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1. Introduction

Due to the multiple applications of fractional differential equations in science, many
have authors studied various types of these applications, such as [1-4].

The motivation for considering nonlocal Cauchy problems is the physical problems.
For instance, it has been used to determine the unknown physical parameters in some
inverse heat condition problems.

Sometimes, an impulsive action continues to be active on a finite time interval. In this
case, impulses are called non-instantaneous. In [5-8], there are many results concerning
the existence of solutions of differential equations or inclusions with non-instantaneous
impulses of fractional order y € (0, 1), while in [9-11], the authors considered second-order
non-instantaneous impulsive differential equations.

Under different conditions, many authors have investigated the existence of solutions
for differential equations or inclusions of order v € (1,2); for example, Li et al. [12]
considered an abstract Cauchy problem, He et al. [13] treated with nonlocal fractional
evolution inclusions, and Wang et al. [14] generalized the work done by He et al. [13] to a
case when there are non-instantaneous impulses.

On the contrary, it is known that controllability is a primary concept in control theory,
which is important in both engineering and the sciences.

Recently, many researchers have studied controllability problems for different kinds
of fractional differential equations or inclusions in infinite dimensional Banach spaces
using different methods. In most of the existing works, different fixed point theorems and
measures of non-compacntness have been employed to obtain a fixed point of the solution
operator corresponding to the considered problem, and under restrictive hypotheses such
as the compactness of the semi-group generated by the linear part (see [9]) or the nonlinear
term (single-valued function or multi-valued function) satisfies a Lipschitz condition in
the second variable (see [10,15-17]) or verifies a compact condition involving a measure of
non-compactness (see [18-21]).
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Consider the following non-instantaneous impulsive semilinear differential inclusion:

“DS 5x(8) € A(x(8)) + F(9,x(8)) + Y(u(8)), ae.d € (s;, 8j11),j = 0,1,.... k,
( ) c;j(9;, (19]))]:1, ...... k,
) ]( (19 ), o (19]' Sj],j =1,...k,
x(O) Xg — (x),x (0) = x1,

where J = [0,T],T > 0,a € (1,2), E is a real Banach space (the scalar field is R),
‘DY 6 is the Caputo derivative [22,23] of the order a with a lower limit at s;, A is the

M

1nf1r11te51mal generator of a strongly continuous cosine family of bounded linear operators
{C(8) : ® € R}inE,and F : [0,T] x E — 2F — {¢} is a multi-function. Moreover,
0=50< 01 <51 <t <sp <3+ <5 < Vyp =T, M(ﬂ;r), u(19]_) are the right
and left limits of a function u at the point §;, respectively; xo,x; € E are two fixed points;
0 [l9j,sj] xE— E, j =1,2,...,k, are continuous functions, such that for any x € E,
the function ¢ + ¢;(9, x) is differentiable; ¢ : PC(J,E) — E, where PC(J, E) will be
specified later. Let LP(J,X), p > %, be a Banach space of admissible control functions,
where X is a real Banach space. The control function u is in L” (7, X), and Y is a bounded
linear operator from X into E.

Motivated by the works cited above, we prove, in this paper, without assuming that
the semi-group {C(9) : ¢ € R} is compact or the multi-valued function F is Libschitz in
the second variable or satisfies any condition involving a measure of non-compactness,
and by using a fixed point theorem for weakly sequentially closed graph operators, the con-
trollability of problem (1).

To clarify that our work improves the existing results: He et al. [13] showed the
existence of mild solutions for (1) when'Y = 0, F satisfies a compactness condition, ¢; = s;
and Uj(ﬂj,x(ﬂf)) = x(19]7) ; Wang et al. [14] assumed a compactness condition on F
and showed the compactness of the solution set for (1) when Y = 0; Muslum et al. [16]
discussed the controllability of (1), when F is a single-valued function satisfying a Lipschitz
condition in the second variable and & = 2; Li et al. [12] and Zhou et al. [17] discussed the
controllability of (1) when F is a single-valued function satisfying a Lipschitz condition in
the second variable or a compactness condition, ¢ = 0, ¢; = s; and ¢;(9;, x(19]_)) = x(ﬂj_ ).

Moreover, there are results on the controllability without any compactness conditions
of systems of fractional order ¢ € (0,1), such as [24-26]. Furthermore, in [24], problem (1)
was considered when A = 0, and in [27], there were no impulse effects.

Finally, Sheng et al. [28] studied the controllability of nonlinear dynamical systems
with a Mittag-Leffler kernel involving AB -derivative of order y € (0,1) in the absence of
impulse effects, where the linear part is a matrix operator.

We observed no study concerning the controllability of (1) without imposing any
compactness condition on either the generating semi-group {C (&) : ¢ € R} or F. These are
the main objectives of this paper.

This paper is organized as follows. Section 2 collects the known results, Section 3
contains the main results, and Section 4 provides examples to illustrate our theory.

