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UPPER AND LOWER SOLUTIONS METHODS FOR IMPULSIVE
CAPUTO-HADAMARD FRACTIONAL DIFFERENTIAL
INCLUSIONS

FARIDA BELHANNACHE, SAMIRA HAMANI, JOHNNY HENDERSON

ABSTRACT. In this article we use the method of lower and upper solutions
combined with the fixed point theorem by Bohnnenblust-Karlin to show the
existence of solutions for initial-value problems of impulsive Caputo-Hadamard
fractional differential inclusions of order « € (0, 1).

1. INTRODUCTION

In this article we study the initial value problem (IVP for short) for the a-th
order fractional differential inclusion with impulse,

CHDYy(t) € F(t,y(t)), ae teJ=][a,T], t#ty, k=1,...,m, (1.1)
Ayli—s, = I(y(t,), k=1,...,m, (1.2)
y(a) = Ya, (13)

where 0 < a < 1, a > 0, “¥ D* is the Caputo-Hadamard fractional derivative,
F :J xR — P(R) is a multivalued map, P(R) is the family of all nonempty
subsets of R, I, : R — R, k = 1,...,m, are continuous functions, a = tg <
t <o <t < tpyr =T, Aylimr, = y(67) — y(ty), y(ty) = lime_g+ y(tx + €)
and y(t, ) = lim._o- y(tx + €) represent the right and left limits of y at t = ty,
k=1,...,m. We apply the method of lower and upper solutions combined with the
fixed point theorem of Bohnenblust-Karlin to establish the existence of solutions to
this problem.

Fractional differential equations describe many phenomena in several fields of
engineering and scientific disciplines such as physics, biophysics, chemistry, biol-
ogy (such as blood flow phenomena), economics, control theory, signal and image
processing, aerodynamics, viscoelasticity, electromagnetism, and so on. They are
commonly viewed as better tools for description of hereditary properties of various
materials and processes than the corresponding integer order differential equations;
see, for example [9] 211, 22] 28] [32] [39], 44} [45] 48], 49, [50l 511, (54, [55].

In addition, there is high research activity in the theoretical development of
fractional calculus, fractional ordinary differential equations and fractional partial
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differential equations; see for example the recent textbook by Goodrich and Pe-
terson [29], as well as the monographs [33, 35, [39] 46| [51]. These monographs
and papers such as [0, [10] and their references therein, reflect the large number of
papers devoted to fractional research. There are numerous definitions of a frac-
tional derivative, with the most common being the Riemann-Liouville type frac-
tional derivative, and the Caputo type fractional derivative. Podlubny’s book [51]
and papers [34, [62] are good references for geometric and physical interpretations
of both types of fractional derivative. One major difference between the two types
of fractional derivatives is that the Caputo fractional derivative incorporates initial
values “at zero”, while the Riemann-Liouville is independent of any such initial
values. Hadamard’s [30] fractional derivative, introduced in 1892, differs signifi-
cantly from both the Riemann-Liouville type and the Caputo type. In particular,
the integral’s kernel in the definition of Hadamard’s fractional derivative contains
a logarithmic function of so-called arbitrary exponent. Good overviews and appli-
cations of where the Hadamard derivative and the Hadamard integral arise can be
found in the papers by Butzer, Kilbas and Trujillo [15] 6] [I7]. Other important
results dealing with Hadamard fractional calculus and Hadamard differential equa-
tions can be found in [7), B8, 4], (8], as well as in the monograph by Kilbas et al.
[39].

This article involves a recent Caputo-type modification of the Hadamard frac-
tional derivative, which was first studied by Jarad et al. [36]. This derivative is
now known as the Caputo-Hadamard fractional derivative, and for a couple of other
papers dealing with Caputo-Hadamard calculus and Caputo-Hadamard differential
equations, we cite [5] 25].

Impulsive differential equations serve as basic models to study the dynamics of
processes that are subject to sudden changes in their states. Recent development
in this field has been motivated by many applied problems, such as engineering and
control theory [18| 27, [37, 53], population dynamics [20, 47, 57 [59] and medicine
[19, 24l 26]. For general aspects of impulsive differential equations, we suggest the
classical monographs [8, 43], 56, 60] and the more recent monograph [12]. Ben-
chohra and Slimani [I1] initiated the study of fractional differential equations with
impulses.

The method of lower and upper solutions is among the most common (yet classi-
cal) techniques employed to establish existence of solutions for nonlinear differential
equations; see the classical monographs [31], 42] and the paper [23]. Recently, the
lower and upper solutions method was applied to obtain solutions for fractional
differential equations and fractional differential inclusions in the above cited mono-
graph [12], as well as in the papers [11, 2, [3] [4] [13].

