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Fixed points of continuous nonlinear map-
pings in Banach spaces
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Abstract. The purpose in this article is to discuss under what condi-
tions a nonexpansive or a condensing mapping has a fixed point when
its domain is a closed, convex subset of a Hilbert space and its range is
not necessarily contained within its domain. When the mapping is com-
pletely continuous and its domain is a closed, convex subset of a uni-
formly convex Banach space a similar result is also investigated. We also
deal with the existence of fixed points of condensing mappings whose
domain is the closure of an open subset of an arbitrary Banach space.
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1. Introduction

From a mathematical point of view, many problems arising from diverse areas
of natural science involve the existence of solutions of nonlinear equations
with the form

fl@)==x, or f(x) =0, x€ A, (1.1)
where A is a closed and convex subset of a Banach space X, and f : A —
X is a nonlinear mapping. Fixed point theory plays an important role to
solve Eq. (1.1). Traditionally, fixed point theory has sought classes of spaces
in which a given type of mapping (nonexpansive, continuous, condensing
with respect to a measure of noncompactness etc.) from a nonempty closed,
bounded, convex set into itself always has a fixed point. In this sense, in 1965
Kirk [24] established that in a reflexive Banach space with normal structure
every nonexpansive mapping 7 : K — K, where K is a nonempty, bounded,
closed, convex subset, has a fixed point, this result generalizes previous results
obtained by Browder [6], Gohde [18]. Since then, a Banach space X is said to
enjoy the fized point property (FPP in short) if every nonexpansive mapping
defined on a closed, convex and bounded subset K of X into itself has a fixed
point. Up to now many efforts are being made to know the Banach spaces
with this property (for instance, see [15,25,30,31]). With respect to the fixed
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points of condensing mappings, in 1955, Darbo [9] showed that every a-set-
contractive mapping T : K — K, where « is the Kuratowskii measure of
noncompactness and K is a nonempty, bounded, closed, convex subset of an
arbitrary Banach space X, has a fixed point. In 1967, Sadovskii in [32] gave a
generalization of Darbo’s theorem showing that every a-condensing mapping
from a nonempty, closed, convex and bounded subset of a Banach space into
itself has a fixed point.

Nevertheless, in some situations the class of space as well as the required
mapping are determined by the application and while the space can be chosen
the required mapping has an unbounded domain and moreover its range is
not contain within its domain.

With this in mind we seek to relax the conditions on the domain and
range of the mapping by considering more restrictive types of spaces (Hilbert
space, uniformly convex Banach space). In this sense, it is interesting to
see [33, Theorem 3.3] where, among other things, is proved that if every
nonexpansive mapping T : C' — C with C a closed, convex subset of a Hilbert
space has a fixed point, then C' must be bounded. On the other hand, in [10]
a characterization of the existence of fixed points for nonexpansive mappings
from a nonempty, closed, convex subset of a Banach space with the (FPP)
into itself is given. In [26] is showed that if C' is a closed, convex subset of a
Banach space X such that 0 € C'and T': C' — C'is an a-condensing mapping
such that Tz # Az for any A > 1 whenever z € C with |z| = r, then T
has a fixed point in C (also see [13,20,28,29]). In the previous results, the
considered mapping acts from its domain into itself. Here we do not assume
such situation.

2. Preliminaries

Throughout this paper we suppose that (X, || -||) is a real Banach space and
that X* is its topological dual. We use B,.(zo) and S,(zg) to denote the
closed ball and the sphere centered at xg € X with radius » > 0 respectively.
Given a nonempty subset A of X we denote by 0A the boundary of A.

If z € X, we will denote by J(z) the normalized duality mapping at
defined by J(x) := {j € X* : j(x) = ||z||, ||l7]] = ||=||}. We will often use the
mappings (-,-)4 : X x X — R defined by (y,z); := max{j(y) : j € J(x)}
and (-,-)_ : X x X — R defined by (y,z)_ := min{j(y) : j € J(x)}

Proposition 2.1. (for instance see [11,17]) Let X be a Banach space and J its
normalized duality mapping, then for every x,y € X the following statements
are equivalent:

() [l2]) <l + M|l for all A > 0,

(b) llzll < llz + Ayl| for all X € [0,1],

(c) there exists j € J(x) such that (y,j) >0 (i.e. (y,x)4+ >0).
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A Banach space (X, | - ||) is uniformly convex if for any e > 0 there
exists 0 > 0 such that for any z,y € B1(0x)

Tty
2

Let A be a closed and convex subset of a Banach space X and let x € X.
A point y € A is a nearest point to z in A if dist(z, A) = ||z — y||. The set
of all nearest points denoted by P4(x) (metric projection) is convex, and
coincide with A N Byjgt(z,4) (7). It is also clear that if z ¢ A and there exists
Pa(z) , then Py(x) € JA.

If A is a closed, convex subset of a uniformly convex Banach space X, it
is well known that P4 is a continuous mapping (see for instance, [16, Theorem
3.14]). When (X, (-, -)) is a Hilbert space, P4(z) is the unique point of A such
that (x — Pa(z),y — Pa(z)) <0 for all y € A. This fact allows us to see that,
in this case, the metric projection, Py, is a nonexpansive mapping (see also
[16, Theorem 6.2]).

