k € C0, 00), and it is said to be in the space C}’ iff f(m) e Cy, meN.

DEFINITION 2.2. The Riemann—Liouville fractional integral operator of
order p > 0, of a function f € C¢, ¢ > —1, is defined as

(2.1) I f(t) = F(lm [(t—s)'f(s)ds, t>0.
0

DEFINITION 2.3. If f € C™ and m is a positive integer, then we can
define the fractional derivative of f(t) in the Caputo sense as

) IO

g TOm =) (t — s)™ L™ (s) ds

O e

form—-—1<pu<m, meN.

REMARK 2.4. If 0 < p < 1, then

df(t) 1 §
0

dt+ I'l—p)

(t—s)7"f'(s) ds,

where f’(s) = df(s)/ds and f is an abstract function with values in X.

DEFINITION 2.5. A continuous function z(t) satisfying the integral in-
clusion
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1

r'(g)

X F(s,x(o’l(s)),.. ,§h (s, 7, x(ont1(7))) dT) ds
0

(2.3)  z(t) e T(t)[xo — g(x)] + (t—s)P~1T(t - s)

O e

is called a mild solution of problem (1.1)—(1.2) on J.

LEMMA 2.6 (Bohnenblust and Karlin [BK]). Let X be a Banach space,
and D a nonempty subset of X, which is bounded, closed, and convex. Sup-
pose G : D — 2X\{0} is u.s.c. with closed, conver values, and such that

G(D) € D and G(D) compact. Then G has a fized point.

3. Main results. In this section, we state and prove an existence the-
orem for problem (1.1)—(1.2). Let us list the following hypotheses:

(H1) T'(t), t > 0, is a compact semigroup and there exists a constant
M > 1 such that |T'(¢)| < M.

(H2) For each (t,s) € A, the function h(t,s, ) : X — X is continuous
and for each x € X the function h(,-,z) : A — X is strongly

measurable.
(H3) F : J x X" — BCC(X) is measurable in t € J for each
(r1,...,2p11) € X" ws.c. with respect to (z1,...,Tn41) €

X"+ for each t € J, and for # € C(J, X) the set
Sra = {1 € LNIX) : (1) € F(t,2(01(), .. 2(on(2),

(t
§ h(t,s,z(ont1(s )))ds)}
0

is nonempty:.
(H4) For each r > 0 and =z € C(J, X) with ||z]x < r, there exists a
positive function [, : J — RT such that

sup{|f] : f(t) € F(t.a(o1(1),....a(on (1)),
t
§ bt s,2(0nr1(s)) ds) b < 1)
0

for a.e. t € J.

(H5) The function s — (t—s)”~1l,.(s) belongs to L([0,t], RT) and there
is a v > 0 such that
Lt
th_lj)I.}f . S (t —5)P" U, (s)ds = v < 0.

0
(H6) 0;: J — J, i=1,...,n+ 1, are continuous functions.
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(H7) The function g(-) : C(J,X) — X is continuous and there exists a
d € (0,b) such that g(¢) = g(¢) for any ¢,¢ € C := C(J, X) with
¢ =1 on [0,b].

(H8) There is a constant ¢ > 0 such that

(3.1) 0 < limsup M <ec, o¢eC.
llco—o0 1Pl

THEOREM 3.1. If hypotheses (H1)—(H8) are satisfied, then the nonlocal
Cauchy problem (1.1)—(1.2) has at least one mild solution on J, provided
that

(3.2) M<c+ F?ﬂ)) <1

Proof. We transform the problem (1.1)—(1.2) into a fixed point problem.
The multivalued map P : C(J, X) — 2¢(/:X) defined by

Pla)i= {p e CLLX) 5 plt) = TOla0 - g(o)]
b (-5 - s)f(s)ds f € sp,m}

)

has a fixed point. This fixed point is then a mild solution of (1.1)—(1.2).
Let {d,, : n € N} be a decreasing sequence in (0,b) with lim, .. §, = 0.
To prove the above, we show that the inclusion

By
33 ¢ dtff) € Az(t) |
+ F(t,x(al(t)), . ,:U(Un(t)),Sh(t,s,x(an+1(s)))ds>, ted,
0
(3-4) 2(0) + T (0n)g(x) = @0,

has at least one mild solution z,, € C(J, X).
For fixed n € N, let P, : C(J,X) — 2¢(/X) be defined by

Pa() = {pn € C(TLX) : pult) = T(t) 0 — T(5,)g(x)]

t
S t—sﬁ th—S)f(S)dS:fGSF,x}
0

for t € [0,0]. It is easy to see that a fixed point of P, is a mild solution of
the nonlocal Cauchy problem (3.3)—(3.4). We now show that P, satisfies all
the conditions of Lemma 2.6. The proof will be given in several steps.

