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Abstract. In this paper, we present some new fixed point theorems for both single-valued
and multi-valued maps controlled by the contraction conditions with perturbed linear op-
erators in continuous function spaces. Our results can be applied to various integral opera-
tors. Some previous results are generalized in this literature. As applications, the existence
and uniqueness of solutions of impulsive periodic boundary value problems and functional
differential inclusions are exhibited in the last section.
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1. Introduction

It is well-known that inversions of various perturbed differential operators yield the
sum of a compact map and a contraction. Based on this observation, Krasnoselskii
[6] established a famous fixed point theorem to combine the Banach contraction
mapping principle and a Schauder fixed point theorem, and exhibited various ap-
plications and generalizations, see [1, 2, 3, 5, 8, 9, 13]. The Krasnoselskii’s theorem
can be seen as a compact operator having a fixed point property under a small per-
turbation. Symmetrically, the Krasnoselskii’s theorem can also be understood as a
contraction operator having a fixed point property under a small perturbation. In
this paper, starting from this direction, we try to establish some new fixed point
theorems controlled by the contraction conditions with perturbed linear operators.

Let I C R™ be an interval and E a Banach space equipped with the norm || - || g.
BC(I, E) denotes the Banach space consisting of all bounded continuous mappings
from I into F with norm |lu||c = max{||u(t)||g : t € I} for u € BC(I, E). In 1999,
Lou [11] proved the fixed point theorem in continuous function spaces (see Corollary
2.1). Using the notion of K-normed spaces, de Pascale and de Pascale in [14] proved
a similar fixed point theorem (see Corollary 2.3). Then, de Pascale and Zabreiko
gave a generalization result in [15]. Recently, Suzuki [16] presented simple proofs for
the above theorems.
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In this manuscript, we present some new fixed point theorems controlled by
the contraction conditions with perturbed linear operators in continuous function
spaces. Our results can be applied to various integral operators arising in nonlinear
problems. Some previous results in [4, 11, 14] are generalized in this literature. As
applications, the existence and uniqueness of solutions of impulsive periodic bound-
ary value problems and differential inclusions are exhibited in the last section.

2. Some fixed point theorems

Let T : C(I,R) x I — R be an operator. We say the operator T'(-,t) is an increasing
operator, if for any y1,y2 € C(I,R), 0 < y1(t) < yo(t) implies T(y1,t) < T(y2,t).
Then we have the following result.

Theorem 1. Let F be a nonempty closed subset of BC(I,E), A : F — F an
operator and T(-,t) a linear increasing operator. Suppose

(Hy) there exists 8 € [0,1) such that for any u,v € F and t € I,
[Au(t) — Av(t)|| 2 < Bllu(t) — o)z + T(Ju() = v()lle,?)-

(Hs) there exist an a € [0,1 — ) and a positive bounded function y € C(I, R) such
that

IT(y,t)| < aly(t)| for allt € I.

Then A has a unique fized point in F.

Proof. For any given z¢ € F, let x,, = Ax,,—1, (n =1,2,...). By (H;), we have

[Azn11(t) = Azn (D)2 < Bllenta(t) = 2n@lz + T([[nt2() — 20 ()2, t)-

Set an(t) = ||€nt1(t) — 2, (t)|| £, then we get

ant1(t) < Pan(t) +T(an(-), ). (1)
O

In order to prove that the sequence {z,} is a Cauchy sequence with respect
to norm || - ||¢, we introduce an equivalent norm and show that {z,} is a Cauchy
sequence with respect to the new one. Based on the condition (Hz), we see that
there are two positive constants M and m such that m < |y(t)| < M for all ¢t € I.
Define the new norm || - ||; by

1
llullx = Sup{m\\u(t)ﬂg :tel}t,ue BC(I,E).