2. PRELIMINARIES

In this section, we introduce definitions and preliminary facts that are used in
the remainder of this article.

Let [a,b] be a compact interval, and C([a,b],R) be the Banach space of all
continuous functions from [a, b] into R with the norm

1Ylloo = sup{ly(t)] : @ <t < b},
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and we denote by L!([a,b], R) the Banach space of functions y : [a,b] — R that are
Lebesgue integrable, with norm

b
Iyl = / ly(t)|dt.

AC([a, b], R) is the space of functions y : [a,b] — R, which are absolutely continuous.
Let (X, | - ||) be a Banach space. Let Py (X)={Y € P(X) :Y closed}, Py(X) =
{Y € P(X) : Y bounded}, P.,(X) = {Y € P(X) : Y compact} and P, .(X) =
{Y e P(X): Y compact and convex}.

A multivalued map G : X — P(X) is convex (closed) valued if G(X) is convex
(closed) for all z € X. G is bounded on bounded sets if G(B) = UgepG(x) is
bounded in X for all B € P,(X), i.e.

sug{sup{|y| cy € G(a)}} < 0.
xe

G is called upper semi-continuous (u.s.c.) on X, if for each z¢ € X, the set G(x¢) is
a nonempty closed subset of X, and if for each open set N of X containing G(xy),
there exists an open neighborhood Ny of xy such that G(Ng) C N. G is said to be
completely continuous if G(B) is relatively compact for every B € Py(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. &, — s, yn —
Yu, Yn € G(xy,) imply y. € G(x.)). G has a fixed point if there is x € X such that
x € G(z). The fixed point set of the multivalued operator G will be denote by
FizG. A multivalued map G : J — P.(R) is said to be measurable if for every
y € R, the function

t—d(y,G(t)) =inf{ly — 2| : z € G(t)}
is measurable.

Definition 2.1. A function F : [a,b] x R — P(R) is said to be L!-Carathéodory if

(1) t — F(t,u) is measurable for each u € R;
(2) u— F(t,u) is upper semicontinuous for almost all ¢ € [a, b];
(3) for each g > 0, there exists ¢, € L'(J,RT) such that

[|F(t,u)|lp =sup{|v| :v € F(t,u)} < ¢, forall|ul <qandae. tel
For each y € C([a, b],R), define the set of selections of F' by
Spy={ve€ L'([a,b],R) : v(t) € F(t,y(t)) a.e. t € [a,b]}.

Let (X, d) be a metric space induced from the normed space (X, || - ||). Consider
Hy:P(X) xP(X)— Ri U{oo} given by

H;(A, B) = max{sup d(a, B),supd(A,b)},
a€A beB
where d(A,b) = inf,ca d(a,b), d(a, B) = infyep d(a,b). Then (Py(X), Hq) is a
metric space and (P (X), Hy) is a generalized metric space (see [40]).

Lemma 2.2 (Bohnenblust-Karlin [14]). Let X be a Banach space, K € Py (X).
Suppose that the operator G : K — Py (K) is upper semicontinuous and the set
G(K) is relatively compact in X. Then G has a fixed point in K.
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Definition 2.3 ([39]). The Hadamard fractional integral of order « for a function
h: [a,b] — R where a,b > 0 is defined by

Ton(t) = ﬁ /: (mé)“‘l@ds, >0,

provided the integral exists.

Definition 2.4 ([36]). Let AC}[a,b] = {g : [a,b] — C | 6" g € AC|a,b]} where
§=1t4 0<a<b<ooandlet a € C, such that Re(a) > 0. For a function
g € AC}a, b] the Caputo type Hadamard derivative of fractional order « is defined
as follows:

(i) if @ ¢ N, then for n — 1 < [Re(a)] < n, where [Re(a)] denotes the integer
part of Re(a),

CHDE0) = oy [ (D) (o) s

(ii) if @ € N, then (“H D%g)(t) = 6"g(t),
where In(-) = log,(-).