2. Preliminaries and Notation
Let P;(E) = {S C E : S is non-empty, convex, and closed}; P.,x(E) = {SCE:Sis
non-empty, convex, and weakly compact}; Ey, is the space E endowed with weak topology.
For set D C E, we denote by D" the weak closure of D. For more information about the
strongly cosine family, the reader can see [29], and for multi-valued function, [27].
Consider the Banach space:

PC(J,E) = {x:J = E:x|, € C(J;,E),
]
and x(19+) and x (¢ f T )existforeachj = 1,2,..k},
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endowed with the norm:

|2 |lpc(7,p) = max {|[x(39)]| : 8 € T},

where Jy = [0,¢1] and J; = [0}, 8;11)-
The following lemma is a particular case of Theorem 2.2 [30].

Lemma 1. Let Z C PC(J, E) be weakly compact and convex, and N : Z — P, (Z)(the family of
non-empty closed and convex subsets of Z) be a multi-valued function with a weakly sequentially
closed graph. Then, I has a fixed point.

According definition 2.7 in [14], we give the following concept.

Definition 1. By a mild solution of (1), we mean function x(.,u) € PC(J, E) such that:

Cy(® )( —0o(x)) + K4 (9)x
+f0 (0 —s)T" 1Pq( s)(f(s) + Y(u( ))ds, 8 € [0,84],
x(0,u) = { 0(8x(87)),0 € (9sj=12.k 2)
Cq(ﬂ ])ff](s], x(9; ))+K (9 —sj)oj(sj, x(8;))
+f — )T 1P (8 —s)(f(s) + Y(u(s))ds, 8 € [sj,8j11],] = 1,2,...k,

where f € S}T(.,x(.,u))’
o) 4 o
C,(9) :/0 £,(0)C(870)d0, K, (9) :/O Cyls)ds, 0> 0,9 = 2,

P,(8) = a /Ooo 02,(0)S(970)d0, 6 > 0,

& (6) = ;9‘1‘qw,,(9 1), 6 € (0,00),
and:
W, (6) = i}i(—l)"lf)qnlr(mi!—’_l)sin(nnq).
3. Results

In this section, we discuss the controllability of problem (1).

Definition 2. System (1) is considered to be controllable on J = [0, T] if, for every xo, x1, X1 €
E, there exists a control function u € LP(J,X), p > %( 5 ), such that the corresponding mild

solution satisfies x(0) = xo — o(x),x'(0) = xq, and x(T) = x7.

In order to establish the controllability of (1), we need the assumptions stated below:

(HA) A : D(A) C E — E is the infinitesimal generator of a strongly continuous
cosine family of bounded linear operators {C(?) : # € R} in E and there is M > 0 with
supy~o |[C(9)|| < M.

(HF) F : J x E — 2F — {¢} is a multifunction with non-empty, convex, weakly
compact values such that:

(i) Forevery x € E, the multifunction ¢ — F(9, x(¢)) has a measurable selection;
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(ii) For any natural number n, there is function ¢, € LF(J,R"), p > %(q = %) such that
SUP||4/|<n [|F(8,x)|] < @u(8) fora.ed € J, and:

fmine PR
n—oo n

®)

(iii) For almost® € J,x — F(¥,x) is upper semi-continuous from Ey, to Eyx.
(Ho) o : PC(J,E) — E is a function such that if x, — x in PC(J, E), then o(x,) —
o(x), and there are two positive real numbers 4, d, such that:

llo()| < al[x][ +d,Yx € PC(T, E). )

(H)For every j = 1,2, .., k, the function i [19]- sj} x E — E is such that:

(i) Forany x € E, the function @ — ¢;(8, x) is continuously differentiable;

(ii) There are positive real numbers h;,,j = 1,.k, such that ||o;(¢,x)|| < hjl|x[],¢ € [¢;,
sj},x € E;

(iii) There are positive real numbers 7, j = 1, ..k, such that ||U]f(z9,x)|| < njllx|l, ¢ € [sj,
sj},x € E;

(iv) Forany ¢ € J, o; (8,.) and (7]( (8,.) are continuous from Ey, to Ey .
(HW)The operator W : L (J,X) — E,

T

W(u) :/ (T — )17 1P,(T — 5)Y (u(s) )ds.
Sk

has an inverse W~1 : E — LP(J,X)/Ker(W), such that there exists a >z > 0 with

W1 || < and [IY]| < 5.

Lemma 2 ([13]). Condition (HA) implies that for any (8,x) € (J x E), we have

1Cq(@)x[| < M[x[[, [[Kq(8)x[| < OMY|x[|, and ||Ps(9)x|] x[|.99. ()

M
<
= T2
Remark 1. The operator W is well defined. In fact, from (iii) of Lemma 2, it follows that:

T
Wl < g [T =P Y ) s
xMT?11
< WH”HU(JX)-

We recall this lemma.
Lemma 3 ([31]). Assume that F : J x E — 2F — {¢} is a multifunction and satisfies (HF).
Then, for any x € C(J,E), the set S}(.x(.)) = {f € LN(J,E) : f(®) € F(8,x(8)),a.e.} is
not empty.

