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FRACTIONAL DIFFERENTIAL EQUATIONS WITH
FRACTIONAL NON-SEPARATED BOUNDARY CONDITIONS

XIAOYOU LIU, YILIANG LIU

ABSTRACT. We study boundary-value problems of nonlinear fractional differ-
ential equations with fractional non-separated (integral) boundary conditions.
Existence and uniqueness results are obtained by using fixed point theorems
and examples are given to illustrate the results.

1. INTRODUCTION

The study of fractional differential equations ranges from the theoretical aspects
of existence and uniqueness of solutions to the analytic and numerical methods for
finding solutions. A strong motivation for studying fractional differential equations
comes from the fact that they have been proved to be valuable tools in the mod-
eling of many phenomena in engineering and sciences such as physics, mechanics,
chemistry, economics and biology, etc. [I0} [IT], 12]. For some recent developments
on the existence results of fractional differential equations, we can refer to, for in-
stance, [2) 3, [, 0] 13} 16, [17, (I8, [19, 20, 22, 23] 24, 25, 26, 28, 29, B0, B, 33] and
the references therein.

Ahmad and Nieto [5] investigated the existence and uniqueness of solutions for
an anti-periodic fractional boundary-value problem

‘Dix(t) = f(t,x(t)), te[0,T], T>0,1<qg<2,

z(0) = —x(T), °DPz(0)=-°DPz(T), 0<p<l1,
where ¢D? denotes the Caputo fractional derivative of order g, f is a given contin-
uous function.

Fractional differential equations with non-separated integral boundary conditions
of the following form was considered in [6] by Ahmad, Nieto and Alsaedi.

°Dizx(t) = f(t,z(t)), te€[0,T],T>0,1<q<2,

T
2(0) = Ma(T) = i [ glo.ato)is,

(1.1)

T
7(0) = Xt/ (T) = s [ his.a()is,
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where ¢D? denotes the Caputo fractional derivative of order ¢, f,g,h : [0, T]xR — R
are given continuous functions and A1, Ao, p1, o € R with Ay # 1, Ay # 1. The
results obtained in [5 [6] are based on some standard fixed point theorems.

Boundary value problems with integral boundary conditions constitute a very
interesting and important class of problems. They include two, three, multi-point
and non-local BVP as special cases. Integral boundary conditions appear in the
study of population dynamics [I5] and cellular systems [I]. We can see the papers
3, 6] [7, 8, [14], etc., for fractional differential equations with integral boundary
conditions.

Motivated by the above papers, in this article, we are concerned with the exis-
tence, uniqueness of solutions to fractional differential equations with a new class
of non-separated (integral) boundary value conditions.

We first study fractional differential equations with fractional non-separated
boundary values in the form

‘D%(t) = f(t,z(t)), t€[0,T],1<a<2, T>0,

a12(0) + biz(T) = c1,a2(°D7x(0)) + b2 (‘DY2(T)) = ¢2,0 < v < 1, (12)

where ¢D? denotes the Caputo fractional derivative of order ¢, f is a continuous
function on [0,7] x R and a;, b;, ¢;, i = 1,2 are real constants such that a; +b; # 0
and bs 7é 0.

Then the results obtained for problem in this paper are extended to frac-
tional differential equations with fractional non-separated integral boundary condi-
tions of the form

‘D%(t) = f(t,z(t)), t€[0,T], T>0,1<a<2,
T
a1z(0) + bix(T) = cl/O g(s,z(s))ds, (1.3)
T
az(°DYz(0)) + b2 (*DVx(T)) = CQ/O h(s,z(s))ds, 0<~y <1,

where g, h : [0,T] x R — R are given continuous functions.

We remark that when a1 =1, b1 =1, ¢4 =0, a0 =1, by = 1 and ¢, = 0, the
problem reduces to an anti-periodic fractional boundary value problem
(cf.[27]).

