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1. Introduction

Many nonlinear problems arising from the most areas of natural sciences can be modeled under
the mathematical point of view and they involve the study of solutions of nonlinear equations of the
form

Ax+Bx=x, xeKk, (1)
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where K is a closed convex subset of a Banach space X (see [17]). In 1958, Krasnoselskii [16] estab-
lished one of the first results in this direction: the sum of two mappings A + B has a fixed point in a
nonempty closed convex subset C of a real Banach space (X, || - ||) whenever A and B satisfy

(i) A(C)+B(C)<C,
(ii) A is continuous on C and A(C) is a relatively compact subset of X,
(iii) B is a strict contraction on C, i.e., there exists k € (0, 1) such that ||B(x) — B(y)| <k||x — y|| for
every x,y € C.

Notice that the proof of Kransnoselskii’s fixed point theorem combines the Banach contraction prin-
ciple and Schauder’s fixed point theorem (see [17,22]). There is a vast literature dealing with the
improvement of such a result, we quote for example the papers [1,4,5,13,14,18,19,21,23] (also see
the reference therein) and the list is still incomplete. For example in [9] Burton and Kirk proved the
following generalization:

Theorem 1.1. Let X be a Banach space, A, B : X — X are continuous mappings satisfying:

(BK1) A maps bounded subsets into compact sets,
(BK2) B is a strict contraction.

Then either A + B has a fixed point or the set {x € X: x = AB(%) + LA (x)} is unbounded for each 1 € (0, 1).

The proof of Theorem 1.1 uses the Banach contraction principle and, in contrast to Krasnoselskii’s
fixed point theorem, requires Schaefer’s theorem [22]. Recently, several papers give generalizations
of both Krasnoselskii's theorem and Burton and Kirk’s theorem using the weak topology (see [4,5,
13,14,18,19,23]). The extension obtained in [13,18,19] rely on the concept of measure of weak non-
compactness and, contrarily to those given in [4,5,23], the weak continuity of the operator A is not
required.

The main goal of the present paper is establish new variants of Theorem 1.1 in the spirit of the
works [11,13,18,19]. In particular, we prove that if A is continuous, weakly compact and it maps
relatively weakly compact sets into relatively compact ones and B is an w-condensing nonexpansive
mapping, then the conclusion of Theorem 1.1 holds true. Evidently, our results do not require the
weak continuity of the operator A. To justify our results we study the existence of solutions of a
nonlinear integral equation in the context of L!-spaces.

2. Preliminaries

Throughout this paper we suppose that (X, || - ||) is a real Banach space. For any r > 0, B, denotes
the closed ball in X centered in Ox and with radius r. Here — denotes weak convergence and —
denotes strong convergence in X, respectively.

B(X) means the collection of all nonempty bounded subsets of X, W(X) is the subset of B(X)
consisting of all weakly compact subsets of X. Recall that the notion of the measure of weak non-
compactness was introduced by De Blasi [10] and it is the map w : B(X) — [0, oo[ defined by

(M) :=inf{r > 0: there exists W € W(X) with M € W + B},

for every M € B(X). Now, we are going to recall some basic properties of w(-) needed later.
Let M1, M, be two elements of B(X). The following properties hold (for instance see [2,10]):

. If M1 € M3, then w(M1) < w(M3),

. (M) =0 if and only if, M7;" € W(X) (M;" means the weak closure of M),
. o(M1") = w(My),

. w(M1 U M3) = max{w(M1), o(M2)},

AW N -
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5. w(AM1) = |[AM|w(My) for all L € R,
6. w(co(M1)) = w(My),
7. (M1 + M3) < o(M1) + o(M3).

Apell and De Pascale in [2] proved that in L'-spaces the map w(-) can be expressed as
w(M):limsupisup[/”x/r(t)”xdt: D] ge]}, (2)
€e—0 yeM 2

for every bounded subset M of L1(£2; X) where X is a finite dimensional Banach space and |D| is the
Lebesgue measure of the set D.

A mapping T : C € X — X is said to be w-condensing if T is continuous and w(T(A)) < w(A) for
every bounded set A C C with w(A) > 0.

On the other hand, T is said to be a ¢-contraction if there exists a continuous nondecreas-
ing function ¢ : [0, +00) — [0, +00) such that ¢(0) =0, ¢(r) <1 for any r >0 and ||Tx — Ty| <
oUx—yI).

Let X be Banach space and T : D(T) € X — X a mapping. In what follows, we will use the follow-
ing conditions:

(A1) If (Xn)neny € D(T) is a weakly convergent sequence in X, then (Tx,)nen has a strongly conver-
gent subsequence in X.

