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Abstract

In this paper, we establish the existence result for nonlinear fractional differential
equations with integral boundary conditions at resonance by means of coincidence
degree theory. As applications, three examples are presented to illustrate the main
results.

1 Introduction
In this paper, we prove the existence of solutions for fractional differential equations at

resonance with integral boundary conditions given by

D&, ult) = f(t, ult), DT ult),..., D" ur), 0<t<1,
u(0)=u/'(0) =---=u"2(0) =0, (11)
u(l) = (@ + m) [ £ u(t) dt,

where 0 <t <1, n—1<a <n, meN, Dj, is the Riemann-Liouville fractional derivative,
and f: [0,1] x R — R is a continuous function.

During the last few years, fractional differential equations have been studied exten-
sively due to their significant applications in various sciences such as physics, mechan-
ics, chemistry, phenomena arising in engineering. See [1-3] and the references therein.
Many researchers paid attention to the existence of boundary value problems for nonlin-
ear fractional differential equations, see [4—8]. The authors obtained the results by using
the classical tools for such problems including the Leray-Schauder nonlinear alternative
theorem, etc. Recently, there have been some papers devoted to the theory of fractional
differential equations with integral boundary conditions, see [9-11].

In [9], Cabada and Wang studied the integral boundary value problem for nonlinear

fractional differential equations:

D% u(t) +f(t,u(®) =0, 0<t<l,
u(0) =u”(0) =0,
u(l) = Afol u(s) ds,
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where 2 <@ <3, 0 <A <2, CD%C, is the Caputo fractional derivative and f : [0,1] x
[0, +00) — [0, +00) is a continuous function. The author established sufficient conditions
for the existence of nonlinear fractional differential equations with an integral boundary
problem.

In [10], Yuan discussed an (n —1,1)-type semipositone integral boundary value problem
for the coupled system of fractional differential equations

D u(t) + Af(t,v(t)) =0, O0<t<l,
Dg.v(t) + Ag(t,u(t)) =0, 0<t<l,
u?0)=v"(0)=0, 0<j<n-2,
u(l) = ufol u(s) ds, v(1) = uf()l v(s) ds,

where A, u are parametersand A >0, 0 < u <, @ € (n —1,n], n > 3, D, is the Riemann-
Liouville fractional derivative, and f,g: (0,1) x [0, +00) — R are sign-changing continu-
ous functions. Some existence results were given by using the Leray-Schauder nonlinear
alternative theorem and the Krasnoselskii fixed point theorem.

In [11], Feng et al. considered a higher-order nonlinear nonlinear fractional differential
equations with integral boundary conditions given by

D x(t) + g()f (t,x(t)) =0, 0<t<l,
x(0)=#(0) = ---=x"2(0) =0, 0<t<l,
x(1) = [y h()x(t) dt,

where 0 <t <1, n-1<a <n, n>3, Dy, is the Riemann-Liouville fractional derivative,
and g € C((0,1), [0, +00)) which may be singular at £ = 0 or (and) ¢ = 1, # € L'[0,1] is non-
negative, and f € C([0,1] x [0, +00), [0, +00)) is a continuous function. By means of the
Guo-Krasnoselskii fixed point theorem, some results on the existence of positive solutions
are obtained.

At the same time, we notice that these problems happen to be at resonance if A = 2 in [9],
i =a in [10] or /01 h(t)t* L dt = 1 in [11]. Though there has been an increasing interest in
the study of the existence of solutions for fractional differential equations at resonance (see
[12-17]), the corresponding theorem and applications to the fractional differential equa-
tions with integral conditions at resonance have not been investigated now. Motivated by
the works above, we discuss the integral boundary value problems of fractional differen-
tial equations (1.1), which happen to be at resonance in the sense that the associated linear

homogeneous boundary value problem

D§.u(t)=0, 0<t<l,
u(0)=u/'(0)=---=u"2(0) =0,
u() = (o +m) [ " u(t) dt,

has u(t) = ct*7}, c € R as a nontrivial solution.
The rest of this paper is organized as follows. In Section 2, we give some necessary no-
tations, definitions and lemmas. In Section 3, we study the existence of solutions of (1.1)
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by the coincidence degree theory due to Mawhin [18]. Finally, three examples are given to

illustrate our results in Section 4.

