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Positive solution of Hilfer fractional differential
equations with integral boundary conditions

Mohammed A. Almalahi, Satish K. Panchal and Mohammed S. Abdo

Abstract. In this article, we have interested the study of the existence and unique-
ness of positive solutions of the first-order nonlinear Hilfer fractional differential
equation

with the integral boundary condition

O+y —)\/ s)ds +d,

where 0 < 2 <1,0< <1, A>0,deR", and Dgf, Ié+7 are fractional ope-
rators in the Hilfer, Riemann-Liouville concepts, respectively. In this approach,
we transform the given fractional differential equation into an equivalent inte-
gral equation. Then we establish sufficient conditions and employ the Schauder
fixed point theorem and the method of upper and lower solutions to obtain the
existence of a positive solution of a given problem. We also use the Banach con-
traction principle theorem to show the existence of a unique positive solution.
The result of existence obtained by structure the upper and lower control func-
tions of the nonlinear term is without any monotonous conditions. Finally, an
example is presented to show the effectiveness of our main results.

Mathematics Subject Classification (2010): 34A08, 34B15, 34B18, 34A12, 47TH10.

Keywords: Fractional differential equations, positive solution, upper and lower
solutions, fixed point theorem, existence and uniqueness.

1. Introduction

Fractional differential equations have high significance due to their application in
many fields such as applied and engineering sciences, etc. In the recent years, there has
been a significant development in ordinary and partial differential equations involving
fractional derivatives, see the monographs of Kilbas et al.[8], Miller and Ross [10],
Podlubny[12], Hilfer [7] and reference therein. In particular, many interesting results
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of the existence of positive solutions of nonlinear fractional differential equations have
been discussed, see [2, 4, 5, 9, 11, 13, 14] and reference therein. The integral boundary
conditions have various applications in applied fields such as, underground water
flow, blood flow problems, thermo-elasticity, population dynamics, chemical engineer-
ing, and so forth. Since only positive solutions are useful for many applications. For
example, Abdo et al in [1] discussed the existence and uniqueness of a positive solution
for the nonlinear fractional differential equations with integral boundary condition of
the form

D y(t) = f(ty(1)), te0,1]
y(o)—/\/ly(s)ds+d, A>0,d€RT,
0

where “D§, is the Caputo fractional derivative of order o € (0,1), and f satisfied
some appropriate assumptions.

Ardjouni and Djoudi in [3], discussed the existence and uniqueness of a positive
solution for the nonlinear fractional differential equations

D?er(t) = f(t,z(t), te [176]

z(1) = )\/16 x(s)ds + d,

where D, is the Caputo-Hadamard fractional derivative of order o € (0,1), A > 0,
d € Rt and f satisfies some suitable hypotheses. On the other hand, Long et al. [9]
investigated some existence of positive solutions of period boundary value problems
of fractional differential equations

6 () = Ax(t) + S (¢, (1)), t € (0,0)
. lir%+t1_7:c(t) =, lirrg_tl_"ya:(o), y=a+p—-af

where A < 0, Dg‘;ﬁ is the Hilfer fractional derivative of order a € (0,1) and type
B €10,1] and f satisfied some appropriate conditions.

Motivated by the above works, in this paper, we discuss the existence and unique-
ness of positive solution of the following nonlinear Hilfer fractional differential equa-
tions with integral boundary condition in a weighted space of continuous functions

0 y(t) = flty(1), 0<t<1 (1.1)