(A2) If (xp)nen € D(T) is a weakly convergent sequence in X, then (Txp)nen has a weakly conver-
gent subsequence in X.

The conditions (A1) and (A2) were already considered in the papers [13,14,18,19].

Remark 2.1.

1. Let us first observe that the hypothesis (A1) does not imply the compactness of T even if T is
a linear mapping. It is well known that a compact linear mapping from a Banach space X into
a Banach space Y maps weakly convergent sequences onto norm convergent ones. The converse
is true if X is reflexive. If X is not reflexive, the converse of the preceding assertion need not be
true even when Y is reflexive. To see this, let T be the identity map injecting [; into I,. It is clear
that T is not compact. However, if (x;) is a sequence in [; which converges weakly to x, then, by
Corollary 14 in [12], (x,) converges to x in norm in [y. Using the continuity of T one sees that
(T (x)) converges strongly to Tx in .

2. The condition (A1) holds also true for the class of weakly compact operators acting on Banach
spaces with the Dunford-Pettis property. (A Banach space X has the Dunford-Pettis property if
every weakly compact linear operator defined on X takes weakly compact sets into norm compact
ones.) Indeed, if X is a Banach space with the Dunford-Pettis property, then every weakly com-
pact linear operator from X into an arbitrary Banach space Y maps weakly convergent sequences
in X onto norm convergent sequences in Y.

3. Operators satisfying (A1) or (A2) are not necessarily weakly continuous (see Remark 4.1 below).

4, Condition (A2) holds for every bounded linear operator.

3. Fixed point theorems

Our first purpose here is to establish a sharpening of Lemma 2.2 in [11] giving a relationship
between ¢-contraction mappings satisfying condition (A2) and w-condensing mappings.

Lemma3.1.If T : X — X is a ¢-contraction satisfying (A2), then T is w-condensing.
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Proof. Since T is a ¢-contraction mapping it is clear that T is continuous. Thus, we only have to prove
that if S € B(X) such that w(S) > 0, then w(T(S)) < w(S). To this end, let us consider S € B(X) such
that

w(S) =inf{r >0: SCW + B;(0), W e W(X)} >0,

taking € > 0 there exist r, = w(S) + ¢ and Wy € W(X) such that S € Wo + B, (0). Let y € T(Wo +
B, (0)), then there exists x € W + By, (0) such that y =Tx.
Since x € Wo + By, (0), there are w € W and b € By, (0) such that x=w + b. Hence,

ly =Twl = ITx—Tw| <¢(lIx—wll) = ¢(lIbll) < sup ¢(),

SUSTe

since ¢ is a continuous function, there exists t; € [0, r.] such that

ly—Twl < sup ¢(t)=¢(te),

SISTe

that is, y € T(Wo) + By(t,)(0) and consequently T(Wq + By, (0)) S T(Wq) + By ,)(0).
Since S € Wqo + By, (0),

T(S) € T(Wo + By, (0)) € T(Wo) + By, (0)

and since T satisfies condition (A2) we have that T(Wo)W € W(X),

o(T(S)) =inf{r > 0: T(S) CW + B.(0), W e W(X)} < p(te).
Now, we argue as follows:

If there exists € > 0 such that ¢(t;) < w(S) we have arrived to the conclusion.
Otherwise, for every € > 0 we have ¢ (t;) > w(S). In this case, the properties of ¢ yield

o(S) < @(te) <te <w(S) +e&.

Consequently, ¢(t.), t — w(S) as &€ — 0. Bearing in mind that ¢ is a continuous function,
w(S) = lim ¢ (t:) = ¢(w(S)).
e—0

Hence, w(S) =0, which is a contradiction. O

Remark 3.1. It should be noticed that the proof of Lemma 3.1 works without assuming that ¢ is
nondecreasing. Therefore from now on, we say that T : X — X is a ¢-contraction mapping if there
exists a continuous function ¢ : [0, +00) — [0, +00) such that ¢(0) =0, ¢(r) <r for any r > 0 and
ITx =Tyl <¢@Ulx—yID.

Now, we face the concept of separate contraction mapping which was introduced in [20].

Definition 3.1. Let X be a Banach space and f : X — X is said to be a separate contraction mapping
if there exist two functions ¢, ¥ : Rt — R satisfying:

(a) ¥(0) =0, v is strictly increasing,
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(b) ¢ is continuous,

© If&x = fI<ollx—yl),
(d) ¥(r) <r—¢() for r > 0.

