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1. INTRODUCTION

In the last years one may see a strong development of the theory of
differential equations and inclusions of fractional order ([3, 5, 15, 16, 17] etc.).
The main reason is that fractional differential equations are very useful tools
in order to model many physical phenomena.

In the fractional calculus there are several fractional derivatives. From
them, the fractional derivative introduced by Caputo allows to use Cauchy
conditions which have physical meanings. Recently, a generalized Caputo-
Katugampola fractional derivative was proposed in [14] by Katugampola and
afterwards he provided the existence of solutions for fractional differential equa-
tions defined by this derivative. This Caputo-Katugampola fractional deriva-
tive extends the well known Caputo and Caputo-Hadamard fractional deriva-
tives into a single form. Even if Katugampola fractional integral operator is
an Erdélyi-Kober type operator ([10]) it is argued ([14]) that is not possible
to derive Hadamard equivalence operators from Erdélyi-Kober type operators.
Also, in some recent papers [1, 14, 18], several qualitative properties of solutions
of fractional differential equations defined by Caputo-Katugampola derivative
were obtained.

The present paper is concerned with fractional differential inclusions of
the form

DYPx(t) € F(t,z(t)) a.e. ([0,T]), x(0)=mz, 2'(0)=u2 (1.1)
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where a € (1,2], p > 1, D" is the Caputo-Katugampola fractional derivative,
F:[0,7T] x R — P(R) is a set-valued map and zg,z; € R.

The aim of this paper is twofold. On one hand, we briefly present some
existing results in the literature concerning problem (1.1). Namely, we recall
an existence result of Filippov type, a continuous selection of the solution set
and a sufficient condition for local controllability along a reference trajectory
in terms of certain variational fractional differential inclusion associated to
problem (1.1).

On the other hand, we extend the results concerning the differentiability
of solutions of differential inclusions with respect to initial conditions to the
solutions of problem (1.1). In Control Theory, mainly, if we want to obtain
necessary optimality conditions, it is essential to have several “differentiability”
properties of solutions with respect to initial conditions. Ome of the most
powerful result in the theory of differential equations, the classical Bendixson-
Picard-Lindelof theorem states that the maximal flow of a differential equation
is differentiable with respect to initial conditions and its derivatives verify
the variational equation. This result has been generalized in various ways to
differential inclusions by considering several variational inclusions and proving
corresponding theorems that extend Bendixson-Picard-Lindelof theorem. The
results we extend known as the contingent, the intermediate (quasitangent)
and the circatangent variational inclusion are obtained in the “classical case”
of differential inclusions. For this results and for a complete discussion on this
topic we refer to [2].

The proofs of our results follows by an approach similar to the classical
case of differential inclusions (]2, 12]) and use a recent result ([6]) concerning
the existence of solutions of problem (1.1).

The paper is organized as follows: in Section 2 we present preliminary
results to be used in the next section, Section 4 is devoted to a short survey of
the results existing for our problem and in Section 4 we prove our main results.

2. PRELIMINARIES

Let Y be a normed space, X C Y and z € X (the closure of X).
From the multitude of the tangent cones in the literature (e.g., [2]) we re-
call only the contingent, the quasitangent and Clarke’s tangent cones, defined,
respectively by
K; X ={veY; Fsy,— 0+, vy, =0 &+ Spmum € X},
QX ={veyY; Vs, —0+, Jv, >v: x4+ spvm € X},
— Tm

Co X ={v e Y;V(xm, $m) — (2,0+4), zp € X, Jyp, € X : Ym — Tm

Sm

— v}
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This cones are related as follows: C, X C QX C K. X.

Corresponding to each type of tangent cone, say 7, X, one may introduce
(e.g., [2]) a set-valued directional derivative of a multifunction G(+) : X C Y —
P(Y) (in particular of a single-valued mapping) at a point (z,y) € Graph(G)
as follows

,G(z;v) ={w €Y; (v,w) € 7, Graph(G)}, ve 7. X.

We recall that a set-valued map, A(.) : R" — P(R") is said to be a
convez (respectively, closed convex) process if Graph(A(.)) € R" x R" is a
convex (respectively, closed convex) cone.