2 Preliminaries

In this section, we present the necessary definitions and lemmas from fractional calculus
theory. These definitions and properties can be found in the literature. For more details,
see [1-3].

Definition 2.1 [1] The Riemann-Liouville fractional integral of order « > 0 of a function
f:(0,00) - Ris given by

1

Io f(t) = m

t
[ e-oir0as
0
provided that the right-hand side is pointwise defined on (0, 00).

Definition 2.2 [1] The Riemann-Liouville fractional derivative of order o > 0 of a contin-

uous function f : (0,00) — R is given by

Dif(6) - — dn/ A

where n — 1 < @ < n, provided that the right-hand side is pointwise defined on (0, c0).
Lemma2.1[1] Letn—-1<a <n,ue C(0,1)NLY(0,1), then

I8, D%, u(t) = u(t) + Crt* ™' + Cot* 2 + - + C,t* ™,
where C;eR,i=1,2,...,n.

Lemma 2.2 [1] If o >0, m € N and D = d/dx. If the fractional derivatives D§, u(t) and
D§1"u(t) exist, then

D"D§, u(t) = Dy u(t).
Lemma 2.3 [1] The relation

I 18 f () = 1P (%)
is valid in the case $ >0, a + B >0, f(x) € L1(a, b).
Lemma 2.4 The relation

r
/ I8 f(x) dx = IS (r)
0

is valid in the case o« > 0, f(x) € L1(0,7), r € R*.
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Proof

r N _L r t el _L r r el
/olmf(x)dx—r(a)/o /O(t s) f(S)det_F(a)/o /S(t s)*f (s) dt ds

— 1 ’ ! a-1 _ 1 " (r_s)ot
—mfof(s)/s(t—s) dtds—r(a)/of(s) - d

=157 (). O

Now let us recall some notation about the coincidence degree continuation theorem.
Let Y, Z be real Banach spaces, L :dom L C Y — Z be a Fredholm map of index zero and
P:Y —Y,Q:Z— Zbe continuous projectors such that ker L = ImP, ImL = ker Q and
Y =kerL @ kerP, Z = ImL @ Im Q. It follows that L|qomznkerp : domL NkerP — ImL is
invertible. We denote the inverse of this map by Kp. If © is an open bounded subset of Y,
the map N will be called L-compact on Q if QN(R) is bounded and K; p,oN =Kp(I- Q)N :
Q — Y is compact.

Theorem 2.1 Let L be a Fredholm operator of index zero and N be L-compact on 2. Sup-
pose that the following conditions are satisfied:
(1) Lx # ANx for each (x,)) € [(dom L\ ker L) N 9£2] x (0,1);
(2) Nx ¢ ImL foreach x € ker LN 9;
(3) deg(JON|kerr, 2 NkerL,0) #0, where Q: Z — Z is a continuous projection as above
withImL = ker Q and ] : Tm Q — ker L is any isomorphism.
Then the equation Lx = Nx has at least one solution in domL N Q.

3 Main results
In this paper, we always assume the following conditions.

(Ho) a+1 # (a+m) Y7 (-1) mm‘nr(mzﬂ)

In this section, we prove the existence results for (1.1). We use the Banach space E =
C[0,1] with the norm [|u| o = maxo<¢<1 |u(¢)|. For « > 0, n = [] + 1, we define a linear
space

Y ={ulu,D§'u€kE,i=12,..,n-1}. (3.1)

By means of the line functional analysis theory, we can prove that Y is a Banach space with

the norm
lully = [ D ] + - + | DG "] + laeloe.
Define L to be the linear operator from Y to E with
1
dom(L) = {u € Y’u(O) =u/'(0)=---=u"20)=0;u() = (o + m)/ " u(t) dt}
0
and

Lu=Dj,u, uecdom(L). (3.2)


http://www.advancesindifferenceequations.com/content/2013/1/353

Zhang et al. Advances in Difference Equations 2013, 2013:353 Page 5 of 12
http://www.advancesindifferenceequations.com/content/2013/1/353

Define N:Y — E by
Nuu(t) = £ (&6, DS ul@), ..., DS " Vu(e)). (33)
Then problem (1.1) can be written by Lu = Nu.

