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We investigate the nonlocal boundary value problems of impulsive fractional differential equations. By Banach’s contraction
mapping principle, Schaefer’s fixed point theorem, and the nonlinear alternative of Leray-Schauder type, some related new existence
results are established via a new special hybrid singular type Gronwall inequality. At last, some examples are also given to illustrate

the results.

1. Introduction

Fractional differential equations have recently proved to be
strong tools in the modeling of many physical phenomena.
It draws a great application in nonlinear oscillations of
earthquakes, many physical phenomena such as seepage
flow in porous media, and fluid dynamic traffic model. For
more details on fractional calculus theory, one can see the
monographs of Diethelm [1], Kilbas et al. [2], Lakshmikan-
tham et al. [3], Miller and Ross [4], Podlubny [5], and
Tarasov [6]. Fractional differential equations involving the
Riemann-Liouville fractional derivative or the Caputo frac-
tional derivative have been paid more and more attentions
(see, e.g., [7-13]).

The impulsive differential equations arise from the real
world problems to describe the dynamics of processes in
which sudden, discontinuous jumps occur. Such processes
are naturally seen in biology, physics, engineering, and so
forth. Due to their significance, many authors have estab-
lished the solvability of impulsive differential equations. For
the general theory and applications of such equations we refer
the interested readers to see the papers [14-17] and references
therein.

As one of the important topics in the research of differen-
tial equations, the boundary value problems have attained a
great deal of attention from many researchers; see [18-23] and
the references therein. As pointed out in [24], the nonlocal
boundary condition can be more useful than the standard

condition to describe some physical phenomena. But there
are very few papers (see, e.g., [24-26]) dealing with the
nonlocal boundary value problems of fractional differential
equations. And even in [24-26], the impulsive effect has not
been considered. In [27], the author considered the following
problems:

‘DIu(t)=f(tLu®),u' ®), 1<q<2,
tel =101\ {t;,tp,... 15},

Au(ty) = I (u(ty)), M (ty) = Ji (u(t)) s
t €(1,0), k=1,2,...,p,

au (1) + Bu' (1) = g, (),
1

where ] = [0,1], f : ] x Rx R — R is a continuous
function, and I, J, : R — R are continuous functions,
Au(ty) = u(ty) — u(ty), uty) = limy,_, goulty + h), u(ty) =
lim, ,u(t, +h),k=1,...,p,0 =t, <t; <t, <---<
t, <tpy =1La>0p>0andg,g,: PCJ,R) - R
are two continuous functions, PC(J,R) = {x : ] — R;x €
C(tgstge1 L, R, k= 0,1,..., p+ 1, x(t]), and x(t;) exist with
x(ty) = x(t), k=1,...,p.}.

In [27], by a fixed point theorem due to O’Regan, the
authors established sufficient conditions for the existence of
at least one solution for the problem (1).

au (0) + Bu’ (0) = g, (),
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In [28], the authors considered the following problem:

‘DEut) = Dlu®) = f (tu(t),

te] =T\ {tpty.. st} J:=[0,T],
Mu(ty) =u(ty)-u(ty) =L u(t)), k=12,....m,
au(0)+bu(T) =c,
(2)

where °D is the Caputo fractional derivative of order g €
(0,1) with the lower limit zero, f : ] X R — R is jointly
continuous, t; satisfy 0 = t, < t; < -+ < t, < t, ., =
T, u(ty) = limy,_, gru(t, + h) and u(t;) = limy, _ o-u(t, + h)
represent the right and left limits of u(t) att = t, I, € C(R, R),
and a, b, ¢ are real constants with a + b #0.

In [29], the authors studied the following problem:

te] =T\ {tity..oty}s

] = [0’1])

‘Diu(t) = f (tu(t)),

Au (tk) = Ik’ Al/l’ (tk) = ]k’ k = 1,2,...,7’71,

oau(0)+bu(l) =0, au' (0)+bu' (1) =0,
3)

where ‘D is the Caputo fractional derivative of order g €
(1,2) with the lower limit zero,a > b >0, f: xR — R
is jointly continuous, I;,J, € R, and t; satisfy 0 = ¢, <
tp < oo < t, < tu = 1 and Au(ty) = u(t)) — u(ty)
with u(t)) = limy,_, geu(ty + h), u(ty) = limy,_, -u(t, + h)
representing the right and left limits of u(t) at t = ;. In [29],
the authors obtained the sufficient condition of the existence
of at least one solution for problem (3).