Let I := [0,T], denote by C(I,R) the Banach space of all continuous
functions from I to R endowed with the norm |z|c = sup;cr|z(t)|dt and by
LY(I,R) we denote the Banach space of Lebegue integrable functions u(.) :
I — R endowed with the norm |u|; = fo lu(t)|dt.

Definition 2.1 ([14]). a) The generalized left-sided fractional integral of
order a > 0 of a Lebesgue integrable function f : [0,00) — R is defined by

l—«

reef(t) = s [ =) s

provided the right-hand side is pointwise defined on (0, 00) and I'(.) is (Euler’s)
Gamma function defined by I'(or) = [;° t* Te 'dt.

b) The generalized fmctzonal derivative, corresponding to the generalized
left-sided fractional integral of a function f : [0,00) — R is defined by

a—n+1 t s 1 s
D f(E) = (10 L)) = e [ S,,’;i_)nﬂds

if the integral exists and n = [a] + 1.
c) The Caputo-Katugampola generalized fractional derivative is defined
by

(
DEAf(1) = (D] Z i

We note that if p = 1, the Caputo-Katugampola fractional derivative
becames the well known Caputo fractional derivative. On the other hand,
passing to the limit with p — 0+, the above definition yields the Hadamard
fractional derivative.

Definition 2.2. A function z(.) € C(I,R) is called a solution of problem
(1.1) if there exists a function f(.) € L*(I,R) with f(t) € F(t,z(t)), a.e. (I)
such that De’z(t) = f(t), a.e. (I) and 2(0) = zg, 2'(0) = 1.
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We shall use the following notations for the solution sets of (1.1).
S(zo,z1) = {(z(.), f(.); (x(.), f(.)) is a trajectory-selection pair of (1.1)}.

HypoTHESIS 2.3. i) F(,,.) : I x R = P(R) has nonempty closed values
and for every x € R, F(.,x) is measurable.

ii) There exist L(.) € L'(I,(0,00)) such that for almost all t € I, F(t,.)
is L(t)-Lipschitz in the sense that

d(F(t,z1), F(t,z2)) < L(t)|x1 —x2| V z1,22 € R,
where di (A, C) is Pompeiu-Hausdorff distance between closed sets A,C C R
dr(A,C) = max{d"(A,C),d(C,A)}, d(A,C)=sup{d(a,C);a € A}.
On C(I,R) x L*(I,R) we consider the following norm
(@, Plexe = lale +1fli ¥ (@, f) € C(LR) x L\(I,R).

3. A SURVEY ON SOME RECENT RESULTS

The next result ([5]) is an extension of Filippov’s theorem concerning the
existence of solutions to a Lipschitzian differential inclusion ([11]) to fractional
differential inclusions of the form (1.1). We recall that for a differential inclu-
sion defined by a lipschitzian set-valued map with nonconvex values, Filippov’s
theorem ([11]) consists in proving the existence of a solution starting from a
given almost solution. Moreover, the result provides an estimate between the
starting almost solution and the solution of the differential inclusion.

Consider yp, 71 € R, g(.) € L*(I,R) and y(.) is a solution of the problem

DEPy(t) =g(t) y(0) =y, ¥'(0)=uy1.
Denote
1
- (lzo— Ty (0) — 1P¢(T)).
1= 1 ez (0~ 9O+ T O) = ]+ 1274(7)

THEOREM 3.1. Assume that Hypothesis 2.3 is satisfied, assume that
I“PL(T) < 1 and let y(.) € C(I,R) be such that there exists q(.) € L'(I,R)
with I*Pq(T) < +oo and d(Dg"Py(t), F(t,y(t))) < q(t) a.e. (I).

Then there exists z(.) : I — R a solution of problem (1.1) satisfying for
allte I

[z(t) —y() <n Vtel,

[f() =g < L{t)n +q(t)  a.e. (I).
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The proof of Theorem 3.1 may be found in [5].

At the same time, one may obtain the existence of solutions continuously
depending on a parameter for problem (1.1). This result may be regarded also
as a continuous version of Theorem 3.1. The proof is essentially based on the
Bressan-Colombo selection theorem concerning the existence of continuous se-
lections of lower semicontinuous multifunctions with decomposable values([4]).

HYPOTHESIS 3.2. (i) S is a separable metric space, a(.),b(.) : S — R and
c(.): S — (0,00) are continuous mappings.