Lemma 2.5 ([36]). Let y € AC}[a,b] or C§la,b], and let o« € C. Then

y(@) 1y Lyk,

15Dy (0) = y(t) = Y 4 (1n

Example 2.6 ([30]). Let Re(a) > 0, n = Re(a) + 1 and g € C|a, b].
(i) If Re(a) # 0 or @ € N, then
Dy (I29)(t) = g(t) “MDR(I7g)(t) = g(t).
(ii) If Re(or) € N and Re(a) # 0 then

at+l—n a n—o
D2 (129)(0) = 9(t) ~ H 2 (7

3. MAIN RESULTS

Consider the space
PC(J,R) = {y J—R:iyeC((thtrn] R), k=0,...,m+1,
there exist y(t{) and y(¢;,) with y(t;,) = y(t) for k=1,... ,m}.
i_{[‘his set is}a Banach space with the norm ||y||pc = sup,c;|y(t)]. Set J = J\
1, tm ).

Definition 3.1. A function y € PC(J,R) N U AC((tg, tk+1],R) is a solution of
(L.1)-(L.3) if there exists a function v € L'([a,T],R) such that v(t) € F(t,y(t))
a.e. t € J, for which “¥D(t) = v(t) on J’, and y also satisfies the impulsive
conditions

AYli=s, = Ie(y(t,), k=1,...,m,

and the initial condition y(a) = y,.



EJDE-2019/22 CAPUTO-HADAMARD FRACTIONAL DIFFERENTIAL INCLUSIONS 5

Definition 3.2. A function v € PC(J,R) N UP_AC((tk, tk+1],R) is said to be a
lower solution of (L.I)-(L.3) if there exists a function v; € L'([a,T],R) such that
v1(t) € F(t,u(t)) a.e. t € J, for which ¥ D%u(t) < vy (¢) on J’, and u also satisfies
the conditions Aul,—y, < Ip(u(ty)), k=1,...,m, and u(a) < y,.

Similarly, a function w € PC(J,R) N U AC((tk, tk+1], R) is said to be an
upper solution of (T.I)-(T.3)) if there exists a function vy € L'([a,T],R) such that
vo(t) € F(t,w(t)) a.e. t € J, for which “H D¥w(t) > vy(t) on J' and w also satisfies
the conditions Aw|i—, > I(w(ty)), k=1,...,m, and w(a) > yq.

To prove the existence of solutions to (1.1])-(1.3]), we need the following auxiliary
lemma.

Lemma 3.3. Let 0 < a < 1 and let p € AC(J',R). A function y is a solution of
the fractional integral equation

Yo+ iy J1 (I 4)" p(s) L ds, ift € [a,t1]
_1 \k ti t;\2—1p(s)
y(t) = Ya T I'(a) Zi:l fti—l (h’l s) s ds (31)

t a—1 k _
ey Sy, (0 8)" 2 ds + 0 Liy(t),
ifte(tk,tk+1], kzl,...,m,

if and only if y is a solution of the impulsive fractional IVP

CHDey(t) = p(t), for eacht € J', (3.2)
Ayli=y, = Ie(y(ty), k=1,....m, (3.3)
y(@) = Ya- (3.4)

Proof. Let y be a solution of (3.2))-(3.4). Applying the Hadamard fractional integral
of order « to both sides of (3.2]), using conditions (3.3)), (3.4) and Lemma we
obtain: If ¢ € [a, ], then

y(t) = ya + ﬁ/ (1n§)°“1@ ds.

Ifte (t17t2]7 then
1 t t a—1 S
)=t + s [ (m )y 2y
ty

= Ayle=n +yltr) + ﬁ/t (mf)“*l@ ds

=ya+11(y(t1))+r(1®/l(lnt;)“‘”f)ds+r(1®/t (1 £yt 2 g

Ifte (tg,t3]7 then

0 =9(e) + g [ () as

Ay|t_t2+y(t5)+1@[ (lnf)a71®ds

=%+bw@»+hwq»+if/ymay449®
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1 2 t2 a-1p(s) ) 1 Lo tha-1p(s)

If t € (tx,tx+1], by induction we obtain .

Conversely, assume that y satisfies the impulsive fractional integral equation
(3-1). If t € [a,t1], then y(a) = y, and using the fact that “# D2 is the left inverse
of I, we obtain

CHDoy(t) = p(t), for all t € [a,t].
Next, let t € (ty,txs1], ¥ = 1,...,m. We have “ D% = 0, for any constant s,
then
CHDy(t) = p(t), orallt € (tg,thi1]-
Also, it is straightforward that Ay|;—s, = I (y(t, ) for k=1,...,m. O

For the next theorem we use the following hypotheses:

(H1) F:J xR — P (R) is an L' Carathéodory multi-valued map.

(H2) There exist w and w € PC(J,R)NAC((tx,tx+1],R), k =0,..., m, lower and
upper solutions, respectively, for problem — such that u(t) < w(t)
for each t € J.

