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ON CONTROLLABILITY FOR A SYSTEM GOVERNED BY A SEMILINEAR FRACTIONAL
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ABSTRACT. In this paper we study the controllability for a system governed by a fractional semilinear
functional differential inclusion with an almost lower semicontinuous nonconvex-valued nonlinearity
and a closed linear operator generating a Co—semigroup in a separable Banach space. We define the
multivalued operator in the space of continuous functions whose fixed points are generating solutions
of the problem. By using the fixed point theory for condensing multivalued maps and the methods of
fractional analysis we study the properties of this mltioperator, in particular, we demonstrate that under
certain conditions it is condensing w.r.t. an appropriate measure of noncompactness. This allows to
present the controllability principle as the main result of the paper.
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1. INTRODUCTION

In modern mathematics, one of the most important areas is control theory. This is primarily due to
numerous applications in physics, chemistry and engineering associated with the modeling of various
types of processes and phenomena. From a mathematical point of view, the complexity of such models
lies in the need to use the theory of infinite-dimensional spaces. Research in this direction is relevant
and is being carried out by a large number of scientists around the world (see, e.g., the surveys [4], [25]
and the references therein).

Recently various controllability results were obtained for systems which can be described in terms
of semilinear differential and functional differential inclusions in infinite-dimensional Banach spaces
(see, among others, [6], [7], [8], [9], [14], [15], [20], [22] and the references therein). It should be
mentioned that in the works [7], [8], [20], [22] it was not supposed that the semigroup generated by
the linear part of a system is compact. It is known (see [28], [29]) that this compactness condition in the
infinite-dimensional case creates some difficulties in the investigation of the controllability problem.

In the last years the study of the controllability problem was extended to systems governed by differ-
ential equations and inclusions of a fractional order (see, e.g., [1], [3], [10], [26], [30], [32], [33] and the
references therein). In its essential part, it is caused by interesting and important applications which
fractional systems find in physics, hydrodynamics, geophysics, engineering, biology, economics and
other contemporary branches of natural sciences (see, e.g., [5], [11], [16], [19], [24], [27], [32]).
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In the present paper we consider the control system governed by a fractional semilinear functional
differential inclusion in a separable Banach space E of the following form:

CDy € Ax(t) + F(t,z(t), z;) + Bu(t), t € [0,al, (1.1)

x(s) = ¥(s), s € [-h,0], h>0, (1.2)

here D, 0 < a < 1, is the Caputo fractional derivative and F : [0,a] x E x C([~h,0]; E) — E is
a compact almost lower semicontinuous multivalued map, A : D(A) C E — FE is a linear closed (not
necessarily bounded) operator in E; z; € C([—h,0]; E) fort € [0, a] is defined as z+(6) = x(t+60),0 €
[—h, 0]; a control function u € L*([0, a]; U), where U is a Banach space of controls; B : U — Fis a
bounded linear operator and ¥ € C'([—h, 0]; E) is an initial function.

The controllability problem which we solve in this paper may be formulated in the following way:
for a given initial function ¥(-) € C([—h,0]; E') and given x; € E we will consider the existence of a
mild solution x € C([—h,a]; E) and a control u € L*°([0, a]; U) such that: z(t) = J(t),t € [—h,0]
and

z(a) = x1. (1.3)

By using the measure of noncompactness theory and the fixed point theory for condensing maps,
we present the theorem on the existence of a solution to problem (1.1) - (1.3).

2. PRELIMINARIES
2.1. Fractional integral and derivative.

Definition 2.1. [24, 27] The fractional integral of order o > 0 of a function g € L'([0,a]; E) is the
function /g of the following form:

1

9t) = e [ =9 a(e)ds.

where I' is Euler’s gamma-function

Definition 2.2. The Caputo fractional derivative of the order & € (N — 1, N| of a function g €
CMN ([0, a]; E) is the function © D& g of the following form:

F(Nl— o) /0 (t— s)N_O‘_lg(N)(s) ds.