(i) There erists the continuous mappings g(.),p(.) : S — L*(I,R), y(.) :
S — C(I,R) such that

(Dy(s))3P(t) = g(s)(t) a.e.tel, VseS,
d(g(s)(t), F(t,y(s)(t)) <p(s)(t) a.e.tel, VseS.

We use next the following notation

€)= 7m0 ~ U0+ TI) = (<)) (O] + els) + 1172,

where s € S, [I*PL| := sup,c;[I*PL(t)| and [I**p(s)| := super|I¥Pp(s)(t)].

THEOREM 3.3. Assume that Hypotheses 2.3 and 3.2 are satisfied.
If [ I“PL| < 1, then there exist a continuous mapping z(.) : S — C(I,R)
such that for any s € S, x(s)(.) is a solution of problem

DZPz(t) € F(t,2(t), 2(0) =a(s), 2'(0)=0b(s)
such that
[2(s)(t) —y(s)()| <&(s) V(t,s) €1 xS
As a consequence of this result we obtained a continuous selection of the
solution set of problem (1.1).

HYPOTHESIS 3.4. Hypothesis 2.3 is satisfied, |I“PL| < 1, there ezists
po(.) € LY (I,Ry) with d(0, F(t,0) < po(t) a.e. (I).

COROLLARY 3.5. Assume that Hypothesis 3.4 is satisfied. Then there
exists a function s(.,.) : I x R? — R with the following properties

a) s(., (&m)) € S(&n), V(&) € R
b) (&,n) — s(.,(§,n)) from R? into C(I,R) is continous.

The proof of Theorem 3.3 and Corollary 3.4 may be found in [6].

In order to obtain a sufficient condition for local controllability along a
reference trajectory of differential inclusion (1.1) we use the notion of derived
cone to an arbitrary subset of a normed space introduced by M. Hestenes in
[13].
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A subset D C R" is said to be a derived set to X C R™ at x € X if for any
finite subset {w1,...,wr} C D, there exist sp > 0 and a continuous mapping
a(.) : [0,50]" — X such that a(0) = x and a(.) is (conically) differentiable at
s = 0 with the derivative colwi, ..., wy] in the sense that

- Sk
Rk 56—0 1161

A subset C' C R"™ is said to be a derived cone of X at x if it is a derived
set and also a convex cone.

Among other properties of derived cones we recall the one in the next
lemma and proved in [13].

LEMMA 3.6. Let X C R™. Then x € int(X) if and only if C = R" is a
derived cone at x € X to X.

We consider next the reachable set of (1.1) defined by
Rp(T, X0, X1) :={x(T); =(.)is a solution of (1.1)}.

We define a certain variational fractional differential inclusion and we shall
prove that the reachable set of this variational inclusion from derived cones
Co C R to Xp and C; C R to X7 at time T is a derived cone to the reachable
set RF(T, X(], Xl)

HYPOTHESIS 3.7. i) Hypothesis 2.8 is satisfied, |I*PL| < 1 and Xy, X1 C
R are closed sets.

ii) (z(.), f(.)) € C(I,R) x L}Y(I,R) is a trajectory-selection pair of (1.1)
and a family A(t,.) : R — P(R), t € I of convex processes satisfying the
condition

At u) C QpuyF(t,.)(2(t);u) Yu € dom(A(t,.)), ae. t €1
1s assumed to be given and defines the variational inclusion
D& Pw(t) € A(t,w(t)). (3.1)

We mention that for any set-valued map F\(.,.), one may find an infinite
number of families of convex process A(t,.), t € I, satisfying condition (3.1).
For example, we may take an “intrinsic” family of such closed convex process;
namely, Clarke’s convex-valued directional derivatives C'y) F(t,.)(2(t); ).

THEOREM 3.8. Assume that Hypothesis 3.7 is satisfied, let Coy C R be a
derived cone to Xo at z(0) and Cy C R be a derived cone to X; at 2'(0). Then
the reachable set Ra(T,Co,Cy) of (3.1) is a derived cone to Rp(T, Xo, X1) at
2(T).
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The proof of Theorem 3.8, which essentially uses Theorem 3.3, may be
found in [7].

