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SOLVABILITY OF THE CAPUTO FRACTIONAL DIFFERENTIAL
SYSTEM WITH RIEMANN-STIELTJES BOUNDARY CONDITIONS

Ying Wang!’ and Limin Guo?

Abstract Fractional derivative is nonlocal which exhibit a long-term memory behavior.
Having these advantages, fractional order systems are more accurate than integer order
ones. In this article, our research focuses on the Caputo fractional differential system with
Riemann-Stieltjes integral boundary conditions. Firstly, we convert the system to an integral
operator. And then, based on the properties of the Green function, we have separately proven
the existence of the unique solution and at least one solution for the system by applying the
Banach contraction principle and the Leray-Schauder’s alternative. Finally, The correctness
of the results is verified through an example.
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1. Introduction

Compared to integer order calculus, fractional order calculus can handle differentiation and inte-
gration of any order, and has great advantages in describing the motion, intermediate processes,
and memory features of some complex systems. Therefore, for long-term and large-scale bio-
logical and physical phenomena, fractional order models are more accurate than integer order,
thanks to their ability to overcome the locality of integer order models. For instance, Arafa etc [1]
studied the viral dynamic model under the definition of fractional derivatives (aq, oo, a3 > 0) :

DY (z) = s — px — Pxz,
D2 (y) = frz — ey,
D% (z) = cy — 7z,

subject to the initial values
x(0) = 200,y(0) =0, 2(0) = 1.

The Volterra’s model for species population growth in closed systems can be represented by the
fractional equation:

“Doy(t) = ay(t) — by(t) — cy(t) /0 y()dz, y(0) = yo,
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where ¢D® denotes the Caputo fractional derivative of order 0 < o < 1. Obviously, it is very
meaningful to study the existence of positive solutions to equation models under appropriate
initial and boundary conditions.

In this article, our main focus is the investigation of the following Caputo fractional differ-
ential system

(<D (t) 4+ My () f2 (1, 2(0), y(8) = 0,
Dy (t) + Agan(t) folt, 2(t), y(£)) = 0, 0 <t < 1,

1
z(0) =2"(0) =0, z(1) = ,ul/o bi(s)x(s)dA1(s),

1
y(0) = (0) =0, y(1) = ps /0 bs(5)y(5)dAs(s),

where A\; > 0 is a parameter, 2 < «; < 3, °D* is the standard Caputo derivative. u; > 0
is a constant, A; : [0,1] — [0,+00) is the function of bounded variation, fol b1 (s)z(s)dA1(s),
fol b2(s)y(s)dAz(s) denote the Riemann-Stieltjes integral with a signed measure, 0 < p; fol tb;(t)
dA;(t) < 1. b; : [0,1] — [0,400), a; : (0,1) — [0,+00), fi:[0,1] x [0,+00) X [0, +00) — [0, +00)
are continuous functions, ¢ = 1, 2.

In the context of mathematics, profiting by the rapid development of nonlinear analysis
theory in recent years, many practical tools and methods, such as the operator theory [11,12,16],
fixed point theory [6,13-15], iterative methods [5,17,19], upper and lower solution methods [18],
etc. are used to solve every kind of differential equations. Fractional differential equations
involving different boundary conditions have attracted increasing interest from scholars. In [2],
Cabada et al. consider the following nonlinear fractional differential equation boundary value
problem

cDu(t) + f(t,u(t) =0, 0 <t <1,
(1.2)

where 2 < a < 3,0 < pu < 1, D is the Caputo differential operator of order «a, f : [0,1] x
[0, +00) — [0, +00) is a continuous function. By using the Krasnoselskii’s fixed point theorem,
they deduce a general existence theorem for (1.2).