Ig;"’y(()) = )\/0 y(s)ds + d, (1.2)

where ngrﬂ is the left-sided Hilfer fractional derivative of order oo € (0,1) of type
B €10,1, A >0,d € Rt and f : [0,1] x RT — RT is a continuous, IS;“Y is the
Riemann-Liouville fractional integral of order 1 — v, with v = a + (1 — «). The
Hilfer fractional derivative can be regarded as an interpolator between the Riemann—
Liouville derivative (5 = 0) and Caputo derivative (8 = 1). Furthermore, there are
studies addressed the given problem in cases of 5 = 0, 1, however, to the best of our
knowledge, there are no results of the Hilfer problem (1.1)-(1.2), hence, our article
aims to fill this gap.
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This article is constructed as follows: In Section 2, we recall some concepts which
will be useful throughout this article. Section 3, contains certain sufficient conditions
to establish the existence criterions of positive solution by using the Schauder fixed
point theorem and the technique of upper and lower solutions. Section 4, demonstrates
the uniqueness of the positive solution by using the Banach contraction principle. We
are given an example in last section.

2. Preliminaries

Let Ci—[0,1] be a weighted space of all continuous function defined on the
intervel (0, 1], such that

Ciy[0,1] = {y: (0,1] = R*; t'7y(t) € C[0,1]},0 <y <1
with the norm

= max [t'"Ty(t)].

HyHcl,—y[o,l] t€[0,1]

It is clear that Ci_, ([0, 1] ,R™") is Banach space with the above norm. Define the cone
QC 01,7 [O, 1] by

Q={y(t) € (. [0,1] : y(t) = 0, t € (0, 1]} .

Definition 2.1. [8] The left-sided Riemann-Liouville fractional integral of order v > 0
with the lower limit zero for a function y : Rt — R is defined by

a 1o o
I5)(®) = gy [ (6= 9 w(s)as.
provided the right-hand side is pointwise on R™, where I' is the gamma function.

Definition 2.2. [8] The left-sided Riemann-Liouville fractional derivative of order 0 <
a < 1 with the lower limit zero of a function y : R™ — R is defined by
Lo Loy
— -5 s)ds.
T(1—a)dt ), 4

provided the right-hand side is pointwise on RY.

D0+y( )=

Definition 2.3. [8] The left-sided Caputo fractional derivative of order 0 < o < 1 with
the lower limit zero of a function y : Rt — R is given by

1 t
°D —— | (t—s5)*"1y/(s)ds.
O+y( ) F(l _ a) /O ( 5) Y (3) S
provided the right-hand side is pointwise on RY.

Definition 2.4. [6] The left-sided Hilfer fractional derivative of order 0 < o < 1 and
type 0 < 8 < 1 with the lower limit zero of a function y : RT™ — R is given by

a, 1-a 1-8)(1—a
D3yt = I3 DIy )

where D = %. One has,

)

o () = 1 DY), (2.1)
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where
Dy y(t) = DI y(t), v = a+ B(1 — ).
In the forthcoming analysis, we need the following spaces:
CP 0,1 = {y € Cy_4[0,1]: DXy € Cy [0, 1]} :
and
O, [0,1]={y e C.[0,1] : DJ,y € C1_[0,1]} . (2.2)

Since Dg‘f}y = Igfl_a)D&y, it is obvious that C}__[0,1] C CT"7 [

0,1].
Lemma 2.5. [2] Let « >0, >0 andy = a+ B —af. Ify € CY__[0,1], then
I, Dy = Igv Dy,
and
Dy, Igvy = D' ™y,
Theorem 2.6. [6] Let y € C,[0,1], 0 < a <1, and 0 <~y < 1. Then
D I y(t) = o), Vi € (0,1].
Moreover, if y € C4[0,1] and I&;ﬂ(l_a)y € C1[0, 1], then
Dg‘;ﬁlggy(t) =y(t), for a.e. t € (0,1].
Theorem 2.7. [6] Let o, 3> 0 and y € CJ[0,1], 0 < a <1, and 0 <~ < 1. Then
I Iy (t) = I8Py (t).

Lemma 2.8. [8] Let & > 0, and o > 0. Then

(o)

—— et 50
INa+ o) ’

a 4o—1
o+t =

and
Mt =0, 0<ac<l.

