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Abstract. Some results on the existence of solutions for a nonlinear higher order fractional differential equation
involving both the left Riemann-Liouville and the right Caputo fractional derivatives with a natural boundary
condition are obtained. The results presented in this paper are based on the method of upper and lower solutions
and the monotonicity of the right Caputo derivative. Moreover, we give the explicit expression of the lower and
upper solutions. Two illustrative numerical examples are also provided.
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1. Introduction

Recently, the study of nonlinear fractional differential equations has attracted much attention
of researchers and different methods have been investigated; [1]-[11] and the references therein.
However, few works exist in the literature concerning nonlinear fractional boundary value prob-
lems with mixed fractional derivatives. In [4], Blaszczyk studied numerically a linear fractional
oscillator equation involving both the right Caputo and the left Riemann-Liouville derivatives
of order o € (0,1) subject to a natural condition. In [6], Guezane-Lakoud, Khaldi and Torres

*Corresponding author.

E-mail addresses: rkhadi @yahoo.fr (R. Khaldi), a_guezane @yahoo.fr (A. Guezane-Lakoud).

Received January 19, 2017; Accepted May 10, 2017.

(©2017 Journal of Nonlinear Functional Analysis



2 R. KHALDI, A. GUEZANE-LAKOUD

proved the existence of solutions for a nonlinear fractional oscillator equation with both left
Riemann-Liouville and right Caputo fractional derivatives subject to natural boundary condi-
tions via the method of lower and upper solutions. In [2], Agrawal investigated some fractional
variational problems defined in terms of both the Riemann-Liouville and the Caputo derivatives
and presented the generalized Euler-Lagrange equations and the transversality conditions.

In this paper, we focus on the following sequential higher order fractional boundary value

problem (P1) involving both the Riemann-Liouville and the Caputo types fractional derivatives:
(1.1) (=1 DEDP u(t)+ f (1,u(r) =0,0 <1 <1,

with initial conditions

(1.2) w(0)=u(0)=0,i=1,...m+n—2,

and natural condition (see [4])

(1.3) DP (1) =o,

wherem—1 < o <m,n—1< 3 <n, the integers m and n are such m,n > 2, CD‘IX, denotes the
right Caputo derivative, Dg+ denotes the left Riemann-Liouville derivative, u is the unknown
function and f € C(]0,1] x R,R).

By using the method of lower and upper solutions and the Schauder fixed point theorem, we
prove the existence of solutions of problem (P1). The presence of both the right Caputo and the
left Riemann-Liouville derivatives in the differential equation (1.1) leads to great difficulties in
the proof of the existence of solutions. To overcome the difficulties, we transform the problem
(P1) to an equivalent Caputo fractional boundary value problem of order p, 0 < p < 1, p will
be specified later. Then we construct the lower and upper solutions of problem (P1). Moreover,
we use a new result on the monotonicity of the right Caputo derivative.

The method of upper and lower solutions has been applied in the investigation of the existence
of solutions for nonlinear boundary value problems in many works; see [6, 7, 12, 13] and the
references therein.

Next, we recall some essential definitions on fractional calculus [8, 10, 11].
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Definition 1.1. Let g be a real function defined on [0,1] and p > 0. Then the left and right

Riemann-Liouville fractional integrals of order u of g are defined respectively by

INg(t) = : /Ot( 8(5) ds

L(p)Jo (t—s)l=#""
1 1 s
I{J—g(t) = F(M)/t (S;g(t))l—uds‘

The left Riemann-Liouville fractional derivative and the right Caputo fractional derivative of

order u > 0 of function g are respectively:

d* (i
Dg+g(t) = W<10+“g> (1),

k—
‘Dl gty = (=1 "eW(),
where k is the smallest integer greater or equal than u.

The highlights of this article are as follows:

e We reduce mixed higher order boundary value problem (P1) to a lower order Caputo
boundary value problem.

e We construct the lower and upper solutions of problem (P1).

e To prove the existence and localization of solutions of problem (P1), we construct a
sequence of modified problems. Then we use a result on the monotonicity of the right

Caputo derivative.

2. Main results

To prove the existence of solutions of problem (P1), we need the following result on the right

Caputo derivative of monotone functions.