STEP 1. P,(z) is convex for each x € C(J, X).
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In fact, if pL, p2 € P,(z), then there exist f1, fo € S r such that for each
t € J we have

(3.5) Pu(t) = T()]wo — T(6n)g ()]
1

t
— ) —s)fi(s)ds, 1= .
R O T ) s =12

Let 0 < A < 1. Then for each t € J we have

(Ao + (1= N)pp) (1) = T(t)[wo — T(3n)g(w)]
1 ¢ .
) § (t= )" T(t = $)Mf1(5) + (1= N fols)) ds.
Since Sp is convex (because F' has convex values) we have

Mob+ (L= N)p € Pola).

STEP 2. P,(By) C By for some positive number q, where for each con-
stant ¢ > 0,

By :={z € C([0,8], X) : [|z[lco < q}-

Clearly By is a bounded closed convex set in C'(J, X). Assume, to derive
a contradiction, that for each positive number ¢, there exists a function
z? € By with ||P,(z?)]| := {||p%]lcc : pL € Pu(z?)} > ¢ and

(3:6)  pL(t) = T(Hlwo — T(3n)g(@")] + ——

s -8 s)ds

O ey o+

for some f;, € Spgqa. From condition (H8), we conclude that there exist
positive constants € and «y; such that, for all ||¢|lcc > 71,

(3.7) 19(6)] < (c+ )6l M(c+e+ F’Zﬁ)) <1

Let

Er={¢:[dllc <m},  E2=A{¢:[¢llc >n},
Cy = max{|g(¢)| : ¢ € E}.

(3.8) 19(0)] < C1+ (¢ + €)[[9]|oo-
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It follows from (H1), (H3), (H4), (3.6) and (3.8) that for each ¢ € [0,b] we

have

¢ < |Baa®)]
< [T(®)[zo — T(5.)g(=))] + F(lm (= P70 — ) fy(s) ds
0
< [T(t)o| + [T(t + )9 + If“é) [ (= 5)711£, ()| ds
0
< Mlfaol + Cs + e+ + 57 | (= 91 (5) ds
0

Dividing by ¢ and taking the lower limit as ¢ — +o0, we have

v
Mlc+e+ > >1,
-+ riz
which contradicts (3.7). Hence there exists a positive number ¢ such that
P,(B,) C B,.
STEP 3. P, sends bounded sets to equicontinuous sets in C(J, X).

Let 0 <t <t2 < b, and let B, be a bounded set as in Step 2. For each
x € By and p, € P,(z), there exists f € Sg, such that for each t € J,

1

r(g)
In view of (3.9) and (H1)-(H4), we have

[(pn(t2) — pn(t1)]
< |[T(t2) = T(t1)][zo — T(6n)g(2)]]

(39)  pn(t) = T(t)[xo — T(dn)g(x)] + (t = )7 1Tt — 5)f(s) ds.

O e

+ F(lﬁ) | 1[(ta = )Tty — 5) — (t1 — 5)P 71T (t1 — 5)f(s)| ds
0
+ F(lﬂ) (k2 = )1 T (b2 — 5) = (11 — 8)P 7' T(t1 — 9)]£(s)| ds
+ F(lm [ 1t — )77 (25 — 5) f(s)| ds
< |T'(t2) — T(t1)[xo — T(0n)g(z)]|
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F(l (g)_ t— )P T(t1 — 8)| [Ttz — t1) — |l (s) ds
Si [(t1 — 8)77F = (ty — 8)7 Y| T(t2 — 5)|l4(s) ds
4 F(lﬂ) tltg;(tl — )T (ty — s)| | Tty — t1) — I|l,(s)ds
+ S (t2 = 5Ttz = 5)ly(s) ds
< |[T(t2) —IT(tl)on —T(6n)g(2)]|
+ I‘]z/—;) tl(ﬂ)g[(tl —5)77 = (ta = 5)7 iy (s) ds
i If‘é)m b - 1] hésm — )7y (s) ds
v %tltg;[(tl —8)7" = (ta — )iy (s) ds
+ 7 T2 =) =1 S (1= () ds
+ r]é) :Sj(tg — )71y (s) ds.

