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Abstract. In this paper, we consider the existence of solutions of the nonlinear fractional differential
equation boundary-value problem

Dfu(t) = f(t, u(t),u' (), DPu(t)), 0<t<1,1<a<2, 0<p<]1,
u(0) =A, u(1)=Bun),

where0 < <1,A > 0,Bn > 1, D{ is the modified Caputo fractional derivative of order a, CDF is the Caputo

fractional derivative of order §, and f is a function in C([0, 1] X R X R X R). Existence results for a solution
are obtained. Two examples are presented to illustrate the results.

1. Introduction

Fractional differential equations have been of great interest recently because of the fact that fractional
models are more realistic than the classical ones for the application in many fields of science and engineering.

For a deeper discussion of fractional differential equations and their applications, we refer the reader to
[16, 18, 21].

For the convenience of the reader we compile the relevant material from [28] and [30], making our
exposition self-contained.

Definition 1.1 ([28]). The Riemann-Liouville fractional integral of order a > 0 of a function u € L0, T is defined
for almost every (a.e.) t by

t
I*u(t) = ﬁ fo (t = 5)* tu(s)ds,

where T(a) = fom e fr1dt,
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We will denote by ACI0, T] the set of absolutely continuous functions on [0, T]. For n € IN, AC"[0, T] stands
for the functions f whose n-th derivative f is in AC[0, T], hence f""*D(t) exists for a.e. t and is an L!
function.

Let D¥ denote the ordinary derivative operator of order k € IN. Let a function u be such that D¥u(0) exists

—_— n
for k = 0,n. Then the Taylor polynomial of degree n of function u is defined by T,u(t) = }, %tk, where
k=0

Tou(t) = u(0).
Definition 1.2 ([28]). Let a € R* and let n be the smallest integer greater than or equal to . The Riemann-Liouville
fractional differential operator of order a is defined when D""Y(I""%u) € AC[0, T], that is I"™* € AC""'[0, T], by

D% = D"I""u.

The Caputo derivative is defined for u € AC"1[0, T], by
‘D = I""D"u.

The modified Caputo derivative is defined when I"=*u € AC"[0, T] and T,_1u exists by
Déu = D%u — Ty-1u),

where Ty,_1u is the Taylor polynomial of degree n — 1.
Under the given conditions each fractional derivative exists for a.e. t.

Remark 1.3. It is worth pointing out that in [28, Lemma 4.12] for n € N and 0 < a < 1 is proved that
Dy = CDn+au
when D"u € AC[0, T].

The following theorem concerning initial value problems for modified Caputo derivatives is direct
corollary of [28, Theorem 5.1, Remark 5.2]. Here we have conditions under which initial value problems
for modified Caputo derivatives are equivalent with appropriate Volterra integral equations. This is of the
great importance for solving fractional differential equations with modified Caputo derivatives.

Theorem 1.4. Let f be continuous function on [0,1]and 1 < a < 2. Ifu € C'[0, 1] and I>~*(u— T1(u)) € AC'[0,1],
then u satisfies

Diu(t) = f(t), forae.t, 1
D u(0) =ul, k=0,1, 2

if and only if u satisfies the Volterra integral equation

t
u(t) = ug + tug + ﬁ (f(t - s)“‘lf(s)ds, te[0,1]. 3)

Nowadays, existence, multiplicity and positivity of a solution for nonlinear fractional differential equa-
tions with boundary value problems have attracted the attention of many mathematicians. Some boundary
conditions are classified in several types, the classical, periodic, anti-periodic, nonlocal, multipoint, and the
integral boundary conditions (see [1, 2, 4, 5, 7-12, 14, 15, 19, 20, 23-25, 27, 31, 32]). For the study of the
existence of positive solutions for various classes of Riemann-Liouville and Caputo fractional differential
equations and systems, subject to nonlocal boundary conditions, we refer the reader to [3] and references
therein.
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In [26] it was discussed the existence of solutions of the following nonlinear fractional boundary value
problem:

Du(t) = f(t, u(t), “DPu(t)), 0<t<1,
coupled to one of the following boundary conditions
u0)=u'(1)=0 or uw'0)=u(l)=0 or u(0)=u(l)=0,

where 1 <a <2 0<p<1, CD?, CDF are the Caputo fractional derivatives and f is continuous on
[0,1] X R x R.
The existence of positive solutions for the fractional three-point boundary-value problem

D%(t) = f(t,x(t),x' (1)), a<t<b l<a<2,
x(@)=0, x(b)=ux(n), a<n<b u>A,

where A = %, “D¢ is the Caputo fractional derivative and f : [0,1] x R X R X R — [0, +c0) is a continuous
function, was investigated in [22].