If (X, {-,-)) is a Hilbert space and A is a nonempty, closed and convex
subset of X, the normal cone to A at x € A, denoted by N4(z) is defined as

lz =yl = e = <106

Ny(z):={ue X: (u,v—2z) <0 forall ve A}

Definition 2.2. Let (X,| - ||) be a Banach space and B(X) the family of
bounded subsets of X. By a measure of non-compactness on X, we mean
a function ® : B(X) — R™T satisfying:
(1) ®(Q) = 0 if and only if Q is relatively compact in X,
(2) ®(Q) = 2(9),
(3) ®(conv(2)) = ®(Q), for all bounded subsets Q € B(X), where conv
denotes the convex hull of €,

(4) for any subsets Q1,8 € B(E) we have
Ql Q QQ — (D(Ql) S (I)(QQ),

—~
ot
~

(I)(Ql U Qg) = max{q)(Ql),@(Qg)}, Ql,QQ S B(X),
D(AQ) = |A|®(Q) for all A € R and 2 € B(X),
D(Q1 + Q2) < 2(Q) + 2(Q2).

—~
~N
—_

The most important examples of measures of noncompactness are the
Kuratowski measure of noncompactness (or set measure of noncompactness)

a(Q) =inf{r > 0: Q may be covered by finitely many sets of diameter < r},

and the Hausdorff measure of noncompactness (or ball measure of noncom-
pactness)

B(Q) =inf{r > 0 : there exists a finite r-net for Q in X}.

A detailed account of theory and applications of measures of noncompactness
may be found in the monographs [1,2,4,11].
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Definition 2.3. Let ® be a measure of non-compactness on X and let D be
a nonempty subset of X. A mapping 7' : D — X is said to be a & — k-set
contraction, k € (0,1], if T is continuous and if, for all bounded subsets C' of
D, ®(T(C)) < k®(C). T is said to be ®-condensing if T is continuous and
D(T(A)) < ®(A) for every bounded subset A of D with ®(A) >0 .

A mapping T': D C X — X is said to be nonexpansive if the inequal-
ity |T(z) — T'(y)|| < ||l# — y|| holds for every z,y € D. Recall that if T is
nonexpansive, then 7' is a-1-set contractive.

A mapping f : K — X is said to be compact if f(C) is relatively
compact whenever C' is a bounded subset of K. If, moreover, f is continuous
on K, then f is called completely continuous. It is clear that every continuous
mapping with a closed domain in a finite dimensional Banach space is, in fact,
completely continuous. Moreover, every completely continuous mapping is k-
set contractive with respect to the Kuratowski measure of noncompactness.

Definition 2.4. Let C be a nonempty subset of X. We say that T: C C X —
X satisfies the Leray—Schauder condition if there exist R > 0 and zy € C
such that To — xg # Az — x9) for any © € C' N Sg(xp) and for any A > 1.

We say that the mapping T : C' — X is weakly inward on C' if
. 1
)\li}I%)lJr Xd((l — Nz + AT(z),C)=0
for all z € C (see [25, Chapter 10]). Such condition is always weaker than
the assumption of T' mapping the boundary of C' into C.
The following theorems will be the key in the proof of some of our

results. The first one was proved in [10]. The second one was obtained in
[13].
Theorem 2.5. [10, Theorem 4.5] Let X be a Banach space with the (FPP),
and C' a nonempty, closed and convex subset of X. If T : C' — X is a weakly
inward nonexpansive mapping, the following conditions are equivalent:

(i) T has a fized point in C,

(ii) Either there exist x1 € C and R > 0 such that Sg(z1) N C =0 or T

fulfills the Leray—Schauder condition.

Theorem 2.6. [13, Proposition 3.2, Lemma 3.3] Suppose M is a nonempty,
closed and conver subset of a Banach space X and suppose T : M — M
is ®-condensing. Then T has a fized point whenever T satisfies the Leray—
Schauder condition.

Remark 2.7. In the sequel, we will assume that A is a nonempty subset of
a Banach space with 9A # () since in other case A must be the whole space
and then any mapping whose domain is A goes from A into itself.

3. Fixed points in Hilbert spaces

3.1. Nonexpansive mappings

It is well known that if X is a Hilbert space then it enjoys the (FPP) and
therefore using Theorem 2.5 we may assure that if C' is an unbounded, closed,



Fixed points of continuous nonlinear mappings Page 5 of 19 63

convex subset of X and T': C' — X is a weak inward nonexpansive mapping
satisfying the Leray—Schauder condition then 7" has a fixed point in C. This
conclusion can be maintained by replacing the hypotheses on the weak in-
wardness and on the Leray—Schauder condition in the following way.

Theorem 3.1. Let X be a Hilbert space and A a nonempty, closed, convex
subset of X. If f: A — X is a nonexpansive mapping satisfying:
1. there exist R > 0 and mg € A such that either AN Sgr(xg) = O or
(f(x) —z0,2 — x0) < R? for all x € AN Sg(xo),
2. ifx € 0A and f(x) # x, there exists &, € A such that (f(z)—x,&—x) >
0.