The right-hand side of the above inequality tends to zero independently of
x € By as to —t; — 0 and ¢ is sufficiently small, since the compactness of
T(t) (t > 0) implies the continuity in the uniform operator topology. Thus
P, sends B, to an equicontinuous family of functions.

STEP 4. The set W (t)={pn(t) : pn € Pno(By)} is relatively compact in X.

We note that W (0) is relatively compact in X. Let 0 < ¢ < s < b be
fixed and ¢ a real number satisfying 0 < e < . For x € B, we define
1

() (t) = T(t)[zo — T(n)g( — )T (t — 5) f(s) ds

= ’ﬁ

E

(8)

=T (t)[xo — T(dn)g( —8)P Tt — s — &) f(s)ds

H

gt
(S)t
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for some f € Sp,. Using the compactness of T'(t) for ¢t > 0, we deduce that
the set We(t) = {p5,(t) : p5, € Po(By)} is pre-compact in X for every ¢ with
0 < e < t. Moreover for every x € B, we have

t
p(t) — oi(8)] < (1) | (=) = 9 s
Mol _
< G § (t — 5)P 71, (s) ds.

Therefore, there are relatively compact sets arbitrarily close to the set
W(t) = {pn(t) : pn € Pr(Bg)}, and W(t) is a relatively compact in X.

STEP 5. P, has a closed graph.
Let 2™ — 2* (m — o0), pgm) € Py(z™), (™ ¢ B, and pﬁ{") — pk.

We shall show that p} € P,(z*). Now p( ™ e P,(z("™)) means that there
exists f(™) ¢ Sp m such that, for each ¢ € J

t

1 — m
P () = T(t)[xo — T(6a)g (™)) + T (SJ (t =) 71Tt — 5) /™ (s) ds.

We must prove that there exists f* € Sp,+ such that, for each ¢ € J,

pn(t) =T (t)[xo — T(5n)9( (t — )P~ (t — 5) f*(s) ds.

OL/‘»H-

Clearly,
1o (t) = T(t)[z0 — T(8n)9(="™))])
— (P (t) = T(B)xo = T(0n)g(z")llc = 0 as m — oc.
Consider the continuous linear operator @ : L'(J, X) — C(J, X) defined by

~

[ (Df St—sﬁlT s)f(s)ds.
0
We can see that @ is linear and continuous. Indeed,
t

M _
1900 < 7§ (= ) 11y(s) d

@)

From (H4) and [LO] , it follows that @ o Sg has closed graph. Also, from the
definition of &,

P = T(B)zo — T(52)9(x"™)] € B(Spy0m)-
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Since (™ — z*, it follows that

o~

pi(t) = T(H)fxo — T(30)g( 5 (t— )P\ Tt — 5)f*(s) ds
O

for some f* € Sp .

As a consequence of Steps 1 to 5, together with the Arzela—Ascoli theo-
rem, we conclude that P, is a compact multivalued map, u.s.c. with convex
closed values. In view of Lemma 2.6, P, has a fixed point z,, in By, which
is in turn a mild solution of (3.3)—(3.4). Thus,

(3.10) n(t) = T(t)[zo — T(0n)g(xn)]
1 t ) -8 s)ds
g )T Dl

for all ¢ € [0,b], and some f,, € Spg,,.

Next we will show that the set {x, : n € N} is relatively compact in
C(J,X).

STEP 6. {xy : n € N} is equicontinuous on J.

For e > 0 and z,, € By, there exists a constant 1 > 0 such that for all
t € (0,b] and £ € (0,n) with t + & < b, we have

|2n(t 4+ &) — za(t)]
< [Tt + &) = T(®)][xo = T(dn)g(xn)]]

1 t4-&
— —5)P1 - S s)| ds
+F(ﬁ) |1t € =9 T4 €= ) o)l d

— Nt +e=s) 1Tt +€—5)— (t— )P 1T(t — ) fuls)| ds

Of_/ﬁﬁ-

t+e

< [Tt + &) — T(®)zo — T(6n)g(n)]| + rﬂfm [ (6 &= 5) 11y (s) ds

+ LS|(7§—i—£— §)PTIT(t+ & —s5) — (t—8)P71T(t — 5)|ly(s) ds

re)

Using the compact semigroup property, we get

(3.11) [Tt + &) — T®)][wo — T(6n)g(xn)]| < /3,
t+¢

(3.12) [ (t+e—s)"1y(s)ds < Le),

. 3M
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(3.13) (I(t+&—5) 1Tt +&—5) = (t— )Tt — 5)|lg(s) ds < F;ﬂ)g.
0

Thus by (3.11)—(3.13) one has
|zn(t+ &) —zn(t)] <e.