In the next proposition, we present a similar result to in Lemma 3, but in the space,
PC(J,E).

Proposition 1. IfF : J x E — 2F — {¢} satisfies (HF), then
forany x € PC(J,E), the set:

Stix(y = \f €LP(T,E): f(8) € F(8,x(9)),a.e},

is not empty.
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Proof. Let x € PC(J,E). Forevery j =0,1,2, ..., k, we define:

. x(9);9 € T,
¥ (8) = { x(ﬁ;_);ﬁ = é‘

)

Then, x]?k eC (7], E). By applying Lemma 3, there exist measurable functions f]* :
Ji —E, j=0,,..k such that fi € L'(J;, E) and f(9) € F(8,x7(9)),a.e8 € J; Define,f :
J — E f(¥) = f]»*(ﬂ),é‘ € J.Obviously, f € LY(J,E) and f(8) € F(9,x(9)),a.e.9 €
J. Moreover, by condition (HF)(jj), there is ¢ € LP(J,R"), such that ||F(9,x)|| <
¢(09), fora.e. ¥ € J . Therefore, ||f(9)|| < ¢(8), for a.e.d € J Hence, f € LP(J,E). O

In the next theorem, we present the first controllability result for problem (1).

Theorem 1. Suppose that (HA), (HF), (Ho), (H), and (HW) are satisfied. Then, system (1) is
controllable on J provided that:

2

—i—rigf[h%—T;y] <1, (6)

M(a+h+Tny) 29

@-1)P
whereh—Z] ],17—2] Oq]andé‘ fo Ea ds) 7.

Proof. In view of Proposition 1, for any x € PC(J,E), the set SI’;(.X(_)) is not empty.
Then, for any x € PC(J,E) and any f € Sg(. +())” We can define the control function
uy s € LP(J,X) as:

Upf = Wl xr — Cy(T — si) o (s, (8 ) — Ko (T — s) o7 (sx, x(0;))

—/T(T—s)q_qu(T—s)f(s)ds]. )

Sk

So, a multifunction N : PC(.7,E) — 2PC(JE) can be defined as follows: For x €
PC(J,E), function y € N(x) if and only if:

Cy(® )( —0(x)) + Kq(8)x1
+ fy (9 —s)1- 1Pq(l9 $)(f(s) + Y (uyf(s))ds, & € [0,01],
y(0) = { 9j(8,x(87)),8 € (9,5, =1,2,..k ®)
Cq(ﬂ )a](s], (19_)) +Kq(l9—sj)a]f(sj,x(19j_))
+f — )1~ 111,(19 $)(f(s) + Y(uxf(s))ds, 8 € [sj, 0j41],j = 1,2,..,k,

where f € S}E(‘,x(.)).
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Using the control function, defined by (7), we prove that any fixed point for N is

a mild solution for (1)

, and such a solution satisfies x(0) = xyp — ¢(x),x’(0) = x; and

x(T) = xr. In fact, if x is a fixed point for N, then from (HW), (7) and (8), it yields:

Co(T — sp) e (sp, X (8 ) + Ko (T — si) o (s, (8 )

—l—/ s)f(s)ds
+W(ux,f)
Cy(T — s)ox (s, x(8; ) + Kg(T — s ) oy (s, x (8 )

o
+x1 — Cq(T — si) oy (sx, x(9 )
—Kg(T — sp) oy (s, x(8; )

- /T(T — §)TLp, (T — 5)f(s)ds

Sk
XT.

1
T —s)T " Py(T —

T —5s)1 P (T —s)f(s)ds

Now, for any natural number k, set Dy = {x € PC(J,E) : [|x[|pc(y,g) < k}-

Step 1. In this step, we assume that there is a natural number kg, such that N (Dko) -
Dy, Assume the opposite. So, for any natural number r, there are x,,y, € PC (J,E)
with y, € N(xr), [|%r|lpc( 7,6y < 7 and [[yr[lpc(7,g) > 7- Then, there is (fr)j>1 € S}f(.,x,(.))’

such that:

yr(ﬁ)

Cy(8) (30 — o)) + Ky (0
+ J3 (0 = )T 1Py (8 = 5)¥ (1 1. (5))ds, 8 € [0, 81),
(0,50, )),0€ (050, =12,

Cy(0 s])a(s],x,(ﬁ] )+ Kq(8 —sj)e j(sj,x,(ﬁj_
+f —8)T7 1Py (8 — )Y (uy, 1, (5))ds
+f 9 —s)1~ 1Pq(19—s)f(s)ds19€[s], ]+1]]—12, k.

xl—l—fo —5)171P, (8 —s) f(s)ds

) ©

If ¥ € [0, 8], then:

ly ) < M (1xoll + llo()Il) + MT| ||
M 0
[ 9 — 2q—1 . (s)ds
+F(2q)/0( DREO)
Mse P o 1
= — )%
g =P g 6
= (||x0||+m’+d)—l-MT||x1||
MT?~
+ﬁ‘|¢r||Ll(jR+)

