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Abstract

In this article, we discuss the existence and uniqueness of solutions to some nonlinear fractional differential
equations involving the ¢)-Caputo fractional derivative with multi-point boundary conditions. Our results
rely on the technique of topological degree theory for condensing maps and the Banach contraction principle.
Also, two illustrative examples are presented to illustrate our main results.
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1. Introduction

Fractional calculus and fractional differential equations describe various phenomena in diverse areas of
natural science such as physics, aerodynamics, biology, control theory, chemistry, and so on, see (|20, 26, 28,
35]). Recently Almeida [11], introduced the so-called 1)—Caputo fractional derivative that generalizes a wide
class of other formulations of fractional derivatives such as Caputo, Caputo—Hadamard. For some results and
recent development on initial and boundary value problems involving ¥—Caputo fractional derivative, we refer
the reader to a series of papers |7, 12, 13, 14, 15, 29] and the references given therein. Moreover, different kinds
of fixed point theorems are widely used as fundamental tools in order to prove the existence and uniqueness of
solutions for various classes of fractional differential equations, for details, see [1, 4, 2, 3,5, 6,9, 17, 18, 23, 25].
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Isaia [21] proved a new fixed theorem that was obtained via coincidence degree theory for condensing
operators. After that, the fixed theorem due to Isaia was used by several researchers with the end goal to
study the existence of solutions for certain classes of nonlinear differential equations: we suggest some works
[10, 16, 21, 22, 30, 31, 32, 33, 36].

Motivated by the mentioned works, in this paper, we generalize the results obtained in [34] to the
fractional setting. More specifically, we are concerned with the following t-Caputo fractional differential
equation of the form

DXPu(t) + f(tult) =0, t € J:= [a,b], 1)
U’(a’) = U’/(a) = 07 U‘(b) = 2111 )\Zu(nl)v a<n< b7 .

where cDZ‘jrw is the ¥-Caputo fractional derivative of order 2 < o < 3, f: [a,b] xR — R is a given continuous

function and a < n; < b, \;, i =1,2,...,m are real constants with satisfying
A=Y N((m) = v(a)® = ((b) — ¢(a))® # 0. (1.2)
i=1

To the best of our knowledge, this is the first paper dealing with a class of fractional differential equations
containing ¥—Caputo fractional derivative and multi-point boundary conditions via topological degree theory.
Our results are not only new in the given configuration but also correspond to some new situations associated
with the specific values of the parameters involved in the given problem. For example, If we take a = 3,9 (t) =
t then the BVP (1.1) corresponds to the usual form of the third-order problem given by

{u’”(t) +f(tu(t) =0, teJ = la,b],
u(a) =u'(a) =0, wu(d)=>7" Nuln), a<n <b.

The manuscript is structured as follows. Section 2, in which we describe some basic notations of fractional
derivatives and integrals, definitions of differential calculus, and important results that will be used in
subsequent parts of the paper. In Section 3, based on the coincidence degree theory for condensing maps, we
establish a theorem on the existence of solutions for problem (1.1). Next by using the Banach contraction
principle, we give a uniqueness results for problem (1.1). Additionally, Section 4 provides a couple of examples
to illustrate the applicability of the results developed. Finally, the paper is concluded in Section 5.

2. Preliminaries

We start this section by introducing some necessary definitions and basic results required for further
developments.

Assume that (X, || - ||) is a Banach space. By B, (0) we denote the closed ball centered at 0 with radius r.
If A is non-empty subset of A, then A and convA denote the closure and the convex hull of A, respectively.
When A is a bounded subset, diam(A) denotes the diameter of A. Also, we denote by Mx the class of
non-empty and bounded subsets of X.

We state here the results given below from [8, 19].

Definition 1. The Kuratowski measure of non-compactness is the mapping k: Mx — [0,00) defined as:
k(B) = inf {6 > 0: B can be covered by finitely many sets with diameter < 5}.

Properties 1. The Kuratowski measure of noncompaciness satisfies the following properties.

(1) AC B=k(A) <k(B),
(2) K(A) =0 if and only if A is relatively compact,



Z. Baitiche, C. Derbazi and M. Benchohra, Results in Nonlinear Anal. 3 (2020), 167-178 169

Definition 2. Let T: A — X be a continuous bounded map. The operator T is said to be k-Lipschitz if
we can find a constant £ > 0 satisfying the following condition,

k(T (B)) < ¢k(B), for every B C A.
Moreover, T is called strict k-contraction if £ < 1.
Definition 3. The function T is called k-condensing if
R(T(B)) < n(B),

for every bounded and nonprecompact subset B of A.
In other words,
k(T(B)) > k(B), implies k(B) = 0.