Lemma 2.9. [6] Let 0 < o < 1,0 <y <1, ify € C,[0,1] and I;7%y € C10,1], we

have

Ly y(0)
I'(v)

Lemma 2.10. [6] Let y € C,[0,1]. If 0 <y < a < 1, then

Igy Dgry(t) = y(t) t*=t for all t € (0,1].

lim IS y(t) =I5 y(0) =0.
t_1>r%+ o+ y(t) o+ y(0)
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3. Existence of positive solution

In this section we will discuss the existence of positive solution for equation 1.1
with condition 1.2 . Befor starting in prove our result , we interduce the following
conditions:

(Hq) f:(0,1] x [0,00) — [0, 00) is continuous such that f(-,y(-)) € C1_4[0,1]
for any y € C1—,[0,1].

(H2) There exist a positive constant Ly such that

[f(t2) = f(&9)l < Ly llz = ylle, -
The following lemmas are fundamental to our results.
Lemma 3.1. If Q(t) := fl(s —T1)% s , for 7 € [0,1], then

.
Q(7)
I(e)
Proof. According to the definition of gamma function with some simple computation,
we obtain

<e. (3.1)

Qlr) f:(s—T)a_lds

') IS setemsds
01—7 s 1ds efol_T s@le=s g
= X ca—1,—s S X ca—1,—s <e.
Jo sele=sds Jo solemsds

O

Lemma 3.2. Assume that Q(7) := f:(s —71)* s forT €[0,1], p:=1— ﬁ #0,
feCi—+[0,1] and y € C7__ [0,1] exist. A function y is the solution of

DYPy(t) = f(t,y(t), 0 <t <1, (3.2)

0 _/\/ $)ds +d, (3.3)

if and only if y satisfies the fractional integral equation

gty = A1+ X0 QW - ﬁ / (t— ) f(5,y(s))ds, (3.4)

o A 1
where A = (W + W) d.

Proof. First, Assume that y satisfies equation (3.2), then by applying I, on both
side of equation (3.2) and use Lemma 2.9, integral condition, we obtain

y(t):W/O y(s)ds + =2 tv—1+i/o (t— ) Lf(s,y(s))ds.  (3.5)

I'(v) I'() I'()
Set A := fo s)ds. This the assumption with the equation (3.5) implies
A Q (r))dr, (3.6)

T ul(y+1) v+1



714  Mohammed A. Almalahi, Satish K. Panchal and Mohammed S. Abdo

substituting (3.6) into (3.5), we attain
/\t'Y L Q

=iy ! t —8)* L f(s,y(s))ds
y(t) = At Wi+ s [ 0= syt

for all ¢ € (0,1].
Conversely, assume that y satisfies (3.4). Applying Ié; 7 to both sides of (3.4) yields

Q

Iy "y (t) (7))dr

+W/() (t—8)*"7f(s,y(s))ds.

Taking the limit at ¢ — 0% of last equality and using Lemma 2.10 with 1 — v <
1 —v+4+ «a, we get

L)

Iy 7y(0) = y(7))dr.

From the equation (3.6) with help of the definition of A, it follows that the integral
boundary conditions given in (3.3) is satisfied, i.e. 101: )‘fo s)ds + d.
Next, applying Dg+ to both sides of (3.4) and using lemmas 2.5, 2.8, ylelds

Djvy(t) = DL~ f(tu(t)) (3.7)
since y € C]__, 0,1], by (2.2), we have D, y(t) € C1— [0,1], therefore

DY = pr e [0,1].

For f € Ci1-,0,1], it is clear that Ié;ﬁ(lfo‘)f € Ci_,[0,1]. Consequently, f and
IS;’BO_a)f satisfy Lemma 2.9.

Now, we apply Iﬂl*“) to both side of equation (??), then Lemma 2.9 and definition
of Hilfer operator imply that

13;5(1704)]0(07 y(()))tﬁ(l—a)—l
L1 —a))

Dgly(t) = f(ty(t) —
By virtue of Lemma 2.10, one can obtain

Py(t) = f(t,y(t).