The paper is organized as follows: in Section [2] we recall some preliminary facts
that we need in the sequel, Sections are dedicated to the existence results of the
problem 7 respectively, the problem 7 in the final Section [5] two examples
are given to illustrate the results.

2. PRELIMINARIES

Definition 2.1 ([2I]). The Riemann-Liouville fractional integral of order q for a
function f is defined as

1 t S
90 =i |, Lt 170

provided the integral exists.
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Definition 2.2 ([2I]). For a continuous function f, the Caputo derivative of order
q 1s defined as

cg 1 ! n—g—1 r(n)
D15(0) = s =9 s, 1< g <=l 1

T(n—q)
where [q] denotes the integer part of the real number q.
Lemma 2.3 ([32]). Let o > 0, then the differential equation
‘D*h(t) =0
has solutions h(t) = co + c1t + cot?> + -+ ep_1t™ ! and
I*°D*h(t) = h(t) + co + c1t + cat® + -+ + cpgt™ 1,
herec, e R, i=0,1,2,--- ,n—1, n=[a] + 1.

Lemma 2.4. For any y € C([0,T],R), the unique solution of the fractional non-
separated boundary-value problem

‘D(t) =y(t), te[0,T],l1<a<2,

a17(0) + b12(T) = c1,a2(°Dx(0)) + ba (D 'x(T)) = c2, 0<y <1, (2.1)
is given by
o) = [ g —utonis = g [Ty
tr'(2—9)c b (T — s)!
Ty, - a1+1b1{ /0 Ty Ye)ds -
e [T |
T7T(2 7)/0 o V(X }
1 /by TT(2—7)
_a1+b1( b2 —Cl).

Proof. For 1 < a < 2, by Lemma we know that the general solution of the
equation D%z (t) = y(t) can be written as

)a—l

w(t) = 1%Y(t) — k1 — kot = /0 (t;(z)y(s)ds — ki — kot, (2.3)

where k1, ko € R are arbitrary constants. Since D7k = 0 (k is a constant), D7t =

1— > —
F?Tj'y)’ eDVI%y(t) = I*y(t) (see [21]), from (2.3) we have

_ kot Pt — syt Eot!=
DVx(t) =1yt 77:/ ——y(s)ds — ——.
2 i I'2-7) Jo T(a=9) (#) I'(2-9)
Using the boundary conditions, we obtain

ax(—k1) + by ( /0 ) (T;(S;f;_ly(s)ds ki — kT ) = e,

T a—y—1 1—
(T —s)*7 kT =7 N
a2><0+b2</0 (o =) y(s)ds ) = .
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Therefore, we have

1 b162T’7F(2 — "}/)
]{31 = ( — Cl)
a1 + by bo
by /T (T —s)*! /T (T —s)* !
n ds — TT(2 — Y8 y(s)ds),
() Ty s =TT =) | S y(s)as)
I'@2-9) /T (T —s)* ! co
ky = 7( 25 (s)ds — 7).
= Uy Ty Y,
Substituting the values of ki, ke in (2.3)), we obtain (2.2). This completes the
proof. ([l

From the proof of the above Lemma, we notice that the solution (2.2]) of problem
(2.1) does not depend on the parameter as, that is to say, the parameter ay is of
arbitrary nature for this problem.

Theorem 2.5 (Schauder fixed point theorem). Let U be a closed, convex and non-
empty subset of a Banach space X, let P : U — U be a continuous mapping such
that P(U) is a relatively compact subset of X. Then P has at least one fized point
i U.

Theorem 2.6 (Nonlinear alternative of Leray-Schauder type). Let X be a Banach
space, C' a closed, convex subset of X, U an open subset of C and 0 € U. Suppose
that P : U — C is a continuous and compact map. Then either (a) P has a fizved
point in U, or (b) there exist a x € OU (the boundary of U) and X € (0,1) with
x = AP(x).