Then, f has a fized point in A.

Proof. Let us define the mapping h : A — A by h(x) := Ps(f(x)). Since X
is a Hilbert space and A is a nonempty, closed and convex subset of A, then
P, is nonexpansive and, therefore, h will be also a nonexpansive mapping on
A.

We claim that h has a fixed point in A. Indeed, by Theorem 2.5 it will
be enough to see that if AN Sr(zg) # 0, then h(x) — z9 # Mz — x¢) for all
A > 1 and for all x € AN Sg(xo).

Bearing in mind the properties of the metric projection, we know that

(f(@)=h(z),y=h(zx)) = (f(x) = Pa(f(2)),y—Pa(f(x))) <0, Vy e A, (3.1)

consequently if there exist z1 € ANSg(xo) and A > 1 such that h(z1) —xo =
A(z1 — xg), using inequality (3.1) and hypothesis (1), we have

0> (f(z1) — (zo + A(x1 — m0)), 20 — (To + A(z1 — T0))
= <f(.’[71) — Ty — )\(371 - .%‘0), —)\(3?1 - $0)> (32)
= —/\< (acl) — g, T1 — l‘0> + )\2”1‘1 - $0||2.
Therefore,

R* > (f(z1) — wo, x1 — o) > AR® > R,

which is a contradiction. Thus, we can apply Theorem 2.5 and h has a fixed
point in A as we claimed.

Now, let z € A such that h(z) = z. Let us see that, in this case, z is also
a fixed point of f. Otherwise, f(z) ¢ A and this means that z = h(z) € 0A,
hence by hypothesis (2), we have that there exists £, € A with

(f(z) —2,& -2 >0
but the properties of the metric projection say that
(f(z) —zy—2)<0 Wye A
and since this is a contradiction, we obtain that f(z) € A, but then z =

h(z) = f(2). O

If f goes from A into itself, then condition (2) in Theorem 3.1 can
be removed since it is obviously satisfied. Next result states the following
characterization.
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Proposition 3.2. Let X be a Hilbert space and A a nonempty, closed, convex
subset of X. If f : A — A is a nonexpansive mapping, the following conditions
are equivalent:

1. there exist R > 0 and xg € A such that either AN Sgr(xg) = 0 or
(f(z) — o,z — x0) < R? for all z € AN Sg(zo),
2. f has a fized point in A.

Proof. (1) = (2). Since X is a Hilbert space, then it enjoys the (FPP);
hence, to obtain this implication, we only have to see that condition (ii) in
Theorem 2.5 is satisfied. To get a contradiction, suppose that there exists
x1 € AN Sg(xg) and p > 1 such that f(x1) — xg = p(x1 — x0). In this case,
we have

(f(x1) — @0, 1 — 20) = (u(z1 — T0), 71 — T0) = pf|lT1 — W0 |* > R?,

which contradicts assumption (1).

(2) = (1) Let 29 € A be a fixed point of f. In this case, given R > 0
either Sg(xo)NA = 0 orif z € Sg(xp)NA, since f is a nonexpansive mapping,
we derive

(f(@) = @0, — z0) = (f(x) — f(20),2 — T0)
< | f(z) = fzo)l|[lz — ol
< ||z — xo]]? = R2.
O

Remark 3.3. Condition (2) in Theorem 3.1 is always weaker than the as-
sumption of f(z) € Ix(z) :=={z+ Az —2): A >1, z € A} for all z € DA.
This implies that if f is inward (see [7] and [25, Chapter 10]), then f satisfies
condition (2) in Theorem 3.1. In particular, it is weaker than f maps the
boundary of A into A.

Let C be a closed, convex subset of a Banach space X and T : C' — C
a nonexpansive mapping. Halpern [19] proposed the following algorithm.

z1 € C, Tpy1 = aper + (1 — ap)T(xy,) (3.3)

where (a,) is a sequence of parameters in [0, 1]. Halpern was the first to study
the convergence of the iterative process (3.3) in the framework of Hilbert
spaces and under a suitable choice of parameters (). Wittmann [35] im-
proved Halpern’s result and proved the strong convergence of this scheme
(still in a Hilbert space) whenever (a,)nen be a sequence in (0, 1) satisfying:
(i) Y02 an = +oo,
(if) 1My joo an = 0,
(iii) 302 |an — apo1| < +oo, (for example a,, = 1).
In this sense, in [10, Theorem 4.10, Remark 4.11] the following result is
obtained.

Theorem 3.4. Let X be a uniformly smooth Banach space (i.e., X* is uni-
formly convex), C be a closed, conver subset of X, and T : C — C be a
nonezxpansive. The following assumptions are equivalent:
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1. The sequence (z,,) given in (3.3), where (o) satisfies (i), (it) and (i4i),
converges strongly to a fized point of T.

2. The sequence (xy,) given in (3.3), where (o) satisfies (i), (i4) and (4i7),
s bounded.

In our context, if we consider the following iterative process
21 €A, Ty =anxr + (1 — an)Palf(zn)), (3.4)

where () is a sequence of parameters fulfilling (7), (i4) and (i4i). Condition
(1) of Theorem 3.1 can be replaced by the following one:

Proposition 3.5. Let X be a Hilbert space and A a nonempty, closed, convex
subset of X. f: A — X is a nonexpansive mapping satisfying condition (2).
If the sequence (xy,) given in (3.4) is bounded, then (x,) converges strongly
to a fixed point of f.

