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Abstract: This paper is mainly concerned with the existence of multiple solutions for the following
boundary value problems of fractional differential equations with generalized Caputo derivatives:

CDUX(0) + f(t,x) =0, 0 <1< 1;
x(0) = 0, $DIx(0) = 0, EDix(1) = [ (S Dix(n)g (D,

4 8

where 2 < o <3, 1<v<2a-v—-1>0,f¢€C(0,1]xR",R"), g > 0,h € C(O0,1],R"),
R* = [0,+00). Applying the fixed point theorem on cone, the existence of multiple solutions for
considered system is obtained. The results generalize and improve existing conclusions. Meanwhile,
the Ulam stability for considered system is also considered. Finally, three examples are worked out to
illustrate the main results.
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1. Introduction

The fractional calculus is a branch of mathematics, which studies the integration and differentiation
of any order in real or complex field. In 1832, the fractional derivative was first formally proposed
by Liouville. See [1, 2] for more knowledge on fractional calculus. The fractional order differential
equation (FDE, for short) is a generalization of classical integer order differential equation as well,
which can describe complex with simple modeling, clear physical meaning of parameters, accurate
selection and so on. Hence, it becomes an important tool for mathematical modeling of complex
machines, physical processes, fluid dynamics, finance and other areas of applications (see [3, 4] and
references therein). In recent decades, more and more researchers pay much attention to the fractional
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differential equations and have obtained substantial achievements. For example, S. Salahshour and
A. Ahmadian et al. researched the heat transfer problem with a approach of fractional modeling [5],
successive approximation method for Caputo g-fractional IVPs [6] and M-fractional derivative under
interval uncertainty [7]. N. Sene investigated chaotic system involving Caputo fractional derivatives
in [8, 9]. [10-12] were concerned with fractional diffusion equation. [13, 14] studied infinitely
many solutions for impulsive fractional boundary value problem with p-Laplacian and for fractional
schrodinger-maxwell equations, respectively. [15—17] analyzed the Ulam stability of nonlinear FDEs.
[18, 19] investigated the controllability for two classes of semilinear fractional evolution systems.

In the last few years, boundary value problems of fractional differential equations (FBVPs, for
short) have been extensively studied. Most of them have been considered in the frame of standard
fractional derivatives such as Rieman-Liouvile and Caputo derivatives. For instance, [20] is concerned
with positive solutions of a two-point boundary value problem for singular fractional differential
equations in Banach space. [21-23] developed bifurcation techniques for FBVPs. [24-26] investigated
positive solutions for FBVPs. [27, 28] dealt with coupled fractional differential systems with nonlocal
boundary conditions. [29-31] studied FBVPs via critical point theory. [32, 33] were concerned with
the solvability for multi-order nonlinear fractional systems and periodic boundary value problems of
nonlinear fractional hybrid differential equations. [34] investigated positive solutions for nonlinear
discrete FBVPs with a p-laplacian operator.

More generally, A. Babakhani in [35] considered

4CDY u(t) + g(Of () W (®) =0, 0< 1 <1, 1 < <2,
u(0) = 0, u(l) = v >0, €DZu)1) = [ (DY, u)(s)dg(s),

where CD(‘)’Jr is the Caputo fractional derivative of order «, f : [0, 1] X R?> 5> Risa given continuous
function and g : [0,1] — [0, +c0) is nondecreasing function. By constructing a special cone, the
existence of at least one positive solution was obtained under some suitable assumptions. In [36], Y.
Li studied the following fractional g-difference equations involving g-integral boundary conditions:

Dgx(n) + fi(t,y(1) =0, 0 <t < 1;
Dyy(@®) + fo(t, x(1)) =0, 0 <t < 1;
x(0) = 0, DIx(0) = 0, Dix(1) = [ (D} x(t)d,t;
¥(0) = 0, Dly(0) = 0, Dy(1) = [ h(ODy(1)d,t,

where2 <a <3, 1 <v<2, D; is a-order Riemann-Liouville’s fractional g-derivative. The existence
of nontrivial solutions is obtained by using topological degree theory.

With the development of investigation on fractional derivatives, new concepts are constantly being
put forward. For instance, F. Jarad et al. proposed a new kind of generalized fractional derivatives
and studied their properties in [37, 38]. N. Sene investigates fractional advection-dispersion equation
described by the Caputo left generalized fractional derivative in [39]. [40] studied Ulam stabilities of
fractional differential equations including generalized Caputo fractional derivative. However, to our
best knowledge, there are few studies on the existence of multiple solutions and Ulam-Hyers stability
for integral boundary value problems of FDES with generalized Caputo derivatives. The purpose of
present paper is to fill this gap.
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Motivated by the above discussions, this paper studies multiple solutions and Ulam-Hyers stability
for the following FBVPs with generalized Caputo derivatives

OCDgx(t) + f(t,x)=0,0<t<1; 1 (L1

x(0) =0, gDél,x(O) =0, gDZ,x(l) = fo h(t)ocDgx(t)g’(t)dt, '

where2 < @ <3, l <v<2,a-v-1>0,f¢€C0,1]xR"R"), g >0, h e C(0,1],R"),
R* = [0, +00). The main features of this paper are as follows. Firstly, compared with the above
mentioned references, BVP (1.1) is studied in the sense of generalized Caputo fractional derivatives,
which is also different from fractional g-difference equations in [36]. Secondly, the fractional boundary
value condition we consider here is of integral form, and that makes BVP (1.1) more widely applicable
in solving practical problems. Thirdly, the used approach in this paper has certain advantages over
some references listed as above. In detail, the distinctive tool used here is the first eigenvalue of
corresponding linear operator. At the same time, a suitable cone is established by researching properties
of Green’s function deeply. So the positive solutions can be obtained by means of the cone expansion
and compression fixed point theorem and Leggett-Williams theorem. Finally, the Ulam-Hyers stability
and generalized Ulam-Hyers stability for BVP (1.1) are also studied under some suitable assumptions.

