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Abstract: In this paper, we investigate the existence of an absolute continuous solution to a class
of first-order nonlinear differential equation with integral boundary conditions (BCs) or with
infinite-point BCs. The Liouville-Caputo fractional derivative is involved in the nonlinear function.
We first consider the existence of a solution for the first-order nonlinear differential equation with
m-point nonlocal BCs. The existence of solutions of our problems is investigated by applying the
properties of the Riemann sum for continuous functions. Several examples are given in order to
illustrate our results.

Keywords: nonlinear boundary value problems; fractional-order differential equations;
Riemann-Stieltjes functional integral; Liouville-Caputo fractional derivative; infinite-point boundary
conditions; advanced and deviated arguments; existence of at least one solution
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1. Introduction

Our objective in this article is to investigate the existence of absolute continuous solutions of
the nonlocal first-order boundary value problem (BVP) with the nonlinear function involving the
Liouville-Caputo fractional derivative:

dx

i f(t,D*x(t)) ae. (0<t<1;0<a<1), 1)

together with either the Riemann-Stieltjes functional integral boundary condition (with the advanced
or deviated argument ¢) given by

[ 20 iz =% (z:01 > 01 56) 20 ®
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or the infinite-point boundary conditions given by
Y a x(p(1)) = xo (ar > 0; 7 € (0,1); p() < 1), 3)
k=1

where ¢ : [0,1] — [0,1] is an increasing function, « € (0,1] and D* denotes the Liouville-Caputo
fractional derivative of order a. The integral in (2) is the Riemann-Stieltjes type with respect to g(s).
In the case when g(s) = s, the Riemann-Stieltjes integral in the boundary condition given by (2)
reduces to the relatively more familiar Riemann integral.

In the case when & = 1, the BVP (1) becomes the implicit differential problem given by

dx dx

under the Riemann-Stieltjes functional integral BC (2) or infinite-point BCs (3).

Our results in this article are based upon Kolmogorov’s Compactness Criterion (see [1]) and upon
Schauder’s Fixed Point Theorem (see [2]).

Nonlinear BVPs with nonlocal multi-point BCs have received a lot of attention in recent years.
In fact, various conditions are obtained for the existence of solutions by (for example) Alvan et al. [3],
Benchohra et al. [4], Boucherif [5], El-Sayed and Bin-Taher [6], Gao and Han [7], Hamani et al. [8] and
Nieto et al. [9] (see also the references to the related earlier works which are cited in each of these
investigations).

BVPs with integral BCs arise naturally in semiconductor problems [10], thermal conduction
problems [11], hydrodynamic problems [12], population dynamics model [13], and so on (see also [14]).
Recently, these BVPs were extensively studied by (among others) Akcan and Cetin [15], Boucherif [16],
Benchohra et al. [17], Chalishajar and Kumar [18], Dou et al. [19], Li and Zhang [20], Liu et al. [21],
Song et al. [22], Tokmagambetov and Torebek [23], Wang et al. [24] and Yang and Qin [25] (see also
the references to the related earlier works which are cited in each of these investigations).

The study of BVPs involving infinite-point BCs has become attractive recently. In the year 2011,
Gao and Han [7] firstly studied the solutions to thefractional-order differential equation problem
with infinite-point BCs. Ever since then, many significant and interesting cases of BVPs of fractional
order were considered with infinite-point BCs by (for example) Ge et al. [26], Guo et al. [27],
Hu and Zhang [28], Li et al. [29], Liu et al. [30], Zhang and Zhong [31] and Zhang [32] (see also to
the references cited therein). In the year 2016, Xu and Yang [33] proposed a generalization of the PID
controller and studied two kinds of fractional-order differential equations arising in control theory
together with the infinite point boundary conditions. Their results can describe the corresponding
control system accurately and also provide a platform for the understanding of our environment.
However, investigations on the infinite-point BVPs for differential equations of fractional or integer
order have gradually aroused people’s attentions and interests, but such investigations are still not
too many.