By the above remark, we may consider that the class of separate contraction mappings is a subclass
of the class of ¢-contraction mappings. Moreover, it is easy to see that every strict contraction is in
fact a separate contraction. In [8, Example 2] there is an example of a separate contraction mapping
which is not a strict contraction. Anyway, if we consider the mapping T : [0, %] — [0, %] defined

by T(x) =x — %3, it is not difficult to prove that T is not a strict contraction but it is a separate
contraction, taking

and ¥ (r) =1 — ¢(r).
Now, we are going to introduce a concept of mapping which will be essential for our arguments
(see [13,15]).

Definition 3.2. A mapping T : D(T) € X — X is said to be ®-expansive if there exists a function
@ : [0, +00) — [0, +00) satisfying

1. ®(0) =0,
2. &(r)>0forr>0,
3. @ is either continuous or nondecreasing,

such that for every x, y € D(T) the inequality ||T(x) — T(y)|l = @ (||x — y||) holds.

Remark 3.2. It is clear that if T : D(T) € X — X is a ¢-contraction, then B:=I1—T:D(T) C X — X is
a @-expansive mapping, where @ (r) =r — ¢ (r). Indeed,

[Bx) =B = llx =yl = |T&) = T = lIx =yl = ¢(Ix = yll) = 2 (IIx = y1l).

When T is a separate contraction, it is not difficult to see that I — T is ¥ -expansive with  strictly
increasing.

On the other hand, it is easy to see that the mapping B : R? — R? defined by B(x, y) = (¥, —x)
is a nonexpansive mapping which is not ¢-contraction for any ¢ but nevertheless T =1 — B is &-
expansive where @ (t) = +/2t. (This argument can be found in [13].)

3.1. Bounded domains
In the next results we will use the following well-known theorem:
Theorem 3.1. (See [19, Theorem 2.1].) Let M be a nonempty closed convex subset of a Banach space X. Assume

that T : M — M is a continuous map satisfying condition (A1). If T (M) is relatively weakly compact, then
there exists x € M such that T (x) = x.

Theorem 3.2. Let X be a Banach space. Let M be a nonempty closed convex and bounded subset of X and let
A, B: M — X be two continuous mappings. If A, B satisfy the following conditions,

(i) A(M) is relatively weakly compact,
(ii) A satisfies (A1),



J. Garcia-Falset et al. / ]. Differential Equations 252 (2012) 3436-3452 3441

(iii) B is nonexpansive and w-condensing,

(iv) I — B is yr-expansive,

(v) A(M)+B(M)C M.

Then, the equation x = A(x) + B(x) has a solution.

Proof. It is easily checked that x € M is a solution for the equation x = B(x) + A(x) if and only if x is
a fixed point for the operator (I — B)~! o A, whenever it is well defined. In order to prove the latter
we have to check:

1. (I — B) has an inverse over R(I — B) := (I — B)(M).

This is equivalent to see that I — B is injective. Consider x, y € M, x # y. Since I — B is {r-expansive,
|1 =B)x— =By = v (lIx—yl) >0,

and hence different points apply into different images.

2. The domain of (I — B)~! contains the range of A.
Take y € M and consider A(y). We have to check if there exists some x € M such that (I — B)(x) =
A(y), which is equivalent to proving if x = Bx + Ay. If we define T : M — M such that for any x € M,
Tx = Bx+ Ay, let us prove that such mapping has a fixed point. From the nonexpansiveness of B, T is

also nonexpansive. Since I — B is y-expansive

[d=T)x) — U -T)@|=lx—z+Tz—Tx|

= ||x —z+ Bz — Bx||
=|d =B -U-B)@|
>y (Ilx - zll).

Hence I — T is y-expansive and, by [13, Proposition 3.4], we infer that T has a unique fixed point
xe M, that is, A(y) = (I — B)(x) and so R(A) S R(I — B)=D((I — B)™1).

Consequently (I —B)"'o A: M — M is well defined. Let us prove now that this operator is un-
der the conditions of [19, Theorem 2.1], that is, (I — B)"! o A is continuous weakly compact and
satisfies (A1).

(I) (I —B)~1 o A is continuous.