Apply the Krasnoselskii’s fixed point theorem as well, Ma and Cui in [8] investigate the
following Caputo fractional boundary value problem

‘D(t) + puf(t,p(t) =0, 0 <t <1,
1
p(0) = p"(0) = 0, p(1) = /0 p(s)dA(s),

where 2 < a < 3, > 0 is a parameter, f : [0,1] x [0,+00) — [0,+00) is a continuous function.
Chen and Li [3] prove the existence of positive solutions for a system of nonlinear Caputo-type
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fractional differential equations

1
u(0) = u”(0) = 0, u(1) = /O w(t)dAy (1), (1.3)

where 2 < a; < 3 (1 = 1,2), °D* is the standard Caputo derivative, A\, p > 0 are parameters,
fi +10,1] x [0,400) x [0,+00) — [0,+00) is a continuous function, A; is a bounded variation
function, ¢ = 1,2. In [7], by the virtue of the fixed point index theory, the authors obtain the
two positive solutions for the equations (1.3) with parameters A = p = 1.

The objective of this study is to obtain the existence and uniqueness of solutions for the
system (1.1), we study it according to the Banach contraction principle and the Leray-Schauder’s
alternative. Compared to the papers we mentioned earlier, the system in this paper is more
complex, and the Riemann-Stieltjes integral boundary conditions can be converted into ordinary
integral boundary conditions, two-point, multi-point boundary conditions as well. What’s more,
in the system (1.1) we are discussing, A\; > 0 and A2 > 0 can be unequal, when the order of the
fractional derivative is not the same in the fractional differential equation, the system is called
incommensurate order.

The plan for this article is as follows. In Section 2, we provide the preliminaries and necessary
definitions, lemmas that are to be used to prove our main results. The main results are given in
Section 3, we show the proof of the existence and uniqueness of positive solutions for the system
(1.1). In Section 4, an example is given to demonstrate the application of our theoretical results.
In Section 5, we give the conclusions of this article.

2. Preliminaries and lemmas

In an effort to the system (1.1), in this section, we provide some preliminaries and lemmas to be
used in the rest of this article. Firstly, we present here some necessary definitions and lemma
about fractional calculus theory for convenience of the readers.

Definition 2.1. [9,10] The Caputo fractional order derivative of order « > 0, n — 1 < a < m,

n € N is defined as
1

cD% _ ! _Sn—a—lu(n) s)ds
Dult) = s [ (4= (5)ds,

where u € C"(J, R), J = [0,40), R = (—00,4+0), N denotes the natural number set, n =
[a] + 1, and [« denotes the integer part of c.

Definition 2.2. [9,10] Let o > 0 and let u be piecewise continuous on (0, +00) and integrable
on any finite subinterval of [0, +00). Then for ¢t > 0, we call

ou(t) = F(la) /0 (t — )% u(s)ds,

the Riemann-Liouville fractional integral of w of order a.
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Lemma 2.1. [9,10] Let n — 1 < o < n, u € C"[0,1]. Then
I D) (t) = u(t) + co + crt + ot + -+ + cu 1t

where ¢; € (—o0,+00) (i =1,2,--- ,n—1), n is the smallest integer greater than or equal to «.

) )

In the following Lemmas 2.2 and 2.3, we consider the following linear Caputo fractional dif-
ferential system (2.1), prove that system (2.1) has a unique integral representation and illustrate
the properties of the Green function G;(t,s) (i = 1,2).

Lemma 2.2. Let h; € C(0,1) N L(0,1) (i = 1,2), then the system

<D (t) + hy(t) = 0,
cDO2y(t) + ha(t) =0, 0 < t < 1,

! 2.1
2(0) =" (0) =0, a(1) = | bi(s)a(s)a(s) 21
0
1
Y0) =3 (0) = 0, y(1) = iz [ Ba(e)us)da(s),
\
has a unique integral representation
1
o) = [ Gt (s)ds,
° (2.2)
o) = [ Galt.s)hals)is,
0
where
Gi(t,s) (2.3)
1
(et e oA ) - -9
1 (1 - X1> s
= oy og:gtgl, 1
— (1 =)t Z/ b;(H)(t — s)41dA,; >,0§t§s§1,
i (a9 aa)
1
Xi = ,u@'/ tbi(t)dAi(t), 1= 1, 2. (2.4)
0
Proof. By Lemma 2.1 and the conditions
z(0) = 2"(0) = 0, y(0) ="(0) =0
System (2.1) is equivalent to the following integral equations:
t (t o s)al—l
x(t) = — ————hi(s)ds + ct, 2.5
0 =- [ CHs—h (25)