Lemma 3.1 The mapping L : dom(L) C Z is a Fredholm operator of index zero.

Proof ltis clear that
ker(L) = {ct"“l,c € R} ~RL

Let x € Im L, so there exists a function # € dom L which satisfies Lu = x. By Lemma 2.1, we
have

Lt(t) = ]g+x(t) + Cyfail + Czt(x*z oo+ Cntain
By u(0) = #/(0) = - - - = u"~?(0) = 0, we can obtain ¢; = - - - = ¢, = 0. Hence
u(t) = Iy, x(t) + t®!
By u(1) = (« + m) fol t"u(t) dt, we have
1
Lo,x(1) + e = u(l) = (ot +m) f 15, x(t) + c1t* ] dt
0
1 1
= (Ol + Wl)/ tm]g+x(t) dt + Cl/ (Ol + m)taﬁ-mfl dr
0 0
=(a+ m)/ £ x(t) dt + ¢
0

Taking into account Lemma 2.2 and using integration by parts, we obtain

Ig,x(1) = (o + m)/ "G, x(t) dt = (o + m)/ ’”dlgi'lx(t)
= (o + m) [tmlg“x(t)|0 -m / 7S () dt]

= (o +m) |:18‘:1x(1) - m/ " 1clI"”%c(t)]
0

= (o + m) Z( 1)l )‘Ig‘jl”x(l).

On the other hand, suppose that x € E satisfies I§, x(1) — ( +m) Y % (<1)! ut I‘”l”x(l) =

(m—=i)!

0. Let u(t) = I§, x(t), we can easily prove u(t) € dom(L).


http://www.advancesindifferenceequations.com/content/2013/1/353

Zhang et al. Advances in Difference Equations 2013, 2013:353
http://www.advancesindifferenceequations.com/content/2013/1/353

Thus, we conclude that

Im(L) = ix € E|I§.x(1) — (¢ +m Z 1)’ 1‘“1” )= o}.
i=0

Consider the linear operators Q : Z — R defined by

Qx(t)=0 - [Ig+x(1 (@+m Z( 1)’ )'Ig‘f”x(l):|,

where o = [ﬁm) — (o +m) Yo (<L) m'”’l), m] “Land Qx(t) TR
Take x(t) € E, then

Q(Qx(®) = o [I&Qx 0], - (a+m)Z e ),Iz;‘:“le(t)

i

=0 —Qx(t) = Qx(t).
o
We can see Q> = Q.

For x(t) € Z, x(t) = x(¢) — Qx(t) + Qx(t), one has Q[x(¢t) — Qx(¢)] =
Therefore

x(t) — Qu(t) € Ker(Q) = Im(L), Qx(¢) € Im(Q).
That is to say,
Z =Im(L) + Im(Q).

If u € Im(L) N Im(Q), so we have u = c € R.

Because of u = ¢ € Im(L), then

Irx+1+z =0.

t=1

Igcl, ., — (o + m)Z( V'

Asaresultc-o =0,wegetc=0.
Then

Z =Im(L) ® Im(Q).

Note that IndL = dimkerZ — codimImL = 0. Then L is a Fredholm mapping of index
Zero. 0

We can define the operators P: Y — Y, where

Page 6 of 12
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Foruey,

pl eyt - L petyyet -
P(Pu) _P<F (a)D0+ u(0)t ) == (a)D0+ u(0)t2L =

So we have P? = P.
Note that

KerP = {u € Y|D§;'u(0) = 0}.

Since u = u—Pu+ Pu, itis easy to say u— Pu € Ker(P), Pu € Ker(L). And Y = Ker(P) + Ker(L).
If u € Ker(L) N Ker(P), so u = ¢;t*!, we can derive D*'¢;t*1|,. = 0, 50 ¢; = 0. Then

Y = Ker(L) ® Ker(P).
Foruey,
1Pully = an;lu” o [ DG+

= DGO ([ D g v 105V )

) n-1 1 1 Da,l 0
\ L7 * w195 O

i=1

= a|D§; u(0)

) (3.4)

1
wherea = 5 + 31 rll)