+ M )
T2q) sl a.e)-
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Notice that:

a1, L0 (7, E)

< W e — Gyl — sk, 2 (7)) — Ky(T — 500k 51, %1 (8 )
S A YC BV ABEE [

< W Dlaell+ M+ Ty
ey [ (TP )

< M+ MTyr 4+ M7
>~ %[HXT||+ r+ 777’+ WH(PVHU(],R*)]'

This implies that:

v @O < M (llxol[ +ar +d) + MT|[x]|

MTqul
+Tzq)“¢f||Ll(j,R+)
M MT?-1
+@§[| |xr[| + M hr + MTnyr + WH%' (7 r)-

If9 e (19j sj],j =1,2,...,k, then:
yr ()] < loj(, x (8 )| < hr < Mrh
Let ¢ € (sj, 9j;1]. By applying the arguments used in the case ¢ € [0, 9], it yields:

[y ()] < [1Cq(8 = 5))0j(sj, x(8; )| + |[Kq (8 = 57)7 (51, x(8;))

MTZq—l
+T217) lorll g7

M?

Teg)

M
&l fxr|| + M hr + MTyr + W”@HL’“(ZR*)]

MTZq—l
Mr h+ MTyr + WHW |17 R)-

IN

M2 M
+W€H|XTH + M hr + MTnr + WHG"?HLPU,Rﬂ]-

Then:

yrllpczey < M ([|xo0l| +ar +d) + MT||x1]|
MTZq—l
+M hr+MT1’]T+W||(P7‘HL1(j,R+)

262 2q—1

M MT=
+WC[||XTH + M hr + MTnr + WH%HU(J,W)}-

By dividing both sides by r and taking the limit as r — co,we get:

M2

F(Zq)g[M h+ MTy],

1<M(a+h+Ty)+

which contradicts (6) and our claim in this step is completed.
NOW, let kO be N(Dko) g Dko'
Step 2. The restriction of N on Dy, has a weakly sequentially closed graph.



Symmetry 2021, 13, 566

8 of 18

Consider a sequence {x; },>1 with x, — xin Dy, y, € N(x,) withy, — yin PC(J,E)
and fr € SI;(_ o) such that y, satisfies (9). Notice that the set ||x,(9)|| < ko, Vr > 1, and

V¢ € J. Hence, by (ii) of (HF), there is ¢i, € LP(J,R") such that:
£ (@)l < 9y (8),¥r > 1, and n.e.d € 7, (10)

which implies with the fact P > % > 1, that there exists a subsequence of ( f;;), which we
denote again by (f,,), such that f, — h € LP(J,E).

On the contrary, it is known that linear bounded operators on normed spaces map a
weakly convergent sequence into a weakly convergent sequence, and hence, by (Ho') and
(H)(jv), we get, forany ¢ € J :

Cq(8)(x0 — o(xr)) = Cy(8) (1o — o (x)),
Cq(ﬁ — Sj)(fj(Sj, xr(ﬁf)) — Cq(ﬂ — S]')(T]'(S]',x(l’i»,

and:
Kq(9 —sj)oi(s), x(9;7)) = Kq(8 — sj)a]{(sj,x(ﬁ;)).

Next, forany j = 0,1,2, .., k, consider the operator R; : U’([s]-, 19]-+1], E)— C( [sj, l9j+1], E),
defined by:

4
Ri(£)(®) = [ (8=5)1"Py(0 —5)f(s)ds. @)
i
Clearly, Rj,j =0,1,2,..., k are linear. In addition, using Holder’s inequality, we get:
M L%
R; 9 < 7/ & — )21 £(s)||ds
[IR;(£)(9)]] T20) Sj( VO]
M '] (2g-1)P Po1
< nglﬁﬁwvldwp|fmﬂw%¢a
Mg

= m”fHLP([SjﬂjH],E)'

which means that R; is bounded and, hence, continuous. In order to prove that R;(f;)(8) —
Rj(h)(ﬁ) inE, ¢ € (s]', 19]»“], j=0,1,2,.,k suppose that v : E — R is a linear continu-
ous functional and ¢ is a fixed point in[s;, 9;1]. By the linearity and continuity of R;,
the operator f — v(R;(f)(8) is linear and continuously functional on L¥ (7, E), and hence,
Ri(fr)(®) — R;j(h)(8). Then, for any ¢ € [s;, 841, j =0,1,2,.. k:

/%a-@%%ﬂﬁ—gﬁ@M&

j
converges weakly to:

9
Lﬁﬁ—@Wﬁﬂﬁ—QMQ%.
Next, forany j =1,2,., k. letS;: E — C([sj, T), E):

Si (x)(8) = /;9(19 — s)q_lpq(lﬁ‘ —5)Y(W1(x)(s))ds. (12)

)
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By the linearity of the integral operator and of the operators P,(.), Y and W~1, one
can easily see that S;,j = 0,1,2, ..., k are linear. Moreover, applying to Holder’s inequality
gives:

155 (x) ()]

4

f @I @ s
M _

W Wl

2ME

AL

This shows that S i j=1,2,.., k are bounded and, hence, continuous. By arguing as
above, one can show that:

IA

IN

Sj(x1 — Cy(T — si)oxc (s, %, (0 ) — Kg(T — se) o (s, (8 )))
converges weakly convergent to:
Sj(xr — Cq(T — si) ok (s, x(0; ) — Kg(T — s) 0 (s, x(8; ).