Motivated by the above-mentioned developments and results, we consider the BVP given by (1)
and (2) or by (1) and (3). In each case, we determine sufficient conditions on f guaranteeing that
the problem (1) under the Riemann-Stieltjes functional integral BC (2) or the problem (1) under
infinite-point BC (3) has a solution. We first find the solutions of the problem (1) with the m-point BCs
given by

Y oaex(p(n)) =x0 (4 #00< i <1), 4
k=1

and then, by using the properties of the Riemann sum for continuous functions, we investigate the
solutions of the BVP given by (1) and (2) as well as the BVP given by Equations (1) and (3). The solutions
of our problems in the Carathéodory sense are given under some weak conditions on f, which are
sufficiently general and easy to check.
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Our work has the following salient features. Firstly, a unified investigation involving both
the Riemann-Stieltjes integral as well as infinite points is presented here in the BCs of the BVP (1).
Secondly, to the best of our knowledge, most (if not all) of the earlier works dealt with the
Riemann-Stieltjes integral BCs or infinite-point BCs as separate cases. Here, if we have a way of
getting the continuous solution of the m-point BVP, we can (in a simple way) get a solution to the BVP
with the Riemann-Stieltjes integral or infinite points in the BCs.

2. Preliminaries

Let C(I) be the space of continuous functions defined on I with the norm given by

[|x[| = sup [x(£)],
tel

and ACJ0, 1] be the space of all absolutely continuous functions on [0, 1].
In addition, let L1 (I) denote the class of the Lebesgue-integrable functions on the interval I = [0, 1]
with the norm given by

1
Iylle, = | w(@)az.
Definition 1. The Riemann-Liouville fractional integral of the function f € L1[0, T| of order B > 0 is defined
by (see [34,35])

R0 = g [ (=97 Ao s

p

Definition 2. The Caputo (or, more precisely, the Liouville-Caputo) fractional derivative of f(t) of order
a (0 < a < 1) is defined as follows (see [34,35])

D £ = I GO} = gy [0 (6=9 @) as

3. Existence of Solutions to (1) with the m-Point BCs (4)

Definition 3. A function x is called a solution of problem (1) with the m-point BCs (4) if x € AC|0, 1] and
satisfies (1) and (4).

We make several assumptions as detailed below:

(i) The function f : [0,1] x R — R is a Carathéodory function, that is, it possesses the
following properties:

(a) Foreach t € 10,1, f(t, ) is continuous;
(b) Foreach u € R, f(-,u) is measurable.

(ii) The function ¢ : [0,1] — [0,1] is continuous and advanced, ¢(t) = t, or continuous and
deviated, ¢(t) =< t.

(i) There exists an integrable function a € L1[0, 1] and a constant b > 0 such that

[f(t,u)| < a(t)+b|u foreach t € [0,1] and u € R

Lemma 1. The boundary value problem given by (1) and (4) is equivalent to the following integral equation:

() = A (xo Su [ dé‘) + [ ®

k=1
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where y(t) is the solution of fractional-order integral equation given by

y(t) = f(L,1""y(t))  (te[0,1)) ©6)

“(E)

Proof. We begin by considering the problem (1) with the m-point BCs in (4). If we put y(t) = x'(t)
in (1), then Definition 2 implies that

and

y(t) = f(t, T %y(b).

We also have
x(t) = x(0) + I'y(t). @)

We now use the nonlocal condition (4) in order to compute the constant x(0). Indeed, upon setting
t =¢(1) € (0,1) in Equation (7), we get

()
wo) = [ y@de+x(),

so that we have o )
m m T m
Y acx(p(n)) = Lo [T v(@de+x(0) Lo
k=1

From Equation (4), we find that

which yields

" ¢(e)
= A — d .
x(0) (xo Loa [l v@ c)

Substituting this last evaluation in Equation (7), we obtain formula (5).
Finally, in order to complete the proof of the above Lemma, we show that Equation (5) satisfies
problem (1) together with the m-point BCs in (4). In fact, from (5), we obtain

Dfx(t) = 14 Dix(0)) = 1y ).
In addition, upon differentiating (5) with respect to t, we have

T yl0) = F(11y(0) = £(6,D*x(1).