Motivated by the previous results, in this paper we analyze a boundary value problem for a fractional
differential equation where nonlinear term depends on the fractional and first order derivative of an
unknown function.

To be concise, we consider the existence of a solution for the nonlinear fractional differential equation
boundary-value problem

Dfu(t) = f(t,u(t),u’(t),“DPu(t)), 0<t<1,1<a<2, 0<p<1, 4)
u(0)=A, u(1)=Bu(n), ()

where A >0,0<n<1,B> 11], D¢ is the modified Caputo fractional derivative of order a and D is the

Caputo fractional derivative of order 8, and f is a function in C([0, 1] X R X R x IR). We look for solutions
in C1[0,1].

Remark 1.5. We consider the equation (4) with the modified Caputo derivative in order to look for a solution in
C[0,1] and be able to apply Theorem 1.4. In the case of equation analog to (4) but with the standard Caputo
derivatives we do not have equivalence with the Volterra integral equation. Also, note that for u € C'[0,1] and

B € (0,1], from Remark 1.3, the equality “DPu = D u holds.
2. Green function properties

In the following theorem we find an integral representation of the solution of the linear problem related
to (4)-(5).

Theorem 2.1. Let 1 < a < 2, y € C[0,1] and u € C'[0,1] such that I>"*(u — T1(u)) € AC*[0,1]. Then fractional
differential equation boundary-value problem

Du(t) = y(t), ae.t, (6)
u(0) = A, u(1) = Bu(n), @)

where A > 0,0 < 1 < 1and Bn # 1, has a unique solution u given by

. A1-B) 1
ult)y=A+ Wt + L G(t, s)y(s)ds,
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where G(t,s) = H(t,s) + Bnt— 1 (H(1,s) — BH(n,s)) for H : [0,1] x [0,1] — R defined by
Eo9 G csce<l,
HEs) =] 1@ (8)
0, 0<é<sgl.

Here G is called the Green function of boundary-value Problem (6)—(7).

Proof. From Theorem 1.4 it follows that equation (6) is equivalent to the integral equation

tor oyl
u(t) = L %y(s)ds + ¢y + c1t.

The condition #(0) = A implies that ¢y = A, and u(1) = Bu(n) gives

RO _ (a9
B(fo T(@) y(s)ds+A+clr])— fo (@) y(s)ds + A +cy.

An easy computation shows that

1 11 -s)rt 1 (1 — s)*1
1= Bn -1 (L r(a) y(s)ds - B‘f(; Wy(s)ds + A(l - B)) .

From the above it follows that

1 a— _ a1
! ( (s ' uy(s)ds +A( - B)|.
0

Bn—1 y(s)ds — B

£ t— a-1
no = fo s+ A T) ) T@

Therefore, we have

A(1 - B) !
BB fo G(t,)y(s)ds,

ult)y=A+
where

tB
Bn-1

G(t,s) = #H(l,s) + H(t,s) — H(n,s), 9)

for H : [0,1] X [0,1] — R defined by
_ o)a—1
%, 0<s<&xl,
HEs={ 1@ (10)
0, 0<é<s<l,
and we conclude the proof. [

In the following lemma we derive some properties of Green function G that will be used for proving the
existence of a solution of Problem (4)—(5).

Lemma 2.2. Letn € (0,1),A>0,B> 11—] be given. Then the Green function G, defined by (9), satisfies the following

properties:

B
1) function G is bounded from above, i.e., [max G(t,s) < (lw]——z)l’(a);
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Bn(1 + ")

1
<
2 max J166 914 < G raa

a(Bn-1)+Bn* +1
fé}fi‘ﬁf 560 9]ds < e 3G

Proof. 1) Since

(1-5)2"! tl-s!t (1-s*' By
max Glts) S oy Y X B T @)~ Ta)  Bn—1'
Bn

then ISIel[%)i G(t,s) < —(B’Y @)

2) Since for all t and s holds

Gt s < 5 B _1005),
then
f (Gt 91 ds < max ! A 1B
relon] S\ B -Di@+1) " T@+1)  Bn-Dl@+1)
_ 1 N 1 N Bn®
~ Bn-DI(@+1) T(a+1) (Bp-1)(a+1)
Bn(1+1*")

T~ Bn-Dha+1)

3) A simple computation gives for all ¢

Oj|g 09

——H(n,s)|ds

ds_f' S gHO9) + SHES — g

1 t n
1 a— a-2 B a—
< BI-Dr@ bf(l —s)*1ds + m (t—s)*“ds + —(BTY “ @) 0j.(n —s5)*1ds

_ t+a(Bn—- 1t + Btn* < aBn-1) + B17"‘ +1
T @+ 1)Bn-1  T(a+1)Bn-1)

O

3. Main results

In this section we will prove existence of the solution of Problem (4)—(5) under some additional conditions
on function f.