3. EXISTENCE RESULTS FOR PROBLEM (|1.2))

Let C = C([0,T],R) denote the Banach space of all continuous functions from
[0,77] into R equipped with the norm ||z[| = sup,¢jo 77 [2(2)].
In view of Lemma [2.4] we define an operator F : C — C as

(Fz)(t)
et ey (TE gt
= [ g rtatanas - Tt [ S s e
tr'(2 —)c b (1 - s)et
=T "o a Jibl{/o D)/ (&x(s)ds (3.1)

T _ s a—y—1
=) [ I e

1 blch’YF(2 — ’7)
a; + by ( by 01> '

Observe that problem (|1.2) has solutions if and only if the operator equation Fx
has fixed points. We put Fa = Fiz + Fox where

(flx)(t):/ (t}éi(;_f(sw(s))ds, (Fo)(t) = — k&t — k¥

0
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Here k7 and k3 are constants given by

bicoT'T(2 — ) 1 by { /T (T — 5)>~1

! (a1 + b1)bo ar+b1  ar+b

—zwnz—vyéT”}@f:XJﬂ&xw»w}
_ T — g1 Co
;=120 (/0 (Tf(a)—'y) f(sals)ds = 2).

Now we are in a position to present our main results. The methods used to prove
the existence results are standard, however, their exposition in the framework of

problem (|1.2)) is new.
Theorem 3.1. Suppose that f:[0,T] x R — R is continuous and satisfies
fort € [0,T], z,y € R with m € L>=([0, T],R™). If

o ‘bl‘ 1 F(2 77)
=T (1 - las + b1|) (F(a +1) * MNa—~v+ 1)) <L (32)

then problem (1.2]) has a unique solution.

Proof. For z,y € C and for each t € [0,T], we have

_ s)afl

[(Fr2)(t) = (Fry)(@)] S/O (trm)lf(svx(S)) = f(s,y(s))|ds

Ta
< |mllrelz - yﬂm»

|(Fox)(t) = (Fay) ()| < Tlk3 — k3| + kT — ki,

s~ g <70 )| [ L () - sG5|
gnmuﬂmm%glvf;,
E— b1 — f(s,y(s)))ds
IMkﬂ§|1+h‘/ ~(f(sva() — F(s,(s))) s
P S .
P |A Rty (ls(s) = f(s.(s))ds|

b T 02— )T
< mlello =l 2= (5 et}

lai + b1 a+1l) T(a—vy+1)

Therefore, we have

|b1] 1 r'2-9)

Fr—Fy| <|m ooT’l(1+ )( + )x— .
This together with (3.2) implies that the map F is a contraction mapping. Hence
the contraction mapping principle yields that F has a unique fixed point which is
the unique solution of problem (|1.2]). The proof is complete. O
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Corollary 3.2. Suppose that f :[0,T] x R — R is continuous and satisfies
|f(t, @) — f(t,y)| < Llz —yl,
fort € [0,T), z,y € R and L > 0. Then problem (1.2) has a unique solution

provided
|1 1 I'@2-9)
LT*(1 1
( - \a1+b1|)(I‘(a+1) * I‘(a—’y—l—l)) <

Theorem 3.3. Let f:[0,T] x R — R be a continuous function. Assume that
|f (&, )] < m(t) + dlx|?
fort €[0,T], z € R withm € L*>®([0,T],R"), d >0 and 0 < p < 1. Then problem
has at least one solution on [0, T).
Proof. Define B, = {x: x € C and ||z|| < r}, where
r > max{24, (2Bd) 77 },
TT(2 — v)|ca| }blchVF(Q —7) 1 ‘

|b2] (a1 + b1)by a1+ by

o |01 1 I'2-17)
lmilzeT (1 * lax +b1|) (F(Oz+ 1) + Mla—~v+ 1))’

|01 1 I'2-1)
B=7(1+ )( + ). 3.3

lar + b1/ \I'(a+1) T(a—v+1) (3:3)
It is obvious that B, is a closed, bounded and convex subset of the Banach space

C.