Now, forany j = 1,2,..,m.let ¢; : LP([s;, T], E) — C([s;, T|, E) be defined as:

4
8 (N®) = [(@=5) 1P —3)x

YW1 - /T(T — 1)17LP,(T — 1) f(7)d7](s))ds. (13)

By the linearity of the integral operator and of the operators P;(.), Y and W~!, one can
easily see that ¥;,j = 0,1, 2, ..., m are linear. Moreover, applying to Holder’s inequality gives:

18 ()]
M [? _

< F(q)/s] (0 —s)2" x
W /SkT<Tr)q-lzwr)f(r)dr](smxds

< ffﬁuwl[— /SkT<T—r>q1Pq<T—T>f<T>dﬂ||m<J,X>
2

< (Mf (T 1Ry (T - D) f ()il

< 2M25 2 f(2)dx]
- M=¢2

< (2[7)(;;fLP([sk,T},E)
2> M2E2

< T(29)2 [f e (s, 1 E)-

This shows that 19j, j=1,2,.,k arelinear and bounded and, hence, continuous. Then,
by applying the same arguments used above, we can clearly that:

4 T
/S(a—s)qflpqw—s)\{(w*[—/ (T — 1)171P,(T — 1) f, (1)d7](s))ds,

i Sk
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converges weakly to:

% T
/ (9 — )11, (8 — s)Y (W[~ / (T — 1)171P, (T — T)h(7)d7](s))ds,
Sj Sk
From the argument above, we get y,(8) — v(9), V¢ € J, and yr(ﬁ]f") — v(ﬁ;r),
j=0,1,2,.,k where:

Cy(® )( — (%)) + Ko(9)x1 + [ (8 — )T 1Py(8 — s)h(s)ds
+f0 (8—s)T" 1Pq(l9 )Y(”x,h( s))ds, ¢ € [0, 1],
0j(9,x(8;7)),0 € (9,51, j =1,2,.., k
v(0) = Cq(19 )U](s]' (19‘)) + Kq(8 —s)0i (s, x(8;7)) (14)
+f —s)1” 1Pq(l9 $)Y (uy,f(s))ds
+f — )17 1Py (0 — s)h(s)ds, 8 € [sj, 041, = 1,2,.. k.

Furthermore, by following the arguments used in the first step, we can show that
the sequence {y,},>1 is bounded in PC(J, E). Then, by Lemma 2.5 in [24], y, — w in
PC(J,E). By the uniqueness of the weak limit, we get y(¢) = v(9),9 € J.

Next, we demonstrate that h(9) € F(8, x(8))for a.e.d € J. From the weak conver-
gence of (f;) toward h, the Mazur’s Lemma ensures the existence of a sequence, (h,),
of convex combinations of (f;) with h. (%) — h(9), for a.e.d € J. Let 9y € J be such
that 1, (%9) — h(d), fr(00) € F(8o,x,(8)),¥r > 1, F(¥,.) is upper semicontinuous from
Ew to Ey and h(9y) ¢ F(8y,x(d)). In view of the Hahn Banach theorem, there is an open
convex set (), such that F(8, x(8%)) C Q and h(d) ¢ Q. Notice that Q) is weakly open
(first statement in Remark 2.7 [24]), then by the upper semi-continuity of F(dy,.) at x(d),
there is a weak neighborhood U for x(d), such that if z € U, then F(8,z) C Q). Because
xr(%0) — x(d), it follows, by the second assertion of Remark 2.7 in [24], that there exists
a natural number ko with x,(d) € U, Vr > ko, and hence f,(9y) C Q, Vr > ko. Since Q is
convex, h, (%) € Q,Vr > kg, which implies that h(d) € (), and this contradicts the fact
that h(dy) ¢ Q. Therefore, h(8) € F(8,x(9)) fora.e. ¥ € J.

Step 3. In this step, we prove that N(Dy,) is relatively weakly compact.

Let y, € N(x;) and x, € Dy,. This implies that, for any » > 1, there is f; €
Sllf(.,x, ) such that y, satisfies (9). By using the same arguments employed in the pre-
vious step, there is a subsequence of (f;), denoted again by (f), with f, — h € LP(J,E)
and y, — v, where v is given by (14) Then, N(Dy,) is relatively weakly compact.