(13)

u(t) < min In(y) < max In(y) < w(t;:), k=1,...,m.
y€[u(ty, ) w(ty)] yE[u(ty),w(ty)]

(H4) There exists [ € L'(J,RT), such that
Hy(F(t,u), F(t,a)) <I(t)|u—u| VYu,u€R,
d(0, F(t,0)) <I(t) ae. te
Theorem 3.4. Under assumptions (H1)—(H4), problem (1.1))-(1.3)) has at least one

solution y such that
u(t) <y(t) <w(t) Vied
Proof. We transform problem (|1.1))-(1.3) into a fixed point problem. For 0 < o < 1
and a > 0, we consider the modified problem
CHpey(t) € F(t,7(y(t)), forae teJ=][a,T], t#ty, k=1,...,m, (3.5)
Ay't:tk = Ik(T(t]:a y(t;))% k = 17 cee,Mm
y(a) = Ya,

where 7 : PC(J,R) — PC(J,R) is the truncation operator defined by

u(t), y(t) <u(t),

(ry)(t) = qut),  ult) <y(t) <w(t),
w(t), y(t) > w(t).

A solution to (3.5)-(3.7) is a fixed point of the operator N : PC(J,R) — P(PC(J,R))
defined by

N(y):{hePC(J,R):h(t)zyaJr% ¥ /t (n %y ()L gs

(@), S s s

1 i ta—1 1 B _
ey L (D) e e Y Bt )}

a<ltp<t
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where
v € Sh v € Sk 0(t) = v1(£) on Ay and v(t) < va(t) on As},
Sk, ={ve LNJR) : v(t) € F(t,(ry)(1)) for t € J},
Ay ={te J:y(t) <u(t) <w(t)},
Ay ={t e J:u(t) <w(t) <y}

Remark 3.5. (1) For each y € PC(J,R), the set S};’Ty is nonempty. In fact, (Hy)

implies that there exists v3 € S’};’Ty, so we set

U =V1XA; T V2XA; T U3X A,
where As = {t € J: u(t) < y(t) <w(t)}. Then, by decomposability, v € SF oy
(2) By the definition of 7 it is clear that F(-,7y(-)) is an L'— Carathéodory
multi-valued map with compact convex values and there exists ¢; € L'(J,RT)
such that
[E(t, my(t))llp < ¢1(t) for each y € R.
(3) By the definition of 7 and from (H3) we have

u(t)) < In(t(te, y(tr))) <w(t)), k=1,...,m.
Set

||¢1||L1 - 61z, o
R=lval+ pia ; r(a+1)(ln2)

+ 3 max{|u(t])], [w(t |}
k=1

B={ye PC(J,R): |ylrc < R}.
Clearly B is a closed convex subset of PC(J,R) and that N maps B into B. We
shall show that B satisfies the assumptions of Lemma [2.2] The proof will be given
in several steps.
Step 1: N(y) is convex for each y € B. Let hi, ha belong to N(y). Then there

exist vy, € SL _such that for each t € J we have

F,Tty
1
h (t) ya+ Z hlf Vi(S)*dS
a<t <t/tk S
1 4 a—1 .
*r@/ ““;) vls)sds+ Y Tt (), i=1,2.
e a<tp<t

Let 0 < A < 1. Then, for each t € J, we have
(Ah1 + (1 = Ah2)(t)

:ya-ﬁ-L Z /t]c (In t—k)a 1[)\1/1"1‘(1—)\)1/2](8)1(18

F(a) a<tp<t 5 ’
+ ﬁ / (105 Do + (1= A)wal(9) - ds + X Bty

Since gp,y is convex (because F has convex values), we have Ay +(1—A)hy € N(y).
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Step 2: N(B) is bounded. For each h € N(y) and y € B, there exists v € S}y
such that
1 tk

MO =wt 2 [ (0% s

L) S s s

+i)‘/t (]né)aillj(s)édsﬁ- Z Ik('rt];ay(t]:)))

F(Oé a<tp<t

By (H1)-(H3), for each ¢ € J, we have

MO < el + g D / 0 ) ()] L s

(l<tk<t
1 1
+@/t (In *) IV(S)Igder >kt y(t))
k a<tp<t

||¢>1||L1 i [EArs .
<|ya|+ k;l F(a—i—l)(lng)

+ > max{[u(t])], [w(tf]}.

k=1

Therefore |||l < R.