Consider a sequence (x,) in R(I — B) converging to some Xy € R(I — B). Let y, = (I — B)"!(x,) and
yo = (I —B)~!(xp). Hence (I — B)yn, = xn and (I — B)yo = xo. Since I — B is y-expansive

¥ (Ilyn = yoll) < || = B)(yn) — (I = B)(y0) | = l|xa — Xol-

Consequently
lim ¥ (lyn — yoll) < lim [|x, — xoll = 0. (3)
n—oo n—oo

If we assume that (||yn — yoll) is a non-null sequence, then there exists (||yn, — yoll) subsequence
of (llyn — yoll) such that ||yn, — yoll = r > 0. Now, if ¥ is a continuous function, we obtain that

Jim v (llyn, = yoll) = (1) > 0.
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Otherwise, ¥ will be nondecreasing and then
r .
O<vlg)s lim ¢ (1l yn, — yoll)-
S—>00

In both cases, by (3) we have that lims_. ¥ (|| yn, — Yoll) = 0, which means that |y, — yoll — O, that
is

[ =B~ ) — (I = B) ' (x0) | = O,
and (I — B)~! is continuous. Since A is also continuous by hypothesis, (I — B)~! o A is continuous.

(I 0—B) 'oA=A+Bo(I—-B)1oA.

Let y e M and let z= (I — B)~! 0 A(y). Hence, A(y) =z — B(z) and

(I-B) 'oA(y)=2=2-B(2)+ B2 =A()+B(2)
=AY +B((I-B) o A(®y))
=(A+Bo(I-B) "o A)().
Hence (I —B) 'oA=A+Bo(I—-B) loA.
() (I—B)~'o A(M) is relatively weakly compact.
Since R((I —B)~ 10 A) C M, then ((I—B)~!1oA)(M) is a bounded subset. Suppose that such subset

is not relatively weakly compact. By using the properties of w(-) and by assumptions (i) and (iii) we
obtain

o(I=B) o AM)) =w((A+Bo(I—B)oA)M)

/A

w(AM)) +@(Bo(I—B)"'oAM))

w(Bo(I—B)"'o A(M))
o((I=B) "o A(M)),

A

which is a contradiction. So (I — B)~1 o A(M) is relatively weakly compact.
(IV) (I — B)~! 0 A satisfies condition (A1).

Since A satisfies (A1) if (x,) is weakly convergent in X, then (A(x;)) has a strongly convergent
subsequence. By the continuity of (I — B)~', ((I — B)~! o A(xs)) has also a strongly convergent subse-
quence, that is, (I — B)~! o A satisfies condition (A1).

Consequently, (I — B)~! o A satisfies the hypothesis of [19, Theorem 2.1] as we claimed, and hence
such operator has a fixed point. O

Next result is based on [21, Theorem 2.1]. In order to present such a result we need to recall the
concept of demiclosedness. A mapping T : 2 € X — X is said to be demiclosed at x if given a se-
quence (xp) in £2 weakly convergent to xo € £2 such that the sequence (T (x;)) is strongly convergent
to x, then T(xg) = x. When a mapping is demiclosed at every point we say that it is demiclosed.
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Theorem 3.3. Let X be a Banach space and M a closed convex and bounded subset of X such that 0 € M. Let
A:M — M and B : X — X be two continuous mappings satisfying the following conditions

(i) A maps bounded subsets into relatively weakly compact subsets,
(ii) A satisfies (A1),
(iii) B is nonexpansive and w-condensing,
(iv) A(M)+ B(M) € M,
(v) I — (A+ B): M — X is demiclosed at 0.

Then, A + B has a fixed point in M.

Remark 3.3. It is interesting to notice that condition (i) in Theorem 3.3 does not necessarily yield that
A becomes weakly completely continuous. To see this, consider the classical Banach space (I3, || - ||2)
and define A:l, — I by

_x
A(x) ={ e X2 =1,
X, xll2 <1

It is clear that A is continuous, A maps bounded set into relatively weakly compact sets (A(X) € By, ).
However, A fails to be a weakly continuous mapping.

Indeed, let (e,) be the classical Schauder basis of I, then e, + e — e, moreover |e, +e1ll2 = v/2
whenever n > 2. Therefore,

en +eq e1
— —#e1=A(e1),
N A

which means that A cannot be a weakly continuous mapping.

Aen +e1) =

Proof of Theorem 3.3. Let us consider A, = (1 — })A:M — M and B, =(1— 1)B: X — X. Since B
is nonexpansive and w-condensing, B, is a w-contraction and (see Remark 3.2) therefore I — B is
& -expansive.

On the other hand, A, is continuous, weakly compact and satisfies (A1). Moreover since 0 € M
we have that A,(M) + B,(M) € M. Applying Theorem 3.2, A, + B, has a fixed point u, € M for any
neNlN.