This completes the proof. O

Lemma 3.3. Assume that (Hy) and (3.1) are satisfied. Then the operator A : Q — Q
defined by

AL Q(r)

Ay(t) = A+ D i+ s [ = e (38)

18 compact.
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Proof. We know that the operator A : Q@ — Q is continuous, from fact that f(¢,y(t))
is continuous and nonnegative. Define bounded set B, C 2 as follows

B, ={yeq:lyle,_ <r}.
The function f: (0,1] x B, — R™ is bounded, then there exist £ > 0 such that
0< f(tyt) <&

In view of equation (3.8), Lemma 3.1, and for all y € B, t € (0, 1], we have

’Ay t177|
T L=yt

< +7/ Qa ))dT+;(a)/(t5>“1f(s,y(s))|ds
1 t

< / (7 dT+1t“(oj) / (t =) f(s,y(s)] ds

)\eé- tl ’y-‘rOté
= A+F(7)u T(a+1)
which implies
A
ol < |4+ 505+

Thus, A(B,) is uniformly bounded.
Next, we prove that A(B,) is equicontinuous. Let y € B,. Then for any 6,7 €
(0,1] with 0 < 0 <n <1, we have

[n' =7 Ay(n) — "7 Ay(6)]

_ = [ 9 (s uls 3—517_7 5 e s
Fay o =97 s wonds — 5y [0 =97 oo
1—y _ s§1—v §

S i A CEE RGeS SO
nl—’Y ! a—1
T /5 (n = )7 |f(s,y(s))| ds

11—y _ §1—v 1)
L
_,Yg

n—38)*" Lds

n' ¢

w @ =)+ =0+ -0 (39)

<
- INa+1)
By the classical Mean value Theorem, we have

0 —n* = a(d—mT
< a(d—n). (3.10)
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The last inequality with(3.9) implies
[n' =7 Ay(n) — 8177 Ay(s))|

[0 =6 )¢ o) _N7E o
S WW@‘W‘H’?‘@ ]+I‘( +1)(77 9)
[ -0t ¢ o, N o
< W(U—& +m(7l—5)
2 5

e e

As § — 7 the right-hand side of the preceding inequality is independent of y and
tends to zero. So,

[n' Y Ay(n) — 67 Ay(8)] — 0,¥ |n — 8| — 0.

Hence, A(B,) is an equicontinuous set. By the Arzela-Ascoli theorem we get that
A(B,) is relatively compact set, which prove that A : Q — Q is a compact operator.
O

Definition 3.4. For any y € [a,b] C RT, we define the upper-control function by
G(t,x) = sup f(t,y),

aly<z

and the lower-control function by
g(t,z) = Inf f(t,y).
It is obvious that these functions are nondecreasing on [a, ], i.e
g(t,x) < f(t,y) < G(t,x).

Definition 3.5. Let 7, y € 2 such that 0 < y <% < 1 satisfy the following Hilfer
problem

DGty > G(tx), 0<t<1

1
L750) > A / s)ds +d,
0

. R O P L ey
(D) > A+ G g + s [ =" Gl
and
DYPy(t) < g(t,x), 0<t<1
1
I77y(0) < A/O y(s)ds +d

y(t) < AP+ ?i;ﬂ /0 ?8 g(ry(r)dr + —— /0 (t — 5)°2g(s, y(s))ds.
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Then the functions %(t) and y(t) are called the upper and lower solutions of the Hilfer
problem (1.1)-(1.2).

Theorem 3.6. Assume that (Hy) and (3.1) hold. Then there exists at least one positive
solution y(t) € C1-4[0,1] of the Hilfer problem (1.1),(1.2), such that

y(t) < y(t) <7(t), 0<t<l1.

where G(t) and y(t) are upper and lower solutions of Hilfer problem (1.1),(1.2) respec-
tively.