Motivated by the work mentioned above, we consider
the following impulsive fractional differential equation with
nonlocal boundary value conditions:

‘Dlu(t) = ft,u(),
te], =[0,1]\ {tptz’---’tp}’

Au(ty) = L (u(t), b (1) = Ji (u(t)).
tk € (0,1), k: 1,2,...,P,

1<g<2,

au' (0) +bu' (1) = g, (),
(4)

au(0) + bu (1) = g, (u),

where ] = [0,1], f : J xR — R is a continuous
function, and I, J, : R — R are continuous functions;
Au(ty) = u(t)) — u(t;) and A (ty) = u' () - u'(t,;) with
u(ty) = limy, _, geu(ty + h), u(ty) = limy, _, o-u(ty + h), u'(tZ) =
limha0+u'(tk+h),u'(t;) = limhﬂofu'(tk+h), k=12,...,p,
0=ty <t <fp < <t,<ty,;=1Llanda>0,b20
and g,,9, : PC(J,R) — R are two continuous functions,
PC(J,R) ={x:] — Ryx € C((tj>t;1-R), k =0,1,...,p,
and x(t,:), x(t;) exist with x(t;) = x(;), k = 1,..., p.}. The
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main methods in our paper are Banach’s contraction mapping
principle, Schaefer’s fixed point theorem, and the nonlinear
alternative of Leray-Schauder type.

Obviously, the problems in our paper are different from
those in [27], and we generalized the methods and results in
[27]. Problems in our paper are more universal than problems
in [28, 29]. It should also be noted that the basic space in our
paper is PC'(J,R) = {x € PC(J,R) : x'(t) € C((t;>tr,1)s R),
k=0,1,...,p, x'(t,:), x'(t,;) exist, and x'(¢) is left continuous
att;, k = 1,..., p.}, which is a Banach space with the norm
Ixll = sup,;{llxllpes %' lpc} where l|xllpec = sup,;lx(®)],
IIx'IIPC = suptejlx'(t)l. The basic space in [29] is PC(]J,R) =
fu:] - R:ue Cltti LR, k = 0,1,...,m, and
x(t)), x(t;) exist with x(t;) = x(f), k = 1,...,m, with
the norm [lullpc = sup,;lu(t)l}, which is unreasonable for
the order g € (1,2) because CD?u(t), Au'(tk) may not exist,
for u € PCI[]J,R]. So the problem (3) in [29] are not well
defined, and Definition 4.1 is also unreasonable and should
be modified.

The rest of this paper is organized as follows. In Section 2,
we will give some lemmas which are essential to prove our
main results. In Section 3, we give the main results. The
first result is based on the Banach contraction principle, the
second result is based on Schaefer’s fixed point theorem via
a generalized hybrid singular Gronwall inequality, and the
third result is based on a nonlinear alternative of Leray-
Schauder type. In Section 4, some examples are offered to
demonstrate the application of our main results.

2. Preliminaries

At first, we present the necessary definitions for the fractional
calculus theory.

Definition 1 (see [2, 5]). The Riemann-Liouville fractional
integral of order &« > 0 of a function y : (0,00) — Ris
given by

I y(t) = ﬁ L (t—35)""y(s)ds, (5)

where the right side is pointwise defined on (0, +00).

Definition 2 (see [2, 5]). The Caputo fractional derivative of
order & > 0 of a function y : (0,00) — R is given by

Dy (1) = %_a) [, ey @ds @

(n

where n = [a] + 1, [«] denotes the integer part of number «,
and the right side is pointwise defined on (0, +00).

Lemma 3 (see [2,5]). Leto > 0; then the fractional differential
equation ‘D" u(t) = 0 has solutions

u(t) =+t +ot’ +---+¢, t" ", (7)

where¢; € R,i=0,1,...,n—1,andn = [a] + 1.
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Lemma 4 (see [2,5]). Let o > 0. Then one has
Ig‘+ Dut)=u(t)+¢+et+ cltz +t cn_lt"_l, (8)

where¢; € R,i=0,1,...,n—1,andn = [a] + 1.

Lemma 5 (see [29, Lemma 2.9]). Let y € C(J, R) satisfy the
following inequality:

ly®)] < py + p L (t =97 y(s)|'ds
! -1 A
py L Q-9 @) 'ds+p, )

x Jl (1- s)q72|y(s)|Ads,
0

whereq € (1,2), A € [0,1 — (1/p,)); for some 1 < py < 1/(2 -
q)> P1> P2> P3» Py = 0 are constants. Then there exists a constant
M* > 0 such that

ly )] < M™. (10)

Lemma 6 (Schaefer’s fixed point theorem). Let X be a Banach
spaceandlet F : X — X be a completely continuous operator.
If the set

E(F)={y e X:y=AFy forsome A € [0,1]}  (11)
is bounded, then F has at least a fixed point.

Lemma 7 (nonlinear alternative of Leray-Schauder type). Let
C be a nonempty convex subset of X. Let U be a nonempty open

subset of C with 0 € U and let F : U — C be a compact and
continuous operator. Then either

(i) F has fixed points, or
(ii) there exist y € 0U and A™ € [0, 1] with y = A" F(y).
We define

PC(J,R) = {x : ] — Rx e C((tp,tr1],R),
k = 0,1,...,p, and x(t]), x(t;) exist with x(t;) =
Xt k=1,....p).