From Theorem 3.8 and Lemma 3.6 it follows a sufficient condition for
local controllability of the fractional differential inclusion (1.1) along a reference
trajectory, z(.) at time 7', in the sense that

Z(T) S int(RF(T, Xo, Xl))

THEOREM 3.9. Let z(.), F(.,.) and A(.,.) satisfy Hypothesis 3.7, let Cy C
R be a derived cone to Xo at z(0) and C; C R be a derived cone to X1 at 2'(0).
If, the variational fractional differential inclusion in (3.1) is controllable at T
in the sense that Rao(T,Cy,C1) = R, then the differential inclusion (1.1) is
locally controllable along z(.) at time T.

4. THE MAIN RESULTS

Let (y(.),g(.)) be a trajectory-selection pair of problem (1.1). We wish
to “linearize” (1.1) along (y(.),g(.)) by replacing it by several fractional varia-
tional inclusions.

Consider, first, the quasitangent variational inclusion

DEPw(t) € Qyuy (F(t, ) (y(t);w(t))  ae. (1)
{ w(0) =u, w'(0)=v, (4.1)

where u,v € R.

THEOREM 4.1. Consider the solution map S(.,.) as a set valued map from
R x R into C(I,R) x L*(I,R) and assume that Hypothesis 2.3 is satisfied.

Then, for any u,v € R and any trajectory-selection pair (w,m) of the
linearized inclusion (4.1) one has

(w7 71') € Q(y,g)S((y(O)’ y'(O); (u7 U))

Proof. Let u,v € R and let (w,7) € C(I,R) x L(I,R) be a trajectory-
selection pair of (4.1). By the definition of the quasitangent derivative and
from the Lipschitzianity of F(t,.), for almost all ¢ € I, we have

limh_m_;'_ d(D?’pw(t)’ F(ty(t )+hw§f)) Dg py(t))

limp_o d(m(t), Ll )HZw( D=olt)y _

Moreover, since g(t) € F(t,y(t)) a.e. (I), from Hypothesis 2.3, for all
enough small A > 0 and for almost all ¢t € I, one has

d(De " (y(t) + hw(t)), F(t, y(t) + hw(t))) = d(g(t) + hr(t), F (¢, y(t)+
hw(t))) < h(|x(t)] + L(t)w(t)])

(4.2)




646 A. Cernea 8

By standard arguments (e.g., Lemmas 1.4 and 1.5 in [12]) the function
t — d(g(t) + hm(t), F(t,y(t) + hw(t))) is measurable. Therefore, using the
Lebesgue dominated convergence theorem we infer

0 By (17 — 59)2 " Lst= (DO (y(t) + hw(t)), F(L, y(t) + hw(1)))dt <
Oy TPt [T A(DSP (y(t) + hw (1)), F(t,y(t) + hw(t)))dt = o(h),

(4.3)

where limp_,o1 @ =0.
We apply Theorem 3.1 and by (4.3) we deduce the existence of M > 0
and of trajectory-selection pairs (yp(.), gn(.)) of the second-order differential

inclusion in (1.1) satisfying
lyn —y — hwlc + [gn — g — hrr|y < Mo(h),

yn(0) = y(0) + hu,  y;(0) = y'(0) + hv,
which implies

Y-y
hl_1>r(r)1+ o =w in C(I,R),
. gn — g . 1

1 = L (I,R).
Jp Syt = DOR)

Therefore

S((y(0) + hu, y'(0) + hv)) — (y,9)
h

g%l+dCXL((w77T)7 ) =0

and the proof is complete. [

We consider next the variational inclusion defined by the Clarke direc-
tional derivative of the set-valued map F(¢,.), i.e., the so called circatangent
variational inclusion

D w(t) € Cypy(F(t,.))(y(t); w(t) a.e. (I)
{ w(0) =u, w(0)=v. (4.4)

THEOREM 4.2. Consider the solution map S(.,.) as a set valued map from
R x R into C(I,R) x L'(I,R) and assume that Hypothesis 2.3 is satisfied.