The remainder of this paper is organized as follows: Some basic knowledge of fractional calculous
and some preliminary results are given in Section 2. The existence results will be given and proved
in Section 3. And in Section 4, the Ulam-Hyers stability and generalized Ulam-Hyers stability will
be established. Three examples are worked out to illustrate the main results in Section 5. Finally, the
conclusion and some future works are given in Section 6.

2. Preliminaries
Definition 2.1. [38] (1) Let g € C"[a, b] such that g’'(t) > 0 on [a, b]. Define
AC} =:{f : [a,b] = C and f"" € ACla, b]},

1 d
n-11 _ n—1
where f = (_g’(t) _dt) f.
(2)

Cegla, bl =: {f : (a,b] — R such that (g(t) — g(a))°f(t) € Cla, b]},

where Cy, = Cla, b].
(3)
Ci la,b]l = {f : (a,b] = R such that f""" € Cla,b] and f" € C;la,b]},

where C&g = Cla,b].

Definition 2.2. [38] (1) The Riemann-Liouville fractional integral of order a € R* of a function f on
a finite or infinite interval (a, b) is defined as follows:

l !
W0 = f (1 — 5" y(s)ds.
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(2) The Riemann-Liouville fractional derivative of order a € R" of a function f on a finite or infinite
interval (a, b) is defined as follows:

fe4 n a-1
(D)) = )dl) f(t y(s)ds,

wheren=[a]l+1, g9 #0,i=1,2,...,n

Definition 2.3. [38] The Caputo fractional derivative of order « € R* of a function f on a finite or
infinite interval (a, ) is defined as follows:

1 ' _ a1
F(n—a)L(t s) Y(s)ds.

Definition 2.4. [38] (1) The generalized Riemann-Liouville fractional integral of order @ € R* of a
function f with respect to the function g on a finite or infinite interval (a, b) is defined as follows:

EDy)(@®) =

(I = — @) f (8(1) = g()* ' y(9)g'(s)ds.

(2) The generalized Riemann-Liouville fractional derivative of order a« € R™ of a function f with
respect to the function g on a finite or infinite interval (a, b) is defined as follows:

(D)) =

- s (t)dt) f (8(t) = g())" ™ Iy(9)g (s)ds,

wheren =[a]l+ 1,89 #0,i=2,...,n.

Definition 2.5. [38] The generalized Caputo fractional derivative of order a € R* of a function f with
respect to another function g on a finite or infinite interval (a, b) is defined as follows:

(e Dgy)(®) = e y(s)g (s)ds,

where y" = ( n=la]+1, g<’)¢0 i=2,..,0.

gmmw
Remark 2.6. From the Definition 2.4 (1) and Definition 2.5 above, we can see that

(e Dgy) (1) = f (8(1) = g™y (9)g (s)ds = Iy ¥ (1),

I'(n—a)
Lemma 2.7. [38] Let g € C"[a, b] such that g'(t) > 0 on [a,b]. Then y € AC} if and only if it can be
written as that
-1

f (81 — 2())™ Y (5)g'(s)ds + Z

k=0

M)

W) = (80 ~ g(a)). 2.1)

1)»

Lemma 2.8. [38] Leta > 0, n = [a] + 1 and y € ACyla,D]. Then the fractional derivative of y with
respect to g exists almost everywhere and

o W@

(D)) = = g()" ™ y"(9)g' (s)ds + Z W(g(t) g@) . (22
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Remark 2.9. [38] Equation (2.2) can be written as that

© W@

(WDE(®) = (L") + Z W(g(” g(a),

and thus, one can define the Caputo fractional derivative of a function with respect to another
function as

n—1 [k]( +)

EDEy®) = (D)) - Zm(g(t) g(a)*™

[kl +
D55 )—Zy D o(t) - g(@ ).

Similar to Caputo fractional derivative, we can easily obtain the following properties.

Lemma 2.10. Leta > 0, aCDZ,‘ be a generalized Caputo fractional derivative of a, y(t) € C[0, 1]. Then,

y”‘]( )

oI SDYY() = y(1) = Z (8) - g@),

where g® £0,k=0,1,2, ---, n,n=[a] + 1.

Proof. The proof is done by using Remark 2.6 and Lemma 2.7.

c -1 [k]( ) ;
G SDIVW) = oI LY = L) = () - Z (80 - g(@))’,
k=0 '
where g® £0,k=0, 1,2, ---, n,n =[a] + 1.
The proof is completed. O

Lemma2.11. LetA =1- fol h(r)(é%if((()))))""V‘1 g'(tdt # 0. Then the following boundary value problem

Cna —
{ EDix)(1) +y(1) =0, 0 <1< 1; 03

x(0) = 0, SDIx(0) = 0, $DLx(1) = [ k(S Dix(n)g (D,

has a unique solution

1
x(t) = fo G(t, 5)y(5)g' (s)ds = Sy(1),

where rG)
a-v—1
=(g(1) —g(0)" A, L= rG-v’
_ (g(r) - £(0))? ’
G(t, S) = Go(l, S) + m . h(l)G](t, S)g (l’)dl,
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1 (g(1) — g(s)™™" 1 )
-8 2 — _ a 1’ 0 <s<t< 1;
Go(t, S) — LF(Q —v) (g(t) g( )) ((é(’g%) — (%(()))))2—1/] (@) (g(l) g(s)) <s<t<
_ 2 g _g s a—v—
e -v) (800 = 50D (g(1) — g(0))’ 0<r<s<1

2, (g(1) — g(s)* !