Further we have T: A — X is Lipschitz if we can find £ > 0 such that
T (u) = T ()| <Llju—vl, for allu,v € A,
if £ <1, T is said to be strict contraction.
For the following results, we refer to [21].

Proposition 4. If T,5: A — X are k-Lipschitz mapping with constants {1 and fo respectively, then
T+S8:A— X are k-Lipschitz with constant £1 + (5.

Proposition 5. If T: A — X is compact, then T is k-Lipschitz with constant £ = 0.
Proposition 6. If T: A — X is Lipschitz with constant £, then T is k-Lipschitz with the same constant £.
Isaia [21] present the following results using topological degree theory.
Theorem 7. Let K: A — X be k-condensing and
© ={u € X : there exist § € [0,1] such that u = EKu} .
If © is a bounded set in X, so there exists v > 0 such that © C B,.(0), then the degree
deg(I — ¢K,B,(0),0) =1, for all £ €[0,1].
Consequently, IC has at least one fized point and the set of the fized points of K lies in B, (0).

Now, we give some results and properties from the theory of of fractional calculus. We begin by defining
1-Riemann-Liouville fractional integrals and derivatives. In what follows,

Definition 8 (|11, 24]). For a > 0, the left-sided )—Riemann—Liouville fractional integral of order « for an
integrable function u: J — R with respect to another function ¢: J — R that is an increasing differentiable
function such that V'(t) # 0, for all t € J is defined as follows

odwu :L ! /S o s ‘X*lus S
1) = o [ VW0~ v us, 21

where I' is the gamma function. Note that Eq. (2.1) is reduced to the Riemann-Liouville and Hadamard
fractional integrals when v (t) =t and (t) = Int, respectively.
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Definition 9 ([11]). Let n € N and let ¥,u € C™(J,R) be two functions such that v is increasing and
W'(t) #0, for all t € J. The left-sided 1—Riemann—Liouville fractional derivative of a function u of order «
1s defined by

o = 1 d\" n—a;
Da+¢u(t) = (1/1/(t)dt> Ia+ ¢u(t)
B F(nl— @) (w’l(t)jt> /wl(s)(w(t)—¢(8))”“’“‘1u(s)ds,

where n = [a] + 1.

Definition 10 ([11]). Let n € N and let Y,u € C™"(J,R) be two functions such that v is increasing and
W'(t) #0, for all t € J. The left-sided 1-Caputo fractional derivative of u of order « is defined by

. . 1 d\"
c a,w J— n—a,w
Da+ u(t) - Ia+ <w[(t) dt> u(t)7
where n = [a] +1 for a ¢ N, n = a for a € N.
To simplify notation, we will use the abbreviated symbol

0= (5t)

From the definition, it is clear that

oo { OO (g g ¢ N,

c Dg-,‘rw

a I'(n—a) P (2.2)

uy (1) , ifaeN.

This generalization (2.2) yields the Caputo fractional derivative operator when t(t) = t. Moreover, for
Y(t) = Int, it gives the Caputo—Hadamard fractional derivative.
We note that if u € C™(J,R) the ¥»—Caputo fractional derivative of order « of u is determined as

“Deu(t) = D fu(t) — 3 D () — wla))*

(see, for instance, [11, Theorem 3|).
Lemma 11 ([13]). Let o, 8 > 0, and u € L*(J,R). Then
199150 u(t) = 1%7P%u(t), ace. t € J.
In particular,
Ifue C(R). Then I*YIP¥u(t) = 197 u(t), t € J.
Next, we recall the property describing the composition rules for fractional ¥-integrals and -derivatives.

Lemma 12 ([13]). Let a > 0, The following holds:
If u e C(J,R) then
cDUYTVu(t) = u(t), t € J.
IfueC"(J,R),n—1<a<n. Then

3

o 1 ulM(a)
12 <D ult) = u(t) = 3 ~L [(t) - v(a))*,
k=0

for allt € J.
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Lemma 13 ([13, 24]). Let t > a, a >0, and 8 > 0. Then
o W0 - (@)’ = s ) - pa) e,
o D) (a7 = iy (0(0) — v(@) o,

o CDZ‘f/’(w(t) —(a))* =0, for allk € {0,...,n —1},n € N.

3. Main Results

Let us recall the definition and lemma of a solution for problem (1.1). First of all, we define what we
mean by a solution for the boundary value problem (1.1).