2.2. Multivalued maps. [18, 21] We denote by £ is a Banach space and introduce the following no-
tation:

e P(&)={ACE:A+# &} is the collection of all non-empty subsets of &;

e Pb(&)={A € P(€): Aisbounded};

o K(§)={A € P(£): A iscompact};

o Kv(€) = {Pv(E)NK(E)} is the collection of all convex and non-empty compact subsets of
E.

“Dgg(t) =

Definition 2.3. [2] Let (A, >) is a partially ordered set. A function 5 : Pb(E) — A is called the
measure of noncompactness (MNC) in £ if for each set {2 € Pb(E) we have:

B(coQ) = B(5),

where €0 () is the closure of the convex hull of ().
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The example of a real MNC is the Hausdorff MNC x (2):
x(€2) = inf{e > 0, for which © has a finite e-net in £ }.

Let X be a metric space and Y is a normed space.

Definition 2.4. A multimap (multivalued map) F : X — P (Y) is said to be lower semicontinuous
(Ls.c.) atapoint z € X, if for each open set V' C Y such that F(2)NV # () there exists a neighborhood
U(x) of the point z such that F(z') NV # 0 for all 2/ € U(x).

A multimap is lower semicontinuous (l.s.c.) if it is lower semicontinuous at every point z € X.

Definition 2.5. A multivalued map F : [0,a] x X — K (V) is said to be almost lower semicontinuous
(als.c.) if there exists a sequence of disjoint compact sets I, C [0, a] such that

(i) meas([0,a] \ I) =0, here I = U, I;
(ii) the restriction of F on every set J, = I, x X is Ls.c..

Definition 2.6. A continuous map f : X C £ — £ is called condensing with respect to a MNC 3 (or
[B-condensing) if for each bounded set {2 C X which is not relatively compact, we have:

Bf()) £ BEY).

In the sequel, we will need the following Sadovskii type theorem (see [2, 18]).

Theorem 2.7. Let M be a closed convex bounded subset of £ and f : M — M is a B—condensing map,
where [3 is a monotone nonsingular MNC in £. Then the fixed point set Fix f is non-empty.

3. MaIN ResuLTs
Everywhere in the sequel, let C := C([—h,0]; E).
Let E be a separable Banach space and a multivalued map F : [0,a] x E' x C — K(F) be such that:
(F1) F:[0,a] x ExC — K(F)isals.c;
(F'2) for every r > 0 there exists a function w, € L*°(]0, a]) such that for all (z,() € E x C with
|lz||z < rand ||{||c < r, we have:
1E (2, Q)| < wr(t)

forae. t € [0,al;
(F3) there exists a function p € L*°([0, a]) such that for each bounded sets 2 C F and ) C C we
have:

xe(F(t,Q,Q)) < u(t) (xe() +¢(Q)) ae t €[0,a],
where x g is the Hausdorff MNC in F,

Q) = _sup xe(Q(0)), with Q(0) = {y(0),y € Q}, 0 € [-h,0].

Let a linear operator A be such that:
(A) A: D(A) C E — E is a closed linear operator in F generating a uniformly bounded Cp—
semigroup {U (%)},
Denote M = sup {|U(t)]| ;¢ > 0}.

Forz € C(]0,7]; F),0 < 7 < a, consider the multifunction:

Op:[0,7] > K(E),  ®p(t) = F(t,a(t), z0).

From above conditions (F'1) — (F'2) and Proposition 1.3.1 from [18] it follows that the multifunction
®r is measurable and LP-integrable for each p > 1.
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Consider a convex closed subset D C C(][0, al; E) given as

D ={¢{ € C([0,a]; £),£(0) = 9(0)}

and, for a given { € D, define a function £[J] € C([—h, al; E) by
[ 9, t € [—h,0],
S0 = { (1), te [0,a].

Now we may define the superposition multivalued map Pg°: D — P(L*([0, a]; E)) in the follow-
ing way:
PE(a) = {6 € L(0.a): E) : 6(t) € F(t,a(t),ald)), ae. t € [0,a]}.