PCY(J,R) = {x € PC(J,R); x'(t) € C((ty,ty., ], R),
k = 0,1,....p, x'(t]), x'(t;) exist and x" is left
continuous at ti, k=1,..., p}.

Obviously, PC(J,R) is a Banach space with the norm
Ixll = sup,e{lxllpe: X' |pc}, where llxlpe = sup,lx(®)],
Ix" | p = supye;lx’ (£)].

Then we can define the solution for the problem (4).

Definition 8. A function u € PCY(J,R) with its Caputo
derivative of order 1 < g < 2 existing on J; is a solution
of the problem (4) if u(t) = wu(t) fort € (t;,1t;,,) and
up € C([0,t,1], R) satisfies “Du(t) = f(t,u(t)) ae. on
(0,t5,1), the restriction of v, (t) on [0,t,, ;) is just u(t),
and the conditions Au(t,) = I.(u(ty)), Au'(ty) = T (),
t, € (0,1), k = 1,2,...,p with au(0) + bu(l) = g,(u),
au' (0) +bu' (1) = g.(u).

Lemma 9. For any h € C[0, 1], a function u is a solution of
the nonlocal impulsive problem

CD?u(t) =h(), 1<gq<2,
tely =01\ {tn.tp....1,}
Au(ty) = I (u(ty)), A (ty) = Ji (u(tg)) s
t,€(0,1), k=1,2,...,p,

au' (0) +bu' (1) = g, (u)
(12)

au(0) +bu (1) = g, (u),

if and only if u is a solution of the fractional integral equation

B Lt -t
w(t) = L Foy e

' O<tzk<t ( J;kk—l %h (s)ds + I (u (tk))>

+ ) (f_fk)<fk ﬂh(s)ds"']k (”(ti))>

0<t) <t k-1 r (q_ 1)

-6 —qt,
(13)

with

/ _ t(t_s)q72
u (t) = L T(g- 1)h(s)ds

+ ) <fk Mh(s)alsuk(u(t;)))

0<ty<t T (q _ 1)
1 1 (1- s)q‘z
axb [b(J Ty
ty (tk _S)q—z
' 0<§<1 (Jtm mh (s)ds

i (u (t )))) -9 (u)] ;

(14)
where
b La-s)r!
“% 3o {“t (g s
b -s)
————h(s)d
+0<tzk:<1<‘[tk—1 r(q) (5)s

+1 (u (£)) )



+ ) (l—tk)<j:k %h(s)ds

+i (u (1)) )]

_ S)q—Z

1 !
- [b(L TPEIARL

b (te—s)
h(s)d
+0<tzk:<1<‘|-tk—1 F(q ) (s)ds

+Jje (u (t)) ))

~g, () ] } - ?T(L;)’
e ttll, 5
(e

@) )] -}

(15)

h(s)ds

Proof. By Lemmas 3 and 4, the solution of (12) can be written
as

u(t) =ITh(t) - ¢ -t
_ gyt (16)
:J: (tF(S(;; h(s)ds—cy—cqt, te[0t],

where ¢, ¢; € R. Taking the derivative of u(t) gives

q-2
W (8) = j 4 (qs) FhOds—a, tefon]. @
If t € (¢,,t,], then we have
D
ut) = L Foy s —dy—d (1),
(18)

! _ t(t_s)q—Z
u (t) = J;l F(q—l)h(s)ds_dl

where d),d, € R. In view of the impulse conditions

Au(ty) =u(t])-u(t)) =1
A () = (8]) - (£])

(u (1),
=11 (u(1))),

(19)
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and (16)-(18), we have

~d, = Jtl (t-9)""

o) h(s)ds—c -t + I (u(t]))
2 (20)
bo(f, — _
“d, = L (Fl(qi)l) h(s)ds —c, + ], (u(£])).
Taking (20) into (18), we can get
_ [ e-9T
u(t) = Jtl Q) h(s)ds
to(t, — q-1 B
[T ds - e ()
bt - S)q_z
+<L PO A ) )6 -n).
te(tt,].
(21)

Repeating the process in this way, the solution u(t) for t €
(> tiy1 ] can be written as

t A/ !
u(t) = th (tr(S;) h(s)ds—c¢y—ct

' ZG (tkr_é))q

v Y (t-t) <f %h(s) ds

0<tp<t

h(s)ds+ I (u (t;)))

+i (u(£)) > )

t e (tk’tk+1]’ k= 0, 1,...,p.
(22)

By taking the derivative of (22), we have

Iy t(t_s)q_z
u (t) = L r(q_l)h(s)ds—c1

-3 ([ g nw@).

0<ti<t \ “fk-1

t€(toten], k=0,1,...,p.