A:

Firstly, we prove that F : B, — B,.. For any = € B,., we have

t — s a—1 a
(Fo0] < [ EEE nle) + dla(o) s < (e +r7)

|(Fax)(8)] < TIk3 | + (KT,

T (p _ gya—v-1

T < 7C )| [ (s

T —y—1
_ (T—s)*™ T2~ )lea|
<T'T(2 7)/0 (o —7) |f(s,z(s))|ds + =
L2—yT* TT(2
< (Imllz- +dr”)r(( 3>+ - <|b2 v>|cQ|7
T b1C2T’YF(2 —_ ) B c1 ‘bl

kY| < ‘ (a1 + b1)ba a; + bl |a1 + by / f(S,x(s))|ds

W|T'T(2—7~) [T (T —s)* 1
| ||a1 +(b1| ) /O ( F(a>_ s as)lds
|01 ( ™ L2 -1 )
lar + 01| \I'(a+1) T(a—~vy+1)
‘blchVF(Z —) . a ‘
(a1 + bl)bz a1 +b; '
Hence we obtain

< (Imll g + dr?)

| Fz]| <

TT(2 — 7)|ea] ‘ b1 TT(2 — ) c1 ‘

|b2| (CL1 + bl)bg - ai + by
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F = <1 " a1|l:|b1|) (F(a1+ 1) * F(i(i;1)1)>

+ dTpTa(l + |a1|lilb1|) (F(a1+ 0t F(E@;l)l))

r r
<A+dPB<t4i-r
e R

This implies that F : B, — B,.

Secondly, we show that F maps bounded sets into equicontinuous sets. Let B
be any bounded subset of C. Since f is continuous, we can assume without any loss
of generality that there is positive constant IV such that

[f(t,2(1)] < N

for any t € [0,T] and z € B. Now let 0 < t; < t, < T. For each x € B, we have
the following facts:

[(Fiz)(t2) — (Fiz)(t1)]

‘/b tQF(aa 1 (s, z( ds‘—k’/ fa =) (_gtl_s)a_lf(s,x(s))ds
N(ty —t1)*  N(t§ — (ta — t1)> — 19)

Na+1) MNa+1)
N(tg —t7)
Ia+1) "’
[(Faz)(t2) — (Faz)(t1)] < [K3](t2 — t1)
I2—7) NT*™ |ca|
= Ti— (F(a—'y—i—l) W)(bitl)'

Therefore, as to — tq,
|(Fz)(t2) — (Fx)(t1)] — 0
independently of « € B.

In view of the continuity of the function f, it is clear that the operator F is
continuous. Now consider F : B, — B,. From the above analysis, Arzela-Ascoli
theorem tells us that F(B,) is a relatively compact subset of C. Thus the conclusion
of Theorem implies that the problem has at least one solution. This
completes the proof. O

Corollary 3.4. Let f:]0,T] x R — R be a continuous function. Assume that

[f(t,2)] < w(t)
fort € 0,T], x € R with v € C([0,T],R"). Then problem (1.2)) has at least one

solution.

In this situation, since v € L>([0,T],R"), we let d = 0 in Theorem we
obtain the following result.

Corollary 3.5. Let f:[0,T] xR — R be a continuous function. Assume that there
exists a function m € L*([0,T],R") such that

|f(t,x)| < m(t) +dlx], d=0.
If dB < 1 (B is defined by (3.3)) ), then problem (1.2) has at least one solution.
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The proof of this Corollary is similar to that of Theorem [3.3]

Theorem 3.6. Let f : [0,T7] x R — R be a continuous function. Assume that:
(1) there exist a function m € L*([0,T],R") and a nondecreasing function ¢ :
[0,00) — [0,00) such that
lf(t, )] <m(t)p(lz]), fortel0,T], z€R.
(2) there exists a constant M > 0 such that
M

7O+¢(M)Q > 1, (3.4)

where

B T'YF(Q —’7)|62‘ ‘blch'YF(Z —’7) Cq1 ‘

|b2] (a1 + b1)bo a4 by

@ = [jmllp=T" (1 + |a1|li|b1|) (F(al—i— Dt 1“(2(371)1))

Then problem (1.2)) has at least one solution.