(g(1) — g(0)*~
2y (g(1) — g(s)* ™!

(g(1) — g(0)*

(g(2) - £(0)) — (g —g()* ™™, 0<s<r<l;

G109 = T -

M (g(t) - g(0))

Proof. Using Definition 2.4 and Definition 2.5, one can obtain that

x(t) = co + c1(g(t) = g(0)) + c2(8(1) = g(0))* = oIy (D).

Noticing that x(0) = ({D,x)(0) = 0, one can deduce that ¢y = ¢; = 0. Hence,

x(1) = ea(g(0) — g(0))* — oIg¥(0). 2.4)

By (2.4), one can easily get that

0 Dpx)(1) = §D}lea(g(r) — g(0))* — olgy()]

F(3) -v \ ]
= C2_1“(3 =) (g(t) — g(0))*™ = (DI y)(1)
F(3) -v a-v
=0 G-y (g(t) — 8(0))*™ = (oI y)(1)

) PRI
=“FG ) () - g(0)) @ —)

fo (8(1) = ()™ y(9)g (s)ds.

Obviously,

r'(3) IR
TG - (g(1) — g(0)) @ -

1
GDyx)(1) = ¢ L (g(1) = g(s)™ ™' ¥(5)g' (s)ds. (2.5)

Applying 1
GDyx)(1) = fo h(0)§ D x()g' (1dt

and (2.5), it is immediate to see that

1
§Dyx)(1) fo h(1)§ D x(1)g (1)dt

r'(3) !

— _ 2-v 7
= TGy h(0)(g(1) — g(0)™"g'(dt
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1 t
- f h(t)[f (g(t) — g()* ™' y(5)g'(5)ds]g’ ().
Ia—v) Jo 0

Hence, we deduce that

C = mf (g(1) — g(s)*™" ly(S)g (s)ds

_—_ _ a-v—1 ’ ,
BLF(a/—v) fo hnl j; (&) — g()* 7 y(s)g' (s)ds]g' ()dt.

Moreover, by (2.4), one can get that

X1 = Wf (g(0) — g(0))*(g(1) — ()™ ' y(9)g'(s)dss
(g(t) g(()))2 a-v—1 ’ ’
—W h(t)[f (8(1) — g()" 7 y(9)g' (5)dslg (dt

" T(a) f (8(0) = g(N)* ' ¥(5)g (s)ds

= —— — _ a-v—1 ’
= BLF(a—y)j;(g(t) 2(0)*(g(1) = g(N)* ™' y(5)g' (s)ds

(g - (0))?
BLF( —)

f (8(1) = &)™ ¥(9)g'(s)ds

1
TLe(D) - g0)T(a -

! 1 2 a—-v—1 ’
I — 20T fo (g() — g(0)(g(1) - g()™ ' W(9)g (s)ds

1
= f Go(t, s)y(s)g'(s)ds

(g(l) - g(()))2 v f ~ z(g(l) _ g(S))a—v—l
8Lt Jy ©O O G = g0

— 9(0 2
007 o [0 - s tsrg snaslg

BLI'(a —v)
B 1 ) (g(l) _ g(s))a—v—l )
e | 60 -0 ERE ey s

1
_ fo Golt, $)y(s)g (s)ds

—9(0 2 1 ¢
_% 0 h(t)[j; (g(t) — ()" ' ¥(5)g'(5)dslg (D)t

(g(1) - g0)* (g — g0)* [ (g(1) — g(s))*"
BLI'(a —v) o (g(1)—g0)*

1 t
h(t)[ f (g(t) = g()* ™ y(8)g (s)dslg’ (1)dt

T(e)

) fo (8(1) — 8(0)*(g(1) = g()* ™ '¥(5)g' (s)ds

y($)g'(s)ds

y($)g'(s)ds
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_Bg(t) = g(0)*" (" (g(1) = g(s))*!
BLI(a) o (g(1)—g0)*

1
j; Go(t, 9)y(s)g'(s)ds

(g(t) - g(o))2 ! ' a—-v—1 ’ ’
OO [ [ 50~ st (o sl v

(g(1) — g(0)* [ 2y ' (g(1) — g(s)* !
BLT(@ —v) J, h()(g(r) — g(0)" "¢ (n)dt (21 = g0

1
fo Go(t, s)y(s)g'(s)ds

L8O~ g(0))? 2y (g(1) — g(s)* !
BLI'(a - v) (g(1) — g(0)y*

1
- f h()(g(0) — g(s)* ™' (d1]y(s)g' (s)ds

(g(r) - g(0))°
BLI'(a —v)

¥(8)g'(5)dss]

y($)g'(s)ds

1 1
) [ fo h()(g(r) — g(0)) g'(ndt

1
f Golt, $)¥(s)g'(s)ds +
0

1 1
[ f HOGL(1, $)g' (Ddily()g (s)ds
0 0

1
f G(t, 5)y(s)g'(s)ds.
0
The proof is completed. O

Suppose that (2 — v)(g(t) — g(s)) < (@ —v —1)(g(?) — g(0)), for 0 < s < ¢ < 1 in the rest of the paper.