(23)

Taking (16), (17), (22), and (23) to the boundary value
conditions
au (0) + bu (1) au' (0) +bu' (1)

=g, (), =g, (u),

(24)
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we can get

aib {“: (lr_(;);_lh(s)ds
’ o<tzk:<1 <j::-1 (tkr_(;)) :
+ (u(ty) )

+ Z (1—tk)<J':k_ (;k(;i)l_) h(s)ds

0<t <1

CO:

h(s)ds

1

+i (u (1)) >] " @b

L(1-¢)17?
v [b(L TPRICEL
bt —s)T
d
+()<tzk:<1<‘[-‘k1 r(q_ 1) heds

+Ji (u (£)) ))

g1 (u)
-9, (1) ”’ T aib’

1 L(1-¢)1?
¢ = 0 |ib(L Tlq-1) h(s)ds
b (fk‘s)q_2
h(s)d
+0<;<1<J'tk—l F(q_ 1) (5)els

) ) )-0s00].

(25)

Then the solution of (12) is (22), where ¢, ¢, are given by (25).
Taking derivative of (13), we can get

Py t(t_s)q—Z
u (t) = L g~ 1)h(s)ds

+0<Zk:<t<,[ttk (t - )q) h(s)d3+]k(u(tk))>

o T(g
1 L(1-s)12
- [b(L Tq-1) h(s)ds
& (tk—s)‘r2
h(s)d
+0<§<1(th1 r(q_ 1) (5) s

+nwm®)ww@

(26)

Conversely, taking (13) and (14) into (12), we can easily get
the equation

Diu()=h(), 1<q<2,
(27)
te =101\ {t;.t5....1,}
and all the impulse conditions and boundary value conditions
are satisfied. So we complete the proof of Lemma 9. O
Consider the operator F : PC'(J,R) — PC'(J,R)
defined by
(Fu) () = I =9 (o)) ds
- £ r( )
b (te-s)
+ (s,u(s))ds
0<%:<t < Lk—l r ( ) f
+ I (u (t)) )
(te—9)""
t—t J (s,u(s))ds
0<%:<t( k)< k-1 ( 1) f
+ Ji (u (£)) ) — G- ab
(28)
where
1 La-s)T!
©= vb HL (g ) GulDds
NED
+ (s,u(s))ds
O<§<1 (J k-1 F( ) f

+Ii (u () >

D) (1—tk)<rk (t"_i); f(s,u(s)ds

0<t<1 tio L (q

@) )] - )

b 1 1- q-2
(a+b) {b“t (r(qs_)l) f(su(s))ds

0<tr<1

+u@@»ﬂ—%w4,



(1-35)17?

“= o [b(j T(q-1y) GulDds

© (t
ZO Yy 5 DR

@) ))-o ).

(29)

Then we have

(P (6 = J (t( 1)f (s.u(5)) ds
tr (t S)
+0<tzk<t<th_l - g-1) S (suls)ds

e () )

5)12

1 (1-
Y [b(J T(qo1)) GulDds

b (t-s)
+0<§<1(th1 F(q 1) f(s u(S))dS

w6 )

- g, (u) ] .
(30)

Clearly, F is well defined.

3. Main Results

This section deals with the existence of solutions for problem
(4). Before stating and proving the main results, we make the
following hypotheses.

(H,) f:] xR — Risjointly continuous.

(H,) 91»9, : R — R are continuous functions and there
exists [;(t),,(t) € CI[J,R,] such that |g,(u,(t)) -
91(”2(”)' < l](t)"u1 - uz”a |gz(u1(t)) - gz(uz(t))| <
L(t)llu, — w,ll, for Vuu,, u, € PC'(J,R), t € J.

(H;) There exist real functions h, (), h,(-) € C(J,R,) such
that |f(t,u)] < hy@),|f(tu () — f(tu(8) <
hy ()|l — u, |, for Vu,,u, € PC'(J,R), t € J.

(Hy) I, Ji + R — R are continuous functions and there
exist positive constants M, my such that |I,(u;) —
L(uy)] < Mylluy —us ||, 1T (uy) = T ()| < iy llug =,
Yu,,u, € PC'(J,R) and k = 1,2,..., p.
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Let
W = supl, (t), w = supl, (),
te] te] 31)
E = suph, (t) e = suph, (t).
te] te]

Theorem 10. Assume that (H,)-(H,) hold and < 1; then
problem (4) has a unique solution, where

nzmax{ 2¢(1+ p) 2e(1+2p)+W+2w
T(q+1) I'(q)
P
+Z (M, + 4mk):| , (32)
k=1

M+w+ Pm
(F(q—l) 2;; ">}

Step 1. We show that Fu € PC'(J, R), for all u € PC*(J, R).

For all u € PC'(J,R), s;,5, € [0,t,], 0r 5;,5, € (testriq)s
k=1,2,...,p,s, > s;, by (30) and the continuity of g,, u, we
have

Proof.