We deﬁne Kp ImL — domL NkerP by K,x = Ij,x. For x € Im(L), we have LK,x =
D Ig . x = x.
And for u € dom(L) N Ker(P), we have D% '1(0) = 0. So the coefficients c, ..., c, in the
expressions
u=1I5,Dg, u(t) + at* T ottt
are all equal to zero. Thus we obtain

K,Lu =I5, Dj, u = u,

which shows that K}, = (Laom(z)nkerp))
Again, for each x € Im(L),

1Kol = [1,2]y = 155l o + D57 2] + o+ | DV

. 1
(Z l+1) +1)>”xIIOO
n-1 1
(Zl ot F—)nxnm

= allxloo- 3.5)

Page 7 of 12
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Lemma 3.2 [17] F C C*[0,1] is a sequentially compact set if and only if F is uniformly
bounded and equicontinuous. Here uniformly bounded means that there exists M > 0O such
that for every u € F,
ledlon = [P, o + -+ 1062 u] o + Naslow < M1
and equicontinuous means that Ve >0, 38 > 0 such that
|u(t)) —utx)| <€ (Yt,t2€(0,1), |6 — 2] < 8,Yu € F)
and
|D§u(t) - Dy 'ulty)| <€ (Va6 €[0,1], |61 2] < 8,Yu € F,i=0,1,...,N -1).
By Lemma 3.2 and standard arguments, the following lemma holds.
Lemma 3.3 K,(I - Q)N :Y — Y is completely continuous.

For convenience, we use the following notations: pg = aA + 2a||¢||co; i = 2a||V¥illco, i =
1,2,...,n. To obtain our main results, we need the following conditions.

(Hy) There exist functions ¢, ¥, € E, i =1,2,...,n, such that for all £ € [0,1],

f (&1, %2, .., %) | < @ + Ynla] + Yala| + -+ + Yl

(Hy) There exists a constant A > 0 such that for every y € R, if |Dg&u(t)| > A, for all t €
[0,1], then

QNu(t) #0.

(Hs) There exists a constant B > 0 such that, for each c € R satisfying |c| > B, we have at
least one of the following:

cQN (ct*™") >0,
or
cQN(ct*™) <0.
Ha) Yripi<l.
Lemma 3.4 Q) = {u € dom(L) \ Ker(L)|Lu = ANu, A € [0,1]} is bounded.

Proof For u € Q1, Lu = ANu, thus A # 0. And Lu = ANu € Im(L) = Ker(Q), that is,
AQNu(t) = 0.

By (H,), there exists a constant ¢, € [0,1] such that [DZ u(ty)| < A.
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Again, for u € 1, then (I — P)u € dom(L) \ Ker(L) and LPu = 0, thus from (3.5), we have

< a||Nut|| .

| = Pu|, = |K,LU - P)u|, = |KpLully < allLulls

Now, by Lemma 2.2,

| DG u(0)| < [ DG ulto)| +

to
/ D, u(s) ds
0

< | DY ulto)| + | DE ()|, <A+ | Lulloo < A+ | Nitlloo,

< D&t ulty)| + Ito] Orsntzgo‘D&u(t)}

that is,
D5 u(0)| <A + [ Nul o (3.6)
From (3.4), we have

lully = ||Pu+ (I = Pu||, < |Pully + | - Pul,
< a|D§; u(0)] + alNul o
< a(A+ [INt]| o) + allNt]| o

< aA + 2al||Nu|| co-
By (H;), we have

lully < aA +2a||Nul|

< aA + 2al|f (t,u(t), DS u(®), D& 2u(t), ..., D" u(e)) |

o]

< aA +2a([9lloo + V1 loolltll oo + 1Valloo | DG ]|+ + Imlloo | DG Pu))

= po + pillutlle + p2 | D |+ 03| DS+ -+ + pu]| DV

0o’

By the definition | ||y, we can derive

1 (i
o = (o0 + D5l + s D5l |5V ),

Hence, we have

1 —_— —
| D6 ul, < m(ﬁo o3| DEu + -+ pu | DYV

)

—(n-1) Lo
|D6: " ul < =M.
1-p1—pa—+-=pn
It is easy to see | DS V| oo, - - ||D‘();;("_1)V||Oo and |||« are bounded. We can conclude that

|||y is bounded. O
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Lemma 3.5 @, = {u € Ker(L) : Nu € Im(L)} is bounded.

