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Abstract

The purpose of this paper is devoted to consider the existence of solutions for a class of nonlinear Caputo-Hadamard
fractional differential equations with integral terms ((CHFDE), for short). Firstly, by applying the semi-group property of
Hadamard fractional integral operator, a necessary condition of solvability for (CHFDE) is established. Then, under the suitable
conditions, we prove the solution set of (CHFDE) is nonempty by using the method of upper and lower solutions, and Arzela-
Ascoli theorem. Finally, we present several numerical examples to explicate the main results. (©2017 All rights reserved.
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1. Introduction

The fractional calculus ((FC), for short) deals with extensions of derivatives and integrals to non-
integer orders, which was started to be considered deeply as a powerful tool to reveal the hidden aspects
of the dynamics of the complex or hyper complex systems (see [1, 4, 8, 10, 14, 15, 17, 18, 24-26]). In the
last thirty years or so, the theory of (FC) has produced an abundance of important results both in pure
and applied mathematics as well as in other fields as for example: physics, chemistry, biology, economics,
control theory, signal and image processing, biophysics, blood flow phenomena, aerodynamics, fitting of
experimental data, etc. (see [11-13, 22, 28-31]), as it is allowed mathematical formulations for new classes
of interesting problems (see [3, 5, 6, 19, 20, 23, 32]).

To our knowledge, the fractional integral and derivative operators are usually studied in the sense
of Riemann-Liouville, Caputo or Griinwald-Letnikov. However, Hadamard fractional derivative operator
was introduced and studied in order to consider the problems, which is different completely to the ones
in the sense of Riemann-Liouville, Caputo and Griinwald-Letnikov (see [2,7, 9, 10, 16, 21]). In the present
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paper, we shall consider the following fractional nonlinear differential system involving Hadamard frac-
tional integral term

{ DX x(t) = f(t, x(t), [%x(t)), t € [a,b], 1.1)

x(a) =xq,

where CDE’I‘+ and I, stand for the Caputo-Hadamard derivative and Hadamard integral operators (see
Definitions 2.1 and 2.4, below), respectively, f: [a,b] x RXxR =+ R, xq € R,and 0 < a < b < 0.

The rest of paper is structured as follows. Section 2 contains basic definitions and results needed
in the sequel. Section 3 is devoted to present the main results describing the existence of solutions for
Caputo-Hadamard fractional differential equation (1.1). In Section 4, we show several numerical examples
to explicate our results.

2. Preliminaries

In this section we collect a few notions and results to be used later in the paper. In the sequel, we
denote AC(a, b; R) the function space, by R-valued absolutely continuous functions on [a, b]. In the begin,
we recall fractional operators in the sense of Hadamard.

Definition 2.1 ([7, 10]). Let 0 < a < b < oo and x: [a, b] — R. The Hadamard fractional integral of order
o > 0 of x is defined by

t o—1

Iox(t) = 1J lnE @ ds fort e [a,b],
Mo Ja S s

where I" stands for the well-known Gamma function by

Ma) = J t*le tdt.
0

Definition 2.2 ([7, 10]). Let 0 < a < b < oo and x: [a,b] — R. The Hadamard fractional derivative of
order o € (0,1] of x is defined by

1 d [t ) “x(s)
x — — _
Da+x(t)_r(1_(x)tdtL<lns> S ds fort € [a,b].

Obviously, we can obtain

« t\P' () t\Pret t\P1 () £ Bl
“*<1“a> _F(f5+oc)<lna> / “*(1“a> ‘rus—oc)<1“a>

fort € [a,b].
Now, we review some significant properties for fractional Hadamard integral and derivative operators
in which their proof can be found in [7, 10].

Lemma 2.3 ([7, 10]). Let «, 3 be such that o« > 0 and 3 > 0.
(i) If 1 < p < oo, then for x € LP(a, b;R), we have
I

BI%x(t) = 197 Px(t) fort e [a,bl.
(i) If1 <p < ooand « > 3, then for x € LP(a, b;R), we have
DEJ?}X(t) = Ig:ﬁx(t) fort € [a,bl.

Definition 2.4. Let 0 < a < b < oo and x: [a,b] = RR. The Caputo-Hadamard fractional derivative of
order o € (0,1] of x is defined by

D% x(t) = D% [x(t) —x(a)] fort € [a,bl.

at
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Remark 2.5. It is obvious that if x € AC(a,b;R), then Caputo-Hadamard fractional derivative, Defini-
tion 2.4, has the following equivalent formulation

Cryax _ 1 Jt( t>“ /
Da+x(t)—7r(1_(x) ) lns x'(s)ds fort e [a,b].