'(Fu)' (s,) - (Fu)' (sl)|
- Jsl [(52_5) — (s -
/s I‘(q— )

+J’ (52 - )q N

T(q-1)

)]

|f (s,u(s))|ds

y 1 (sl ds
+—— (g (sz)) ~ g, (u(s1)))]
<t |, (976
+L (sz—s)q_zds]
—5 (22 (u(s2)) = g2 (s — 0,

as s; — s,.

(33)
- s)q_z] ds

So we know (Fu)'(t) € C((tj>tes1,R), k = 0,1,...,p + L.
It is easy to see that (Fu)'(t,;'), (Fu)'(t,;) exist and (Fu)' (¢) is
left continuous at t;,k = 1,..., p. So, for Vu € PCI(], R),
Fu € PC'(J, R).

Step 2. We show that F is a contraction operator on PC Y(J,R).
Consider

|(Fu) (t) - (FV) @\
< L (t- |f (s,u(s)) — f(s,v(s))|ds

i

k _ )1l
" 0<tzk<t (Ll % |f (5u(s) = f (s, V(S))| ds

() - T (v ()] )
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bt -s)T
i Z (t_tk)<L T(g-1)

0<ty<t k-1

X |f(s,u(s)) - f(s,v(s))l ds

+ T (u (8)) = T (v ()] )

- f(s v(s))|ds

1 1
N a+b {b [LP (
( 23 (tk_s
O<tk<1 r(q
X |f(s,u(s)) —f(s,v(s))|ds
+ [T (u () = L (v (tk))|>
b (tk‘s)q_2
+()<§<1 (l_tk)(J;kl r(q_ 1)
X | f (s,u(s)

—f(s,v(s)|ds
+ T (ue ()

—AWUDNH

+|g) (W) - g, W) }

1 q-2
+(afb)2 {b“t (( T 1 ul) - f s v

e (t —s)" N

+0<tzk:<1(th1 r(q_l)
X |f(s,u(s))—f(s,v(s))|ds
D) -0 )|

+ |92 () - g9, (V)| }

+ ! {b[JP(l( .y |f( u(s)) - f(sv(s))|ds

a+b
o (t—s)]
' 0<§<1 (J;k 1 ( 1) |f - u
-f (s,v(s))|ds
D) -6 )]

+1g, () — g, V)| }

+ W+ 2w

3 |:2e(1+p) . 2e (1 +2p)
S [ T(g+1) I'(q)

p
+Z (M, + 4mk)] llue = v
k=1

< fu—vll,

|(Fu)' () - (Fv>’ ®)

<J (lf( |f(s u(s)) - f (s, v(s))]ds

- (th (8 )q2|f(su(s))—f(sv(s))|ds
0<t<t \ 71 F(q

+ | (u (8) = T (v (£))] )

1 (-
+m[b(j e )If( s u(s)
—f(s v(s))|ds

k (tk—s
+ (s,u(s))
O<tzk:<1<Lk1 ( 1) |f SHe
—f (s,v(s))|ds

+ T (u (8) = T (v (tk))|>>

+ |92 (u) - g, (V)| ]

< 2e(ler)+w+ Pm u-—-v
_< e 2kZ k)u I

< fu—vl.

(34)

Hence |F(u) — F(v)|| < |lu — v|, that is, F is a contraction
operator on PC'(J, R). By applying the well-known Banach’s
contraction mapping principle, we know that the operator F
has a unique fixed point on PC' (J, R). Therefore, the problem
(4) has a unique solution.

In order to get the second main result, we replace (H,)'
with (H,).

(H,)' g,»9, : R — R are continuous functions and there
exist positive constants r;, r, and [; (t), ,,(t) € C[J,R,]
such that |g, (u)| < 1y, |g,(W)] < 1y, 19, (uy) — gy ()] <
l1(t)||u1 - u2"7 |g2(u1) - gz(u2)| < lz(t)"u1 - uz": for
all u,,u, € PC*(J,R).

Next, we modify (H;) to the following linear growth
condition (H3)':
(H 3)' There exist constants A € [0, 1) and L > 0 such that
|f(tu®)] < LA+ |u(@)|"), Vt € J,u(t) € R.
O



Theorem 11. Assume that (H,), (Hz)', and (H3)' hold; then
the problem (4) has at least one solution.

Proof. According to Lemma 6, if we want to get the solution
of problem (4), we only need to consider the fixed point of
operator F, which is defined by (28). We divide the proof into
four steps.