Lemma 2.12. The functions G,(i = 0, 1) has the following properties:
(1) Go(t,s) 20 fors, t €[0,1];
(2) Gi(t,s) 20 for s, t €[0,1];
(3) Go(t, s) < Go(1, 5) fors, t€[0,1];
1 — g0

(4) Golt, 5) 2 (L= 261 ) for s, 110,11,

g(1) —g(0)
Proof. (1) On the one hand, for 0 < s <t < 1, we know
,(g(1) — g(s)* ! 1

- — _ a-1
Lr(a_v)(g(t) 8(0)) (1) = 20~ F(oz)(g(t) g(s)* .

By careful calculation, we can see

Go(l, S) =

1 d 1
—YGo(t,5) = —=——(a — 1)(a@ - 2)(@ - 3)(g(1) - g(s))*7* = 0.

[3] _
o 9= ar (@)

With the property of g(), it implies that
Gl(t,5) > GYl(s, 5) > 0.

Similarly,
G, 5) > G (s, 5) > 0.
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Thus, it is easy to see that

| (g(1) — g(s))**"!
— 2(0))?
[T 8@~ 8O o 2

On the other hand, for 0 < t < s < 1, it is easy to see that from Lemma 2.10, Gy(t,s) > 0 for
s, t€[0,1].

2) For0 < s <t <1, from (2 — v)(g(t) — g(s)) < (@ —v — 1)(g(t) — g(0)),

nondecreasing function for ¢ on [0, 1].

Go(t, s) > Go(s, s) =

(g(r) — ()" "
(g(n) — g(0)y*

Then,
o G
Gi(t:9) = =) ~ 2O ELE e — (500~ g5
! @) - g™ (g0 - gls)e!
— _ 0 2—v _
(@ =) 80 =8O 0 ™ (e = g0 )
> 0.

On the other hand, for 0 < ¢t < s < 1, it is easy to see that from Lemma 2.10 the conclusion is
obviously established. Therefore, G,(¢, s) > O for s, ¢ € [0, 1].
(3) For s,¢t € [0, 1], from (1) and Lemma 2.10, one can easily obtain that Gy(z, s) is an increasing
function with respect to ¢. Then, Gy(z, s) < Gy(1, s).
(g() —g(s)*" .
4) For0 < s <t <1, from(2-v)(g()—gls) < (a@—v—1)(g() — g(0)), is

(g(®) — (0))?

nondecreasing function with respect to ¢.

gD —g()* ™1

a—1
Gottr) _ T O G g Tt
Go(1,s) 1 L(g(1) — g(s)*™! 1 B
1 - O — 1 _ (02
L@ -y 8~ 8O @) =gy T8 8(5))

I ) —g 1 (g(r) — g
— 0(0))? -
@0 = 8O G 5 G — g T@ (50— 5O)F
I G -ge ™ 1 (g()-gs)™!
1) — 2(0))? _
) = O G T G =g T@) (1) = 07
(8() - g(0))

(g(1) —8(0))) '

]

\%

(

On the other hand, for 0 <7 < s < 1, it is easy to see that

Go(t,s) _ (g(1) — £(0)) %
Go(1,5)  "(g(1) - g(0)"

-3

The proof is completed. O

Therefore, (

By Lemma 2.12, the following conclusion is established obviously.
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Lemma 2.13. Under the assumption in Lemma 2.12, the function G has the following properties:

G(t,s) >0, fors, te[0,1];

—9(0
(%Pm) <Gt ) < (s), fors, 1€0,1].
(s(1) - g(0)*

1
where ¢(s) = Go(1, s) + f h(t)G1(t, s)g'(t)dt.
0

BLI'(a —v)

The following lemmas will be used in the proof of the main results.

Lemma 2.14. [41] Let Q C E be a bounded open set and 0 € Q. T : PN Q — P be a completely
continuous operator. If T satisfies

x#ulTx, Vxe PNoQ, 0 <u<l,

then (T,PNQ, p) = 1.

Lemma 2.15. [41] Let Q C E be a bounded open set and 0 € Q. T : PN Q — P be a completely
continuous operator. If there is ¢ € P, # 0 such that T satisfies

x—Tx# up, ¥xe PNoQ, u=>0,

then i(T,P N Q, p) = 0.

Lemma 2.16. [42] (Leggett-Williams theorem) Let P be a cone in a real Banach space E, P, = {x €
P| ||x]| < ¢}, 8 be a nonnegative continuous concave functional on P such that 0(x) < ||x||, for Vx € P.;
and P(0,b,d) = {x € P| b < 6(x), ||x|| < d}. Suppose that T : P. — P. is completely continuous and
there exist constants 0 < a < b < d < ¢ such that

(Al) {x € P(6,b,d)| 6(x) > b} # 0 and (T x) > b for x € P(0,b, d);

(A2) ITxll < a for |||l < a;

(A3) (T x) > b for x € P(0, b, c) with ||Tx|| > d.

Then T has at least three fixed points x,, X2, x3 with ||x|| < a; b < 8(x,); a < ||x3|| and 6(x3) < b.