Then
M Ujlc > |Ufl1 = m uj|c-
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Thus the two norms || - ||; and || - ||¢ are equivalent.
Set ap, = ||n+1 — Tn|l1, then we have a,(t) < y(t)a, for t € I. By (1) and the
monotonicity of function y, we have

1 1 1

——ay t) < Bay + —=|T ), 0 < T(y(:)an,t
y(t)am( ) < Ban + y(t)| (an(-), 1) < Ban + y(t)' (y()an,1)]
a
= Ban, + —|T(y(-),t)| < (B8 + a)ay.
S T((.0] < (54
Thus
ans1 < (B+a)an, < (B+ ) an1 <--- < (B+ )" ag.
This means {x,} is a Cauchy sequence with respect to norm || - ||;. Therefore {z,,}
is a Cauchy sequence with respect to norm || - ||c. Therefore, we see that {z,} has

a limit point in F, say u. It is easy to prove that w is the fixed point of A in F.
Now we prove the uniqueness of the fixed point. Suppose both v and v (u # v)
are fixed points of A, then Au = u, Av = v. Following (H;), we have

[Au(t) — Av(t)]| 2 < Bllu) —v(®)l[z + T(lu(-) — o)z, D).
Based on the above arguments, it is easy to see that
u—vlly = [[Au — Av[ly < (B + a)[u —v]:.

This is impossible. Thus the fixed point of A is unique. This completes the proof of
Theorem 1.

There are many integral operators satisfying the assumption (Hy). We show
some popular examples for the inversions of various perturbed differential operators.

Example 1. Let I = [0, L] for some L >0, T : C(I,R) x I — R be given by

K t
:t—n ;

T(U(),t) u(s)ds, te (07 L]a

where n € [0,1), K > 0 is a constant. Then the linear operator T satisfies (Ha).
Proof. For given § € (0,1), we choose a k > 0 such that

B+2kV7TK < 1.
Take o = 2k ="K € [0,1 — 3). Define function y from I into R by

1, if te0,k],
y(t) = {e—lﬂe, if te (kL]

It is easy to see that y is a positive bounded increasing function. Furthermore, for
t € 0,k],
T(y,t) =T(1,t) = Kt'™" < k'K < ay(t).
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And for t € (k, L], y(t) = e~ 1% and

t k t
T.t) = 5 [ veds = 51 [ ws)ds+ [y

n Jo
t S
Kk 4 Kk’"/ e tids < 2k K y(t) = ay(t).
k

IN

Thus
|T(y,t)] < aly(t)| for all t € I.

Example 2. Let I = [0, L] for some L >0, T : C(I,R) x I — R be given by
t
T(u(-),t) = K/ e 1 =y(s)ds, tel
0

where v € R and K > 0 are two constants. Then the operator T satisfies (Hz).

Proof. For any given 8 € (0,1), we choose a constant ¢ > 0 such that

B+ <1

c+y

Take a = % and y(t) = e for t € I, then it is easy to see that

|T(y,t)] < a|y(t)] for all ¢ e 1.

Example 3. Let I = [n,400) for somen >0, T :C(I,R) x I — R be given by

K t

=— | wu(s)ds, tel
v,

T(u(-),t)

where v € (1,00), K > 0 is a constant. Then the linear operator T satisfies (Hz).

Proof. We choose two constants 7 > 1 and ¢ > 0 such that
K
B+ —+Kr'™7 <1
cn?
Let a = m% + K777 and define function y from I into R by

_ fet, it te(n,T],
y(t) = {e”, it te(1,00).

For t € [n, 7],

K [ K
T(y,t) = —/ e“ds < —e < ay(t).
vy cnY
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For t € (7, 00),

T(y1) = & / Cy(sas = K / s+ | y(s)ds

tY tY tY
K K [t K

< —e + — eTds < (— + KTl_'Y)eC
e ), o

= ay(t)

Thus
|T(y,t)] < a|y(t)] for all ¢ e 1.