Step 1. F is continuous.
Let {u,,} be a sequence such that {u,} — u,in PC'(J,R).
Vt € J, we have

I(Fun)(ﬂ-—(Fuo @)

< t(t S, u, (s S, Uy (s s
—L F() 1f ,0) - f (0 )] d

i

ko (t
N Z (J (k
0<ti<t \ k-1 F

| I (i (8)) = T (g (£))] )

If (5.1, (5)) = f (5,49 ()| ds

t _ q-2
’ 0<rzk<t<L-1 % |f (5,14, (8)) = f (s (5))] s

[k (80)) = T (o ()] )

' aib {b“t . (2 . |f (5,1, (5)) = f (5 (5))|ds

e (g —s)" '
' 0<;<1 (’[tk—l r (Q)
X If (S’ U, (S)) _f

e oy ()~ i (o () )

(s,uq (s))|ds

ti ( )q -2
" 0<§<1 (Lkl T (q lf (5) u, (S)
~f (5,10 (s))| ds

e 60) - e (60 )
o0y |
e {b“ eR) 2

) (J e 717 (5, 9)

o Tlg-1)

|f (s, (s) = f (s, v(s)|ds

—f (s,uq (5))|ds
e (52)) — T Gt (5) )]

1

o) - g )l | + 1
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x{b“ (rl(qs)q f (s, 9)

+O<§<1 <J;:1 (tk( 1) |f (S u, (S))
~f (5,1 (5))|ds

Dl ) - e o 60 )]

- f(s;uq(s))| ds

+19, (4,) = g5 (14o)| } .
(35)

From (H,) and (H,)’, we know f is jointly continuous
and g,, g, are also continuous. Together with the continuity
of I, Ji, we can also easily draw that |(Fu, )(t) — (Fuy)(t)| —
0,asu, — u,.

Similarly, we can obtain I(Fun)'(t) - (Fuo)'(t)l — 0, as
u, — uy Vt € J. Then for {u,} — u,, we have ||Fu, —
Fugll — 0,asu, — ug, which implies that F : PC'(J,R) —
PC'(J, R) is continuous.

Step 2. F maps bounded sets into bounded sets in PC YJ,R).
Set B, = {u e PC*(J,R) : ull < p}. Foru € Bt e ], by
the continuity of I, Ji, g,(u), g,(u), Vu € B#, we know that
[T (u(t))] < e;, [T (u(t )] < e;, where ei, e; are nonnegative
constants.
Forallt € J,u € Bﬂ, we have

(t-

[(Fu) (8)] < j L o] ds

ty M
' 0;« (thl r (q) |f (s,u (5))| ds

() )

te _Sq—2
+ ) (t—tk)<Ll%If(s,u(ﬂ)lds

0<ty<t

i) )
X {b[l; a F())q : |f(5,u(s))|ds

ty M
T 0<§<1 (thl T (q) |f (S> u (5))| ds

()] )
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bt —s)T
+ Z (l_tk)<thl T(q-1)

0<ty<1

x| f (s,u(s))|ds

ﬂh@@@ﬂﬂ

o}
b (1-
+—(a+b)2 {b|:L ) |f(s u(s))|ds

fo(te-s)
*§:(Llr@—n

0<tr<1

x| f (s,u(s)|ds

wuwaanﬂ

+wﬂw@

1

+a+b{b“ (1( ) |f(s,u(s))|ds

(=)™
"> (Llr@—n

0<ty<1

X |f (s,u(s))|ds

+ i (u (£)] >]

o}
21.(1+p) (1+[ul")
I(g+1)

Lap+2) (1+]ul")
I'(q)

!

+ 2pe,

+4pe, + 1| +2r,,

(t-s)"2

|(Fuw)' ()] < J |f(s u(s))| ds

o (g — )12
' Z (‘[tk1 (Fk(q —)1) |f($,u(s))|ds

0<ty<t

wuwaan)

+

ai)-b [b(J (1( ) |f(S,u(s))|ds

b (- s)T?
' O<§<1 (thl rk(q - 1)

X |f (s,u(s))|ds

+mowam)>+wﬂmq

21 (p+ 1) (1+]ul")
- r(q)

+2pe, +1,.

(36)

Then we can obtain ||Ful < #, where

+2pe'
T(g+1) !

<|2L(l+p)(l+;/‘)
1’]= max

L(ap+2)(1+4")
I'(q)

2L(p+1) (1 +(4X)
I'(g)

!
+4pe, + 1| + 21y,

+2pe; + rz} .

(37)

If0 < p < oo, that is, B, is bounded, then 0 < 7 < co.

Hence F maps bounded sets into bounded sets in PCY(J, R).

Step 3. F maps bounded sets into equicontinuous sets of
PC'(J,R).