Let X = C![0,1] be the class of all continuous functions having continuous first order derivatives on
[0,1] and ||u|| = gh?ﬁ [u(t)]. Equipped with the norm

g, = { ol 0+ DR, 0 < <1,
SR W RA B=1,
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the space (X, || - |I.) is a Banach space (see [26, Lemma 3.2]).
In order to solve Problem (4)—(5) we define the operator T : X — C[0, 1] as

A(1-B)

Tu(t):=A Bn—1

1
f+f G(t,5)f(s, u(s), u'(s), “DPu(s))ds, (11)
0

where G is defined by formula (9).

Remark 3.1. Note that if u € C'[0,1], then ‘DPu = I'Pu’ € AC[0,1] (see [28, Proposition 3.2 (6)]). So, for
feC(0,1]1 X Rx R x R) and u € C'[0, 1], we have that f(t, u(t), u’(t), “DPu(t)) is continuous function.

To simplify notation, from now on, y,(-) stands for f(-, u(-), u’(-), “DPu(-)).
For further on we will use the following notations:

Bn(1 + 1) and N, a(Bn—-1)+Bn* +1

M= r G DB=1) T T@+1Bn-1)

(12)

From Lemma 2.2 we have the following inequalities:

ds.

1
d
Np > maxfIG(t,s)Ids and N, > f‘—G (t,s)
te[0,1] te [ ] d
0 0

Lemma 3.2. The operator T, defined by (11), is continuous.

Proof. Letu, € X,n € N, and u € X be such that |[u,, — u|l. = 0 as n — +oo. First observe that

1

fG(t, ) (Y, () — vu(s)) ds

0

ITun(t) = Tu(t)l =

< N7 max s) —
< Ni max |y, (8) = 7

forall t € [0,1].
Using Lemma 2.2 we conclude that

(Tun)' (8) = (Tuy (B)] = < Nz max[yu, (9) = yu(s)] -

1
d

[ 5609040 - pue)as

0

Repeating the previous argument leads to

t
1 - ’ ’
S f (t =57 (Tu,)'(s) ~ (Tu) () s

—g) P
= f (4 5P (T, (9) ~ (Tu) 5] ds

(1N— B) <elo] ax [y (0 = a0 f(t_s) Pds

N,
r(2-p) Te[oub/”"(T) y”(T)|

From what has already been proved, we deduce that operator T is continuous. [
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In order to get our main result of existence of solutions, it is necessary to put some restrictions on
function f. Thus, we impose the following assumptions.

(Hq) There exist a nonnegative function ki € C([O, 1]), h #0on|0,1], and a nonnegative continuous function
g g
ge C(]R3) such that

f(t,x,y,2)| <h(®t)+g(x,y,z), tel0,1], (x,y,2)€ R3.

9(x, y,2) - K. X

H m _— e NN AR T
2 (K+lyl+lz)—+oo x| + [yl + |zl Ni+N2(L+1/T2=)

9%, y,2)

Lete = 1(K- —_
(x+yl+z)—+oo |x| + [y| + |2]

3 > (0. From (H;), we know that there exists 7; > 0, such that

0<g(x,y,z) < (K=¢e)(x|+ |yl +1z), whenever |x|+|y|+ Iz| > 7.
Let M = max {g9(x,y,2), x| + |yl + |z| < 71} and choose 7, > 71 such that M < 72(K — ¢). Therefore, we have

0<g(x,y,z) <(K=-¢)r,, whenever |x|+|y|l+Iz| <T1y.

1 1
_ - 2
Letk, = max Of IG(t, s)| h(s)ds and k, = max Of |2G(t,5)| h(s)ds.

Set
k = max {k1,k2, r(zk_z_ﬁ)} = max {kl’ T(Zk—z—ﬁ)},
i AB(l-1)  AB-1)
L= max{A, Bp—1 (Bn—l)F(Z—ﬁ)}’

p = max {72, %((k + L)} .
We will look for solutions in the ball
U ={ueX|ull<p) (13)

Clearly, the set U is closed, bounded and convex in (X, || - [|.).
Note that, in particular, the following inequalities are fulfilled:

0<g(xy,z) <(K-¢)p, whenever |x|+|yl+Iz|<p. (14)
Let us prove that T : U — U.

Lemma 3.3. If f from Problem (4)—(5) satisfies the assumptions (H1) and (Hy) and T is operator defined by (11),
then T : U — U and T is completely continuous operator.