Again, from (5), we have
m
Y apx(p(w)) fxo—Zak/ dé‘+2ak/ &) dE = xg.

k=1

This proves the equivalence between the nonlocal problem given by (1) and (2) and the integral
Equation (5). O

For the problem (1) with the m-point BCs (4), we prove Theorem 1 below.
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Theorem 1. Suppose that the assumptions (i) to (iii) are satisfied. If

b

e—a) ~ U

then the fractional-order integral equation (6) has a solution y € L1[0,1].
Suppose also that the coefficients ay, satisfy the following inequality:

iak;«éo.

k=1

Then the problem (1) together with the m-point BCs in (4) has at least one solution x € AC|0, 1] given
by (5).

Proof. Let us define the operator T associated with Equation (6) by
(Ty)(t) = f(£,1'""y(#)).
In addition, for a positive number 7, let
By ={y:ye Li(I) and ||y[[r, =1} C L1[0,1],
where

[lallz,

1= r(zlia)

ﬁ
v

Clearly, B, is nonempty, closed, convex and bounded.

From the assumption (i), we can deduce that the operator T is continuous.

Suppose that y is an arbitrary element in B,. We will show that TB, C r. Indeed, from (6) and the
assumptions (i) and (iii), we get

1Tyll, = [ 17y(0)]
< [lawnarre [ S S i) aear

1 _ —K
Slhlly +o [ [ ok @il ac
b

b
vl Sllall, + =s—= 7=,

< flally, + ey

T(2-a)
which implies that TB, C B,.

We will now show that T is a compact operator. In fact, if we let () be a bounded subset of
B,, then T(Q)) is clearly seen to be bounded in L;[0, 1], that is, the first condition of Kolmogorov’s
Compactness Criterion (see [1]) is satisfied.

We next prove that

(Ty), — Ty uniformly in L;[0,1] (h — 0),

where

= [ e
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For each y € ), we thus find that

1T~ Tl = [ 1Tu(0) — (Ty) 1)
1 1 t+h
=[5 [ @ de - ) ar
<[ (3 [ 1@ -l ) a

0
1

A

T @) — £ ryw) g

0

By the assumptions (i) and (iii), y € Q) implies that f € L]0, 1], so it follows that (see [36])

1 [tk
7 /t 1F(& (@) — f( I y(1)|dE — 0 (b — 0) ae.  (t€[0,1]).

Then, by Kolmogorov’s Compactness Criterion (see [1]), we find that T(Q) is relatively compact,
that is, T is a compact operator.

As a consequence of Schauder’s Fixed Point Theorem (see [2]), the operator T has a fixed point in
B,. This proves the existence of the solution y € L1[0, 1] of Equation (6). Consequently, based on the
above Lemma, problem (1) together with the m-point BCs (4) possess a solution x € AC(0,1).

Now, from Equation (5), we have

1 (%)
#(0) = lim x(1) = Ax0 =4 ), o [ y@de

and

t—1—

. B " ¢(7i) 1
H(1) = Jim x() = Axo =4 Y a [T v@dc+ [y

from which we deduce that Equation (5) has a solution x € AC[0,1].

Consequently, the nonlocal problem given by (1) and (4) has a solution x € ACI0,1] given
by (5). O
4. Riemann-Stieltjes Functional Integral BCs

Let x € AC|0, 1] be a solution of the problem (1) with the m-point BCs in (4). Then, we have the

following theorem.