Consider Yu € B, = {u € PC*(J,R) : |ul < u}, VO <

s; < s, < ty; we have

|Fu (s,) = Fu(s,)|

s (s, =9 = (s, - 9T
L ( ) |f (s,u(s))|ds
+ L (52 |f(s u(s))| ds
b
( N b) |92 (52)) = g2 (u (51))|
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+ |gl (u(sy) =g (u (51))| N 1

a+b a+b

x H Jl (rl(
' o<§<1 <Jfkk1 (tk(
+i (u(t)) ))]

lf (s,u(s)) |ds

) |f(s u(s))|ds

|5292 (u(s,)) = 5195 (u(s1))]|
X (52 - 1) + a+ b
1+
< (T;J) {J [(52 e s)q_l] ds

INCES

1

p [2L(1+")+p)
a+o I'(q) e

N bw+(a+b)(W+w)+ hy }(s -51)s

(a+b)? a+b

|(Fu)' (s,) — (Fu)’ (sl)|

s [(sy =) = (s, - 9)1?
gj [( ) ( ) ]|f(s,u(s))|ds

0 T(g-1)
s, q
+J (;( )1) |f(s u(s))|ds
+ a+b u(s,)) - g, (“(51))|
< —<1 il ) {J [(s —s)q_ (s —s)q_l]ds
T T(q-1) ’ :
+le2 (sz—s)qflds} — sy —s1]-
(38)
Obviously, |Fu(s,) — Fu(s;)] — 0, I(Fu)'(sz) -

(Fu)'(sl)l — 0,ass; — s,. Hence F is equicontinuous on
interval [0, £,].

Similarly, we can prove F is equicontinuous on interval
(totinlb, k=1,2,...,p.

As a consequence of Steps 1-3 together with the PC-type
Arzela-Ascoli theorem, we know that F : PC'(J,R) —
PC(J, R) is continuous and completely continuous.

Abstract and Applied Analysis

Step 4. There exists a priori bound.

Next we show that the set E(F) = {u € PC'(J,R) : u =
AFu, for some A € (0, 1]}, is bounded.

Consider Vt € J, u € E(F); we have

|u (8)] = |AFu (t)]

(1) T e w)

TN A I
RS [
R [ )

1 _
XJ(Lﬂﬁﬂu@M%
0

2b
+(1+a+b+( b)) Z [Je (u(t))]

0<t<1
rl a+2b

a+b (@ibp

(39)

Then by Lemma 5, we know there exists a constant M* >
0 such that

ly@®] <M. (40)
Forallt € J, Yu € E(F), we also have

|duﬂ:pwm%m
b
S—r( )(1+p)<1+ b>
! q-2 A
<[ a-9rmras (an

F( )(1+p)<1+ ib>+<l+aib>
x Y Te(u ()] +

0<tr<1

Also by Lemma 5, we can get that there exists a constant
M"™* > 0 such that

Y ] <M. (42)

So, for all u € E(F), we have |lul| = sup, {llulpc, IIu'IIPC} <
M where M*** = max{M", M""}.
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As a consequence of Schaefers fixed point theorem
(Lemma 6), we deduce that F has at least one fixed point
which means that the problem (4) has at least one solution.

Next we apply the nonlinear alternative of Leray-
Schauder type to get Theorem 12. We give the following
hypothesis (H;)".

(H3)" There exist a real valued function ¢ € L*(J,R),
a L'-integrable and nondecreasing function
[0,+00) — [0, +00), and a positive constant  such
that

If t,w|<p@®)y ), forVte], YuePC (J,R),

(‘;’((r; “ (t-5)1"'¢ (s) ds+T,

(43)

X Ll (1-5)T"¢ (s) ds]» + T2>1 >1,

b b’q
p (T arpr2pa)+ 5 (1 p),

) ¥ )

0<ty<1

( 2b v )
+| 1+ + 5
a+b  (a+b)

_ br a+2b
X Jo (u(t)| + —= + r,.
0<%:<1| ¢ g | atb  (a+b) ?

(44)
O

Theorem 12. Assume that (H,), (Hz)', and (H3)" hold; then
the problem (4) has at least one solution.

Proof. We consider the operator F defined by (28). Let y =
AFy, for A € [0, 1]; then we have

—5) T ¢ (s)ds

Ju (6)] = MFuaNS'VWMDJtU
0

I'(q)
b _
+<1+m>0<tzk:<1llk (u (t)]
b
N ‘I/F(E;t)ﬂ) [p(1+q)+m(1+q+p+2pq)
b’q
Tarby (Hp)]

1 2
e 2b b )
XL (1-53) ¢(S)ds+(1+_a+b+(a+b)2

11
« X Dl e
' )] = [AFw)' ()] < WF(EZ)”)J (t— )T ¢ (s)ds
LD a2 (o) [[a-origas
(1+2%) T el 2

0<t<1

(45)

Then we can obtain

v (*,
< 50 j (91 (5)ds
(14 255) 2 I
0<ty<1
v (llul) b
O g 2y g pe2pg
2 1
q _ g-1
+—(a+b)2 (1 +p)] L (1-9s)T"¢p(s)ds
2b b _
" (1 " a+b ! (a+ b)2 ) 0<%:<1 |]k (u (tk))|
ﬂ N a+2b
atb @ibp’
(46)
which implies
Jul (‘”"“") [ @90+,
I'(q)
(47)
. _
xj (1-s)T"¢ (s) ds} +T2> <1,
0
where
2
=p(1+q)+a—ib(1+q+p+2pq)+ (al:—z)z(l +p),
T2 = (1 + j) 0<§<1 |Ik (M (tk
+ (1 + 2b + b—z)
atb (a+b)
_ b +2b
g 0<tzk:<1 |]k (” (tk))l -:lb (a + b)2 &
(48)
By (H3)", there exists a 7, such that ||y||#7. Let U = {u €