Proof. Using the assumption (H;) and the inequality (14), for all t € [0, 1] we have

1
|Tu(t) = |A + AB(717 : f)t + fG(t, S)f (s, un(S), 1,(s), CDﬁun(s))ds
0
1 1
< 'A N AB(117 - ]f)f N Of IG(t5)| h(s)ds + Of IG(t, 5)] ‘g(u(s), W), CDﬁun(s))lds
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< max {A, %} + ki +p(K—-¢)Ny
and
1
Ty 01 = G+ | 500976, 1,6),1,09, Do o)
0
1 1
< AB(117 : ]13) + f'%(;(t,s) h(s)ds + f‘%G(t, s) |g(u(s), u'(s), CDﬁun(s))‘ ds
0 0
< % +ky +p(K—€)N2 = K

We also have

1 ‘ _ ,
<ﬁﬁﬁjb—awwnﬂm<

0

1

re-pe

|“DFTu(t)| =

1 t
- —_g) P ’
Ta=p) 0j‘(t s)P(Tu)' (s)ds

Combining previous inequalities, yields
AB(1—-1)
Bn-1

1 AB-1) ,
+1"(2—ﬁ)( Bn—1 +k2+p(K—e)N2)

A(B 1 + kz + p(K - S)Nz

I Tull. <max {A, } ki + p(K = &)N1 + B :1)

N>
<BL+3k+p(K—¢)|Ny+ N> +
4 5%1 : HL$J

_&p ol
—K+P(K S)K—P/

and we conclude that T : U — U.

Forue Uand t,t € [0,1] such thatt <t, D := rrh)aﬁ [yu(s)| and K := 4G
s€0,

Bn-1

+ ko + p(K — €)N; we have

1

|Tu(t) — Tu(t)| = %(t—1)+f(G(t,s)—G(T,s))yu(s)ds
0
1
AB-D It — 7| + DflG(t, s) — G(1,9)|ds
Bn-1
0
AB-1) It — 1| ( (1-s)2! (
- t—1 —35)*
< Bi—1 |t—T|+D(Bn_1f (@) ds+f|H(t,s)—H(T,s)|ds
0 0

1
Blt—1 (f(n=9)""
Bn-1 I'(a)

0

AB-1) D N

o D o
<t =l Bn=1 ' Bn=Dr@+D " +1))+F(a+1)|t -k
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A trivial verification shows that

|(Tw)' (£) = (Tw)' (7)] =

1
f;G(t s)yu(s)ds — f& G(1,8)yu(s)ds
0

1
0
f'&— (t,s) — (T,S) ds
0
<£|ta—1_ a—l|‘
I'(a)

Finally, assuming that 0 <t < 7 <1, we have

t T
|°DPTu(t) - “DFTu(o)| =’r(+—5) Of (t — ) F(Tu) (s)ds — r(%ﬁ) Of (T — s)P(Tu) (s)ds

t T
! —9)F — (1 —5)F| - (Twy 1 BT
T(1-p) Of|(f §)F = (x =) F| - [(Tuy (s)|ds + Ta-p) f(T $) " 1(Tu)' (s)l ds
K (ap_ - ]
2=p) (t1 F—glF+2(r-t)! ﬁ).

Analogously, if 0 < 7 <t < 1, we deduce that

K
[2~-p)

So, we conclude that TU is an equicontinuous set. Thus, T is completely continuous. [

|°DPTu(t) - CDPTu(o)| < (2F - P 420t - )" F).

Using Schauder fixed-point theorem and lemmas 3.2 and 3.3, we arrive at our main result, which is
enunciated in the following theorem.

Theorem 3.4. Under the assumptions of Lemma 3.3, there exists a non trivial solution u € U of Problem (4)—(5) if
£(t,0,0,0) # 0.

Example 3.5. Consider the boundary value problem

= f(tu(t), ' (1), “Dru(t), 0<t<1, (15)
u0)=A, u(l)=Bu(m), A>0,ne(0,1),Byp>1, (16)

where B = {n™" for some £ > 1 and r € (0, %) and the continuous function f :[0,1] X R X R x R — IR is given by
flt,x,y,z) =at+3+sinx +siny +sinz, a€R\{0}.

For h(t) = lalt and g(x, y,z) = 3 + sinx + sin y + sin z, it is immediate to verify that all the assumptions of Theorem
3.4 are fulfilled and, as a consequence, Problem (15)—(16) has at least one solution.