Definition 14. A function u € C(J,R) is said to be a solution of Eq. (1.1) if u satisfies the equation
CDZiwu(t) + f(t,u(t)) =0, a.e. onJ and the condition

m

u(a) =u'(a) =0, u(b) = Z Aiu(ni), a<m <b.
i=1

For the existence of solutions for the problem (1.1) we need the following lemma:

Lemma 15. For a given h € C(J,R), the unique solution of the linear fractional boundary value problem

{ "Dy ult) + h(t) =0, t € J:=[a,b], (3.1)

u(a) = u'(a) =0, ud)=>7" Niu(n), a<mn <b,

is given by

/ VD =MD g

@ - w<a>>2 /b ) vie h(s)ds, (3.2)
in which

A= X(W(m) = (a))® = ((b) — P(a)® #0.

=1

Proof. Taking the 1-Riemann-Liouville fractional integral of order « to the first equation of (3.1), and using
Lemma 12, we get

u(t) = —I%YR(t) + co + c1(P(t) — P(a)) + c2(¥(t) — 9(a))?, cosc1,c2 € R (3.3)
Since u(a) = 0 and v/(a) = 0, we deduce that ¢g = ¢; = 0. Thus
u(t) = —I%Ph(t) + ca(p(t) — 1(a))?. (3.4)

Together with the condition u(b) = > /%, Au(n;), a <mn; <b, this yields

m

~IPR() + ea((®) = p(a)? = 30N IS h0m) + e2(v(m) —v(@)?] .

i=1
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Then, we can get that
Sy Nl () — 131 h(b)
>ty Ai((mi) — ¥(a))? = (1(b) —1p(a))?

Substituting the values of ¢g,c1 and co into (3.3), we get the integral equation (3.2). The converse follows
by direct computation which completes the proof. O

Cy =

Now, we shall present our main result concerning the existence of solutions of problem (1.1). Let us
introduce the following hypotheses

(H1) There exists a constant L > 0 such that
|f(t,u) — f(t,v)| < Llu —v|, for eacht € J and for each u,v € R. (3.5)
(H2) The functions f satisfies the following growth condition for constants M, N > 0,p € (0,1)
|f(t,u)| < M|ulP + N for each ¢t € J and each u € R. (3.6)

In the following, for computational convenience we put

(b — (a))?
AT (a+ 1)

((b) = (@) + D il (¥ () — (@) | - (37)
i=1
In view of Lemma 15, we consider two operators 7,S: C(J,R) — C(J,R) as follows:

t (g _ s a—1
Su(t) = —/ i )(w(tr)(a)d}( ) f(s,u(s))ds, t € J,

and

_ a 2 m i o (s ;) — 3 a—1
i=1 a
(¥(t) — ¥(a)® [* (w(b) —v(s)*"
— A /a o) f(s,u(s))ds, t € J.

Then the integral equation (3.2) in Lemma 15 can be written as an operator equation
Ku(t) = Su(t) + Tu(t), telJ.

The continuity of f shows that the operator I is well defined and fixed points of the operator equation are
solutions of the integral equations (3.2) in Lemma 15.

Lemma 16. 7 s Lipschitz with constant £y = Lw. Moreover, T satisfies the growth condition given below
[T ull < w(Mllull” + N),

where w is given by (3.7).
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Proof. To show that the operator T is Lipschitz with constant ¢;. Let u,v € C'(J,R), then we have

i) (s i) — s a—1
\Tu(t)—Tv(t)Kw |A| Zm /W”W”)(a)w( D5 s u(s)) — £(s.v(s)) s
W()0E(B) — ()"
0 A, / (s, u(s)) — £(s, 0(s))[ds
LE() | o vty o
< Y ’A"/a ORI
a 2 b (s o s a—1
>/w<><w<b> PO
Lol ()W) — (5))°!
. rA\ Z‘”/ My
Lllu — (s Y ()0 — v(s)!
+ \A| / ds
LE6(D) — 0(a))?
< Ml [w +Zm (@)° | u ]
= Lwl|lu — v|.

for all ¢t € J. Taking supremum over ¢, we obtain
[T —=Tol| < £llu— .

Hence, 7: C(J,R) — C(J,R) is a Lipschitzian on C'(J,R) with Lipschitz constant £; = Lw. By Proposition
6, T is k—Lipschitz with constant £;. Moreover, for growth condition, we have

(M]u]l” + M)W (?) /() m) — ()7
[ Tu(t)] < |A| ZM |/ o s
(M[[ull” + N)(¢ Y'(s) b(s))o!
" ar / ds
(M]Jull? + N)((b) = 16(a))?
= [AT(a+ 1) [W) e+ Z Xil (0 (a))
= w(M[ull” + N)

Hence it follows that

[Tull < w(Mlul]” + N).