Then, for any u,v € R and any trajectory-selection pair (w,m) of the
linearized inclusion (4.4) one has

(wa 7T) € C(y7g)8((y(0)7 y'(O); (uv ’U))

Proof. Let u,v € R, let (w,7) € C(I,R) x L'(I,R) be a trajectory-
selection pair of (4.4), let (yn, gn) be a sequence of trajectory-selection pairs
of (1.1) that converges to (y,g) € C(I,R) x L'(I,R) and let h,, — 0+. Then
there exists a subsequence g;(.) := gn,(.) such that

lim g,(t) = g(t) a.e. () (4.5)
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Denote \; := hy,. From (4.4) and from the definition of the Clarke
directional derivative, for almost all ¢ € I we have

Pu(t), F(ty; (t)+>\j1§\(f))—D?’pyj ) ) =

F(tys()+w(0)-9i0)y _

Aj

Since g;(t) € F(t,y;(t)) a.e. (I), for almost all ¢ € I, we get
d(DE" (y; (t) + Ajw(t)), F(t, y;(8) + Ajw(t))) = d(g; (&) + Ay (t), F (¢, y;(t)
+Aw(t))) < Aj(Im(B)] + L) w()])-

The last inequality together with Lebesgue’s dominated convergence the-
orem implies

f I‘(aa — ") 7L R A(DE (y; () + Ajw (1)), F(t, y;(2) + Ajw(t)))dt <
) A(DE () + Njw (D)), Pt (1) + Ajw(t)))dt = o(Xy),

lim d(Dg"

limp, 04 d(7(2),

F(a
(4.7)

where lim; o, ()\ i) — 0.

We apply Theorem 3.1 and by (4.7) we deduce the existence of M > 0 and
of trajectory-selections pairs (g;(.),g;(.)) of the fractional differential inclusion
in (1.1) satisfying

17, — v — Nwle + 15; — 95 — Aiwh < Mo()y),

7,;(0) = y(0) + Nju, 7;(0) ='(0) + Ajv.
It follows that

lim 2 Y —w i C(,R),
Jj—o0 )\j
im %Y — ¢ W L'ILR),
j—0o0 )\j

which completes the proof. [

Finally, we consider the contingent variational inclusion

DEPw(t) € ok g4 (F(t, ) (y(t); w(t) a.e. (I)
{ w(0) = u, w/((g]) = . (4.8)

THEOREM 4.3. Consider the solution map S(.,.) as a set valued map
from R xR into C(I,R) x L>*(I,R), with L>(I,R) supplied with the weak-*
topology and assume that Hypothesis 2.3 is satisfied.

Then for any u,v € R one has

K(y,9S((y(0),9'(0); (u,v)) C

{(w,7); (w, ) is a trajectory-selection pair of (4.8)}.
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Proof. Let u,v € R and let (w, ) € K, S((y(0),%'(0); (u,v)). Accord-
ing to the definition of the contingent derivative there exist h,, — 0+, u, —
u, v, — v, wp(.) = w(.) in C(I,R), m(.) = 7(.) in weak-* topology of
L>(I,R) and ¢ > 0 such that

| (t)| < ¢ a.e. (1),
g(t) + hnmn(t) € F(t,y(t) + hpwn(t)) a.e. (1), (4.9)
W (0) = up, w,(0) = vy,

Therefore,
wp(.) converges pointwise to  w(.)
7n(.) converges weak in L'(I,R) to 7(.)
We apply Mazur’s theorem (e.g., [9]) and we find that there exists

(4.10)

om() = 3 abmy()

vm(.) = 7(.) (strong) in L'(I,R), where af, > 0, >.°2 ain = 1 and for any
m, ab, # 0 for a finite number of p.

Therefore, a subsequence (again denoted) v,,(.) converges la m(.) a.e..
From (4.9) for any p and for almost all ¢t € T

w(t) € hlpmt, y(t) + hpwy(t)) — g(t) N B

Let ¢t € I be such that v,,(t) — w(t) and g(t) € F(¢,y(t)). Fix n > 1 and
€ > 0. From (3.9) there exists m such that h, < 1/n and |w,(t) —w(t)| < 1/n
for any p > m.

If, we denote

Bz, h) 1= 1 (F(t, (1) +h2) — g(1)) B

then
v (t) € co(Uhe(Q%]7263(1”@),%)(25(% h))
and if m — oo, we get

7(t) € T0(Une(o, 1 zeBlu(r), 1) P(2: 1))-
Since, ¢(z,h) C ¢B, we infer that
m(t) € €0 Ne>0n>1 (Upe(0,1),2eB(w(r), 1) 92, h) + €B).
On the other hand,
Ne>0n21(Une(o,2] e Bu(n, 1) P(%: 1) + €B) € Ky F (L) (y(1);w(t)

1
n

and the proof is complete. [
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