Therefore, {x,(t) : n € N} is equicontinuous for ¢ € (0, b]. Clearly {z,(0) :
n € N} is equicontinuous.

STEP 7. {x,(t) : n € N} is relatively compact in X.

Let ¢t € (0,b] and € > 0. Since z,, is a mild solution for (3.3)—(3.4) and
condition (H1) holds, there exists & € (0,¢) such that

o)~ T(€)an(t—6)] < gmTH(t—S)ﬁ_l—(t—é—S)B_l]T(t—S)fn(S)\ s
+F(1) ti |(t—8)ﬁ_1T(t—S)fn(S)| ds
< FJ(”B)T[(t—g—s)ﬂ—l—<t—s>ﬁ—11zq<s> ds
+F]é) t§§(t—s)ﬁllq(s) ds < e

for all n € N. Combining the above inequality with the compactness of the
operator T'(€), one finds that {x,(t) : n € N} is relatively compact in X.

Set
N xn(t) if t € [0p, 0],
Tn(t) == .
xn(0n) if t €10,6,).
Using condition (H7), we obtain
9(zn) = 9(Zn),
where Z,,(t) = z,(t) for t € [0,,b]. On the other hand, in Steps 6 and 7,
applying the Arzela—Ascoli theorem again one obtains the relative compact-
ness of {Z, : n € N} in C((0,b], X). Therefore there exists a subsequence of
{Z,, : n € N}, denoted again by {Z,, : n € N}, and a function x € C((0, b], X)
such that
Tp — X as n — oo.

Therefore, by the continuity of T'(t) and g, we get
2n(0) = 20 =T (0n)g(xn) = 0 =T (0n)g(Zn) — zo—g(x) = z(0) asn — oo.
Thus the sequence {z,(0) : n € N} is relatively compact.
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These facts imply the relative compactness of {z,, : n € N} in C(J, X).
Therefore, without loss of generality, we may suppose that

Ty — xy € C(J,X) asn— oo.

Obviously, z. € By, and taking limits in (3.10) one has

(814)  w(t) = T(D)eo — gla)] + F(lﬁ) [ (t = )P 'T(t = 5)f(s) ds
0

for t € J, and some f, € Sp,,, which implies that z, is a mild solution of
problem (1.1)—(1.2), and the proof of Theorem 3.1 is complete. =

REMARK 3.2. (H2)-(H4) are satisfied if there exist positive functions
ai,as : J — RT such that

t

F(t2(01(0); . 2(0n(®), [t 5,2(0n41(5))) ds )|

0
< ay(t)|z| + az(t) for almost all t € J and all x € X,

or there exist positive functions b1,be : J — RT and 6; € (0,1) such that

|F(t,2(01 (1)), . alon(®)), § Bt 5, 2(0ni1(s)) ds)|
0

< by (t)]x|?* + bo(t) for almost all t € J and all z € X.
(H7)-(HS8) are satisfied if there exist constants by, bs such that

(3.15) 9(@)] < b1+ b2 dllc, @ € C(J, X),
or there exist constants ¢, co, 11 € [0, 1) such that
(3.16) 9(@)] < e1 + 29l @€ C(J, X).

REMARK 3.3. As compared to the previous research on nonlocal Cauchy
problems, we no longer require the Lipschitz continuity of F'. Indeed, we only
require that F satisfies the Carathéodory condition. Moreover, we consider
the case in which ¢ is continuous but without imposing severe compactness
conditions and convexity. So these results have more practical applications.

4. Example. Consider the nonlocal fractional order partial functional
integrodifferential inclusion

dPPr(t)  0° 1 S
(4.1) djé ) € 881;22(15, x) + T3 z(sint, x) + sin z(t, ) (S)ez(sm 5:2) ds],

(4.2) 2(t,0) = z(t, 1) = 0,
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(4.3) 2(0, —i—ch z2(ti, ) = z0(z), 0<t<1,0<z<m,

where 0 < t1 < --- < t, < 1 and ¢; are constants, zo € X = L?([0,7]) and
20(0) = zp(m) = 0.
Let X = L%([0,7]) and let the operator A : X — X be given by Au = u”
with
D(A):={ue X :u" € X, u(0) = u(r) = 0}.
Then

o0
Au = ZnQ(u,un)un, u € D(A),
n=1
where u,(z) = \/2/7sin(nz), n = 1,2,..., is the orthogonal set of eigen-
functions of A. It is well known that A is the infinitesimal generator of a
compact analytic semigroup 7'(¢),t > 0, in X and is given by