Lemma 17. S s continuous and satisfies the growth condition given as below,

(¥(b) — ¥(a))” p
[Sull < W(M”UH + N).

Proof. To prove that S is continuous. Let u,,u € C(J,R) with lim,, 1 ||un, — ul| — 0. Tt is trivial to see
that {u,} is a bounded subset of C'(J,R). As a result, there exists a constant r > 0 such that ||u,| < r for
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all n > 1. Taking limit, we see ||u|| < r. It is easy to see that f(s,un(s)) — f(s,u(s)), as n — +oo. due to
the continuity of f. On the other hand taking (H2) into consideration we get the following inequality:

P (s) (1) — (s))*

1
15 s, n(s)) = (s, u()] < 2520

(MrP + N).

We notice that since the function s — QW(S)(w(lE)(;;p(S))WI (MrP + N) is Lebesgue integrable over [a,t]. This

fact together with the Lebesgue dominated convergence theorem implies that

/t P'(s)(W(t) = ¥(s)*~
a I(a)

It follows that ||Su, — Sul| - 0 as n — +o0o. Which implies the continuity of the operator S.
For the growth condition, using the assumption (H2) we have

t (s — b(s))e-t
Su(t) < Ol + V) [ Ll ><¢<tr>(a)¢< D" g
(@) = ¥(a))*

1
I1f(s,un(s)) — f(s,u(s))]|ds = 0 as n — +oo.

< M||ul|P + N).
< LR (Ml + )
Therefore,
(1(b) — P(a))®
< =2 (M|u||P + N). .
Isul < ST ([l + ) (38)
This completes the proof of Lemma 17. O

Lemma 18. The operator S: C(J,R) — C(J,R) is compact. Consequently, S is k-Lipschitz with zero
constant.

Proof. In order to show that S is compact. Let us take a bounded set 2 C B,. We are required to show
that S(€) is relatively compact in C'(J,R). For arbitrary u € Q C B,, then with the help of the estimates
(3.8) we can obtain

(1(b) — ¥(a))*
Su|| £ ~—~L———(MrP + N
which shows that S(€2) is uniformly bounded. Furthermore, for arbitrary v € C'(J,R) and ¢t € J.
Now, for equi-continuity of S take t1,t2 € J with #; < t2, and let u € 2. Thus, we get

Mr? + N

[Sult) = Sult)l < Frog7y

[((t2) = P(a))™ = (P(t1) — ¥ (a))?].

From the last estimate, we deduce that ||(Sz)(t2) — (Sz)(¢t1)|| — 0 when t2 — t;. Therefore, S is equicon-
tinuous. Thus, by Ascoli-Arzela theorem, the operator S is compact and hence by Proposition 5. § is
k—Lipschitz with zero constant. O

Theorem 19. Suppose that (H1)-(H2) are satisfied, then the BVP (1.1) has at least one solution u € C(J,R)
provided that {y < 1 and the set of the solutions is bounded in C(J,R).

Proof. Let T, S, K are the operators defined in the start of this section. These operators are continuous and
bounded. Moreover, by Lemma 16, 7 is x-Lipschitz with constant /; and by Lemma 18, S is x-Lipschitz
with constant 0. Thus, K is k-Lipschitz with constant £;. Hence K is strict k—contraction with constant £.
Since £y < 1, so K is k-condensing.
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Now consider the following set
© = {u e C(J,R) : there exist £ € [0, 1] such that x = {Ku}.
We will show that the set © is bounded. For u € ©, we have u = {éKu = &(T (u) + S(u)), which implies that

lull < (I Tull + || Sull)

< [SO-var,

P o] e + ),

where w is given by (3.7). From the above inequalities, we conclude that © is bounded in C(J,R). If it is
not bounded, then dividing the above inequality by g := ||u|| and letting  — oo, we arrive at

1< [0y

+w hm Mf
I'a+1) B

B—00 6 ’

which is a contradiction. Thus the set © is bounded and the operator I has at least one fixed point which
represent the solution of BVP (1.1). O

Remark 20. If the growth condition (H2) is formulated for p = 1, then the conclusions of Theorem 19

remain valid provided that
(1(b) — ¥(a))”

To end this section, we give an existence and uniqueness result.