Proof. Since X is a Hilbert space, then it is uniformly smooth and h :=
Pyo f: A— A is nonexpansive. Thus, since (z,,) is bounded we can apply
Theorem 3.4 to obtain that (z,) converges strongly to a fixed point of h.
Now, the last part of the proof of the previous theorem shows that such fixed
point is also a fixed point of f. O

Proposition 3.6. Let X be a Hilbert space and A a nonempty, closed, convex
subset of X. f: A — X is a nonexpansive mapping satisfying condition (2).
If the sequence (x,,) defined by x1 € A and A € (0,1),

Tn+1 = ATy, + (1 - /\)PA(f(Z‘n)),

is bounded, then (x,) converges weakly to a fixed point of f.

Proof. Since X is a Hilbert space, the mapping h := Pso f : A — Ais
nonexpansive. By hypothesis (z,) is a bounded sequence and then according
to [21, Lemma 2] we know that ||z, — h(z,)|| — 0 i.e.; (z,) is a bounded
approximate fixed point sequence of h, this implies by [10, Theorem 4.5] that
h has a fixed point in A. Condition (2) and Theorem 3.1 say that such fixed
point is also a fixed point of f. Finally, we may apply [14, Theorem 6.4] to
obtain that (z,) converges weakly to a fixed point of f. O

3.2. a-condensing mappings

Theorem 2.6 is related to a theorem proved by W. V. Petryshyn in [26]. Such
a result works when the mapping f goes from a nonempty, closed, convex
subset of a Banach space into itself and moreover f is ®-condensing (also see
[20, Theorem 6.1]). Next, we will give conditions to guarantee the existence of
some fixed point for an a-condensing mapping although the mapping does not
leave invariant its domain. In this sense, we will see that the same assumptions
of Theorem 3.1 are valid in this context.

Theorem 3.7. Let X be a Hilbert space and A a monempty, closed, convex
subset of X. If f : A — X is an a-condensing mapping satisfying:
1. there exist R > 0 and zo € A such that either AN Sg(xg) = O or
(f(x) —z0,2 — x0) < R? for all x € AN Sg(xo),
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2. ifx € 0A and f(x) # x, there exists &, € A such that (f(x)—z,&{—x) >
0.

Then, [ has a fized point in A.

Proof. Let us define the mapping h : A — A by h(x) := Pa(f(z)). Since
X is a Hilbert space and A is a nonempty, closed and convex subset of A,
then P, is nonexpansive (and therefore a-1-set contractive) and since f is
a-condensing h will be also an a-condensing mapping on A.

Following the first step in the proof of Theorem 3.1 we obtain that
if AN Sg(zg) # 0, then h(z) — zo # AMa — xo) for all A\ > 1 and for all
x € ANSgk(xo). It means that A fulfills the hypotheses of Theorem 2.6, hence
h has a fixed point.

Finally, let z € A such that h(z) = z. Let us see that, in this case, z is
also a fixed point of f. Otherwise, f(z) ¢ A and this means that z = h(z) €
0A, hence by hypothesis (2), we have that there exists £, € A with

<f(Z)—Z,§Z—Z> >0

but the properties of the metric projection say that
(f(z) —2,y—2) <0 Ve A

and since this is a contradiction, we obtain that f(z) € A, but then z =

h(z) = f(2). O

Corollary 3.8. If A C R"™ is a nonempty, closed and convex set, then every
continuous mapping g : A — R™ such that
(i) there exist R > 0 and xo € A such that either AN Sg(xo) = 0 or
(9(x),x — x0) <0 for all x € AN Sg(xg),
(ii) g(x) ¢ Na(x) for all x € DA,
has a zero in A (i.e.; there is x € A such that g(x) =0).

Proof. Let us define the mapping f : A — R" by f(z) := g(z) + «. Since g is
continuous in A, then f is completely continuous in A. Now, let us see that
f satisfies the conditions (1) and (2) from Theorem 3.7. Indeed,

(f(@) =0, 2 —20) = {x+g(x) —x0,x—x0) = [ —20|* +(9(2), 2 —0), (3.5)
if & € AN Sk(zp) by condition (i) we know that (g(z),z — o) < 0 therefore
inequality (3.5) yields

(f(z) — 20,z — o) < R?.
On the other hand, if x € 0A, condition (ii) implies f(z) —x = g(z) ¢
Na(z) ie,; there exists & € A such that (f(x) — 2, — ) > 0, and this
means that condition (2) is satisfied.

Finally, since f fulfills the hypothesis of Theorem 3.7, we know that
there exists x1 € A such that f(x;) = x; and then g(z1) = 0. O

Tt is worth noticing that Corollary 3.8 allows us to recapture [8, Theorem
5.1].
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Corollary 3.9. If A C R" is a nonempty, closed, bounded and convex set,
then every continuous mapping g : A — R™ such that g(x) ¢ Na(z) for all
x € 0A, has a zero in A.