Proof. In view of Lemma (3.2), the solution of problem (1.1)-(1.2)is given by

1L or t
)= A0+ e [ B rpar + o [ (6= 90 s

Define
T = {a(t) :a(t) € 9, yl(t) <a(t) < T(H), 0<t <1}
endowed with the norm ||z|| = II%%)% |z(t)|, then we have ||z|| < b. Hence, T is a

convex, bounded, and closed subset of the Banach space C1_,[0,1]. Now, to apply
the Schauder fixed point theorem, we divide the proof into several steps as follows:
Step 1. We need to prove that A : Q@ — Q is compact .

According to Lemma 3.3, the operator A : Q@ — Q is compact. Since T C €2,
the operator A : T — Y is compact too.

Step 2. We need to prove that A : T — Y. Indeed, by the definitions 3.4, 3.5,
then for any x(t) € YT, we have

Az(t) = A4 m i ?(T; a:(r))dT—l—ﬁ/o (t =) f(s,2(s))ds
< Aw—w?’é”) s+ s [0 Gt et
N1 M1t 7) g i ' —8)* 1G(s,7(s))ds
< At it [P GG+ s [ -9 G e
< (). (3.11)
Also
y—1 1 T t
Az(t) = A1+ At /0 ?(a; (r,y( ))dTJrF(la)/o (t— )" f(s,y(s))ds
> A4 ” — Q”g )+ s [ (=9 s
A m 1 ! 1/t o
> arte e [ gy + s [ -9 s o)

> y(t). (3.12)

From (3.11) and (3.12), we conclude that y(t) < Axz(t) <7%(t), and hence Ax(t) € T,
forO0<t<lieA: T —T.
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In view of the above steps and Schauder fixed point theorem, the problem (1.1)-(1.2)
has at least one positive solution y(t) € T . O

Corollary 3.7. Assume that f : (0,1] x [0,00) — [0, 00) is continuous, and there exist
Ay, Ay > 0 such that

A < f(t,y) < Ag, (t,y) € (0,1] x RT. (3.13)

Then the Hilfer problem (1.1)-(1.2) has at least one positive solution y(t) € Y.
Moreover,

Fﬁﬂﬂ_L+F@?iU#l§y@)§Igﬂp_1+Iﬂfilfa. (3.14)
Proof. From the Definition 3.4 and equation (3.13), we have
Ar <g(ty) <Gt y) < As. (3.15)
Now, we consider the following Hilfer problem
Dgy(t) = As, I, "9(0) = d. (3.16)
Then, the Hilfer problem (3.16) has a positive solution

_ ot N
yt) = Wlé+ 75(0) + I Az
d Ay [t
= 4 / t—s)* tds
I @ S
— Lt’y—l Lta.
T'(y) Ma+1)
By (3.15) we conclude that
— d — As ! -1 -1 1 ‘ -1 —
y(t) = 4 /t—sa ds > t7 —I——/ t—38)*""G(s,7)ds.
W=tm" T S ETRS vl A

Thus, the function g(t) is the upper solution of the Hilfer problem (1.1)-(1.2).
In the similar way, if the Hilfer problem of the type

6 y(0) = Ay, Iy 7y(0) = d. (3.17)

Obviously, the Hilfer problem (3.17) has also a positive solution

1

1— (e
y(t) = WIM Ty(0) + Ig Ay
d A [t

= AR / t—s)*tds
i T T

= i -1 Ltf{
T'(y) M(a+1)

Similarly, by (3.15) we infer that

)= r(dv) o rf(lolc) /o (t =) "lds < r(dw) v ﬁ/o (t = 8" gle s

<
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Hence, the function y(t) is the lower solution of the Hilfer problem (1.1)-(1.2).
By Theorem (3.6), we deduce that the problem (1.1)-(1.2) has at least one positive
solution y(¢) € €, which verifies the inequality (3.14). O

4. Uniqueness of positive solution

In this section, we will demonstrate the uniqueness of the positive solution using
the Banach contraction principle.