Theorem 2. Suppose that the assumptions (i) to (iii) are satisfied. If

b

e—a) <!

and ¢ : [0,1] — [0,1] is an increasing function, then there exists a solution x € AC[0,1] of the
following problem:
X'(t)=f(t,D*x(t)) ae.  (t€(0,1); a €(0,1]),

together with the Riemann-Stieltjes functional integral condition:

[ x(0(s)) dgts) =
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which is represented by

®)

Proof. Let
ar=g(t) —8(h—1) (€ (-1, t); 0=t <ty < tp,--- <ty £1).

Then, the multi-point nonlocal condition (4) becomes

m

Y [8(t) — 8(t—1)] x(¢ (7)) = xo-

k=1

From the continuity of the solution x of the multi-point nonlocal problem given by (1) and (4),

we can get
m

1
lim Y [g(t) — gk )] x(9(x) = [ x(9(s)) dg(s)
k=1 0
Furthermore, the multi-point nonlocal boundary condition (4) can be transformed into the
following Riemann-Stieltjes functional integral form:

1
| #(0(6) dg(s) = xo.
In addition, from the functional integral Equation (5), we have

lim x(t) = [g(1) —g(0)] " xo — [g(1) — g(0)] "

m—o0
m

()
Jdim Y g0 —gt)] [T y@de+ [ @i

k=1
= [g(1) —g(0)] ! xo — [g(1) — g(0)]

)
(s)
[ v dase) + [ v

Hence, the continuous solution of the first-order nonlinear differential Equation (1) with the
Riemann-Stieltjes functional integral condition (2) is given by (8). [

We would like to provide two examples of the first order BVP (1) with the Riemann-Stieltjes
functional integral boundary condition (2) (with the advanced or deviated argument ¢) whose solutions
are ensured by Theorem 2.

Example 1. Let the nonlinear function f(t,u) in (1) be given by

f(t,u) = cos (3(t+1)) —|—% (t3 sin u +e_tu) .

It is clear that the assumptions (i) and (iii) of Theorem 2 are fulfilled with
a(t) = cos (3(t+1)) € L1(0,1] and b= =

Let the fractional order in (1) be x = % Then

~ 0.4503338 < 1.

r2-—a)
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In this case, the first-order BVP (1) has the following form:

dit‘ =cos (3(t+1)) + % [£3 sin DY/2x(t) + ¢~ D/ 2x(1)]. 9)
Let the function g : [0,1] — [0, 1] be defined by the formula
gt)y=tIn(1+1¢).

If B € (0,1), we consider the advanced function ¢(t) = tP. Then, the integral condition (2) assumes the
following form:

[ () a(m(1+ ) = x. (10)

Thus, clearly, one can obtain the existence of a solution of (9) and (10).

Example 2. Let f(t,u), g(t), x and B be as in Example (1) and consider the deviated function ¢(t) = Bt. Then
the functional integral condition (2) becomes

1
/ x(Bt)d(tin(1 + 1)) = xo. (11)
0
Therefore, we can obtain the existence of a solution of (9) and (11).

We now consider another Riemann-Stieltjes nonlocal integral boundary condition.

Corollary 1. Let the assumptions of Theorem 2 be satisfied. Then there exists a solution x € AC|0, 1] of the
following problem:

x'(t) = f(t, D*x(t)) ae. (te(0,1); a €(0,1]),

together with the Riemann-Stieltjes nonlocal integral condition given by

d
/ x(p(s)) dg(s) =x9 (0<c<d<1),
which is represented by

(1) = [5(d) ~ (0] %0~ () — g(0)]
T v@azase + [ v ae
- Jo y 8 ) y :

Proof. The proof of the above corollary is similar to that of Theorem 2. Here, in this case, we let
ap=g(t) —g(h1)  (w€ () 0<cSto<t <t - <t =d<1).
O

5. Infinite-Point Boundary Conditions
Let x € AC[0, 1] be the solution of the nonlocal problem given by (1) and (4). Then, we have the

following theorem.