Proof. We, firstly, prove that 7 maps bounded sets into bounded sets in C. Let B
be a bounded subset of C and assume that ||z|| < r for any € B. As in the proof
of the above theorems, we have the following estimates

F0) < [ CEE s n(olds < olmlee

[(Fax)(t)| < Tlk3| + |k7,

s [@2 )T  T'T(2=7)lc
T|k3| < @(r)[lml| Lo

F(a—v-l—l) ‘bg‘ ’
|b1] T I'(2— )T
kT < 00 ——— o ——
1 < g (Pl oy + emle =gy )

‘ b1c2T'YF(2 — ’Y) C1 ‘
(a1 + bl)bQ a1 + b1 '

Hence we have

T’YF(Q — ’7)|CQ| ‘ blch'YF(Q — ’)/) C1 ‘

2] (a1 + b1)ba a1+ by

o |b1 | 1 ['2—19)
+e)limle=T (1 o +b1|> (I‘(a+ D) Tla—7+ 1))
<O+ ¢(nQ.

This implies that F(B) is bounded in C.
Secondly, we claim that F is equicontinuous on bounded subsets of C. The proof
of this claim is the same as the corresponding part in the proof of Theorem [3.3]
Finally, let x = AFz for some A € (0,1). Then for each ¢ € [0,T], we have

[z(8)] = [A(F2) ()] < O+ ¢(]lz])Q-

That is to say, we have

|Fa]| <

O+ e(l=hH@ ~
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Due to (3.4)), we know that there exists M such that ||x| # M. Let
U={yeC:llyl <M}

The operator F : U — C is continuous and completely continuous. From the choice
of U, there is no x € 9U such that x = AFx for some X € (0,1). As a consequence
of Theorem we deduce that F has a fixed point x € U which is a solution of
. This completes the proof. (I

4. EXISTENCE RESULTS FOR PROBLEM (1.3

Lemma 4.1. For any y,&,x € C([0,T],R), the unique solution of the fractional
non-separated integral boundary-value problem

‘D(t) =y(t), tel0,T], 1<a<2,
T
a12(0) + biz(T) = 1 /0 &(s)ds,

T
az(°D7x(0)) + b (°D2(T)) = 02/0 x(s)ds,0 < v <1,

is given by

B t (t—s)t tr'(2 —~) T (T — s)>1
x(t) = /0 711(&) y(s)ds — = /0 Mo —7) y(s)ds

(2 —7)ey [T b (T - s)ot
+ 4T17'yb2 2 /O X(s)ds — o Jibl {/(; F(oz) y(s)ds

T _ s a—y—1
—TT(2 - ’y)/o %y(s)ds}

biT7T(2 — 7)cs /T ¢ /T
_— S d8+ S dS.
NEETE x(s) A &(s)

To obtain the existence results of problem (I.3), in view of Lemma[4.1] we define
an operator S : C — C as

(Sa)(0)

= [ st - TR [T s atoas
* % /OT bl (s — | /OT = E(Z);l fsalo)ds ()
) [ o)
e | " (s 2()ds + o (s, 2(s))ds.

Observe that problem has solutions if and only if the operator equation Sz = =
has solution.

From the definitions of the operators F and S, we know that the difference
between them is very apparent; i.e., ¢1, ¢z in were replaced by c; fOT g(s,z(s))ds

and ¢y fOT h(s,x(s))ds in (4.1). It is easy to prove the following theorems, since they
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are similar to the ones obtained in section [3] Therefore, we omit the proofs of the
following theorems.