t — s as—1
y(t) = —/0 (tF(OL)hg(s)ds +ct. (2.6)
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Combining the conditions

1 1
wﬂ)=:u1Z;bﬂSﬁi$dAd8%zKU==u2[;bﬂSMK$dAﬂ8%

we get

1 1
(1—s)“—
+/ hi(s)ds,
0 1

c=y <+All_sa2 ha(s)ds.
Then, we have
c:l_X1<All—sm'%()d
i / [ o= s, 27)
¢ = ﬁ /01 1 —s5)2 1hy(s)ds
i / / ()t~ 9" a(s)dsdAa(r) ). (28)

Substituting (2.7) and (2.8) into (2.5) and (2.6) separately, we can get

1 1 1
(1) = F(ozl)(tl—)a) </O (1—5)“1_1h1(s)ds—u1/0 / b (8)(t — )™~ hy (s)d Ay (¢ )d)
1 bt — syl
_F(al)/o F(al) hl(S)dS, (
1 1 1
W0 = i ([ A= s = [ [ b - 9 hals)aa(0as )
2

2.9)

1 N
- ha(s)ds. .10
e w20 (210
Comprehensive equations (2.3) and (2.4), we can obtain (2.2). The proof is completed. O

From the expression of Green Function G;(t, s), we can proof the following Lemma 2.3 holds.

Lemma 2.3. The Green Function G;(t,s) (i =1,2) defined by (2.3) has the following proper-
ties:

(1)

Gi(t,s) >0 and G;(t,s) is continuous on [0,1] x [0, 1]. (2.11)

(2)

(1—s)i~t

Gi(t7 S) S F(ozi)(l — Xi),

t, s€0,1]. (2.12)
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In the following proof, for the sake of convenience, denote ®;(s) = A=)l pet X =
C0,1] x C[0, 1], clearly X is a Banach space with the norm

sy YY)l = ) = t, = t)|.
)l = el + ol el = mae (O, ] = mae )

For any (z,y) € X, defining an integral operator 7': X — X
T(x,y)(t) = (T1(z,y)(t), Ta(z, y)(t), 0 <t <1, (2.13)

1

Ti(z,y)(t) = /\1/0 Gi(t,s)ar(s) fi(s,z(s),y(s)ds, 0<t <1,
1

Tr(z,y)(t) = )\2/0 Ga(t, s)aa(s) fa(s, z(s),y(s)ds, 0<t<1.

(z,y) is a positive solutions of system (1.1) if and only if (z,y) is a fixed point of T

Lemma 2.4. [4] Let E be a Banach space. Assume that T : E — E be a completely continuous
operator. Let V = {x € E|lx = uTz, 0 < u < 1}. Then either the set V is unbounded, or T has
at least one fized point.

3. Main results

In what follows, we list the conditions to be used later:
(Hp) fol D;(s)a;(s) < o0, i =1,2.
(H;) There exist constants ¢;, 7; > 0, such that

|fi(t,u1,v1) — fi(t, U2,U2)| S Cl\ul — 'LL2| +77i|’U1 - UQ‘, t e [O, 1], Ui, U; S [0,—1—00), = 1,2.