3. Existence results

In this section, we establish the existence and multiplicity results for BVP (1.1). Let E = C[0, 1],
IxI| := maxepo |x(?)l and P := {x € E : x(t) > 0, ¥Vt € [0,1]}. Then (E, || -||) 1s a real Banach space
and P is a cone on E. Hence E is an ordered Banach space and the cone P is normal. Obviously, the
normal constant is N = 1. Define operator T : P — P as follows:

1
Tx(1) := f G(t, 5)f (s, x(s))g'(s)ds, x € P. (3.1
0

For any x € P, by the continuity of G, f and g’, Tx is well defined. Since f is bounded, It is easy to
see that T is also bounded. By Lemma (2.11), one can easily see that the existence of solutions for
BVP (1.1) is equivalent to the existence of positive fixed point of 7. Therefore, we need only to find
the positive fixed point of 7" in the following work.

AIMS Mathematics Volume 6, Issue 12, 13119-13142.



13129

Subsequently, for simplicity and convenience, set

1
1 g(z) —g(0)

1
M= ()ds)", N = (| (=2—
(fo @(5)8'(5)ds) (=0

Let r(S) be the spectral radius of the linear bounded operator S defined by

Yo(s)g'(s)ds) ™.

1
Sx)(r) = f G(t, s)x()g'(s)ds, t € [0,1], x € E.
0

From the Krein-Rutman theorem, we know that r(S) is positive and S has a positive eigenfunction ¢,
corresponding to A; such that 1,5 (¢;) = ¢, where A, is the first eigenvalue of S and A; = (r(S))~".
Now let’s list the following assumptions satisfied throughout the paper.

t,
(HI) lim sup 209
=001 X

(H2) lim inf . (2 »)

x—+00 t€[0,1]

. . t,x
(H3) lim inf AGED)

x—0* t€[0,1] X

l,
(H4) Tim sup 209
¥+, X
By the Arzela-Ascoli theorem, the following conclusion is established obviously.

</11.

> A.

> A;.

</11.

Lemma 3.1. The operator T : P — P is completely continuous.
Now we are in a position to give our main results.
Theorem 3.2. Under the assumptions (HI1) and (H2), BVP (1.1) admits at least one positive solution.

Proof. For the sake of obtaining the desired result, we need only to prove 7" has at least a positive fixed
pointin P N (Bg \B,).
First, the assumption (H1) implies that there exist r; > 0 and & € (0, 4;) such that
f(t,x) < (4 —ep)x, t€[0,1], x € [0, r].

We claim that for u € (0, 1],

x(t) # uTx(t), Vx € PNaB,, t€[0,1]. 3.2)
Suppose on the contrary that there exist xo € P N dB,,, o € (0, 1] such that

xo(2) = poT xo(1), t € [0, 1].

Then,

xo(1) = poT xo(1)

1
< fo Gt $)f(s, xo(s)g ()ds
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1
< (A1 - &) f G(t, 5)x0(5)g'(s)ds
0
= (A1 — &0)S xo(2).

By nth iteration, we can get that

Xo(£) < (A1 — €0)S x0(1) < (A1 — €0)*S%x0(1) < ... < (A1 — &0)"S " x0(2).

From the definition of the norm || - ||, one can deduce that

llxoll < (A1 — €0)"lIS " llllxoll-

It is easy to see that
(4 —&)"IIS"] > 1.

Hence we have
lim,— o VIS™I(A1 — &0) > 1.

This is a contradiction with
limy e VIS = £0) = (11 = £0)r(S) < 1,
which means that (3.2) holds. By Lemma 2.14, we get
i(T,PNJB,,P)=1.
Second, the assumption (H2) implies that there exist £; > 0 and R; > 0 such that
ft,x)> A +&)x, t€[0,1], |x| > R;.
Let M = Maxeo1).xefo.r,1Lf (¢, x) + (4 + £1)x], we can see
ft,x)> (A +&)x—M, 1 €[0,1], Vx € [0, +0).

M4, +&)S — 117" |
M

Choose R; > max{ry, Ry, }. We claim that for u € [0, +00),

x(1) = Tx(t) # pgpi (1), Yx € PN OBy, 1 €10,1].
Suppose on the contrary that there exist x; € P N dBg, and y; > 0 such that
x1(0) = Tx1 () = e (o), t €10, 1].
Therefore,
x1(8) = Tx1 (1) + 11 (2)

I
= f G(t, 9)f (s, x1(5)g"(s)ds + p1ep1(7)
0

(3.3)

(3.4)
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::[G@@muﬂmmw—ﬂmnwmwww>
:Qh+80lTGUJWK@§®MS—1?Gﬁﬁﬁhﬂ@df+m¢ﬂﬂ
= +&e)Sx(r) - f; G(t, s)Mg’(s)ds + w11 (2).
Thus, we can see
Kh+805—IhK0<L£%Hh®M§GMS—m¢K0

1
< f G(t, s)Mg'(s)ds.
0

Since A; + &1 > Ay, [(4; + £)S — I] is a positive linear operator. Hence, it has the inverse operator
[(A; + &)S — I]7'. By normality of cone P, we know

1
Ry = Il < (A + &S - 1]_]||||f G(t, s)Mg' (s)dss||
0

1
< M(fO @()g' ()ds)lll(A +e)S = 117" ||

M +e)S -0 |
B M

< R;.
This is a contradiction, which implies that (3.4) hold. By Lemma 2.15, one can get that
i(T,PN Bz, P)=0. (3.5)
Together with (3.3) and according to the regional additivity of the fixed point index, we have
i(T,PN(Bz\B,),P)=0-1=-1. (3.6)

The proof is completed. O
Theorem 3.3. Under the assumptions (H3) and (H4), BVP (1.1) admits at least one positive solution.
Proof. For the sake of obtaining the desired result, we need only to prove that 7" has a positive fixed
point in P N (Bg,\B,,).