Corollary 3.10. If A C R™ is a nonempty, closed and convex set, then every
continuous mapping g : A — R™ such that

(i) there exist R > 0 and xy € A such that either AN Sr(xo) = 0 or
(9(x),x —xo) >0 for all x € AN Sg(xg),
(i) for each x € QA there exists &, € A such that (g(z),& — x) <0,

has a zero in A.

Proof. Define the mapping f : A — R™ by f(z) = — g(x). It is easy to see
that f satisfies all the hypothesis of Theorem 3.7, consequently there exists
x1 € A with f(21) = x1, which allows us to conclude that g(z;) = 0. O

4. Fixed points in uniformly convex Banach spaces

In this section we present a fixed point result for completely continuous map-
pings whose domain is a nonempty, closed and convex subset of a uniformly
convex Banach space.

Lemma 4.1. Let X be a uniformly convex Banach space, A is a nonempty,
closed and convex subset of X and Pa : X — A the metric projection. Then,
for every x € X the following condition fulfilled

(v—Pa(x),x — Pa(z))— <0, VveA.

Proof. Let v € X and v € A. Since P4(z) € A and A is a convex subset,
then there exist w € A and t( € [0,1] such that

v=(1—tg)Pa(x) + tow. (4.1)

By definition of metric projection, for every ¢ € [0, 1], we have

le = Pa(@)] < llz = (1 = )Pa(e) + tw)]| = & — Pa(e) + t(Pa() - w)].

Thus, we know, see Proposition 2.1, that there exists j € J(x — Pa(z))
such that (Pa(xz) — w,j) > 0.
On the other hand, from (4.1) it is clear that v = P4 (x) —to(Pa(z) —w),
and hence
v — Py(x) = —tog(Pa(z) — w).
Consequently

(v = Pa(x),2 — Pa(x))- < (v— Pa(w),j)
(=to(Pa(x) —w), j)
atO<PA(z) —w, j)

A

IA
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Theorem 4.2. Let X be a uniformly convex Banach space and A a nonempty,
closed and convex subset of X. If f : A — X is a continuous and compact
mapping salisfying:
(a) there exist R > 0 and xo € A such that either AN Sg(xg) =0 or
(x —z0,0 — f())+ >0, Vze AN Sg(zo),

(b) if x € OA and f(z) # x, there exists & € A such that (&, — x, f(x) —
z)_ > 0.

Then, f has a fized point in A.

Proof. Let us define the mapping h : A — A by h(z) := P4(f(z)). Since X
is a uniformly convex Banach space and A is a nonempty, closed and convex
subset of A, then P4 is continuous and since f is continuous and compact
mapping, h will be also a continuous and compact mapping on A.

We claim that h has a fixed point in A. Indeed, let us see that if AN
Sr(xo) # 0, then h(z)—xg # M(x—=x0) for all A > 1 and for all z € ANSg(z0).
Otherwise, if there exist 1 € AN Sk(xp) and A > 1 such that h(xy) — z¢ =
Az1 — x0), we have

[h(z1) = fz)]l < llzo = Fz)],

that means

lzo — f(x1)ll > llzo + AMa1 — x0) — f(21)]| = lzo — f(21) + A(21 — 20)]-

Therefore, by Proposition 2.1, we derive that (x; — zg,20 — f(z1))+ < 0.
Which is a contradiction with condition (a). This fact says that h is under
the hypotheses of Theorem 2.6 and then h has a fixed point, as we claimed.

Finally, let z € A such that h(z) = z. Let us see that, in this case, z is
also a fixed point of f. Otherwise, f(z) ¢ A (then z € JA) and by hypothesis
(b), we have that there exists £, € A with

<§Z - Z,f(Z) - Z>— > 07
but by Lemma 4.1 we know that
(y—2,f(z) —2)- <0 Wye A

and since this is a contradiction, we obtain that f(z) € A, but then z =

h(z) = f(2). O

5. Fixed points in an arbitrary Banach space

In the previous sections we have dealt with fixed point results for nonexpan-
sive or condensing mappings where their domain can have empty interior,
in this section we are going to assume that their domain is the closure of
an open set (not necessarily convex). One of the first positive results in this
direction can be found in [23,26].

Theorem 5.1. Let X be a Banach space and A a nonempty, open subset of
X. If f: A— X is a ®-condensing mapping satisfying:
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(a) there exists z € A such that for all x € A,
f(z) — 2z # Mz — 2), forall A > 1, (5.1)

(b) there exists R > 0 such that either AN Sr(z) = 0 or (5.1) is satisfied
for any x € Sr(z) N A.
Then, f has a fized point in A.

Proof. Let us define D := {z € A: 2 = Af(z)+(1—\)z for some A € [0,1]}.
Taking A = 0, we see that z € D and so D is nonempty and since f is a
continuous mapping, D is also closed.

We claim that either f has a fixed point in 94 or D C A. Indeed, if
xo € DN OA there exists A € (0, 1] such that zy = Af(xo) + (1 — A)z. This
fact implies that g — z = A(f(xo) — 2), in this case, if A = 1, we obtain that
f(@o) = o, otherwise, A € (0,1) and therefore f(z¢) — 2z = }(z¢ — 2) which
is a contradiction by condition (a).