Step 3: N(B) is equicontinuous. Let 71,70 € J, 11 < 72, Let y € B and
h € N(y). Then

|h(t2) = h(t1)]

1 b teya—1, 1 1 [T, Tyia-1 1
B F(CY) Tl<;<‘r2 [k—l (ln g) ‘V(S);dS_F F(a) /‘rl (ln;) ‘V(S)|gds
]. m T2\ a—1 T1\a—1 ].
i L )T (0T e s
+ > Tyt t)]
T1 <t <T2
||¢1HL1 / ) 11 llgalle, /72 T2ya-11
TK%:@ S Ty ; (In=2)""" - ds
||¢1||L1 /T T2ya—1 o Tiya-171
+ o) J, [(lns) (1ns) }Sds
+ Y Ll u))]-
T1<tr <T2

As 11 — 79, the right-hand side of the above inequality tends to zero. As a conse-
quence of Steps 1 to 3 together with the Arzela-Ascoli theorem, we can conclude
that N : B — P(B) is completely continuous.

Step 4: N has a closed graph. Let y, — ¥, hy € N(y,) and h, — h,. We
need to show that h. € N(y.). h, € N(y,) means that there exists v, € SF Ty
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such that, for each t € J,

tr
t oa— ].
/ (ln—k) ll/n(s)fds
te—1 §

1
By (1) = g + ——
()y+F 8

(a) a<ltp<t

1" tia- 1 o
Jrr(a)/tk (lng) IV"(S)E d8+a<zt;<tfk7(tk,y(tk N)).

We must show that there exists v, € St~

t
/ ) (In t—k)aflz/*(s)l ds
te—1

S S

such that, for each t € J,

1
ha(t) = Yo + =7
F(a) a<ltp<t

L[t tia- 1 o
+IW/tk (hlg) 11/*(8)5 ds+a<tzk<tfk7'(tk,y(tk N)).

Since F'(t,-) is upper semi-continuous, for every € > 0, there exists a natural number
ng(e) such that, for every n > ng, we have

vn(t) € F(t, Ty.(t)) + eB(0,1), ,a.e. te
Since F'(-,-) has compact values, there exists a subsequence v, () such that
Un,, () = V() as m — oo,
vi(t) € F(t,Ty.(t)), ae. te
For every w € F(t, Ty.(t)), we have
s (8) = 7 (8)] < 0 (8) — w] + 0 — 24 (D).

Then [vy,, (t) = v« (t)] < d(vn,, (t), F(t, 7y(t)).
We obtain an analogous relation by interchanging the roles of v,  and v,, and
it follows that

[V, (8) = v ()] < Ha(F(E, 7yn (1)), F (8 7y.(2))) < UD[Yn = Ylloo-

Then
=10 = s 30 [ (05 ) o)l s
+ﬁ/ﬁ (mé)“*l%m(s)—y*(s)éds
D It () = T (e ()
T
< ()" [ sl = vl

(g [ s, — vl
D I v, (D) = LT (6 9 ()

Hence
m-+1 T

P (1) = hut) o < )" [ sl = vl

(a—|—1)(lng
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+ Y (T Y (8)) = Te(ye (8, 1)) = 0.
a<ltp<t
as m — oQ.

Step 5: The solution y of 3.7) satisfies u(t) < y(t) < w(t) for all ¢ € J.
Let y be the above solution to 1- 1- We prove that

) <w(t) Vted
Assume that y — w attains a positive maximum on [t ¢, ] at &y € [t} ¢, ] for
some k = 0,...,m; that is
(y — w)(tr) = max{y(t) —w(t) : t € [t},t; 4]} >0, for some k =0,...,m.
We distinguish the following cases.
Case 1. If {j, € (], ;) then there exists ¢} € (¢}, ¢, ) such that
y(ty) —w(ty) <0,
y(t) —w(t) >0, Ve (t;, k]
From the definition of 7, we have
CHDey(t) € F(t,w(t)) Vt e [t), ]
An integration on [t}, ] yields
1 ¢ tya—1
YO = 9(1) = Fooy /t (n )" w(s) s, (3.10)
where v(t) € F(t,w(t)). From and using the fact that w is an upper solution
to — we obtain
y(t) —y(ty) < w(t) —w(ty). (3.11)
From , and we obtain the contradiction

0 <y(t) —w(t) <y((tp) —w((tp) <0, Vi€t .

Case 2. If {, =t} , k=1,...,m, then

w(ty) < In(r(ty; y(t;) < w(t)),

which is a contradiction. Thus y(t) < w(t) for all ¢ € [a, T].
Analogously, we can prove that y(t) > u(t) for all ¢ € [a,T]. This shows that
problem ({3.5)-(3.7) has a solution in the interval [u,w] which is a solution of ([1.1])-

(3). O
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