First, the assumption (H3) implies that there exist €, > 0 and r, > 0 such that

f(t,x) > (A + &)x, t€[0,1], x € [0, r,]. 3.7
Now we claim that for u € [0, +00),

x(t) = Tx(t) # upi(t), YVx € PNOB,,, t € [0,1]. (3.8)
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Hence, suppose on the contrary that there exist x, € P N dB,, and u, > 0 such that

x(1) = Txa(t) = o (1), £ € [0, 1].

Without loss of generality, suppose u, > 0. Then,

(1) = Txa(t) + popi(t) 2 par (1).

Taking u* = sup{u | xo > upy, u > 0}, we have 0 < up < u* < +oo and x,(¢f) > u*¢((¢). By the

positivity of operator S, we know
ASx 2 L1S(Wer) = (o
This together with (3.7) guarantees that
x2(1) = Txo(1) + pagpi (2)

1
= f G (1, ) f (s, x2(5))g ()ds + poep1 (1)
0

1
> (A + 82)f G(t, 5)x2(5)g' (8)ds + (o (1)
0

= (A1 + &)S x2(1) + o1 (2)
> (1" + ) (1),

which is a contradiction with the definition of u*. Therefore, (3.8) is valid. According to Lemma 2.15,

we have
i(T,PNdB,,, P) = 0.

Second, the assumption (H4) implies that there exist €3 € (0, 4;) and R, > 0 such that
ft,x) < (A —&3)x, t€[0,1], |x| > R,.
Let N = Maxefo.1].xej0.8,1Lf (£, ) + (41 — €3)x], we can see
f(t,x) < (A —&3)x + N, t € [0, 1], Vx € [0, +00).

NI = (4, - e)lIST™!
M

x(t) # uTx(r), Yx € PN B, t € [0,1].

Choose R, > max{ry, R, }. We claim that for u € (0, 1],
If it is not true, there exist x3 € PN c’)Bﬁz and u3 € (0, 1] such that
x3(0) = 3T x3(1), t € [0, 1].
Then,

x3(1) = 3T x3(2)

(3.9)

(3.10)
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1
< f Gt, $)f(s, x3(5))g (5)ds
0
1 —
< f G(t, )1 — £2)x:(5) + Ng (5)ds
0
1
= (4 — &)S x3(0) + f NG(t, 5)g'(s)ds,
0

which means

~ 1
[ = (A4 —&3)S]x3() <N fo @(s)g'(s)ds.

Because of 0 < ||(A;—&3)S|| < 1, [I—(4,—&3)S | has the bounded and inverse operator [/—(1;—&3)S ™!
and

(o)

[ = (4 = &)ST" = Y [ - £3)8 1",

n=0

By normality of cone P, we have

1
Ry = Ibsll < [I7 = (4 — £2)S17! f ¢(s)Ng'(s)ds]
0

1
< NI = (A4 = 83)5]_1||f @(5)g'(s)ds
0

o MU= (= enlISII
- M

< RQ.

This is a contraction, which means that (3.10) is valid. By Lemma 2.14,
(T,PNJBg,P)=1. (3.11)
It together with (3.9) and the regional additivity of the fixed point index guarantees that
i(T,PN (BEZ\E,«Z), P)=1-0=1. (3.12)
The proof is completed. O

Now we are in a position to give the multiple solutions for BVP (1.1).

Theorem 3.4. Assume that (H2) and (H3) hold. In addition, suppose that there exists R > 0 such that
f(t,x) < MR, ¥x € [O,R], t € [0, 1].
Then BVP (1.1) has at least two positive solutions.
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Proof. For the sake of obtaining our conclusion, we first claim that for u € (0, 1],
x(t) # uTx(t), Yx € PN OBy, t € [0, 1]. (3.13)
Suppose on the contrary that there exist x4 € P N 0Bg and uy € (0, 1] such that
x4(1) = uaTx4(1), t € [0, 1]. (3.14)

Then,
1

1
40 =ueTxi) < [ G9fsxi)g s < [ @(MR (s)ds = R
0 0
This is a contradiction, which means that (3.13) is valid. By Lemma 2.14, we have
i(T,PNBg,P)=1. (3.15)

Next, similar to the process of proving (3.4) and (3.8), there exist r € (0, R) and R > max{R, R} such
that (3.5) and (3.9) hold.
Together with (3.15), Lemma 2.14 and Lemma 2.15, one can immediately obtain that

i(T, P N (Bz\Bg), P) = i(T,P N Bg, P) = i(T,P N Bg,P) =0 — 1 = —1,

i(T,(P N Bg\B,),P) = i(T,P N Bg,P)—i(T,PNB,,P)=1-0=1.

Namely, there exist x; € P N (B,;\ER) and x, € PN (Bz\B,) satisfying Tx; = x;,(i = 1,2).
To sum up, Theorem 3.4 is proved. O
Now we are in a position to give at least three solutions for BVP (1.1).

Theorem 3.5. Assume that there exist positive constants a, b, ¢ with 0 < a < b < ¢ such that

(HS5) f(t,x) < Ma,(t,x) € [0, 1] x [0, al;

(H6) f(t,x) > Nb,(t,x) € [%, 11 x[b,cl;

(H7) f(t,x) < Mc,(t,x) € [0,1] x [0, c].

Then BVP(1.1) has at least three nonnegative solutions xi,Xx»,x3 satisfying ||x|| < a; b <
minze[%’l]lxz(t)l <|Ixll £ ¢ a<|x| < cand minte[%’l]|x3(t)| < b.