Theorem 21. Under assumption (H1) the BVP (1.1) has a unique solution if

(1(b) — ¢(a))”

Proof. Let u,v € C(J,R) and t € J, then we have

a—1
Ku(t) Kv|</"¢ VO DT s u(s)) — £(5, ()]s

I«
a 2 m i (s ;) — S a—1
+ )|A1|b( )) ZZ;P\Z‘/GT] @Z’( )(¢(UF)(Q)¢( )) |f(S,U(S)) _f( ( ))|dS
(%) — (@) "9 (s)(w(b) —(s))* " B
N o) £ (5, u(s)) — £(s,0(5))]ds
P (s) (1) — (s)
< L|ju — v [ ’ o) ds
t) — (a))? & M q)! (s ) —(s))e !
*W%HAM))EQA”G VNSt v,
(%(t) = (@) [*¢'(s)((b) —v(s))*
AT\ My
(¥ (b) = ¢(a))”
<L [F(a—i—l) ‘H’J] lu — vl
In view of the given condition [% + w} L < 1, it follows that the mapping K is a contraction.

Hence, by the Banach fixed point theorem, K has a unique fixed point which is a unique solution of problem
(1.1). This completes the proof. O
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4. Examples

In this section, in order to illustrate our results, we consider two examples.

Example 22. Let us consider problem (1.1) with specific data:

,CLZO,b:]_,@ZJ(t):t,

o =

DN | Ot

(4.1)
=41 =1,...,10.

02| =

U
Using the given values of the parameters in (1.2) and (3.7), by the Matlab program, we find that

A = —0.5556

(1(b) — ¥(a))®
MNa+1)
w = 0.7823

= 0.3009

(1(b) — ¥(a))”
Ia+1)
In order to illustrate Theorem 19, we take

Ftu(t)) = eti 5 <1+ 1 f’(i)(‘m) , (4.3)

+w = 1.0832.

n (1.1) and note that

1

) = f(t0) = g (‘

I
T+ |ul 1+ |y

o1 ( lu — | )

et +9 \ (14 |ul)(1+|v])
1

< —|u—wl.

Hence the condition (H1) holds with L = 1—10. Further from the above given data it is easy to calculate
l; = Lw = 0.0782.
On the other hand, for any t € J,u € R we have
()] < 1o (Jul + 1),
Hence condition (H2) holds with M = N = 1—10,p = 1. In view of Theorem 19,
© ={ue C(J,R): there exist £ € [0,1] such that z = {Ku},

is the solution set; then

(¢ (b) = ¢(a))”

Jull < E(ITull + ||Sul)) < [ T(a+1)

—I—w] (M||ul| + N).

From which, we have

[wvtanr o))

(¥(b)—v(a))>

[Jul] < —0.1215.

By Theorem 19 the BVP (1.1) with the data (4.1) and (4.3) has at least a solution u in C(J x R,R).

Furthermore [% + w} L =0.1083 < 1. Hence by Theorem 21 the boundary value problem (1.1) with

the data (4.1) and (4.3) has a unique solution.
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Example 23. Consider the following boundary value problem of a fractional differential equation:

e Diu(t) = Hl(wo+ 1+Mu0,teyzu@L
u()) =o' (1) =0, u(2)=1Lu(3).
Note that, this problem is a particular case of BVP (1.1), where

5
27

A:g,mﬂzmu

o=

a=1,b=2,n=

l\?\OJ

and f: J xR — R given by
f(tu):;<u+ 1+u2> fort € J,ueR.
9 2(t+1)2 ) 9

It is clear that the function f is continuous. On the other hand, for any t € J,u,v € R we have

\f(t,u)—f(t,v)\:(t_i_ll)2 ;<u—v+\/1+u2—\/1+v2>‘
—;lu—v u—+v lu—v
“mre oo (1 ) i

Hence condition (H1) holds with L = %. We shall check that condition (3.9) is satisfied. Indeed using the
Matlab program, we can find

[(ﬁ%b)<—'¢(a))“
I'a+1)

Hence by Theorem 21 the boundary value problem (4.4) has a unique solution.

+W]L201wo<L

5. Conclusion

We have presented the existence and uniqueness of solutions to a nonlinear boundary value problem
of fractional differential equations involving the ¢)—Caputo fractional derivative with multi-point boundary
conditions. The proof of the existence results is based on a fixed point theorem due to Isaia [21], which was
obtained via coincidence degree theory for condensing maps, while the uniqueness of the solution is proved
by applying the Banach contraction principle. Moreover, two examples are presented for the illustration of
the obtained theory. Our results are not only new in the given configuration but also correspond to some
new situations associated with the specific values of the parameters involved in the given problem.
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