Example 4. Let I = [0, L] for some L >0, T :C(I,R) x I — R be given by

L g (t—s)

where vy > 0 and K > 0 are two constants. Then the linear operator T satisfies (Hs)
provided % <1-p.

Proof. Since g + % < 1, we choose a constant ¢ > 0 such that

6+ <1

c+y
Take oo = = and y(t) = e for t € I, then it is easy to prove that

IT(y,t)] < aly(t)| for all t € I.

Based on Theorem 1 and Examples 1-3, we get the following Corollaries.

Corollary 1 (see [11]). Let I = (0,L] and let F be a nonempty closed subset of
C(I,E) and A : F — F an operator. If there exist a, 3 € [0,1) and K > 0 such that
for anyu,v € Fandt eI,

[Au(t) — Av(t)||p < Bllu(t) —v(t)|e + */ l[u(s) = v(s)lleds.
Then A has a unique fized point.

Proof. It follows immediately from Theorem 1 and Example 1. O

Corollary 2. Let I =[0,L] and let F be a nonempty closed subset of C(I, E) and
A: F — F an operator. If there exist vy € R, € [0,1) and K > 0 such that for any
u,v € Fandtel,

[Au(t) — Av(t)[| 2 < Bllu(t) —v(®)]e + K/O e luls) — v(s) || pds.

Then A has a unique fixed point.
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Proof. It follows immediately from Theorem 1 and Example 2. O

Corollary 3 (see [14]). Let I = [n,00) and let F be a nonempty closed subset of
BC(I,E) and A : F — F an operator. If there exist o € (1,00),5 € [0,1) and
K > 0 such that for any u,v € F and t € I,

I Au(t) — Av(t) | < Blu(t) ~v(t) + 1o / lu(s) — v(s) | wds.

Then A has a unique fized point.

Proof. Tt follows immediately from Theorem 1 and Example 3. O

2.1. Multi-valued fixed point theorems

Let (X, d) be a metric space, for x € X, A C X, define D(z, A) = inf{d(z,y),y € A}.
We denote CB(X) as the class of all nonempty bounded closed subsets of X. Let H
be the Hausdorff metric with respect to d, that is, H(A, B) = max{sup,c 4 D(z, B),
sup,ep D(y,A)}, for every A, B € CB(X). Then, to some extent, we get the
following multi-valued version of Theorem 1.

Theorem 2. Let F be a nonempty closed subset of BC(I,E), A: F — CB(F)
a multi-valued operator and T(-,t) a linear nondecreasing operator for fized t € 1.
Suppose

(H,) there exists 3 € [0,1) such that for any u,v € F and t € I,
H(Au, Av) < Blu(t) = v(t)llz + T(lu(-) —v()lle, t)-
If (Hs) holds, then A has a fized point in F.

Proof. By (H3), there is an a > 0 such that 8+ a < 1. Set A = 8+ a. Following
the method in [10], we construct a fixed point iteration sequence in F. For any given
g € F, since Axg is nonempty, there is an x; € F such that x; € Axy. Noting that
Azxg and Azq are closed sets and 1 € Axg, we can find zo € Az such that

|1 — z2|lc < H(Azg, Az1) + A
For x5 € F, there exists an 3 € Axo and
llze — z3|lc < H(Azy, Azs) + N2
We continue this process to obtain a sequence {x,} in F such that
|Xnt1 — Znllc < H(Azp—1,Azy) + AN n=1,2,....