We claim that (u;,) is weakly convergent: (u,) is a bounded sequence. Let us suppose that (uy) is
not weakly convergent, and consequently {(uy): n € N} is not relatively weakly compact. Then, since
B is w-condensing,

oftn nem)=of | (1- 1A (1- 1w nex)
cof{(1- Dy nen)) ol f(1- D)oo nere)

8

< w(co({A(un): ne N} U{0})) + w(co({B(un): n € N} U{0}))
{A(up): n e N}) + w({B(up): n eN})

(
(

=w(B({un: n € N}))
o

{up: neN}),

<w

<w

which is a contradiction. Therefore, without loss of generality, we can assume that u, — u € M.
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Since up = (1 — 1)(A + B)(up) = A(un) + B(up) — L A(un) — 1B(up) then,
1
(1= A+ B)) wn)| = Jun = (Awn) + Bun) | =~ Awn) + Bun)|
1
<~ (lA@n] + [Bwn) - BO) + [BO)])

).

and since (up) is a sequence in M, which is bounded, and A(M) is relatively weakly compact, hence
(IA(up)|l) is bounded. Consequently

1
< —(lA@n ]| + llunll + [ B©)

lim (I — (A+ B))(un) =0,
n—-oo
and since I — (A + B) is demiclosed at 0, (I — (A+ B))(u) =0, that is, u is a fixed point for A+ B. O

Corollary 3.1. Let M be a nonempty bounded closed convex subset of a Banach space X with 0 € M. Let
A:M — M and B : X — X be two continuous mappings satisfying the following conditions

(i) A is weakly-strongly continuous and AM is relatively weakly compact,
(ii) B is nonexpansive and w-condensing,
(iii) A(M) 4+ B(M) € M,
(iv) I — B: M — X is demiclosed.

Then, A + B has a fixed point in M.

Remark 3.4. It is well know that a mapping B : X — X satisfies condition (A,) if and only if it maps
relatively weakly compact sets into relatively weakly compact sets, therefore every w-condensing
mapping enjoys condition (A3). This fact means that condition (ii) of [1, Theorem 2.1] is more general
than condition (ii) of the above corollary. However, in the above corollary, we do not have to assume
condition (iii) of [1, Theorem 2.1].

Proof of Corollary 3.1. Condition on mapping A implies that (i) and (ii) of Theorem 3.3 are satisfied.
Thus, we only have to see that I — (A + B) is demiclosed at zero. Indeed, consider (x,) a sequence in
M such that x; — x and suppose that x, — (Ax; + Bx;) — 0. Since A is weakly-strongly continuous,
clearly Ax;, — Ax and therefore x, — Bx;, — Ax. Finally, since I — B is demiclosed, we derive that
X — Bx = Ax and this yields that x — (Ax+ Bx)=0. O

If in the above corollary X is assumed to be reflexive, then the mapping B is always w-condensing.
If, in addition, we suppose that X is a uniformly convex Banach space, then I — B: M — X is demi-
closed. In the light of the aforementioned comments we obtain the following consequence (see [1]).

Corollary 3.2. Let M be a nonempty bounded closed convex subset of a uniformly convex Banach space X with
OeM.Let A:M — M and B : X — X be two continuous mappings satisfying the following conditions

(i) A is weakly-strongly continuous,
(ii) B is nonexpansive,
(iii) A(M) + B(M) € M.

Then, A + B has a fixed point in M.
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3.2. The whole space

In order to present the next fixed point results we need the following result.

Lemma 3.2. (See [14, Corollary 10].) Let M be a nonempty closed convex subset of a Banach space X such that
0 € M. Assume that T : M — M is a continuous map satisfying condition (A1). If T(C) is relatively weakly
compact whenever C is a bounded subset of M and there exists R > 0 such that T (x) # Ax, for every A > 1
and for every x € M N Sg. Then there exists x € M such that T (x) = x.

It is easy to prove that the following result is a consequence of the above lemma.

Corollary 3.3. Let X be a Banach space. If A : X — X is a continuous, weakly compact map and satisfies
condition (A1), then either

(a) the equation x = AA(X) has a solution for A =1, or
(b) the set of all such solutions x, for A € (0, 1), is unbounded.

Indeed, take M = X, hence 0 € M, if there does not exist R > 0 under the conditions of the lemma,
then the set {x € X: x = AT(x) for some A € (0,1)} is unbounded. Otherwise, the equation x = T (x)
has a solution.

Theorem 3.4. Let X be a Banach space and let A, B : X — X be two continuous mapping. If A, B satisfy the
following conditions,

(i) A maps bounded sets into relatively weakly compact ones,
(ii) A satisfies (A1),
(iii) B is nonexpansive and w-condensing,
(iv) I — B is yr-expansive where i is either strictly increasing or lim,_, o, ¥ () = oo,

then, either

(a) the equation x = B(x) + A(x) has a solution, or
(b) theset {x e X: x= kB(%) + AA(x)} is unbounded for A € (0, 1).