Definition 3.1. A mild solution to problem (1.1) - (1.2) on an interval [0, a] is a function z € C([0, a]; E)
such that:

19(0, €l=h 0}

z(t) = )+ fo )ATLL(t — s)p(s)ds+
—i—fO t —5)” 1L’(t - s)Bu( )ds, t €[0,a],

(U (t0)d )=« 0, (0)U (t*0)d
/ al / £ (O)U(20)d0

€a(0) = fe—l" o071,

here ¢ € Pp°(x) and

; sin(nmra), 0 € RT.
n!

7&% n10 an— 1F(na+ )
Tr :
Remark 3.2. (See, e.g. [31]) &4 (0) > 0, fo € (0)dO =1, fooo 0¢, (0) dO = ﬁ
Lemma 3.3. (See [31], Lemma 3.4.) The operator functions K and L possess the following properties:

1) forallt € [0,a], K(t) and L(t) are bounded linear operators, more precisely, for every x € E :
1K)zl g < M ] g; (3.1)

I£(e)elp < g el 62)

2) the operator functions IC(-) and L(-) are strongly continuous, i.e., functionst € [0,a] — K(t)z
andt € [0,a] — L(t)x are continuous for allx € E.

To sole of problem (1.1) - (1.3) we assume that the linear controllability operator 7" : L>°([0,a]; U) —
E given by

Tu = /0 (a — 5)*"L(a — s)Bu(s)ds

has a bounded right inverse T~! : E — L*([0,a]; U).
We will assume that the operator 7! satisfies the following regularity condition:

(T') There exists a function v € L*°([0, a]) such that for each bounded set 2 C E we have:

xu (T7HQ)(®) < v(t)xE(Q) forae. t € [0,al,
where X7 is the Hausdorff MNC in U.
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Let My, M5 > 0 be constants such that
|BIl < My, [|T7Y]| < M.
To search mild solutions of problem (1.1)-(1.3) we will need the following operator:

Vi L=([0,a]; E) — C([0,a]; E),
V()(t) = /0 (t —s)* 1Lt — s)¢(s)ds+

t a
+/ (t —8)*71L(t — 5) [BT_1 <:c1 — K(a)9(0) —/ (a—71)"1L(a — T)qb(T)dT) (s)} ds.
0 0
Let us represent the operator V' in the form

V(g) =V'(¢) +V"(¢),

where

V(@)(t) = / (t - 57 Lt — )6(s)ds,

VI (6)(t) = /0 ()71 L () [BT‘I (m _ K(a)d(0) — /O “(a— 1) L0 — T)d)(T)dT) (s)] ds.

Lemma 3.4. (see [17]) The operator V' obeys the following properties:
(V1) if 2 < p < oo, then there exists a constant C' > 0 such that

V(€ ®) = V(@5 < C”/O 1€(s) = n(s)lpds,  &m € LP([0,a; E);

(Va) for every compact set K C E and bounded sequence {n,} C L*°([0,al; E) such that {n,(t)} C
K forae. t € [0, a], the weak convergence n,, — ng in L*([0, a]; E) implies the convergence V'(n,,) —
V(1) in C([0, a]; E).

The operator V" may be represented in the form:
V"(¢) = V(BT (21 — K(a)9(0) — TIV'(9))), (33)

here I : C([0,a]; E) — E, Tz = z(a) is a linear bounded operator. Since 7!, B, and V" are linear
bounded operators, we conclude that the assertion of Lemma 3.4 is true for the operator V"’ and hence
for the operator V.

Now, we consider the multioperator G : D — P(D), given as:

G(z)=go+VoPp(x), tel0T]

where the function go(t) = G(¢)9(0).

It is clear that a function « € D is a fixed point of the multioperator G if and only if the function
z[Y] € C(|—h,a]; E) is amild solution of controllability problem (1.1)-(1.3). So, our problem is reduced
to the finding of a fixed point of the multioperator G.

We need the following notion and results.