PC'[J,R] : |ul < r}. Then, as the proof of Steps 1-3,
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we can easily get that F : U — PC'[J,R] is continuous
and completely continuous. From the definition of U, we
can know there exist no y € oU, A € [0,1] such that
y = A(Fy). Otherwise, there exists at least one y, € oU such
that y, = A(Ay,). From the proof above, we know | y,ll # .
However, for y, € 0U, |y,ll = r, which is a contradiction.
Therefore, there does not exist y € oU, A € [0, 1] such that
y = MFy). As a consequence of the nonlinear alternative
of Leray-Schauder type, we deduce that F has a fixed point
u € U, which implies that the problem (4) has at least one
solution u € PC'[J, R]. O

4. Examples

In this section we give an example to illustrate the usefulness
of our main result.

Example 13. Let us consider the following fractional impul-
sive problem:

u (t) sin t?
6(1+e) (e +u))

‘Dut) = 1

t€]1=[0,1]\{%},

Au(l) =1,
2

au(0) +bu (1) =

A (%) -1, (49)

u(t)
18(1+|u(®))’

sinu (t)
18¢!

First, we prove that Example 13 satisfies all the assump-
tions of Theorem 10.

In Examplel3, it is easy to see that f(t,u) =
(u(t)sint*/(1 + etz)(et + |lu(®)])) € C([0,1] x R,R); so
(H,) holds.

Fort € [0,1], u € PC'(J, R), we have

au' (0)+bu' (1) =

(t)sint? 1
(bu®)] = | ——— <5
|f o] 16 (1+e”) (e +u ()| 32 (50)

[f () = (6] < 55 a1,

So (H,) is satisfied, where h, (t) = h,(t) = 1/32.

Fort € [0,1],u € PC'(J,R), g1 () = (u(t)/18(1 +|u(t)l)),
go(u) = (1/18¢") sin u(t); then we know lgi(u) — g,(V)| <
(1/18)llu = vll, 1g,(1) — go(W)| < (llu — vIl/18) with [;(t) =
(1/18), L,(t) = (1/18), so (H,) is also satisfied.

Fort € [0,1],u € PC'(J,R), I, = J, = 1; then |I,(u) —
LW =0, ] () = J,(»)| = 0, so (H,) holds with M; =m,, =
0.

From Example 13, we also have p = 1, g = 3/2; then

ke
M sre2) T 1erGR) el

<8r(11/2) +%)} = %

(51)

Abstract and Applied Analysis

so all the conditions of Theorem 10 are satisfied; as a conse-
quence of Theorem 10, Example 13 has a unique solution.

Second, we verify that all the assumptions of Theorem 11
are satisfied.

Obviously, |g,(w)| = |u(t)/18(1 + |u(®)])] < (1/18),
lg,(w)| = [(1/18€") sinu(t)| < (1/18); then g, (W), g,(u) are
bounded. The other conditions of (Hz)' in theorem can be
verified as the condition of (H,) in Theorem 10.

Fort € [0,1], u € PC'(J, R), we have

u (t) sin v (t) 1 0
s = <—1 .
|f tu@) {1+ e) @ + @) < 64( +1ul’)

(52)

Thus, all the assumptions in Theorem 11 are satisfied; our
results can be applied to Example 13; that is, Example 13 has
at least one solution.

Example 14. Let us consider the following fractional impul-
sive problem:

¢, 32 _ u(t)
Dut) 175 (1 +¢)

Au(l) =1,
2

cren=oan{s)

2
1
Au/(z) =1,

) &9
ul(t
“O+ )= oy
, , 3 sinu (t)
u (0)+u (1) = Iset

It is easy to check (H, ) is satisfied. Similar to the proofin
Example 13, we can also verify (H,)" holds for Example 14.

In Example 14, we have f(t) = (u(t)/175(1 + etz)) <
y(u)¢(t) with y(u) = |ull/175, ¢(t) = 1/2. Obviously, y(u) is
L'-integrable and nondecreasing function, ¢ € L*(J, R). And
for Vr > 0,

t
r(% “0 (t - )17 (s) ds+ T,

-1

1
X J (1-5)T"¢ (s) ds]» +T2>
0

t
= 175r<§><l J (t—s)”zals+E
2/\2 ), 4

1 275\
XJ (1—5)1/2d3+—> > 1.
0 72

(54)

Then all the conditions of (H3)"are satisfied. As a con-
sequence of Theorem 12, then Example 14 has at least one
solution.
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