Proof. As in Theorem 3.2, we need to prove the existence of a fixed point for the operator
(I —B)~' o A. We first check that this operator is well defined. In the same fashion as in Theorem 3.2,
it can be seen that I — B has an inverse.

To see that the domain of (I — B)~! contains the range of A, we show that D((I — B)~!) = X.
This is equivalent to R(I — B) = X. Since B is nonexpansive, | — B is accretive and continuous, and
its domain is X. By Corollary 3.2 in [3], I — B is m-accretive. I — B is by hypothesis i -expansive, and
hence, by [15, Theorem 8] along with [13, Remark 3.8] we can conclude that I — B is surjective and
hence R(I — B) = X.

Consequently (I —B)~!oA: X — X is well defined. Let us prove now that this operator is under
the conditions of Lemma 3.2, that is, (I — B)~! o A is continuous weakly compact and satisfies (A1).

(I) I —B)~ 1o A is continuous.
The proof is similar to that given in the proof of Theorem 3.2.
(I) (I —B)~ !0 A is relatively weakly compact.
As seen before, (| —B) " 'o A=A+ Bo(I—B) 'oA. Let S be a bounded set and let us prove that

(I —B)~10 A(S) is a bounded set. Let x, y € (I — B)~! 0 A(S). Hence, there exist z1,z, € S such that
x=(I—-B)"1oA(z1), y=(U—B) 10 A(zz). Then, x — B(x) = A(z1), ¥y — B(y) = A(z2).
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Since I — B is yr-expansive, we can write
Y (Ix—yll) < |x—Bx) = (y—BW)|

= |A(z1) — A@)|
< diam(A(S)) < +o0.

If (1—B)~10A(S) is not a bounded set, then there exist x,, yn € (I—B)~10A(S) such that ||x, — yn| —
+o00. Hence,

¥ (IIxn — ynll) < diam(A(S)).
If ¢ is such that lim,_, o ¥ (r) = oo, then necessarily diam(A(S)) = +o0o, which is a contradiction.

Else, if ¢ is strictly increasing, then ¢ has an inverse on [0, +00), which is strictly increasing as
well. Then

% — ynll < ¥~ (diam(A(S))) < +o0,

which gives another contradiction. Hence, in any case, (I — B)~! o A(S) is a bounded set.
Suppose (I — B)~! o A(S) is not relatively weakly compact.

o(I=B) "o AS)) =w(A+Bo(I—B) 0 A(S))
< o(A(S)) +@(Bo (I —B) 1o A(S))

(
w(Bo(I—B) "' o A(S))
(= B)"T o A(S))

A

which is a contradiction. So (I — B)~! o A maps bounded sets into relatively weakly compact set, that
is (I — B)~1 0 A is weakly compact.

() (I — B)~' o A satisfies condition (.A1). The proof is similar to that of Theorem 3.2.
By Corollary 3.3, then either

(a) the equation x = A(x) + B(x) has a solution in X, or
(b) the set of all solutions {x € X: x=_(I —B) ' o AX)}={xe X: x= AB(%) + AA(x)} is un-
bounded. O

Remark 3.5. In assumption (iv) of Theorem 3.4 we have imposed that v is either strictly increasing
or that lim,_, o ¥ () = co because otherwise we cannot guarantee that, if S is a bounded subset of X,
then (I — B)~! o A(S) becomes bounded.

Corollary 3.4.
Let X be a Banach space and let A, B : X — X be two continuous mappings. If A, B satisfy the following
conditions,

(i) A maps bounded sets into relatively weakly compact ones,
(ii) A satisfies (A1),
(iii) B is a separate contraction satisfying condition (A2).
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Then, either

(a) the equation x = B(x) + A(x) has a solution, or
(b) theset {xe X: x= AB(%) + LA (x)} is unbounded for 1 € (0, 1).

Remark 3.6. The proof of this corollary is a consequence of Theorem 3.4, since it is clear that if
B: X — X is a separate contraction satisfying condition (.42), then, by Lemma 3.1, B is nonexpan-
sive and w-condensing. Moreover, by Remark 3.2, I — B is a i-expansive mapping with ¢ strictly
increasing.

Making use of [6, Theorem 4.1] (see also [11, Theorem 2.2]), Remark 3.6 and proof of Theorem 3.4
we infer the following alternative of Krasnoselskii fixed point theorem, which is a generalization of
[11, Theorem 2.5].

Corollary 3.5. Let X be a Banach space and U an open subset of X with 0 € U, denote by U its closure. Let
A:U — Xand B : X — X be two continuous mappings satisfying:

(i) A(U) is relatively weakly compact,
(ii) A satisfies (A1),
(iii) B is a separate contraction satisfying condition (A2).