Remark 3.6. When a solution of the Problem (4)—(5) is in AC'[0,1], then it is also a solution of the nonlinear
fractional differential equation boundary-value problem

Du(t) = f(t, u(t),w' (), “DPu(t)), 0<t<1,1<a<2, 0<p<1,

u(0) =A, u(l)=Bu(n),

where A>0,0<n<1, B> ,l], CD? and CDF are the Caputo fractional derivative of order a and , respectably, and

fis a function in C([0,1] X R X R X R).
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Remark 3.7. A sufficient condition to ensure that u € AC'[0,1], is that y, € CY(I). Indeed, by means of the
integration by parts it is immediate to verify that the first derivative of the solution is given by the following
expression:

o _AQ=B)  [TE=9" 1 ([ a=9" T (s
u'(t) = Bn—1 + | T@-1 Y.u(s)ds + Bn—1 (fo @) yu(s))ds—BfO Wyu(s)ds

and, as a direct consequence:
£ a-2
7" _ _ (t - S) ’
u”(t) =(a 1)]; Ta-1) V5(s)ds,

which, obviously, is a continuous function.
Notice that, in particular, if y € CY(I), we have that u is a solution of the linear problem (6)-(7) if and only if u is
a solution of the following one

Du(tyu(t) = y(t), ae tel, u@0)=A, u(l)=Bu(n).

4. Existence results of a positive solution

Now we will focus on finding only positive solutions of Problem (4)—(5). In order to get a positive
solution we consider the case A = 0, i.e., we consider the existence of positive solutions for the nonlinear
fractional differential equation boundary-value problem

Dfu(t) = f(t,u(t), u'(t), “DPu(t)), 0<t<1l,1<a<2, 0<p<1, (17)
u(0) =0, u(1) = Bu(n), (18)

where0 <1 <1, B> %, D¢ is the modified Caputo fractional derivative of order @ and “DF is the Caputo

fractional derivative of order 8, and f is a function in C([0, 1] X R* x R X R). We look for solutions in C![0, 1].
In the following, having some additional restrictions on function f, we prove existence of positive
solutions of Problem (17)—(18).

Theorem 4.1. Assume that the assumptions (Hi) and (Hy) are fulfilled. Let ¢(B,n,a) = ll_iri” and let f be a
a=T

continuous function on [0,1] X R* X R X R such that f(t,x,y,z) = 0 for t € [0,c(B, 1, @)] and f(t,x,y,z) > 0 for
t € [c(B,n,a),1], with f(t,0,0,0) > O for some t € [c(B,n,«),1]. Then there exists a positive solution u € U of
Problem (17)—(18).

Proof. Let us define the cone of nonnegative C'(I) functions P := {u € X | u(t) > 0,t € [0,1]} and denote
Up = P N U, with U introduced in (13). We first prove that T(Up) C Up, where T is operator defined in (11).
Having in mind conditions on A and f, and that
(1 _ S)a—l _ B(77 _ S)a—l
(15" = B(n—s)*"

0, forse[0,c(B,n, ),

<
>0, forsel[c(B,n a)nl,

we can conclude that for u(t) > 0, t € [0, 1], for each ¢ holds

1
Tu(t):f G(t,s)f(s,u(s),u'(s),CDﬁu(s))ds
0

__ ([ oo JUEDS sy
([ e [ g [ s
t

c(B,n,a)
=m( fo (@ = B - 9 yu(e)ds + f (-9 - B - 9" yu(e)ds

(Bn,@)
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1 - t (t _ S)a—l
_ o)1
+ fn 1-s) yu(s)ds)+ fo T Yu(s)ds

>0.

Together with the conclusions from Lemma 3.3, we prove Tu € Up, so T(Up) C Up, and that T is completely
continuous operator. The set Up is compact and T(Up) is compact. By the Schauder fixed point theorem,
the operator T has a fixed point in the set Up. Therefore, Problem (17)—-(18), has a positive solution. [

Example 4.2. Consider the boundary value problem

DIu(t) = f(t,u(t), ' (t), Diu(t)), 0<t<1, (19)
u(0)=0, u(l)=Bu(n), ne(1),By>1, (20)

where B = {n™" for some £ > 1 and r € (O, %) and the continuous function f : [0,1] x R* X R X R — R* for some
a € R* is given by

t ) = 0, 0<t<c(Bna),
ftxy,2) = a(t—c(B,n,a))* (3 + x +siny +sinz), c(B,n,a)<t<1.

For h(t) = a(t — ¢(B,n, @))? and g(x, y,z) = a(2 + x + sin y + sin z), it is immediate to verify that all the assumptions
of Theorem 4.1 are fulfilled and, as a consequence, in this case Problem (19)—(20) has at least one positive solution.
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