(Hg) There exist constants 7; > 0, p;, 0; > 0, such that V¢t € [0,1], z,y € [0, +0c0),
Fityw,0) < i+ pilul + aifol, £ € (0,1, w, v € [0, 400), i =1,2

According to the Ascoli-Arzela theorem, by a routine discussion, we can prove that the
following Lemma 3.1 holds.
Lemma 3.1. Assume that (Hy) hold. Then T : X — X is a completely continuous operator.

Theorem 3.1 is about the uniqueness theorem of solutions. In the following proof, it mainly
shows that 7T is a contraction operator, that is ||T(x2, y2) — T(x1, 1) < ||z2 — 1| + ||z2 — 11]|-

Theorem 3.1. Assume that (Hp)(Hy) hold, A1(¢1+m1) + A2(CGe + 12) < 1, where

1

Then the system (1.1) has a unique solution.

Proof. Suppose
sup fi(t,0,0) = w < +o0,

by (Hj), we have

fi(t,u,?}) <w;+ C’L‘u’ +77i’v|7 i =1,2.
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Let
A1 + Agog

1= A(GHm) — Ax(G+ )
Nest, we prove that TP, C P,. For any (z,y) € P,,

r » Br=A{(z,y) € X o [[(z,9)|| <7}

T <
T (z,y)(t)] < max

1
A /0 Gi(t, 8)ax (s) 1 (5, 2(s), y(s))ds
1
<X /O Bi(s)ar (s) 1 (5, 2(s), y(s)ds

1

<X / ®,(s)ar (s)(@1 + Calz] + mlyl)ds
0
< A (w1 + Gl +mlll)

therefore

1Ty (2, y)l| < A1 (@1 + Gl +mllyll) - (3-2)

By the similar proofing as (3.2), for any (z,y) € P,, we can obtain

1T2(z, y)|| < Az (w2 + G|zl + n2llyll) - (3-3)

Combining (3.2) and (3.3), we know

|T(z,y)|| = T2 (x, y)|| + | T2(z, )|l
<Ay (w1 + Gzl +mllyll) + Az (w2 + Cflz|] +n2]lyll)
<r.

For any (x1,91), (x2,y2) € X, t € [0,1], by Lemma 2.3 and (H;), we can get

\T1(3i27y2)(t) —Ti(z1,11)(t)]
<\ /0 G (t, 8)ar(s) | f1(s,22(s), y2()) — Fa(s,21(), 41 ()] ds
1

< Al/o D1(s)ar(s) |f1(s, x2(s), y2(s)) — fi(s, 21(s), y1(s))| ds

<A1 (Gllzz — x|+ mlly2 — vall)
< Ar(G A+ m)([[o2 — 2zl + [ly2 — yall)-

Therefore, for (z1,y1), (x2,y2) € X, we observe
1T1(22,y2) — Ti(z1,y1) || < Ax(G 4+ m) (w2 — 2]l + [ly2 — w1 l)- (3.4)
Similar proof to (3.4), for (x1,y1), (x2,y2) € X, we achieve
1T2(22,y2) — Ta(z1,y1) || < A2(C2 4+ m2) (w2 — x| + [ly2 — w1 l)- (3.5)
As can be seen from (3.4) and (3.5),
1T (22, y2) — T'(21, y1) || < (Ar(G +m) + Ao(C +m2)) (|22 — 21| + [lz2 — w1 ).

Owing to A1((1 +m) + A2(Ce +12) < 1, T is a contraction operator, thus 7" has a unique fixed
point basing on the fixed point theorem of the contraction mapping principle, the system (1.1)
has a unique solution. The proof is complete. ]
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Theorem 3.2 is about the existence of solutions. We prove that the set P in E is bounded,
and then obtain the conclusion based on the Lemma 2.4.

Theorem 3.2. Assume that (Hy)(Hz) hold, (A1p1 + Agpa) + (Ar101 + Agp2) < 1, where Aq
and Ay are defined as (3.1). Then the system (1.1) has at least one solution.