T(t)u = Zexp(fn%)(u, Up)Up, u€E X,
n=1

where T'(t) satisfies hypothesis (H1).
Define F' : [0,1] x X x X — X, h : [0,1] x [0,1] x X — X and g :
C([0,1],X) — X by

t

F(t, 20 (1)), | h(t, 5, 2(a(s)) ds) (z)
1

0 t

= 1 n t2 |: Z(Sint7 :U) + sin Z(t’ ZL‘) S e_z(sins,ac) dS ’

0
t t
éh(t, 5 2(0(s)))(x) ds = - +1 L sin =, x)(g) oHEinsa) g
ch z(ti,z), ze€C([0,1],X).

It is easy to see that Wlth these choices, the assumptions (H2)-(HS8) of
Theorem 3.1 are satisfied with the constants v =1/, ¢ = 0. Assume that

M
T(G+1)
Now the condition (3.2) in Section 3 holds and hence by Theorem 3.1, the
nonlocal Cauchy problem (4.1)—(4.3) has a mild solution on [0, 1].

<1

5. Application. This section is devoted to an application of the ar-
gumens of previous sections to the controllability of a fractional functional
integrodifferential system with nonlocal conditions in a Banach space X.
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More precisely we consider the problem

By
1) ¢ dtét) € Aw(t) + Bu(t) |
+ F(t,x(al(t)), oy 2(on(8), Rl s, 2(0041(5))) ds), ted
0
(5.2) z(0) + g(z) = o,

where A, F' and g are as in Section 3. Also, the control function u belongs
to L?(J,U) with U a Banach space. Further, B is a bounded linear operator
from U to X. Several authors have established controllability results for
differential and integrodifferential systems in Banach spaces (see [BGI, [G]
and the references therein). In the case of a nonlocal condition, a fractional
integrodifferential system has recently been studied by Balachandran and
Park [BP].

DEFINITION 5.1. A continuous function z(:) : J — X is said to be a
mild solution to problem (5.1)—(5.2) if for all zp € X, it satisfies the integral
equation

5:3) o) €T - 9@+ 55 ¢ = 91T =9
0
< F(5,2(01(s)). ... 2(0n(s), (s, 7 2(0s1 (7)) dr ) d
0
+ L § (t — 5)°7IT(t — s)Bu(s) ds
e |

0

DEFINITION 5.2. The system (5.1)—(5.2) is said to be controllable on the
interval .J if for every xg,z1 € X, there exists a control u € L?(J,U) such
that the mild solution z(t) of (5.1)—(5.2) satisfies z(b) + g(x) = z1.

We make the following assumptions:

(B1) The linear operator W : L?(J,U) — X defined by
b
Wu=—— S (b—s)P"1T(b — s)Bu(s) ds

has an induced inverse operator W—1 with values in L?(J,U) \
Ker W and there exist positive constants M; such that |[BW 1|
< M;.

(B2) The constants M, My, b, 3 satisfy the inequality

M<1 (1;(;@%55) *1%( %éﬁbf))

(5.4)
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REMARK 5.3. The construction of the operator W and its inverse is
studied by Quinn and Carmichael in [Q].

THEOREM 5.4. Assume that hypotheses (H1)-(H8), (B1) and (B2) are
satisfied. Then system (5.1)—(5.2) is controllable on J.

Proof. Using hypothesis (B1), for an arbitrary function z(-) define the
control

ug(t) = W1 [:c ~g(@) - T(b)(zo — 9(x)

1 : B—1
- g (b—5)"'T(b — 5)f(s) ds| (¢)

for some f € Sp,. We shall show that when using the above control the
operator P : C(J, X) — 26¢(JX) defined by

Pla) = {p € C(J.X) : plt) = T(t)[zo — g(x)]

B

(t —s)P71T(t — s5)f(s) ds

_l’_

=
=

(t — )P\ T(t — )BW [m ~ (@) — T()(a0 - g())

=
=

.

(b— )51 (b — ) f(s) ds} (0)dd : f € SF,x}

+
=
—_
[
~—
Ol T O e O ey

has a fixed point, and then z(-) is a mild solution of system (5.1)—(5.2).
Indeed, it is easy to verify that

21— g(x) € (Px)(b),
which means that the system is controllable. The remaining part of the
proof is similar to that of Theorem 3.1: the operator P has a fixed point

which is a mild solution of problem (5.1)—(5.2). Hence, system (5.1)—(5.2) is
controllable on the interval J. m
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