Similarly, we shall prove {x,,} is a Cauchy sequence in F. Let b,, = ||y, — Znt1]]1
and by, (t) = ||zn (t) — 211 (t)| £, where ||-||1 has been defined in the proof of Theorem
1, then

Hxn+2 - anrl”C S H(A$n+1; Axn) + >\n+1
< 6bn(t) + T(bn(')a t) + AL
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Since by, (t) < y(t)b,, we have
1 1
sy lenz = @nsille < s B0 (t) +1T(Ga() )] + X"

1
< (B4 a)by, + —X"T,
m
where m = inf{y(¢) : t € I'}. This implies
1 n+1 1 n+1
bpt1 < (B4 )by, + =" = Ao, + — A"
m m

So
b, < )\"(bOJrE) for n=0,1,2,....
m

It is easy to show lim,, .« b, = 0. Furthermore, it follows from Y% A" < oo and

O nA" < oo that 320 b, < co. Thus {z,} is a Cauchy sequence with respect
to norm || - ||;. Thus {z,} is a Cauchy sequence with respect to norm || - ||c.

Therefore, there is a w € F' such that lim,_ . x, = u. We claim that u € Au.
Indeed, condition (H;) implies that

H(Au, Azn) < Bllu(t) = zn(®) 5 + T([lu-) = 20 ()|, 1)
< By llu = znlls + Ty, Ol — 22
< MG+ alflu — a1

Since x,, € Ax,_1, we obtain
D(Au,zpy1) < H(Au, Az,) < M[B+ af||lu — zp|1-

Thus D(Au,u) = 0. This means v € Au. Hence A has a fixed point u. This
completes the proof. O

In order to investigate the existence of solutions of functional differential inclu-
sions by using the multi-valued fixed point theorems in continuous function spaces,
we consider the Banach space C[[—o,0], E] for some o > 0 with supremum norm.
For I = [0,T] and ¢ € C[[—0,0], E], define a closed subset as F' = {u € C[I, E] :
u(0) = (0)}. Then following similar arguments in Theorem 2, we obtain a useful
result. Here we omit details of the proof.

Theorem 3. Let F be given as above, A : F — CB(F) a multi-valued operator
and T(-,t) a linear nondecreasing operator for fized t € I. For any u,v € F and
t € [—0,0], define u(t) = v(t) = ¢(t), if (Ha) holds and there exists 3 € [0,1) such
that fort € 1,

H(Au, Av) < 3 Sup 0]{Hu(lf +s) —v(t+9)let +T(Jul-) = o)z 1)

Then A has a fized point in F.
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Following Theorem 2, we obtain two fixed point theorems, which contain a gen-
eralization of the multivalued contraction principle established by Covitz and Nadler
in [4].

Corollary 4. Let I =[0,L] and let F be a nonempty closed subset of C(I, E) and
A: F — CB(F) a multi-valued operator. If there exist o, 8 € [0,1) and K > 0 such
that for any u,v € F and t € I\ {0},

H(Au, Av) < Bllu(t) —o(t) | + 1 / lu(s) — v(s)] ds.

Then A has a fized point.

Corollary 5. Let I = [n,00) and let F' be a nonempty closed subset of BC(I, E)
and A : F — CB(F) a multi-valued operator. If there exist a € (1,00), € [0,1)
and K > 0 such that for any u,v € F andt €1,

H(Au, 4v) < Bllu(t) —o(t) | + 1= / lu(s) — v(s) .
Then A has a fized point in F.

3. Applications to nonlinear problems

Our results can be applied to various nonlinear phenomena. Here we present an
illustrative example: a periodic boundary value problem with impulsive effects.

Example 5. Consider the following periodic boundary value problem with impulsive

effects:
w'(t) + yu(t) = f(t u(t)), tE( : )\{h,tg,-.-, m}s
Au|t:tk = Ik(u(t];))v k= 7 7 ,m, (2)
u(0) = u(1),

where f € C([0,1] x R™",R™), v > 0, I, € C(R",R"), 0 =ty < t1 <tg < --- <
tm < tm+1 = 1, Aulimy, = u(ty) —ul(ty,), u(t)) and u(ty) represent the right and
left limits of u(t) at t = ty, respectively.