Step 4. Let Zy, = co(N(Dy,) )", From Step 3, (N (Dko) is weakly compact compact,
and hence, Zy, is convex and weakly compact. Furthermore, since Dy, is convex and closed,
and using the first statement in Remark 2.7 in [26], we have Dikow = Dy, Then, by step 1,
one has

N(Zy,) = N(@(N(Dy,)") € N(c5(Dy,)") = N(co(Dx,)) = N(Dx,) C Zi,-

By noting that Z; is convex and weakly compact and by applying Lemma 1, N has a
fixed point. This completes the proof. O

In the following, we give another controllability result for(1) under a less restrictive
growth assumption.

Theorem 2. Under the assumptions of Theorem 1 after replacing (HF)(ii) by the following condition:
(Hp)* there exists ¢ € LF(J,R™), p > %, such that for any x € E :

[[F(@8,x)[| < ¢(8)(1 + ||x]]), foraed € T, (15)
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then, system (1) is controllable on J provided that:

MTZ q—1
M(a+h+Tn)+ —5~ T el re

M?25:2 T29-1
+WC[”!+ T+ ( )||(P||L1 jR+)]<1. (16)

Proof. We only need to prove that there is a natural number ko, such that N(Dy,) C Dy,.
Assume that there are x,,y, € PC(J,E) withy, € N(x,), Hxiprc(j,E) <r ’”%’HPC(J,E) > 7
and (fr)r=1 € S}(_,Xr(.)), such that:

Cy(9)(x0 — (xr)) + Ky (0 xl“‘fo —s)1” 1Pq( — ) fr(s)ds

+ Jy (8= )T 1Pq< $)Y (i, 5. (5))ds, 8 € [0, 1],

a]w x(87)),8 € (8,5, =1,2,..k

yr®) =9 ¢80 -s)e (s],xrw] ) + Ky (8 = 5,)0% (), %,(87)) (17)
—l—f — )17 1P, (9 — $)Y (uy, £, (s))ds

+f — )T 1Py (8 —5)f(s)ds, 9 € [sj,0j41],j = 1,2,.., k.

\.

Note that, by (15):
@) < Q+7)p(d)aed e T. (18)

If ¥ € [0, %], then from (17) and (18), it yields:

@I < M (llxol[ + [lo(xr)[[) + MT|[x1]|

MF((12?7L)F) /019(19 — )21 g(s)ds
+rA<4z§> /O%_sw1||ux,,f,<s>>||ds

IN

M ([|xo|[ + ar +d) + MT||x1]]

(1+r)MT?1
WH‘P\ \Ll(j,ﬂv)

[tx, 1,0 (7, E)

< W ey — (T = se)or(si, (87 ) — Ky (T = 56)k (56,3785 ))
- [T )l
< WU (fxrl + 7 M+ MTy 7
M(+r) (T 20-1
T L (T el
MT?> Y1+ 7
< sl + M+ M+ P U Dol ]
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It follows that:

@) < M (l[xol[ +ar +d) + MT|[u]]

MT2‘7_1(H—1)|| I
g IR

2q—1

M MT
+=Cllxr|| + M hr + MTyr + WH?HU(J,}RM-

I'(2q)

Ifd e (19] sj],j:1,2,...,m,then:
yr (@] < [loj (0, %, (8 )| < hr < Mrh

Let ¢ € (s}, 9j;1]. Asin the case ¢ € [0, 8], we get:

[y ()]
MT?171(r +1)
< _
< MTh+MT177’+ r(zq) ||(P||L1(J,]R+)

M2 1 T29-1
+ iyl + M+ MTyr + A+ r)MTT

Then:

r < Alyrllpe(g,ey < M ([[xol| +ar+d) + MT]|x]|

MTZq—l(r+1)|| I
g IR

(1+r)MT?!

+M hr + MTnyr +

M

By dividing both sides by r and taking the limit as r — oo, we get:

MTqul
1 < M(IZ +h+ TU) + Tzq)Hq)HLl(j/RJr)

TZq—l
h+Tn+ WH(PHLl(j,Rﬂ]r

which contradicts (16). [

T(29) ||§0||L1(j,R+)§]-

The next theorem gives another controllability result for (1) under a less restrictive

growth assumption.

Theorem 3. Under the assumptions of Theorem 1 after replacing (HF ) (ii) by the following condition:
(H)** there exists ¢ € LP(J,R"),p > +, and a nondecreasing function B : [0,00) —

i
q/
(0, 00), such that for any x € E :

HE(@, 2| < 9(@)B(l[x[]) for aed € T,
then, the system (1) is controllable on T, provided that there is v > 0, such that:

r < M(||xol| +ar+d)+ MT||x]||
MH I
rg) IR

M2 B(r)MT?11
+WCH |[xr|| 4+ M hr + MTyr + WH@HU(],M)]-

+M hr + MTnyr +

(19)

(20)
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Proof. It is sufficient to prove that there is a natural number ko, such that N(Dy,) € Dy,.
Assume that there are x,y, € PC(J, E) withyy € N(x;), [|xr[ pc(g,6) < 7 ollYrllpe(gp) > 7

and (f;)r>1 € S%(.,x,(.))’ such that y, satisfies (17) Notice that, by (19):