Theorem 3. Let the assumptions (i) and (iii) be satisfied and let

b
(P(Tk) g Tk and m < 1.
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Suppose also that the following series:

[ee)
Y o=
k=1

is convergent. Then there exists a solution x € ACI0,1] of the nonlocal problem (1) and (3) given by the
following integral equation:

x(b) —BxO—BZak/ d§+/ (12)
for every solution y of the functional equation (6).

Proof. Let x € AC[0, 1] be a solution of the infinite point BVP (1) and (4) given by (5). Since

¢ (Ti)
()] Sallsll and o (7" y(©)E] S ol

by the comparison test, the series in (3) and

are convergent. Thus, by taking the limit as m — oo in (5), we obtain

x(t) —BxO—BZak/ d6+/

which, for every solution y of the functional Equation (6), satisfies the differential Equation (1).
Furthermore, from (12), we have

& & ¢()
Y. @ x(¢(w)) =B 'Bxo—B !B 2 ﬁk/o y(§)dg
k=1
+ 2 o / &) dé = xo. (13)
This proves that the solution of the integral equation (12) satisfies the problem given by (1) under
infinite-point BCs (3). O

6. Further Illustrative Examples

In this section, we consider the following examples with a view to illustrating some of our
main results.

Example 3. Consider the following infinite-point BVP:

dx  In(14|D*3x(t)|)
dat 2+ 12

0o 2 2 _
2% <k 1—¢Tsin2( kk21>> 00 <1).

+8e " ge.  (0<t<1)

together with



Symmetry 2018, 10, 508 10 of 13

If we set
In(1+u(t)]) 5 _p
then
< 43 —t2 1
£t )] < Pe 4 2 Jul.
We also set ,
a(t) =Be " € 140,1] and b= 3
Thus, clearly, assumptions (i) and (iii) are satisfied.
On the other hand, we have
a = 2 so that _b L 0.3731148 < 1
3 r2—a) '
Now, if we let
.2 p K2 —1
(1) = T — Asin” (/7) an U= € (0,1),
then

(%) = -

In addition, the following series:
(e8] (e8] 1
Y=, =
k=1 k=1
is convergent. Therefore, by appealing to Theorem 3, the given infinite-point BVP has an absolute
continuous solution.

Example 4. Consider the following infinite-point implicit BVP:

o ()P L. ! 3 iy . dx
E_W+E sin (x'(t)) + cost’ +3  ae. 0<t<l; X(5)="7
together with
ilo 3kx l—)\exp L (0§/\<])
k=1 4 k3 k =
If we set
f(t u)_uia_l_i Sll’l(7Tu>—|—cost3—|-3
T2+ uf) T4 ,
then 3
|f(t,u)] < cost® +3+ 1 lul,
Now, putting

a(t) = cost3+3¢ L1[0,1] and b = %

the assumptions (i) and (iii) hold true.
We have

a=1 sothat —— = - < 1.
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On the other hand, if we let

1
P(u) =t —Aexp(—7) and T = 3 € (0,1),

then

A

o)

Tk

We also see that the following series:
0 0 2 k-1
kzzl aj = 10](:21 (3>

is convergent. Therefore, by applying Theorem 3, the given infinite-point implicit BVP has an absolute continuous
solution in [0,1].

7. Conclusions

In our present investigation, we have considered the existence of an absolute continuous solution
to a class of first-order nonlinear differential equation with integral boundary conditions (BCs) or with
infinite-point BCs (see Theorems 2 and 3 and the above Corollary). We have demonstrated that, if we
can get the continuous solutions to BVPs with m-point BCs, we can easily get the solutions to these
problems with integral BCs or with infinite-point BCs. Several examples have also been given in order
to illustrate some of our main results. We note that the fractional differential Equation (1) involves
the ordinary derivative % of order 1 on its left-hand side. In the foreseeable future, we propose to
investigate the possibility of extending our results to such other higher-order derivatives as

?x  dPx  dix

ag’aes’ ar
occurring on the left-hand side of the fractional differential Equation (1), involving the Liouville-Caputo
fractional derivatives together with integral BCs and/or the infinite-point BCs.
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