Proof. We shall prove assumptions of Lemma 2.16 are valid.
Let 0(x) = min, 1 1lx(®)]. Hence, 6(x) is a nonnegative continuous concave functional on P.

First, we prove T : P, — P, is completely continuous. In fact, for x € P,, from (H7) and Lemma
2.16, one can deduce that

1
17 x|| = maxzqo,ulfo G(t,5)f (s, x(5))g' (s)dss|
1
SL @(8)f (s, x(5)g'(s)ds

1
SMcf w(s)g' (s)ds
0

=C.
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Thus, 7 : P. — P.. In addition, by the continuity of G, f and g’, we can conclude that 7 : P, — P, is
completely continuous.

b+
Let x(f) = 2—<

for t € [0, 1], it is not difficult to see

b b
x(1) = % € P(6,b,¢), 6(x) = 9(%) > b.
This means {x € P(6, b, c)| 6(x) > b} # (0. By condition (H6), for x € P(8, b, c¢), we have

0(Tx) = minte[%’l]I(Tx)(t)I

1
iyl [ GG x)g (51
0

1
1 8(3) = 80)
— Nbg'(s)d
- (g(l)_g(())) @(s)Nbg'(s)ds

— b,

which means that (A1) in Lemma (2.16) is valid.
By similar analysis, by (H5), one can see that

ITx|| <a, Vx € P,.

That is, (A2) in Lemma (2.16) holds. Taking ¢ = d, (A3) is valid obviously.

To sum up, all assumptions of Lemma 2.16 are valid. Therefore, BVP (1.1) has at least three
nontrivial solutions x;, x,, x;3 satisfying ||x|| < a; b < min,e[%’l]lx(t)l <%l € ¢, a < |x3]| £ c and
minte[%’l]lx(t)l <b. O

4. The Ulam stability analysis

In this section, we shall give the criteria of Ulam stability for BVP (1.1). First, let us list the
following assumption.
(H8) For all x,y € R, there exists a positive constant 0 < L < M such that

|f(t’ .X) - f(t’y)| < le —)7|, re [07 1]
Next, for some € > 0, consider the following differential inequalities
o DIx(t) — f(1, x(1)| < €, 1 € [0, 1]. (4.1)

Definition 4.1. [17] BVP (1.1) is Ulam-Hyers stable if there exists a real number Cy > 0 such that for
each € > 0 and for each solution x € E of the inequality 4.1, there exists a solution x € E of BVP (1.1)
with

lx() = x(0)| < Cyre, t € [0, 1].
Definition 4.2. [17] BVP (1.1) is generalized Ulam-Hyers stable if there exist ®; € C(R", (0, +c0)),
®(0) = 0 such that for each solution x € E of the inequality 4.1, there exists a solution x € E of
BVP (1.1) with

|x(2) — X(D)| < Ds(e), t € [0, 1].
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Now, we are in a position to prove the main stable theorem of this section.
Theorem 4.3. Under the assumptions (H1), (H4) and (H8), BVP (1.1) is Ulam-Hyers stable.

Proof. Under the assumptions (H1) and (H4), by process similar to proving Theorems 3.2 and 3.3,
BVP (1.1) has at least one positive solution.
Let x € E be the solution of BVP (1.1) and x € E be a solution of

{ o Dgx(t) - ft. )| <€ 0<t<l; (4.2)

x(0) = 0, §DLx(0) = 0, $D%x(1) = [ h()S Dix(n)g (e,
Then, by Lemma 2.10,
x(t) = fo l G(1,5)f (s, X(5))g'(s)ds,
and
x(1) = j; 1 G(t, )(f (s, x(s)) + E())g' (5)ds,

where (1) = §DIx(1) — f(t, x). By (4.2), it is easy to see [E(7)] < €.
Then,

1
|x(7) = X(@)| |x(r) = fo G(1, 9)f (s, X(5))g' (s)ds|

IA

1
|x(r) = fo G(1, 5)f (s, x(5))g" (s)ds]
1 1
+| fo G(t,5)f (s, x(5))g' (s)ds — fo G(t,5)f (5, %(5))g' (s)dss|
1
= | fO G(t, $)E()g (s)dsl

1 1
N fo G, $)f(s, x(s)g (s)ds — fo G, ) (s, 5())g (5)ds]

IA

1 1
Le+ Limaxepn, f G, $)(s) - X(5)lg (5)ds)
0

L -
= —e+ —|lx—X
M M

Hence,
1

M-L

[x — x| < €.

Therefore, BVP (1.1) is Ulam-Hyers stable.

In addition, set ®((z) = Lz, then ®4(0) = 0. By Definition 4.2, BVP (1.1) is generalized Ulam-
Hyers stable.

The proof is completed. O
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S. Examples

In this section, three illustrative examples are worked out to show the effectiveness of the obtained
results.