(@) < @(8)B(r),ae8 € J.
So, if ¥ € [0, %], then:

lyr@)I1 < M (ol + lloll) + MT[|xa |
r 4
+1\1:I([;E7))/0 (0 — )% Lo(s)ds
P 4
g @ =9 a1 6)) s
M (|[3oll +ar +d) + MT|x |

B(r)MT1~!
WH?" |L1(j,R+)

IN

* ;; | | Xr,Jr | |L E

||”xr,f,, | |LV(j, E)

< ||W71[xT_Cq( — Sm) O (Sm, % (0,)) — Kg(T = 5) 0 (S, X (8;,))
- [ @ BT =968l
< WY [llxg|| + M hr + MTy r
MB(r) [T o 29-1
+F(2q) /SW(T s) ¢(s)ds
MT2171(r)
< e i S
< %[||xT||+Mh7+MT177’+ F(Zq) ||§0||L1(j,R+)]~
It follows that:

@) < M (l[xol +ar +d) + MT|[u]|

MT>1B(r)

W ol |L1(j,R+)

M r)YMT?1-1
+tagyellsrll + M ar Ty + B )

I'(2q)
If9 e (19j sj],j =1,2,...,m, then:

yr (@] < [loj (0, %, (8 )|| < hr < Mrh

Let ¢ € (s, 0j;1]. Asin the case ¢ € [0, 9], we get:

[y ()]

2q—1
< Mrh+MT17r+—MT (r+1)

M2 (1+r)MT2-1
+=56 WH(I’HU(LW)]-

r(24) [||x7|| + M hr + MTyr +



Symmetry 2021, 13, 566

14 0f 18

Then:

r < yrllpcr,py < M (l[xol| + ar +d) + MT|[x1]|

rg) 7R

B(r)MT?1~1
W'M |L1(j,R+)]r

+M hr + MTnyr +

M2

which contradicts with (20). O

4. Examples

Example 1. Let E = [2(0,7), J = [0,1],50 =0, ) = Ls1 = 3 =T = 1,p = 2,
xo,x1 € E are two fixed elements in E and cq, cq are two real numbers. For any x : J — E, we
denote to the values of x(9) at (y) by x(8,y);0 € J and y € (0, ). Consider the fractional
partial differential equation:

Dy 9x(8,y) = dyyx(9,y) + Ao0x(8,y)) + b(y) Z(x(8,y),
ae.9€(0,3]U(3,1,y€on]

x(9,y) = sin(9)x(d7,y), ¢ € (%1 51),y € (0, 7), (21)
x(0,y) = xo(y) — c1x(81,y) — c2x(2,y), y € (0, 7),

dyx(0,y) = x1(y), y € (0, 7),

where 0 < Ay < ¢4 < 1. We define an operator A : D(A) C E — E as follows: Az = 2" with:
D(A) = {z € L*(0, ) : Zyy € L2(0, ), z(0) = z(7) = 0}.

Note that the operator A has the representation ([32], p. 1307):

Ax = Z —m? < X, Xy > X, X € D(A), (22)
m=1
where x,(y) = V2 sin my,m = 1,2,.., is the orthonormal set of eigenfunctions of

A. In addition, A is the infinitesimal generator of a strongly continuous cosine family,
C(9)ger, which is given by:

(o]
C(®)(x) = Z cosm® < x, X, > Xm,x € E,
m=1
and the associated sine family, S(8)gcR, is written as:

5(8)(x) = i sinm®

m=1

<X, Xy > Xy, x € E.

It is known that ||C(8)]| < e~™' and ||S(8)|| < e~ for t > 0[32]. Then, ||C(8)]| <
M = e’”z,ﬁ > 0.Leto : PC(J,E) — E be such that:

j=2
o(x) = ch(x(ﬁj)), (23)
j=1
where ¢j, j = 1,2 are positive real numbers. Notice that:

j=2
[l (x)[] < [|x]| Z%Cj-
]:
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If x, — xin PC(J, E), then according to [24] (Lemma 2.5) x,(¢;) — x(9¢;) in E, and
hence o(x,) — o(x) in E. This shows that (Ho) is satisfied with a = ¢1 + c3.
Furthermore, let 0y : [01,51] X E — E, defined as follows:

01(8,%)(y) = c3(sin 8)x (8, ); 0 € [i, %],y € (0, 7). (24)

Then, (H) is satisfied with iy = 11 = ¢3. So, h = 1 = c3.
Let F: J x L2(0,71) — 2201 _ (g}

F@®,¢) = {z€ L?(0,m) : z(y) = A¢(y),0 < A <cy < 1,80 € T,y € (0,m)}.
This multi-valued function has a non-empty convex weakly compact values and:
||F(8,h)|| = sup{||z|| : z € F(th)} < cs®||h||, 8 € T, h € L*(0, )

which yields that F satisfies (15) with ¢(8) = c49; 9 € J. Obviously, F verifies condition (i)
and (iii) of(HF).