Definition 3.5. (see [13] and [18], Definition 5.5.1) A nonempty set M C LP([0,a]; E),p > 1, is said
to be decomposable if for all f, g € M and every measurable subset m in [0, a] :

[ Em+ 39 Kjoa\m €M,

where k is the characteristic function of a set.
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It is clear that superposition multivalued map Pz has decomposable and closed values, and it is Ls.c.
(see [18], Section 5.5 or [21], Theorem 1.5.36).

The set of all closed nonempty decomposable subsets of the space LP([0, a]; E') will be denoted by
D(LP(]0,a]; E)). The following analogue of the Michael selection theorem which is due to Fryszkowski—
Bressan—-Colombo holds true (see [12]).

Lemma 3.6. If X is a separable metric space, then every lower semicontinuous multimap F : X —
D(L([0,a]; E)) admits a continuous selection.

Taking in account the last result to the multivalued map Pz, we get that it has a continuous selection

p:D — L*([0,a]; E). Thenamap g : D — D,
9(0)(0) = K9(0) + [ (0= 5)" £t s)plo) )

/Ot(t — ) L~ ) [BTl (wl — K(a)9(0) - /0 (a—7)""1L(a~ T)p(%)(T)dT) (s)} ds,

is a continuous selection of the multivalued map G and its fixed points Fix ¢ C Fix G. Therefore, it
is sufficient to prove the existence of a fixed point of the map g.

a

Lemma 3.7. (see [23]) IfQ C C([0,al; E) is a nonempty set and §)(t) is a relatively compact subset of
E for everyt € |0, a], then a set of functions

o) (@) = {ulyl) = [ (¢ =97 Lt = plo)(e)as s € 2}
is equicontinuous.

Now;, let us consider conditions under which the operator g is condensing. Consider in the space of
all continuous functions C([0, a]; E) the following measure of noncompactness

v: Pb(C([0,a]; E)) — R
with the values in the cone Ri defined as
v(Q2) = (¢(2), modc(2)),

here ¢(€2) is the module of fiber noncompactness

() = tz%p] xe({y(t) :y € Q}),
and

de(Q) = 1i t) —y(t
modc () 5%21618'“19%%”% 1) —y(ta)]

is the equicontinuity module.

It is known (see [18]) that the MNC v is monotone, nonsingular, algebraically semiadditive, and
regular.

We need the following assertion which follows from [17], Lemma 7.

Lemma 3.8. Let {f,,}72; be a bounded sequence in L>°([0, a]; E) such that
xe({fn(D)}) <o(t) ae t €0,d],
herev € LL(0,a). Then
oM [t 1
xe({V' falt S/ t— )" " wu(s)ds.
{V'Fn®)}) I'(a) 0( )" w(s)

Now, let us formulate the following condition under which the operator g is condensing,.
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Lemma 3.9. Under conditions (A), (F1) - (F'3), (T') and condition
(©) = S o (1+ 2HR% oo ) < 1

the operator g is v-condensing.

Proof. Let Q2 C D is a non-empty bounded set and
V(9(9) > v(9). (34)

We will prove that 2 is a relatively compact set. It is sufficient to show the assertion for the map V o p.
Taking in account that the MNC v is nonsingular we have

v((Vop)(R)) >v(Q). (3.5)
From (3.5) it follows that

p((Vop)(©)) = (). (3.6)

By using regularity condition (F'3) for 0 < s < 7 < a we will have the following estimate:

xE (@) = xp(Lf(s) £ € pO)}) < uls) (xpfas) € Q) + p({ald)s 2 € 9)) =

=) (xu{o(): 2 € QN+ sup xi({a(r) 0 € ) < 2ule)l),

Now, applyiing this estimate and Lemma 3.8 we get

AM

X (Vo r@(0) < 1o /0 (t - )" u(s)ds - p(Q) <

4Ma®
—— " Nl - ().
Fraaylblke - #(@

Further, we have the estimate

we ({817 (51 - x(@00) - ["a=r 0t np@ar) o) 7 e }) <

M ({( [ 0= neeta—nsnr) o) s e s} <

AMa® AM Mia®

My ~(s) mHMHoo () < m”ﬂ”ooh”oo ().