Theorem 2.1. [6] Assume that 0 < s < 1 and g € C'(0,1] is such that “D}_g(r) > 0 for all
t €10,1] and all s € (r,1) with some r € (0,1). Then, g is monotone decreasing. Similarly, if

CD“; _g(t) <0 forall t and 1 mentioned above, then g is monotone increasing.
Define the space

AC"™™[0,1] = {uec™™ o, 1],

n+m—1)

ut absolutely continuous function on |0, 1]} .
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Now, taking into account Theorem 2.1, we update the definition of lower and upper solutions

of problem (P1) as follows:

Definition 2.2. The functions o, & € AC"™[0,1] are called lower and upper solutions of
problem (P1) respectively, if
a) (~1)"°D®DP o (1) + f (1,0 (1)) <0, forall 1 € [0, 1] and & € [ct, m),
G(0)>0,060(0)>0,i=1,...m+n—2,DE" g (1)>0.
b) (—1)" D% D 5 (i )+f(t,6( )) >0, forall £ € [0, 1] and o € [a,m),
G(0)<0,59(0)<0,i=1,...m+n—2,DL "5 (1) <0.
Functions ¢ and & are called lower and upper solutions in reverse order if o () > 0 (t),

0<r<.

Remark 2.3. Denote g = ap—m+1and p=o —m—+1. Then 0 < ¢g,p < 1. By using the

properties of Caputo derivative, we prove that
~1C _
D% u(r) = (1) VDI DNy (r).

Consequently, conditions (a) and (b) in Definition 2.2 are equivalent to:
@) —CD4 DEI" o (1) + f (1,0 (1)) <O forallt € [0,1] and ¢ € [, 1),
G(0)>0,069(0)>0,i=1,...m+n—-2,DE"'a(1)>0.
) =CD! DEI ' (1) + £ (1,5 (1)) > 0 forall £ € [0,1] and ¢ € [p, 1).
G(0)<0,89(0)<0,i=1,..,m+n—2,DE" 5 (1) <0,
That means that if o and & are lower and upper solutions of problem (P1), they still should be
lower and upper solutions for the sequence of boundary value problems generated by conditions

(1.2)-(1.3) and the following fractional differential equations
(=" DEDE,u()+ f (tu(1) =0,0 <1 <1,
for all o € [or,m).

Next, we prove the existence of solutions of problem (P1). We assume that nonlinear term

f(z,x) lies between two curves for some x.

Theorem 2.4. Assume that there exist two constants A > 0 and B < 0 such that |B| < A and the
following hypotheses hold:

(H1) f(t,x) <A1 =07 for0<r<1,0<x< (B+ y and for all g € [p,1).

(H2) f(1,%) > B(1=1)" "7 for 0 <t <1, s < x < Oand for all q € [p,1).



BOUNDARY VALUE PROBLEMS FOR MIXED TYPE DERIVATIVES 5

Then problem (P1) has at least one solution u such that

G(t) < u()y<o(n),
DEM 5 () < DEFTlu(ny <P e ()0 < <1,

where o (t) and G (t) are the lower and upper solutions respectively of problem (P1) with re-

versed order. Recall that p=o —m+1and0 < p < 1.

Proof. The proof is split in some steps. First, we begin by solving a Riemann-Liouville frac-

tional boundary value problem that we denote by (P2):

2.1) PP () =v(r),0<r <1,

(2.2) w(0)=u?(0)=0,i=1,...m+n—2.
Applying the properties of Riemann-Liouville fractional derivative and the initial conditions
(2.2), we find that

1 ! B+m—2
u(t) = ——-—= t—s v(s)ds.
0= ey (9
Define the operator T on C ([0, 1],R) by

@3 T = e f =0 ds = v e o1,

Thus u () = Tv(z). By using the properties of Caputo derivative, we obtain that

(2.4) D u(r) = (1)~ DC pa=mtipm=ly (1)

Taking into account natural condition (1.3), property (2.4) of Caputo derivative and Riemann-

Liouville derivative’s property
2.5) D" 'DE () =DE"u (),

we conclude that problem (P1) is equivalent to the following Caputo boundary value problem
oforderp=o—m+1,withO<p<1:
DY v(t)+ f(t,Tv(t)) =0,0<r <1,

v(1)=0.