Suppose that f does not have fixed points in A, then D N X\ A = ().

Now by Urysohn’s lemma (see, for instance, [22, page 146]), there exists
a continuous function ¢ : X — [0, 1] such that ¢(x) = 1 whenever x € D and
p(x) =0 for all € X\ A. This allows us to define F': X — X by

F(z) = () f(z) + (1 = p(z))2.
Since F' is continuous, f is ®-condensing and F(B) C ¢o({z}U f(B)) we have

®(F(B)) < ®(eo({z} U f(B))) = ©(f(B)) < ®(B),
for all B C X bounded and not relatively compact. This proves that F' is a
®-condensing mapping.
Now, if we take © € Sg(z) we have that

F(z) —z=¢@)f(x) + (1 —p(z)z — 2 = p(z)(f(z) — 2),
On one hand, if # ¢ A, then F(z) = z, which implies that F(z)—z # Az —2)
for all A > 1. On the other hand, , if x € A and there exists A > 1 such that
F(z) — z = Mz — z), we derive that
A

T@ == 2w

x
which is a contradiction by condition (b).
The above argument allows us to apply Theorem 2.6 to obtain that F'
has a fixed point z¢ € X.
If 29 ¢ A, then ¢(xg) = 0 and then xy = z, which contradicts the
hypothesis z € A. Thus z¢ € A and zg = @(x0) f(x0) + (1 — v(x0))z, which
implies that z¢g € D, and so ¢(xg) = 1. Therefore z¢o = f(x0). O

(SL’—Z),

As a consequence of Theorem 5.1 we may recapture Petryshyn’s result
[26].

Corollary 5.2. Let X be a Banach space and A a nonempty, open and bounded
subset of X. If f: A — X is a ®-condensing mapping satisfying condition
(a) of Theorem 5.1, then [ has a fized point in A.
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In connection to [8, Theorem 5.1,Corollary 5.2], we obtain the following
result.

Corollary 5.3. Let A be an open subset of R™ and g : A — R™ is a continuous
function such that

(i) there exists z € A such that for any x € 0A
g(x) # Mz — z), for all A >0, and (5.2)

(ii) there exists R > 0 such that either AN Sg(z) = 0 or (5.2) is satisfied
for any x € Sr(z) N A.

Then, g has a zero in A.

Proof. To get the proof it is enough to consider the function f(x) = g(x) +z
and checking that f is under the assumptions of Theorem 5.1. O

As a consequence of the last corollary, we can obtain the following ver-
sion of [8, Corollary 5.2].

Corollary 5.4. Let A be an open bounded subset of R" with 0 € A and g :
A — R"™ is a continuous function such that
(a) for each x € DA, there exists a(x) € Na(z) with ||a(x)|| = 1 such that

(a(z), g(x)) < 0.
Then, g has a zero in A.

Proof. Since A is bounded, then A is also bounded and thus condition (ii)
in Corollary 5.3 is satisfied. To get the result, we only have to show that g
fulfills condition (i) in corollary 5.3. To this end, consider z = 0 € A, and
x € 0A, we have to see that g(z) # Az for any A > 0.

First, let us see that

(a(x),z) >0, for any x € JA. (5.3)
Indeed, since |a(x)|| =1 and 0 € A, there exists r > 0 such that ra(z) € A.
therefore since a(z) € Na(z), we have 0 > (a(x),ra(z) —z) = r — (a(x), ),
ie; (a(x),z)) >r.
Suppose to get a contradiction that there exist 1 € 0A and A > 0 with
g(x1) = Azy. In this case, assumption (a) yields

0> (a(z1), 9(21)) = (a(z1), Az1) = Ma(z1), 1),
which means that
(a(x1),21) <0.
This contradicts inequality (5.3). O

Remark 5.5. The proof of [8, Corollary 5.2] uses the properties of the Brouwer
degree theory and the authors ask if their version can be deduced from the
Brouwer fixed point theorem. In this sense, the proof of the above corollary
shows that fact can be done.
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It was proved in [3] that given an infinite dimensional Banach space
(X,]| - |)) and for an arbitrary measure of noncompactness ® on X there
exists a fixed point free ®-1-set contraction self-mapping of the unit ball of
X. Nevertheless, if we add the condition I — f is a closed mapping (see [27,
Theorem 1] and [12, Theorem 3.2]), the following result holds.

Definition 5.6. Let C' be a nonempty subset of a Banach space X. A mapping
f:C — X is said to be of “demiclosed-type” at zero if 0 € R(f) whenever
0 € R(f).

Theorem 5.7. Let X be a Banach space and A a nonempty, open subset of
X.If f: A— X is a ®-1-set contraction mapping satisfying conditions (a)
and (b) in Theorem 5.1 and I — f is of demiclosed-type at zero. Then, [ has
a fized point in A.

Proof. Given n € N, define the mapping f,, : A — X by
1 n

Inl) = n+ lz * n+ lf(x)

It is clear that f, is ®-condensing (in fact, it is .%5-®-set contraction). Let

us see that f,, has a fixed point in AN Bgr(z). To this end, it will be enough
to show that f, satisfies the condition (a) and (b) in Theorem 5.1.