We conclude this section by recalling the following component properties for Caputo-Hadamard frac-
tional operators.

Lemma 2.6 ([7, 10]). Let & > 0 be such that n = [o] + 1.
(i) Ifx € C(a,b;R), then
DX (1% x(t) = x(t) fort € [a,bl.
(ii) Ifx € AC(a, b;R), then
& (CDg‘+x(t)) =x(t) —x(a) forte€ [a,bl.

at

3. Main results

In this section, we focus our attention on the existence of solutions for fractional nonlinear differential
system (1.1).

Theorem 3.1. Let f: [a,b] x R x R — R be a continuous function. Assume that x € C(a, b;R) is a solution of
the following integral equation

t oa—1 x
( t> f(s,x(s), 1%, x(s)) ds fort e [a,bl, (3.1)

x(t):xa—i—r(lodj In - s

s
then it also resolves the fractional nonlinear differential equation (1.1).

Proof. Assume that x € C(a, b;R) is a solution of the integral equation (3.1). Obviously, we obtain x(a) =
xq and t — I[5,x(t) € C(a, b;R). The continuity of f and definition of Hadamard integral I, guarantee
that t — f(t, x(t), I& x(t)) is continuous as well and

I f(t,x(1), 1% x(1)],_, =0

Since, t — I f(t,x(t),I5,x(t)) is continuous, then we have x is differential for a.e. t € (a,b), see (3.1),
ie, x € AC(a,b;R). From Lemma 2.6, we have

CD2‘+Ig‘+f(t,x(t), I3 x(t)) = f(t,x(t), [gx(t)) fort e [a,bl.

On the other hand, Remark 2.5 reveals

c 1 t t) 1 t t) c
x o - - _ _ / - - e / — (o4
DJ[x(t) —xdl Fi o) L <lns> [x(s) —xal" ds Fi o) L (lns> x'(s) ds DZix(t)
fort € [a,b].
By all above, we conclude that x € C(a, b;R) is a solution of fractional nonlinear differential equation
(1.1), which completes the proof of the theorem. O

Now, we introduce the concept of upper and lower solutions for integral equation (3.1), which plays a
remarkable role in our work.

Definition 3.2. Let (x,X) € C(a,b;R) x C(a,b;R). A pair of functions (x, X) is called to be upper and
lower solutions of fractional integral equation (3.1), respectively, if

t a—1 o

f ’ /I + &

x(t) <xq+ lj lnE (s,x(s), g x(s)) ds forallte [q,b],
Mo Ja 13 s
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and

t oa—1 = x -
X(t) > xa + 1J <ln t) Fls,X{s), Ig+X(s)) ds forallt e [a,b].
r(O() a N S

Let (x,X) be a pair of upper and lower solutions of fractional integral equation (3.1). In the sequel,
we denote an admissible set of solutions for fractional integral equation (3.1) governed by a pair of upper
and lower solutions (x, X) as follows

Uxx) = {x € Cla,b;R) : x(t) < x(t) <Xx(t), t €[a,b] and x is a solution of (3.1)}.

Theorem 3.3. Let f € C([a, b] x R%R). Assume that (x,%) € C(a,b;R) x C(a, b;R) is a pair of upper and lower
solutions of fractional integral equation (3.1) with x(t) < X(t) for t € [a, b]. If (x,y) — f(t,x,y) is nondecreasing,
that is

f(t Xl/yl) f(t X2,Y2 fOT’ x1 < %o and Y1 < Yo,

then there exist maximal and minimal solutions xpm, xp € Uy x) in Uy x), L.e., for each x € Uy x) one has
xp (1) <x(t) <xm(t) fort e 0, Tl

Proof. To this end, we construct two sequences {yn} and {z,,} as follows

S S

Yo =X, .
.
Yns1(t) =Xa + 157 S <ln t) Houns)haunl)) g, t € [a,b] and n = 0,1,.

and

S S

zZo =X, )
o
Zni1(t) =%xa + ﬁfﬁl <ln t) flszn(s)Igrzn(s ds te€la,blandn =0,1,.

We now split the proof in three parts.
Step 1. Sequences {yn} and {z} satisfy the following relation:

x(t) =yolt) <y1(t) <ya2(t) < ... <yn(t) < ... <zn(t) <. <z (t) < zo(t) = X(1) (3.2)

fort e [0, T].
First, we shall prove that sequence {yn } is nondecreasing and

Yn(t) < zo(t), t €la,b] foralln € IN.