Taking in account this estimate and applying Lemma 3.8 we obtain
2M

xe (V" op)(Q)(t) < o) "

/Ot (t=9)"" Xz ({BT - <w1 — K(a)9(0) — /0 a7 1La—7) f(T)dT) (s):fe€ p(Q)}) ds

8M?2 M, a%
< . .
S T2+ a) l14lloo [171loo - (€2)
Therefore we obtain
4Ma® SM?2 M, a2
0 <% Co(Q) 4+ 2 T C () =
xe ((Vop)( )(t)))_F(Ha)HuHoo () + T2(1 + o) l14lloo 17 ]loo - (€2)
4M a® 2M My a®
_ oo (1 4+ 222222 iyl ) - () = 1o(Q).
s il (14 s Il ) - () = ()
Hence
e ((Vop)(Q)) <lp(Q), (3.7)
where [ < 1.

Comparing inequalities (3.6) and (3.7) we get
p(2) = 0.
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Now, from (3.5) we have

modc((V o p)(2)) > modc(Q). (3.8)
From Lemma 3.7 it is known that the set (V/ o p)(Q) is equicontinuous, hence by using (3.3), we get
modc((V o p)(Q) = 0.
So, we obtain
modc(§2) = 0.

Thus v(§2) = (0,0) and we get that € is a relatively compact set, therefore the operator g is con-
densing w.r.t. the MNC v. g

Now, we turn to the proof of the maim result.

Theorem 3.10. Under assumptions (A), (F'1), (F3), (T) , (C), suppose that condition (F'2) has the
following form:

(F2') There exists a sequence of functions {w, } C L[0, a] such that

sup |E(t,z,Q)|| < wn(t) forae t e|0,a], n=1,2,...
2l g <n,liclle<n

and
|
lim inf — |lwy, ||, = 0.
n—o00 n
Then controllability problem (1.1)-(1.3) has a solution.

Proof. We will show that there exists a closed ball Br C C([0, a]; E') centered at the origin of a suffi-
ciently large radius R > ||J||¢ such that g(BE) C BE, where BE = Br N D.

Toward this goal, notice that if n > ||J||¢ then obviously condition z(-) € D, ||z||c < n implies
|z[V]¢]lc < nforallt € [0,a] and hence for such n we get the following estimate: if 2z, € g(x,),
l|zn|lc < n, then

Ma® M My Mya® Ma®
< MO+ M el + B (o0 + A ).
Jenlle < MIDO)z + gy gy Wonlle + Ty oy (e + MIOO) s + oy lenll
(3.9)
For convenience, rewrite this estimate as
[znllc < M[[9(0)[& + Cillwnloo + Cz(llleE + M|[9(0)|[ £ + Cll!wnlloo), (3.10)
where
Ma“ M M7 Mya®
Cy = S 3.11
""Ta+a) 7 T+ (11)

Now, supposing the contrary to our assertion, we will have sequences {z,}, {z,} C D, such that
zn € g(xn), [|lznllc < nbut ||z,||c > n for all sufficiently large n.
But then, applying (3.10), for all such n we have

< lzallo

1 W |0 1 1 willao
< —MHﬁ(O)HEJrclu+CQ(—HleE+ fMHﬁ(O)”EJFCIH I >’

giving the contradiction.
It remains only to apply Theorem 2.7. g
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4. CONCLUSION

In this paper we studied the controllability for a system governed by a fractional semilinear order
functional differential inclusion with an almost lower semicontinuous nonconvex valued nonlinearity
and a closed linear operator generating a Cp—-semigroup in a separable Banach space. We defined the
multivalued operator whose fixed points are generating solutions of the problem. By using the meth-
ods of fractional analysis and the fixed point theory for condensing multivalued maps we studied the
properties of this operator, in particular, we demonstrate that under certain conditions it is condensing
w.r.t. an appropriate measure of noncompactness. This allows to present the controllability principle
as the main result of the present paper.
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