Then, either

(a) the equation x = B(x) + A(x) has a solution in U, or
(b) there exists an element in x € 0U such that x = AB(%) + LA(x) for some A € (0, 1).

Proposition 3.1. Let X be a Banach space and let A, B : X — X be two maps on X. Assume that A satisfies
conditions (i) and (ii) of Theorem 3.4 and B is a bounded linear mapping such that, for some p € N, BP is
nonexpansive and I — BP is yr-expansive. Then the conclusion of Theorem 3.4 holds.

Proof. Following the arguments of the proof of Theorem 3.4 we infer that there exists (I —
BP)~1: X — X and it is continuous and so (I — B)~! = (I — BP)~! Z,f;(} B¥. This fact means that
(I — B)~! is a bounded linear operator and thus it is both continuous and weakly continuous
(cf. [7, p. 39]). Now, since A satisfies conditions (i) and (ii), it is easy to see that the mapping
T:=(I —B)~' oA is under the conditions of Corollary 3.3 which allows us to achieve the proof. O

Remark 3.7. As we have seen in Remark 3.2 there exists a linear mapping B : X — X with ||B|| =1
and such that I — B is y-expansive. For this class of mappings [4, Theorem 2.1] does not work.

As a consequence of the above proposition, we can also state the following corollary (see [4, The-
orem 2.1]).

Corollary 3.6. Let X be a Banach space and let A, B : X — X be two maps on X. If A satisfies conditions (i)
and (ii) of Theorem 3.4 and B is a bounded linear mapping such that, for some p € N, ||BP|| < 1. Then the
conclusion of Theorem 3.4 holds.

4. Application

Let m(£2) be the set of all measurable functions v : £2 — R. If f is a Carathéodory function,
then f defines a mapping Ny :m(£2) — m(£2) by Ng(¥)(t) := f(t, ¥ (t)). This mapping is called
the superposition (or Nemytskii) operator generated by f. The next two lemmas are of foremost
importance for our subsequent analysis.
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Lemma 4.1. (See [16,17].) Let f : 2 x R — R be a Carathéodory function. Then the superposition operator
Ny maps L1(82) into L'(§2) if and only if there exist a constant b > 0 and a function a(-) € LL(Q) such that

|f(t, 0| <a®) +blxl,
where LL(Q) denotes the positive cone of the space L (£2).

Lemma 4.2. (See [19].) Let §2 be a bounded domain in RN. If f : £2 x R — R is a Carathéodory function and
Ny maps L1(2) into itself, then Ny satisfies (A2).

Remark 4.1. Although the superposition operator N satisfies the condition (Az), generally it is not
weakly continuous. In fact, only linear functions generate weakly continuous Nemytskii operators in
L! spaces (see, for instance, [2, Theorem 2.6]).

Next we give an example of application for Theorem 3.4 in the Banach space of integrable function
L', 1).

Example 4.1. We will study now the existence of solutions for the integral equation

t 1

v =1 / ct.9)g(¥(s)ds + / vt 5) (5. (5)) ds,

0 0

on L1(0, 1), the space of real Lebesgue integrable functions on the interval [0, 1] where the functions
¢, f, g and v satisfy the following conditions:

1. The function ¢(-,-) is essentially bounded on [0, 1] and || ¢ ||~ is its essential bound.

2. The function f:[0,1] x R — R is a Carathéodory function and there exist a constant p > 0 and
a function y (-) € LT(O, 1) such that | f(t,x)| < y(t) + plx|.

3. The function g : R — R is nonexpansive.

4. The function v : [—1, 1] x [0, 1] — R is strongly measurable and ]01 v(-, )Y (s)ds € L1(0, 1) when-
ever i € L1(0,1) and there exists a function w :[0,1] — R, belonging to L'(0,1) such that
[v(t,s)| < () for all (¢,s)e[0,1] x [0, 1].

5 plvll <1.

6. 0 <nlglloo + pllpll <1.

For this purpose we define

A:L'0,1)— L0, 1),
1

V= A(W)(D) Z/V(f,s)f(s,\/f(s))ds

0

and

B:L'0,1)— L'(0,1),
t

V= By)() = ﬂ/g(f, $)g(¥(s))ds.

0



J. Garcia-Falset et al. / ]. Differential Equations 252 (2012) 3436-3452 3449

A is well defined because of condition 4. The operator A can be seen as the composition K o Ny
where Ny is the superposition operator and K is defined as follows,

K:L'©0,1)—> L0, 1),
1
ur K@)(t) = / v(t, s)u(s)ds.