Assume that Y : L2[0,1] — L?[0, 1] is a bounded linear operator, such that the operator
W:L2(J,L2(J)) — L?(J), which is defined by:

1 -1
W(u) := /1 (1—s) * Py(T —s)Yu(s)ds.
2
is linear and bounded and has an inverse, such that there is 3 > 0 with [[W~! || <
and |[Y]| < 5. Notice that ¢ = (fol(l - s)ds)% = % and ||¢[[;1(7r+) = 3 By applying
Theorem 2, problem (1) is controllable if:

2

—2 e Cy
e (c1 4o+ 2c3) + =
r(3) 2
—2m2 2
e n Cyq
+ [2c3+ —=-] <L (25)
V2r(3) 2r(3)
By choosing small enough ¢, c2, c3, and ¢4, we can arrive at (25).
Example 2. Let E A, J = [0,1] be as in the previous and Z be a convex, weakly compact
subset of E with Sup{ ||z || : z € Z} < A, for some A > 0. Let sy = 0,s; = %,,191-

= 2]'9—_1,]' =1,2,3,4,95 = 1. Consider, F : J X E — Py (E) as a multi-valued function defined

by:
ye " V/IY]]
F@O,¢9)={z€E:z(y) = ——Z}, (26)

A+l
where r € (1,00) Then, for every ¢ € E,& — F(9,x) is strongly measurable, and for any

0 € J, F(9,) is upper semicontinuous from Ey, to E,. Moreover, for any natural number n, one
obtains:

sup |[F(8,9)|] < e v/ = gu(8);0 € J.

]| <n V2

It follows that ligg infmw = 0. So, (HF) is verified.

Leto: PC(J,E) — E with:

»
o(x) = ]Z cix(8;), (27)
=
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where c; are positive real numbers. We have:
j=4
e ()] < lxllpe(a,E) Y i
j=1
=4
Then, (Hy) is realized with a = Z ¢; . Furthermore, for any j = 1,2,3,4, let 0; :
j=1
[0;,5i] X E — E be such that:
0j(%,x)(y) = w(sinjd)x(y), (28)

where w > 0 is a real number. Clearly, 2 51 (07(8,x)) = (icosi®)(x). This proves that (H) is
satisfied with h; = w,7; = jw,j=1,2,3,4. Thatis, h = 4w and 17 = —a)
Finally, letY E — E, with (Yu(9))(y) = m(8)(u(9)(y)) = m( Ju(d,y);0 € J,u €
L%(J,E),where m : 7 — R is continuous. Let ¢ > 0 with |[W~! || < scand ||Y|| < .
Then, by applying Theorem 1, the following non-instantaneous impulsive fractional
differential inclusion:

CDgtx(ﬂ y) € dyyx(9,y) + 1 y“ ﬁv +m(t)u(d,y),

ae. teu§ cFE )y e (0 71)
x(8,y) —w(51nﬂ9) (o7, )0 € (35, 9, =1,2,34 (29)

=4

x(0,y) = xo _E cix(8;,y),y € (0,7)
x'(0,y) = x1(y),y € (0, 7).

is controllable if:

M
M(a+h+1n)+ —~=¢Mh+ MTy] <
I'(2q)
That is: » ,
1= —27
*"2(2ci+4w+16w)+€ J{2[4w+gw] <1 (30)

=1 9 V2r(3) 9

By choosing small enough ¢, c2, ¢3,c4, and w , we can arrive at (30).

5. Discussion and Conclusions

In recent years, the controllability of different kinds of fractional differential equations
and inclusions have been considered by using various types of approaches. In order to
ensure that the system is controllable, usually, a suitable fixed point is applied to prove the
existence of a fixed point for the solution operator corresponding to the considered system.
In the majority of the existing results concerning the controllability, authors have assumed
that the semi-group generated the system is compact [15] or the non-linear term is Lipschitz
in the second term [10,16,17], or verifies a condition expressed in terms of a measure on non-
compactness [18-21]. Moreover, many authors have studied the controllability of systems
in the absence of impulse effects [15,17,28]. Unlike the works conducted in [10,15,21], this
paper established results concerning the controllability of semilinear differential inclusions
of order a € (1,2) in the presence of non-instantaneous impulses (problem (1)), without
hypotheses of compactness on the semi-group {C(¢) : & € R} or any condition on the
multi-valued function F involving a measure of noncompactness. We applied a fixed point
theorem for weakly sequentially closed graph multivalued operators. Therefore, this work
generalized many recent works, such as in [10,15-21]. Moreover, our technique can be
used to extend the considered problems in [24-26] to the case when the order of the system
is « € (1,2). We think that studying the controllability of some fractional differential



Symmetry 2021, 13, 566 17 of 18

equations or inclusions with non-instantaneous impulses by using numerical approach is a
good future research direction, as in [33].

6. Materials and Methods

Our technique is based on fixed point theorems for weakly sequentially closed multi-
valued functions.
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