Example 5.1. Consider the following BVP

CD2% + f(t,x)=0,0<t<1;
0-¢g | (5.1
x(0) =0, gD;x(O) =0, OCDé'OSx(l) = fo h(t)gD;,'OSx(t)g’(t)dt,
where g(1) = e?, h(f) =1 and
1+, 0<x<1,0<r<1;
[, x) = s
1+, x>1,0<r< 1.
Conclusion: BVP (5.1) has at least two positive solutions.
Proof. BVP (5.1) can be regarded as a BVP of the form (1.1).
By careful calculation and Lemma 2.11, one can obtain that
G(1, 5) = Go(t, 5) + (-1 (t.9)g (Bdt, L= —O)
9 S) = ) S Ty 1 4 D) N B = b
0 BLT(190) J, ~"""%8 I(1.95)
L 54090
TA95) gy _gpleze) 7 (e — e, 0<s<r<l;
r(.9ra3) (ex — 1)095  T(2.95)
GO(t’ S) = 1 £10.90
raos) . ,(e2 —e2)”
(e — ) ———, 0<t<s<l.
(ao9ra) (€2 — 1)095
L 54090
R i) S R PPt
Gi(t.s) I'(1.95) (€7 — 1)095
WL 8) = =770V 2 L 54090
FANTGI Y s _ stz 7 0<r<s<l.
(e3 — 1)0:9
By calculation, we get that
t, . _1
lim inf 252~ fim inf 1} = 400 > A,
x—0% r€[0,1] X x—07F t€[0,1]
f, . )
lim inf AGED) = lim inf x = 400 > A;.
x—+00 te[0,1] X x—+00 te[0,1]
In addition, notice that M = ( fol @(s)g’(s)ds)™' =~ 11.42 and choose R = 5.
Thus,
0 < f(t, x) < max,onf(t,x) <2R* < MR, t € [0, 1], x € [0, R].
Consequently, all conditions in Theorem 3.5 hold, which means that our conclusion follows. m]
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Example 5.2. Consider the following BVP

(5.2)

ng,-% + f(t,x)=0,0<t<1;
1
x(0) = 0, $Dx(0) = 0, EDLSx(1) = [ h(S DL x(r)g (1)dt,

where g(t) = e?, h(r) = 1 and

1
—t+x2,0<x<1,0<t<1;

[, x) =

500+Zt+x,x>1, O0<tr<l.

Conclusion: BVP (5.2) has at least three nonnegative solutions.
Proof. BVP (5.2) can be regarded as a BVP of the form (1.1). The function G, Gy, G, for BVP (5.2) is
the same as that of BVP (5.1) in Example 5.1.

In addition, notice that

1
M =( f 0($)g'(s)ds)™" =~ 11.42,
0

1

1 g(E)—g(O)
N=(|] (———
( 0 (g(l)—g(o)

b =1, c =30, we have

p(5)g'(s)ds)™ = 59.52.

1

Choosing a = o0

1 |
ft,x) = Zt+ x* <0.26 < Ma ~ 1.142, Vt € [0, 1], x € [0, E];

1 1
f(,x) =300+ Zt+ x>301.12 > Nb = 59.52, Vt € [E’ 1], x € [1,30];

1
S, x) =300+ Zt + x <330.25 < Mc = 342.60, Vt € [0, 1], x € [0, 30].

By Theorem 3.5, BVP (5.3) has at least three nonnegative solutions x;, x;, x3 with ||x{|| < %;

. 1 .
1< mmte[%’l]lx(t)l < lx2ll < 30; 15 < Ilxs]l < 30 and mmte[%’l]lx(t)l <1

Example 5.3. Consider the following BVP

CD2% 4 f(t,x) =0, 0<t<1;
{o 295 1 f(t, x) 53)

x(0) = 0, $DLx(0) = 0, EDYx(1) = [ h(DS DL x(n)g (1)dt,

where g(r) = ez, h(r) = 1 and f(z, x) = e'ln(1 + x?).
Conclusion: BVP (5.3) has at least one positive solutions and the solution of BVP (5.3) is Ulam-Hyers
stable and generalized Ulam-Hyers stable.
Proof. BVP (5.3) can be regarded as a BVP of the form (1.1). The function G, G, G| for BVP (5.3) is
the same as that of BVP (5.1) in Example 5.1. By calculation, we get that

f(t, x) e'in(l + x%)

lim sup =lim sup ———= = 400 > 4y,
0% 0,1 X 20" 1e10,1] X
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. t,x . e'ln(l + x?
lim sup 1) = lim sup ¢ind + ) =0< A4,
X2+ 0] X X400 4e10,1] X

which implies that (H1) and (H4) hold.
In addition, notice that for all x,y € R*,

lft, ) = )] = elin(1 + x*) = In(1 +y?)| < elx — yl.

This means that (H8) are satisfied if we set L = e.

Consequently, by Theorem 4.3, BVP (5.3) has at least one positive solutions and the solution of
BVP (5.3) is Ulam-Hyers stable and generalized Ulam-Hyers stable.

The proof is completed. O

6. Conclusions

The existence of solutions is of the fundamental problems for FDEs. This work studies the existence
of positive solutions and multiple positive solutions for a class of FBVPs with generalized Caputo
derivatives. Taking full advantage of the properties of Green’s function, a suitable cone is established.
The positive solutions and multiple positive solutions are obtained by means of the first eigenvalue
of corresponding linear operator and the cone expansion and compression fixed point theorem. At the
same time, by using Leggett-Williams theorem, we obtain that BVP (1.1) has at least three nonnegative
solutions. Moreover, Ulam-Hyers stability and generalized Ulam-Hyers stability are also studied under
some suitable assumptions.

For our subsequent work, the following issues will continue to be focused on:

(i) The systems studied on this topic will be more and more extensive and complicated. Therefore, it
is valuable to investigate impulsive FDEs with generalized derivatives or hybrid FDEs with delay.

(i) As an important component of technology and mathematical control theory, controllability has
already gained considerable attention. Hence, the controllability for fractional differential system with
generalized derivatives may be an interesting issue.

(111) With the development of the theoretical study on FDEs, application area of FDEs with generalized
derivatives in reality needs to be investigated in depth.
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