Suppose that x; € A and there exists A > 1 such that f,(z1) — z =
A(z1 — 2). In this case, we obtain that

fla1) =z = plzr = 2),
where 11 = A2t > 1, which implies that conditions (a) and (b) in Theorem

5.1 for f,, are satisfied. Thus, there exists x,, € Br(z) N A with f,,(z,) = z,,
this means that

1
f(@n) —2n = E(xn - 2),
and since x,, € Bgr(z), we derive that z,, — f(z,) — 0 as n — +oc. Finally,

since I — f is of demiclosed-type at zero we may affirm that there exists y € A
such that f(y) =y. O

Remark 5.8. If assumption, I — f is of demiclosed at zero, in Theorem 5.7 is
replaced by I — f : A — X is ¢-expansive (see [12, Definition 2.3]), then we
can guarantee that f has a unique fixed point in A (see [12, Theorem 3.2]).

In [23, Theorem 4.5] additional conditions for a nonexpansive mapping
defined on a closed, convex with nonempty interior subset of a uniformly
convex Banach space to have a fixed point are given. We close this section
by establishing the following result in this direction.

Corollary 5.9. Let X be a uniformly conver Banach space and A a nonempty,

open and conver subset of X. If f : A — X is a nonexpansive mapping
satisfying conditions (a) and (b) in Theorem 5.1. Then, f has a fized point

i A.
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Proof. To get the result let us see that f is under the conditions of Theorem
5.7. Indeed, we may notice that f is a-1-set contractive mapping since it
is nonexpansive. Moreover, I — f is of demiclosed-type at zero since A is a
closed and convex subset of X and f : A — X is a nonexpansive mapping
(for instance, see [15, Theorem 10.4]). O

6. Examples

Ezample 1. Let f:[0,400) — R be the mapping defined by f(z) = cos(z) +
%. Clearly, f is a nonexpansive mapping. Moreover, f fulfills conditions (1)
and (2) of Theorem 3.1. Indeed, if we take 29 = 0 and R = § we obtain
condition (1). On the other hand, {0} = 9]0, 4oc0) and f(0) # 0, moreover
f(0) =0 > 0. It means that cos(0) + 3 — 0 > 0 therefore, taking & > 0,
we obtain that (f(0) — 0)(& — 0) > 0. Finally, it is worth noting that, by

Proposition 3.5 given an arbitrary x; € [0, +00) the recurrence sequence

Plo,400) (f (1))

converges to a fixed point of f. As well as, by Proposition 3.6 the recurrence
sequence

n—1

Tpi1 = —T1 +
n n

1 1
Tp4+1 = §xn + §P[0,+oo) (f(-rn))

converges to a fixed point of f.

Ezample 2. Condition (1) in Theorem 3.1 is not a sufficient condition. Con-
sider the mapping f : [1,+00) — R defined by
1 1

This nonexpansive mapping (in fact, it is contractive) is fixed point free in
[1,00) and it satisfies condition (1). To see this, it is enough to consider 2y = 1
and R = % In this case, we may notice that if we take x1 = 1, then

1 n—1
Tptl = ﬁxl +

P[1,+oo)(f(xn)) =1
n

Ezample 3. f : [1,+00) — R defined by f(z) = z+ 1. Since {1} = 9[1, +o0),
This nonexpansive mapping satisfies condition (2) of Theorem 3.1 since taking
&1 = 2 we obtain

(fO) = 1)(E —1) =1>0.
However, it is fixed point free. In this example, it is also interesting to note
that taken z € (1,2) f fulfills condition (a) of Theorem 5.1.

Ezample 4. Let f : [1,4+00) — R be the mapping defined by f(z) = 2> — 1.
It is clear that f has a fixed point and f verifies condition (1) of Theorem
3.7 (it is enough to take R = % and zp = 1), but f does not satisfy condition
(2) of such theorem. Therefore, in Theorem 3.7 condition (2) is sufficient but

not necessary. Now, it is also interesting to notice that f does not satisfy
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condition (a) in Theorem 5.1. Indeed, {1} = 9[1, 400 and given z € (1, +00)
we have that
z

z—1

Ezample 5. Let f : R\(—1,0) — R be the mapping defined as f(z) =

m. If we call A = R\[-1,0], we have that A is an open subset of

R which is not convex; moreover, A = R\(—1,0) and 94 = {—1,0}. Let us
see that f is under the conditions of Theorem 5.1. In this sense, it is enough
totakez:leAandRzg.

—z=f(1) — 2= A1 — %), where A = > 1.

Ezample 6. Define A := {0} x [0,1] € R2, clearly A is a bounded, closed
and convex subset with (0,0) € A. If we consider the mapping g : A — R?
by ¢(0,2) = (—x,1), this mapping is continuous and it does not have any
zero on A. Let us see that f satisfies condition (a) in Corollary 5.4. Indeed,
if we define a(0,z) = (1,0) it is easy to see that a(0,z) € N4(0,z) and
|la(0, z)|| = 1. Moreover,

<a(0,x),g(0,x)> = <(1’0)7 (—.13, 1)> =-z <0.