Proof. Suppose
P ={(u,v) € X : (u,v) = xT(u,v), 0 < x <1}

For (u,v) € V, (u,v) = xT(u,v), so we have
u = xT1(u,v), v=xTa(u,v).

Thus, for any t € [0, 1], by Lemma (2.3) and (H3), we obtain

u(t)] <

1
A / Gi(t, $)ax (s) o (5, 2(5), y(s))ds
9

S)q/o D1(s)ai(s) fi(s,z(s),y(s)ds

< Ay(m1 + prull + enloll), (3.6)
1

X /0 Galt, $)as(s) fols, 2(s), y(s))ds
1

S)\Q/O Do (s)az(s) fa(s, z(s),y(s)ds
< Ao(72 + pallull + o2]lv]])- (3.7)

()] <

As can be seen from (3.6) and (3.7),

[ull + [lvf] < Ar(11 + prllull + orl|v]]) + Az(72 + p2flull + o2]lv]])
= A1 + Ao + (A1pr + Agp2)||ul| + (Aror + Agpe2)||v]].
Thus

A1 + AgTo
— (A1p1 + Agp2) — (Aro1 + Azpa)

Therefore, P is bounded. By Lemma 2.4, the operator T" has at least one fixed point. That is
to say, the system (1.1) has at least one solution. The proof is complete. ]

1€ o)1 = [lull + ol < 5

4. An example

An example is given to illustrate our main results. Consider the following problem:

;

“DEa(t) + £t 5 (1= 1) fy (1, 2(0), y(1) = 0.
cDiy(t) + %t(l — )71 fo(t, 2(t),y(t) =0, 0 < t < 1,
1 (4.1)
z(0) = 2"(0) =0, z(1) = / x(s)ds,
10 1
/0 =1/ = 0. y(1) = 3 [ u(s)as
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Let
8 9 1 3 1
ap =g, a2 =7, A1 = R A2 =0 p1 =1, p2 = 3
ar(t) =t75(1— )75, zw t1— )71,
bi(s) =ba(s) =1, Ai(s) =s, As(s) = s

In the following, we verify that conditions (Hp) and (Hs) are met, through calculation, we get

1 1 1 1 2 1 5 9
X1 = M1/ thy (t)dA(t) = / tdt = -, x2 = MQ/ tha(t)dAs(t) = / tdt = —,
0 0 2 0 3 Jo 9

1 9 L 1 9 1
/O<I>1(s)al(s)—r(§)/O t73dt < 400, /0q>2(8)a2(8)_7r(2)/0 tdt < 400,

the condition (Hp) holds. For t € [0,1], z,y € [0, +00), take

t 1 1
fl(t,x,y) = m <1 + Zsinx-l— y> 5

8
fo(t,x,y) = EE (1+2x+ 3y).
Notice that
1
[t = (14 e+ )| < 5+ el + gl
|fa(t,z,y)]| ‘ 1+2x+3y)‘ % %]a:|+3| l,

the condition (Hj) holds. What’s more

1 1 2 oy
Ay :)\1/ ®1(t)ay (t)dt = = - / t73dt ~ 0.3976,
0 5 T(5) Jo
3

1 1
Aoy = )\2/ <I>2(t)a2(t)dt = 9( ) / tdt ~ 0.2432,
0

4
(A1p1 + Agpa) + (Aro1 + Agp2) = 0.2266 < 1.

\]

Therefore, all conditions of Theorem 3.2 are satisfied, by Theorem 3.2, the system (4.1) has at
least one solution.

5. Conclusions

This article, we investigate positive solutions for the Caputo differential system involving
Riemann-Stieltjes integral boundary conditions. By using the Leray-Schauder’s nonlinear alter-
native theorem and the Banach contraction principle, we present the existence and uniqueness
results of positive solutions (Theorems 3.1 and 3.2). Since f; (i =1, 2) is the abstract function,
in real world, there are a large class of functions that satisfying the conditions given in the
article, which proves the effectiveness and feasibility of these theorems.
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