According to the assumptions, we can know x(t) =yo(t) < X(t) = zo(t) for t € [a,b] and

t <1 t)“lf(s,yo(s),lg+yo(s))
nf
S S

1
yi(t) =xaq + F(oc)J ds > yo(t) fort € [a,b].

a

Since (x,y) — f(t,x,y) is nondecreasing, then it is obvious that

f(s,yo(s), Ig+yols)) < f(s,zo(s), 5+ zo(s))

for s € [0, T]. This deduces

t a—1 o
y1(t) :Xa‘*‘lj (ln t) f(s’yO(s)'SIa+UO(S)) ds
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t a—1 o4
<xa+1J <lnt) fls,20(s), Iq- 20(s)) ds < zo(t) fort € [a,bl.
Mo Ja S S

Therefore, we assume inductively
Yn—1(t) <yn(t) <zo(t) forte [a, bl

By virtue of definition of {y,}, we have

t( t)“lf(sfynl(S),Iﬁ‘wn1(5)) ds

1
yn(t):Xa—f—r((X)Ja lng s

t < t> (s, yn(s), Ig+yn(s))
In -
S s

ds

1
Yng1(t) =xq + F(OC)J

a

for t € [0, T]. Using the monotonicity of f, we readily obtain
Yn(t) <yni1(t) <zo(t) fort e [a, bl
Further, we will show that
Yn(t) <zn(t) fort € [a,b] and n € N.
For n =0, it is clear that x(t) = yo(t) < zo(t) =X(t) for t € [a, b]. Now, we also suppose inductively
yYn(t) < zn(t), t € [a,bl.

Analogically, we easily conclude from the monotonicity of f with respect to the second and the third
variables that

Ynt1(t) < znga(t), t € la,bl.
Also, we have that the sequence {z,, } is nonincreasing.
Step 2. Sequences {yn} and {z} are both relatively compact in C(a, b;R).
Because f is continuous and x,x € C(a, b;R), from Step 1, we have {yn} and {z} belong to C(a, b;R)

as well. It follows from (3.2) that {yn} and {z,} are uniformly bounded. On the other hand, for any
t1,t2 € [a, b], without loss of generality, let t; < t2, we have

rz <1n tz> (s, yn(s), 1% ynls))

S S

Ynst (t1) — Ynsr (t2)] = r(la)

_ Jtl (ln tl) (s, ynls), [a+yn(s))
1

ds—

a

ds

S

Jtl [<1nt2> o <1n t1> “1] fls,yn(s), [Eryn(s)) o
a S s s

1% oa—1 o«
+J (1n t2> f(s,yn(s), Ig+yn(s))

S S

t a—1 o—1 t2 a—1
< J E lnt—2 — lnt—1 ds+J E lnt—2 ds
r((x) a $ S S t S S
X X o8
< M In By _ In b +2( In f2
N1+ o) a a t

—0, as|tj —t2] — 0,

ds

where M > 0 is a constant independent of n, t;, and t,. It implies that {yn } is equicontinuous in C(a, b; R).
From Arzela-Ascoli Theorem (see [27]), we imply that {yn} is relatively compact in C(a, b;R). Similarly,
we obtain {zn } is also relatively compact in C([a, b];R).
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Step 3. There exist maximal and minimal solutions in U ).

Step 1 and Step 2 indicate that the sequences {yn} and {z, } are both monotone and relatively compact
in C(a, b;R). Obviously, there exist continuous functions y and z with yn (t) < y(t) < z(t) < zn(t) for all
t € [a,b] and n € IN, such that {y,} and {z, } converge uniformly to y and z in C(a, b; R), respectively. So,
y and z are two solutions of (3.1), i.e.,

B 1t ) (s, y(s), 1% y(s))
‘J“)—"a*r(oﬂa(ms) 5 @

t a—1 o
z(t) = xq + r(l(x)J <ln t> f(S,Z(S),SI(ﬁz(s)) ds

a S

for t € [a, b]. However, the fact (3.2) ensures that
x(t) <y(t) < z(t) <x(t) fort e [a,bl

Finally, we shall illustrate that y and z are the minimal and maximal solutions in U, x), respectively.
For any x € Uy x), then we have

x(t) <x(t) <x(t) fort e [a,b].
Recall that f is nondecreasing with respect to the second and the third arguments, we induct
x(t) <yn(t) <x(t) <zn(t) <Xx(t) fortela,b] andn e N.
Taking limits as n — oo into the above inequality, one implies
x(t) < y(t) <x(t) <z(t) <X(t) fort e [a,bl.