This example shows that the condition (0,0) € int(A) in Corollary 5.4 cannot
be omitted.

Ezample 7. On the Banach space (C([0,1]);]| - ||oo) consider for some r > 0,
the open set A := {z € C([0,1]) : x(0) > r} and define the mapping
f:A— Aby
f(@)(t) = (1= t)a(t).

Clearly f is a a-1 set contractive mapping since |f(x)(t) — f(y)(¢)| = (1 —
t)x(t) —y(#)| and this yields that |[f(z) — f(y)llco < |7 = Ylloo-

Suppose z € A then there are two possibilities either z(1) = 0 or z(1) #
0. If € A such that there exists A > 1 such that f(z) — 2z = Az — 2), in
particular we have

In the first case,

F@)(1) = 2(1) = A1) - 2(1) = 0 = Az(1).

which is not possible whenever z(1) # 0.
In the second case,

—2(1) = Az(1) — 2(1)) = (A — 1)2(1) = Az(1),

this does not hold whenever z(1) = z(1).

The above argument shows that f satisfies conditions (a) and (b) in
Theorem 5.7.

Suppose that f has a fixed point in A, then there exists € A such
that z(t) = (1 — t)x(¢t) for all ¢t € [0,1]. Which is a contradiction, because in
this case x(t) = 0 for any t € (0,1] and x(0) > r > 0, i.e.; x ¢ C([0,1]). This
example shows that conditions (a) and (b) in Theorem 5.7 are not sufficient
to guarantee the existence of a fixed point.
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7. An application to differential equations

In this section we study the existence of at least a classical solution to the
following differential equation:

u(0) = u(T).
where T'> 0, n € N, and p : [0,7] — R is a continuous function. To study
the existence of solution, we argue as follows:
For each n € N, we define: A,, : D(4,,) CR — R by A,(z) = D"

x’n. )
where

() + S0 = p0), e (0,7) } (7.1)

[ (=00,0) if n is even
D(An) = { (0, +00) if n is odd. (7.2)

It is not difficult to show that A, : D(4,,) C R — R is an m-accretive
operator for every n € N. Thus, we may apply [5, Proposition 3.8] (also
see [34, Theorem 1.9.1]) and we obtain that there exists a unique classical
solution uy : [0,T] — D(A,,) to
() + An(u(t) =
u(0) =z € D(Ay).
Proposition 7.1. If n is even and p(t) > 0 for all t € [0,T], Eq. (7.1) has at

least a negative solution. If n is odd and p(t) < 0 for all t € [0,T], Eq. (7.1)
has at least a positive solution.

p(t), t€(0,T) } ’ (73)

Proof. Consider the Poincaré mapping: P : D(A,) — D(A,,) defined by
P(z) := uy(T), where u,(-) is the unique solution of Problem (7.3). Since
A, : D(A,) — R is an m-accretive operator, we may guarantee that P is a
nonexpansive mapping. Therefore, to get the result we only need to see that
P has a fixed point. To this end, we will show that P satisfies the condition
of Proposition 3.2. In this sense, since 0 € D(A4,,), it will be enough to find a
R > 0 such that P(z) -z < R? for all z € D(A,,) with |z| = R

Suppose that n € N is even and p(t) > 0 for all ¢t € [0,T] (if n € N
becomes odd and p(t) < 0 for all ¢ € [0,T] the argument would be similar).
In this case, since D(A,) = (—00,0], if z € (—0,0] and |z| = r > 0, hence
x = -

If x € (—o0,0), we have that

(p(t) = An(z))x = p(t)x —

and since p(t) > 0 for all ¢ € [0,T] there exists R > 0 such that if x < —R
then (p(t) — A, (z))z = p(t)r — = < 0.

To get a contradiction, suppose that u_gr(7T) < —R. Since u_g is a
continuous function and u_g(0) = —R there exists § > 0 such that ug(t) <
—Rifte (T —6,T] and u_g(T — ) = —

On the other hand, since u_pg is a classical solution, we have that

p(t) —u'_g(t) = Ap(u_gr(t)), Vte (T —46,T).

1

pn—1’

Moreover,
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(p(t) +ul g(t) = p(t))u—r(t) = v’ p(t)u_r(t) = %(UQ—R(t))/a vte (T —06,T).

The above argument shows that 1 (u? 4(t))’ <0, Vt € (T —4§,T). Which
means that
U j(T) —u? g(T —6) <0 = u® z(T) < u? z(Ts5) = R? = u_g(T) > —R,

and the last inequality is a contradiction. O

Ezample 8. Consider the equation
W)+ gy =0, tE(0,T)
u(0) = u(T). ’

It is easy to see that the solutions have the form u(t) = {/u(0)3 — 3t. There-
fore, Eq. (7.4) does not admit any periodic solution.

(7.4)

Example 9. Consider the equation
u'(t) + oy = —1, t€(0,7)
u(0) = u(T). ’

It is easy to see that the solutions have the form u(t) —arctan(u(t)) = —t+C
Therefore, Eq. (7.5) does not admit any periodic solution.

(7.5)

Examples (8) and (9) show that if we drop the condition on function
p(+) in Proposition 7.1, in general, such result is false.
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