0

A is continuous: since f satisfies conditions of Lemma 4.1, Ny maps continuously L1(0,1) into
itself. Besides, K is continuous by condition 4, so the composition A=K o N is continuous.

Let S be a bounded subset of L'(0,1) and let M > 0 such that ||| <M for all ¢+ € S. For € S
we have

1
AW ©)] </|v(r,s)||f(s,w<s>)|ds
0

1
< [1n®(a) + bl ds
0

<) (llall +bM). (4)

A satisfies (A1): let (p,) be a weakly convergent sequence of L1(0, 1). By Lemma 4.2, the sequence
(Ny(pn)) has a weakly convergent subsequence, say (Nf(on,)). Let p be the weak limit of (N (on,)).
Accordingly, bearing in mind the boundedness of the mapping v(t, -) (see assumption (4)) we get

1 1

A(pnk)(t)=/v(t,s)f(s,pnk(s))ds—>/v(t, s)p(s)ds. (5)
0 0

Inequality (4) along with (5) allow us to apply the dominated convergence theorem to conclude that
the sequence (Apy,) converges in Ll(O, 1).

A maps bounded sets of L1(0, 1) into weakly compact sets. To see this, let S be a bounded subset
of L1(0,1) and let M > 0 such that ||| < M for all ¢ € S. From inequality (4) we have

[e|A@)®]dt < (llall +bM) f; (o) dt,

for all measurable subsets E of [0, 1]. Since p(-) € L'[0, 1] it is well known that

li H)dt=0
Jim [ @) :
E

therefore w(A(S)) =0.
Now we need to check that the operator B is well defined and is under the conditions of Corol-
lary 3.4. Since
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lct.9)g(v ()| =|s(t.9)||g(¥(s) — g(0) + g(0)
<|s@& 9|(|w )|+ |g0)])
<lIslloo (¥ ()] + [(0)]).

by the dominated convergence theorem, B is well defined.
B is a separate contraction:

t

ﬁ/§(t,5)(g(1/f)(5) —&(9)(s))ds

0

[By)(©) — B(p)(®)| =

t
<nfkﬂmwmwxs—y@@nm
0

t
<wﬂm/Wm—wmw
0

1

<lisl [ 1965 - 9] ds
0

=0lslloolly — ll1-
Integrating now with respect to t,

1
Hmw—swwf=/wwxo—mwwwt
0
1

< / NG llooll — @1 dt

0

=NlS ool — ll1-

Hence, B is 1| ¢|leo-Lipschitzian, since by assumption (5), 7||¢|lcc < 1, then B is a separate contrac-
tion.

B satisfies (A2): let M be a relatively compact subset of L'(0,1). Since M € B(L'(0, 1)), there
exists k > 0 such that || x|l; <k for each x € M. Then,

IBOO®)| =

t
n/g(t, $)g(x (s))ds
0

t

< n/lg(t,S)Hg(X(S))W

0
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t
<n||g||oo/!g(x(s))!ds
0

=n||g||oof|g(x(s)) — g(0) + £(0)| ds
0
t

< nllglloo/(lx(s)l + |g(0)]) ds

0
<nlsllso(llx 11 +[g(0)]).

To calculate w(B(M)) we need to consider D € M ([0, 1]) such that |D| < ¢,

SUpf|B(X)(t)|df< SUD/UII;IIOO(IIXH] +g(0)])
D

<Nl oo (k+ |g(0)]) (D)

<ls oo (k+|g(0)])e
which tends to 0 when ¢ — 0. Consequently, w(B(M)) = 0, which means that B is relatively weakly
compact. So, B enjoys (A2).

The above steps show that the mappings A and B satisfy assumptions of Corollary 3.4. Then, in
order to see that A+ B has a fixed point we only have to prove that for A € (0, 1) the set

)= {w eL,1): w:w(%) +AA(¢)}

is bounded.
Indeed, let ¢/ be an element of C;, we obtain

)| <knf‘§(t s)g(“ ))

1
ds +k/|v(t,s)f(s, ¥ (s))|ds
0

1
< Anngnoo(M + |g<0>|) Al /(y(s) 1 plw®))ds
0

<l oo (111 + [gO]) + [ [(Iy Il + v ).

Integrating in t one gets

11 < (Ml lloo + M)W+ 1Y 141+ 1716 lloo|£(0)].
Consequently, using assumption (5), i.e. 0 < ||Sllec + Pl < 1, we get

Iy Il + 1g(0)]
1= lS o +pllpl)’

¥l <

which proves the boundedness of C;.
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