Theorem 4.2. Suppose that f,g,h:[0,T] Xx R — R are continuous and satisfy

|f(t,l‘) - f(tay)| < ml(t)|'r - y|’

h(t, 2) — h(t, y)| < ms(t)|z —yl,

for each t € [0,T] and all x,y € R with my € L>®([0,T],R") and ma,m3 €
LY([0,T],RT). If

1 (14 2 [(— rz—y)

la1 + by a+l) T(a—~v+1)
7T (2 = y)lcalllms]| 1 |b1] e[|z
1 <1,
|2 la1 + b la1 + b1

then problem (L.3|) has a unique solution.
Theorem 4.3. Let f,g,h:[0,T] x R — R be continuous functions. Assume that

|f @t 2)| < ma(t) + dof]™,
lg(t, 2)| < ma(t) + dafa]?,
h(t, )] < ms(t) + dsl|”,
for each t € [0,T) and x € R with my € L*>([0,T]),R"), ma,m3 € L1([0,T],RT)

and d; > 0,0<p; <1,i=1,2,3. Then problem (1.3|) has at least one solution on
[0,T7].

Theorem 4.4. Let f,g,h:[0,T] x R — R be continuous functions. Assume that:
(1) there exist functions my € L>®([0,T],RT), ma,m3 € L' ([0,T],RT) and three
nondecreasing functions p; : [0,00) — [0,00), i = 1,2,3, such that for t € [0,T],
zeR

|f(t, )| < ma(t)er(|]),

lg(t, )| < ma(t)pa(]z]),

|h(t, 2)| < ms(t)ps(|z]).
(2) there exists a constant M > 0 such that

M

> 1
P1(M)Q + p3(M)|Ims| 110 + L2 (M) o]l 11

where

TT(2 = 7)]cq] |61
= + R
|ba| ( |ay +b1|)

_ o [b1] 1 F'2-1)
Q= llmallz~T (1+ |a1—|—b1|)(F(a—|—1) + I‘(a—’y—i—l))'

Then problem (1.3]) has at least one solution.
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5. EXAMPLES

In this section, we give two simple examples to illustrate the main results.
subsection*Example 1 Consider the fractional boundary-value problem

|z(8)]

= T+ Ja(0)]

(sinz(t) + ), telo,1],

1
(t+4)2

(t.2) = F.9)] < el =91 < 6l =l

o |b1] (2-7)
(14 |all:—b1|)(I‘(a1+1)+I‘(1;43711))

1 8
~ 6 X Z x (0.7523 + 0.8862) = 0.1170 < 1.

Thus, by Corollary the boundary value problem (5.1]) has a unique solution on
[0,1].

and T = 7. Consider the fractional integral

Wl

Example 2. Let a = g, v =
boundary-value problem

CDim(t):2t3—3ln(3+t)+(3t+1)2%7 t € 0,7,
Looveatm = [Tm® ,
0+ = [ o

2(°DY32(0)) + 3(°D3x(x)) :/0 (33 — 5+ et a(t)]?/%)ds,

2 ml/2 21/3

Since f(t,x) = 2t* —3In(3 + 1) + (3t + 1)’ 50z, 9(t,2) = TR h(t,z) =

(3t> =5+ e~ tz|>?), a1 = %7 b1 =c1 =co =1, as =2 and by = 3, we have

|f(t, )] < |2t = 3In(3 + )| 4+ (37 + 1)?|z|'/2,
1
lg(t,z)| < ;Iw\”?’, |h(t, @) < [3t% — 5] + |a|*/®.

Now it is easy to verify that all conditions of Theorem are satisfied. Therefore,
the fractional boundary value problem (5.2) has at least one solution on [0, 7].

Acknowledgments. This project was supported by the NNSF of China with
grants 11271087 and61263006, and by the Guangxi Scientific Experimental (China
- ASEAN Research) Centre No.20120116.
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