Many authors have investigated various impulsive periodic boundary value prob-
lems, see for example [7, 12]. Here we assume:

A7) there exists constant [ satisfyin
( ying
|f(t,x) — f(t,y)| <z —yl,
for x,y € R".
As) there exist constants ¢ satisfyin
( ying
k(x) — Ie(y)| < exlz —yl,

for each k =1,--- ;m and all x,y € R™.
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In order to define the solution of (2), we introduce the space Q = {u : [0,1] —
R" :u € C((th, tis1), R"), u(ty,) and u(t]) exist and u(ty) = u(t;), k=1, - ,m}.
Then € is a Banach space w1th the norm |lullq := sup{|u(t)| : ¢ € [0,1]}. A function
u € € is said to be a solution of (2) if u satisfies the impulsive differential equations
(2) on [0,1] \ {t1,t2, - ,tm} and the boundary conditions.

Theorem 4. Assume (A1) and (A2) hold. Then the impulsive periodic boundary
value problem (2) has a unique solution on [0,1] provided % +3 o < 1.

Proof. Noting that u(t) is a solution of problem (2) if and only if u(¢) is a 1-periodic
solution of equation

W (t) +yult) = f(t u(t), te(0, )\{tl,t2,---7 m} 3)
Au|t:tk:Ik(u(t];))? k=1 ) a , M,

where f(t + 1,u) = f(t,u) for t € R and u € C; := {u € C(R,R") : u(t +

1) = wu(t),t € R}, we transform problem (3) into a fixed point problem. Consider
the map A : C; — C7 defined by

+1 o—(t—s)
Au(t):/t ———f(s,u(s))ds+ > ILlulty)), teR

e’ —1
0<tr <t mod(1)

For any w,v € C1, following (A;) and (As), we have (¢ € [0,1])

e—V(t—s)
|u

| Au(t) — Aot |<z/ (5) — v(s |ds+chHu—v||cl
k=1

Let T(z(-),t) lfH_1 : 1“ 13)1‘( Jds for z € C([0,1],R). By example 4, % +

S, ¢k < 1 and Theorem 1, we conclude that A has a unique fixed point u in
Cy. Thus u(t) is the unique solution of boundary value problem (2).

Example 6. Consider the existence of solutions of the following differential inclu-
sions with distributed delay:
0 t
[x(t) — k(s)z(t + s)ds]) € G(t,/ h(t, s)x(s)ds), (4)
0

-7

where t € I =[0,T] forT >0, 7 >0, Ge C[IxR" C’B(R”)} h € C[Q, R"™"],
Q={(t,s) €eI?:0<s<t<T} and k € C[I, R™*"] wzthf s)lds = k < 1.
x(t) = @(t) fort € [-7,0] and ¢ € C[[-T,0], R"].

(As) There exists a bounded function ! such that, for any u,v € R",

H(G(t,u),G(t,v)) < I({H)|u—v.

Theorem 5. Suppose that (As) holds, then (4) has at least one solution on I.
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Proof. We transfer the existence of solution of (4) into a fixed point problem. Let
F={ueC[I,R"] :u(0) = (0)}, define A: F — CB(F) by

0
Au(t) = ¢(0) —/_ k(s)cp(s)ds+/_ k(s)u(t+ s)ds +/ / (s,r)u(r)dr)ds,
where u(t) = ¢(t) for t € [—7,0]. Then (4) has the solution

_ Ju(®), if tel,
S(t) = {go(t), if ¢te[-7,0]

if and only if u(¢) is the fixed point of A. Furthermore, by direct computation, we
have

H(Au, Av) <k sup {Ju(t+s)—ov(t+s) |}+Lh/ lu(s) — v(s)|ds,
s€[—7,0]

where L = max{|l(¢)| : t € I} and h = max{|h(t,s)| : (t,s) € Q}. Taking a = 0,
8 =k and K = Lh, then it follows from Theorem 2.3 that A has a fixed point u in
C[I,R"]. Thus (4) has a unique solution S(¢). This completes the proof. O
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