Proof Let u € Ker(L), so we have u = ct*~}, c € R, t € [0,1], and Nu € Im(L) = Ker(Q), thus
AQNu(t) = 0.

By (Hy), there exist two constant ¢, € [0,1] such that
|Dg;1u(t0)| = |nglct°‘71|t0| = |cF(oc)| <A.

It follows that |c| < %. Here, 2, is bounded. O

Lemma 3.6 Q3= {u € Ker(L): Au + (1 - A)QNu = (0,0), X € [0,1]} is bounded.

Proof Let u € Ker(L), so we have u = ct*™!, ce R, t € [0,1].
Thus

Act* !+ (1-)QN(e*7!) =0.

If A =0, then |¢| < % If A =1, we have c = 0.
It follows that

At + (1= 2)cQN(t*7") = 0.
Thus from the first part of (H3), then |c| < B. Here, Q23 is bounded. O

Remark 3.1 If the other parts of (H3) hold, then the set Q; = {u € Ker(L) : —Au + (1 —
A)QNu =0, € [0,1]} is bounded.

Theorem 3.1 Suppose (Hy)-(Hs) hold, then problem (1.1) has at least one solution in Y.

Proof Let Q2 be abounded open set of Y such that U?:l Q; C Q. It follows from Lemma 3.3
that N is L-compact on 2. By Lemma 3.4, Lemma 3.5 and Lemma 3.6, we get:
(1) Lu # ANu for every (u,v) € [(dom L \ KerL) N3] x (0,1),
(2) Nu ¢ImL for every u € KerL N 9%,
(3) Let H((#,v),A) = £AI(u,v) + (1 — 1)JQN(u, v), where I is the identical operator. Via
the homotopy property of degree, we obtain that

deg(JQN |xerr, 2 NkerL, 0) = deg(H(-,0), 2 NkerL,0)
=deg(H(-1), 2 NkerL,0)

=deg(+l,2NkerL,0) #0.

Applying Theorem 2.1, we conclude that Lu = Nu has at least one solution in
domLN Q. O


http://www.advancesindifferenceequations.com/content/2013/1/353

Zhang et al. Advances in Difference Equations 2013, 2013:353 Page 11 of 12
http://www.advancesindifferenceequations.com/content/2013/1/353

4 Some examples

To illustrate how our main results can be used in practice, we present three examples.

Example 4.1 Let us consider the following boundary value problem:

DiPu(t) =1+ e LIDGu(t)| + cos(DYPu(t)), 0<t<l,
u(0) =u/(0) =0, (4.1)

u() = 3 [ u(t)dt.

By the calculation, we can have A = B =7 and (Hy)-(H4) are all satisfied. Hence, we obtain

that (4.1) has at least one solution.

Example 4.2 Consider the following integral boundary value problem:

D3Su(t) = £ + arctanu() + 5 D5 u(t) + cos(DySu(t)) + sin(DPu(t)), 0<t<l,
u(0) =u/(0) =u"(0) = 0, (4.2)
u@) =2 [t ult)dt.

It is easy to see that (Hy)-(Ha) hold. By a simple calculation, we can have A = 48, B = 14.
Thus it follows that problem (4.2) has at least one solution.

Example 4.3 We consider the boundary value problem

DgZu(t) = cos(t +1)? + g sinu(t) + gDJ7u(t), 0<rt<l,
u#(0) =0, (43)
u(1) = [} Pu(t) dt.

Corresponding to problem (1.1), we have that o = 1.2, m = 2. By a simple calculation, we
can get A =11, B = 12, then (Hy)-(H4) hold. By Theorem 3.1, we obtain that (4.3) has at
least one solution.

5 Conclusion

In this paper, we have obtained the existence of solutions for fractional differential equa-
tions with integral boundary conditions at resonance. By using the coincidence degree
theory, we have found the existence results. Though the technique applied to establish the
existence results for the problem is a standard one, yet its results are new in the context of
integral boundary conditions. As applications, three examples are presented to illustrate
the main results. In the future, we will consider the uniqueness of solutions for the frac-
tional differential equations at resonance, and also can make further research on fractional
differential equations with a singular integral boundary value problem at resonance.
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