Step 1. Existence of lower and upper solutions of problem (P1).
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Setting ¢ (1) = A (1 —1t), we see that o (t) = T ¢ (¢) is a lower solution of problem (P1). In

fact, we have

B+m—1 _
_ A (B+m—t) < A

(2.6) o) =Te()=1p""o(1) T(B+m+1) —~T(B+m)

From Hypothesis (H1), we find, for all ¢ € [p, 1),

—DI o (t)+f(t,To(t))

= Fa—g (170 T ETeO) S -A0-NTIH 10 Te W) <O

In addition, we also have ¢ (0) =T ¢ (0) =0, Dgfm_lg(l) =¢(1)=0.
Similarly, set y () = B(1 —¢). From Hypothesis (H2), we obtain that ¢ (t) = Ty (¢) is an
upper solution of problem (P1) and we get for all ¢ € [p, 1)

B+m—1 m—
27) 5t =Ty () =2 T(B +(€:H) 2E F(Bim)’

and

—DLy(t)+f(t,Ty(t))

= a0 T (@)

> —B(1—1)"" 9+ f(1,Tv(r)) > 0.

Moreover, we have y () < ¢ (t). Then G () < o (¢), which implies that the upper and lower
lower solutions & and ¢ are in reverse order.
Step 2. Localization of solutions of problem (P1).

Define a sequence of modified problems ((P4),), g € [p,1) by:

Di_v(t) = f ((t,T min[g, (max (v, ¥))]) (1)),0 <r < 1,

((P4),) W) =0,

Let us prove if v, is a solution of ((P4),) for g € [p,1), then

2.8) V(D) <ve()<@(n),0<1< 1.

Set w(t) = vy (t) — @ (). Then the initial condition implies w (1) = 0. Assuming the contrary,
we see that there exists 7; € [0, 1] such that w (¢;) > 0. By the continuity of w, we conclude the
existence of two points 7, and 3 in the neighborhood of #; such that w(r,) =0and w(z) > 0,1 €

[t3,12]. Now, it suffices to apply the right Caputo fractional derivative and take into account that
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o) = Dg++ m=1 o (1), properties (2.4)-(2.5) and the definition of lower solution (see Remark
2.3), to get

DI w(t) = DI vy(t)- DI ¢(1)
= f(t,(Tmin @, (max (vg, ¥))]) (1)) —CDCII_(p(t) <0,

for ¢ € [13,17] and for all g € [p,1). By Theorem 2.1, we deduce that w is increasing on [t3,2].
Since w (f2) =0, we conclude that w () <0, 7 € [t3,12], which leads to a contradiction. Similarly,
we obtain that y () < v, (t) ont € [0,1].

Now, from (2.8), we see that if v = v, is a solution of ((P4),), then
—CDf_v(t) +f(¢,Tv(t)) =0.

It follows that u = T'v is a solution of (P1). Finally, by applying operator T to inequalities in
(2.8), we find that

c(t)<u(t)<o(t),0<t<1
and
DEF s () < DEur) < DB o (), 0 < < 1.

Step 3. Existence of solutions of problem (P1).

Note that function f is continuous. From Arzela-Ascoli theorem and the Schauder fixed point
theorem, we show that the sequence of modified problems ((P4)q) has at least one solution for
allg € [p,1) and so u = T, is a solution of (P1).

The proof of Theorem 2.4 is completed.

Now, we present two examples to illustrate our results.

Example 2.5. Consider problem (P1) with o = % B = %‘ and
ft,x)=x(1 —t)%,Ogtg lL,xeR.

Thenp=o—m+1= % Choosing A = 0.1 and B = —0.1, we see that Hypotheses (HI) and
(H2) are satisfied. Indeed

0 = x(1-0}=x(1-0'P <A -0 ge2)

0

IA
A

o
A
v
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and

L B L
fltx) = x(1-0) Zm(l—ﬂ]

2
> B(l_t)17q7q6[§71)7
0 < <1 B <x<0
sy, L SSXS U
- T 'T'(B+m)

The expressions of lower and upper solutions are respectively

AP Bm—r) (1) 1)
ol C(B+m+1) mé@)’
s = B Bemon () -0)

1
—(1—=1)3
f(t,x):u,Ogtgl,xeR.

Then (H1) and (H2) are satisfied. Moreover we have the expression of the solution

ORI
10r (19)

u(t) =
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