Theorem 4.1. Assume that f : (0,1] x [0,00) — [0,00) is continuous, the condition
(Hs) and the inequality (3.1) hold. If

Ae 1
+ Ly <1 4.1
(w0 ) & oy
Then the problem (1.1)-(1.2) has a unique positive solution in Y.

Proof. According to Theorem (3.6), the problem (1.1)-(1.2) has at least one positive
solution in T as the form

v — Ay =t g [ e yr)ar

1 t — )L f(s,y(s))ds
ol A O

Now, we need only to proof that the operator A is contraction mapping on Y. Indeed,
for any y1,y2 € Y and ¢ € (0, 1], we have

[T Ay () — £ Ay (1)

. F(;)M / 1 ?f;i (w1 (7) = F(ryua(r) dr
+;(a) / (¢ )7 F . (5) — £(s,pa(o)] ds
. F(AW / () - F (] dr
+;(a) / (¢ )7 F o (5) — £(5,pa(o)] ds
< F(A;)M /01 Ly llyr = welle, . dr+ ;1(03 /Ot(t " sl el de
o dely tote

— 4+ — L —
1—\(7)/1, ||y1 y2HC1,W F(a—l—l) f ||y1 y2||C1,w

<(Ae+ ! )Ln el
= \TGu " Tlasy)) T #les,

The hypothesis (4.1) shows that A is a contraction mapping. The conclusion from the
Banach contraction principle that the Hilfer problem (1.1)-(1.2) has a unique positive
solution u(t) € C1—, [0,1]. O
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5. An example

In this part, we present an example to illustrate our result.
Example 5.1. Consider the following nonlinear Hilfer fractional problem
11 3 /.1
pitye) = : (ﬁ Isiny(t)] + 1) . te(0,1] (5.1)

2
Ijy(0) = 1

2
It is easy to see that

where o = 1, 3 = %, v = %, A=0,d=1and f(t,y(t)) = % (t% |siny(t)| + 1) .

3 f(t,y(t)) = g (t Isiny(t)] + t%) e Co,1].

Hence f(t,y(t)) € C1[0,1], which means that f satisfies (H;). Next, we show that f
satisfies (Hs). In fact, for any y1,ys € C’% [0,1] and ¢ € (0,1], we have

[f(ty1(1) = f(t,92(1)] <

ot W

3
247 sinyy () — gt% sinyg(t)‘

"

IN

t5 siny, (t) — t5 sin yg(t)’

ol W ot W

lyr —w2llc, =Lellyn —w2llc, -
3 3
Since f is continuous and

3 6
ggf(tvy)gga (t,y)E(O,l]XR+-
Then the Hilfer problem (5.1) has a positive solution which verifies y(t) < y(t) < (1)
where

1 1
y(t) = t3 + tz,
r'(3) 5T(3)
and
(1) = — 43 4 > 4}
y = s
= T3) 5(3)

are respectively the upper and lower solutions of Hilfer problem (5.1). Furthermore,
by simple computations, the condition (4.1) also is satisfied, i.e.

e 1 1 3
+ Li=—-~07<1.
<F(7)u r<a+1>> N

Thus, since all the hypotheses in Theorems 3.6, 4.1 are fulfilled, our results can be
applied to the Hilfer problem.
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6. Conclusion

This paper studies the existence and uniqueness of positive solution of the non-
linear fractional differential equation with integral boundary condition and Hilfer
fractional derivative operator. The proof of the main results relies on the Schauder
fixed point theorem, Banach contraction mapping principle and technique of upper
and lower solution.

The method of constructing a pair of upper and lower control functions with
respect to the nonlinear term without monotone demand provides a new efficient
technique to handle the nonlinear structure. This method is a tremendous tool for
solving nonlinear differential equations in applied mathematics. The obtained results
extend some known results in the literature. An example is introduced to illustrate
the main results of this paper.
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