This means that x =y and xpm = z are the minimal and maximal solutions in U, %), respectively, which
completes the proof of the theorem. O

Theorem 3.4. Assume that hypotheses of Theorem 3.3 are satisfied. Then fractional nonlinear differential equation
(1.1) has at least one solution in C([a, b]; R).

Proof. By the assumptions and Theorem 3.3, we have U, x) # 0, i.e., the solution set of fractional integral
equation (3.1) is nonempty in C(a,b;R). This combines with Theorem 3.1 to verify that fractional non-
linear differential equation (1.1) has at least one solution in C(a, b;IR), which completes the proof of the
theorem. O

4. Examples

In this section, we will apply foregoing theoretical results stated in Section 3 to present two simple
examples to explicate the results.

Example 4.1. Consider the following Caputo-Hadamard fractional differential equation

{ CDix(t)=%Unt)%—(lnt)2+x(t) forte[l,¢],

Proof. Let f(t,x(t)) = 3\F(lm t)z — (Int)? +x(t) for t € [1,e]. From Theorem 3.1, we only prove that the
following fractional integral equation has at least one solution in C(1, e;R)

x(t) = 11%+ <3\f (Int) 2 (Int)? —|—x(t)> forte[l,el. 4.1)

Indeed, we can see that (x(t),%(t)) = (0, (Int)? + (Int)?) is a pair of upper and lower solutions of (4.1). In
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addition, f is continuous and nondecreasing with respect to the second argument. We can calculate the
sequences {yn } and {zn} by

yo(t) =x(t), zo(t) =X(t),

1 1
Ynt1(t) =11 f(t,yn(t)), n=0,1,..., zZn1(t) = [ f(t zn(t), n=0,1,...

for t € [1,e]. We are now in a position to apply Theorem 3.3 to conclude yn, — y € C(1,¢;R) and

zn — z € C(1,e;R) as n — oo. In the meantime, we can get z(t) = y(t) = (Int)? for t € [1,e]. The

approximation of sequences {yn} and {zn} to (Int)? is shown in Fig. 1 and Table 1. O

Figure 1: A plot of yy and zy, k =0,1,2,3,4,10 for Example 4.1.

Table 1: Error analysis.

n=>5 n=10 n=15 n=20
x(t)] | 833x1072 1.10x103 551x10° 146x10%
x(t)] | 5.00x 1072 1.49x10* 1.65x10°° 351x10°°

SUPy (1 ¢ [Yn(t)
SUP{ (1 ¢] |zn ()

Example 4.2. Consider the following Caputo-Hadamard fractional differential equation

1 1
CDZ x(t) = %(lnt)% — st ()} +ILx(t) forte (el
x(1) =0.

ﬁ

1 1
Proof. Let f(t,x(t),I7,x(t)) = %(lnt)% — %(lnt)% +1:x(t) for t € [1,e]l. Then, the corresponding

fractional integral equation is obtained by

x(t) = Il%+ (jﬁ(lnt)% — 3jﬁ(lnt)g + Iléx(t)) fort € [1, el. (4.2)

Obviously, (x(t),%(t)) = (0, (Int)? +Int) is a pair of upper and lower solutions of (4.2). All conditions in
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Theorem 3.3 are verified readily, so, we construct the sequences {yn} and {z,,} by
Yo(t) = x(t), zo(t) = Xx(t),

1 1 1 1
Yns1(t) = 112+f(t/yn(t)/ 112+yn(t))/ Znt1(t) = 112+f(t/ zn (1), 112+Zn(t))-

Applying Theorem 3.3 again, we have y, =y € C([1,e];R) and z, = z € C(1,e;R) as n — oco. Besides,
we have that z(t) = y(t) =1Int for t € [1, e]. Furthermore, we also obtain the approximation results, Fig.
2 and Table 2. O

-
¥
=
i
¥

i

+

*****
’

Figure 2: A plot of yi and zy, k =0,1,2,3,4, 10 for Example 4.2.

Table 2: Error analysis.

Iterations
Absolute Error n=>5 n =10 n=15 n =20
SUP (1 ¢ [Yn(t) —x(1)] 834x10° 26x107 765x10°1 111x10°™
SUP e 12n () —x(1)] 278 %1073 501x 1078 957 x 10~ 1.14 x 10716
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