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Abstract

In this paper we introduce a family of weakly contractive maps on the space B(S) of
bounded real valued functions and use it to show that a fundamental step in the
proof of the well-known Stone-Weierstrass approximation theorem can be achieved
via Rakotch's fixed point theorem for weakly contractive maps. With the same
technique, we obtain Zemanek's theorem on the existence of square roots in certain
Banach subalgebras of B(S), and, finally, in the context of abstract Banach algebras, we
exhibit some relationship between weakly contractive maps on the closed unit ball
and the geometry of the spheres.
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1 Introduction and preliminary results on weakly contractive maps
If (X, d) is a metric space and D is a nonempty subset of X, then we say that 7: D — X is

contractive if there exists o € [0,1) such that
d(T(x), T()) < ad(x,y) 1)

for all ¥,y € X. The famous Banach-Caccioppoli theorem [1, 2] asserts that if (X, d) is com-
plete and T': X — X is contractive, then T has a unique fixed point * € X and, for any
xo € X, the sequence {T"(x¢)} converges to x*.

After this theorem, some authors tried to generalize it keeping the conclusions on the
existence and uniqueness under more general hypotheses, and in many cases the maps sat-
isfying the new conditions have been named weakly contractive. In this section we will be
concerned with three of these conditions, due to Rakotch [3], Krasnosel’skii et al. [4] and
Dugundji and Granas [5], which will be shown to be equivalent formulations of the same
concept. There are some other conditions which are worth mentioning; for instance, the
one introduced by Geraghty [6], which is still object of generalizations (see, for instance,
Karapinar [7]), but they are not the subject of study in this paper.

As far as we know, the first result in this direction was given by Rakotch [3] in 1961, who
replaced the constant « by a function o = a(d(x, y)), allowing it to approach 1 exceptionally:
we say that 7: D C X — X is weakly contractive in the sense of Rakotch if for every x,y €
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D, we have

d(T(x), T()) < a(d(x,y))d(x,), (R)

where « : [0,00) — [0,1] is a map that is compactly less than 1, that is « is a map such that,
forall0<a <b,

sup{a(t):a <t <b}<1.
In a subsequent work, Krasnosel’skii et al. (see [4], p.51) proved that the function « =
a(d(x,y)) that appears in Rakotch’s theorem could be replaced by a more general function

a = a(x,y) satisfying the property of being compactly less than 1, that is, a function « :
D x D — [0,1] such that, for every x,y € D,

d(T(x), T(y)) < alx,y)d(x,) (K)
and, for everya,b e RwithO<a <b,
Oy (a,b) = sup{a(x,y) ca<dxy) < b} <1
Another condition, which looks different from (K) and that can substitute (1) in Banach-

Caccioppoli’s theorem, was introduced in 1978 by Dugundji and Granas [5] and reads as
follows: there exists y : D x D — [0, 00) such that

inf{y(x,y) ca<dxy) < b} >0
for every 0 < a < b and such that

d(T(), T(y)) < dxy) -y ) (D-G)

for all x,y € D. In the same paper, Dugundji and Granas proved that condition (D-G) is
equivalent to condition (K) and, obviously, (R) implies (K); hence, the three conditions
would be equivalent if the implication (K) = (R) were true. Next, we shall show that
this is the case, that is, we shall prove that the three conditions are equivalent. We state

this as a theorem.

Theorem 1 Let (X,d) be a metric space, and D a nonempty subset of X. Then, for any map
T : D — X, conditions (R), (K) and (D-G) are equivalent.

Proof As we have previously noticed, we only need to show that (K) implies (R). For that,
start supposing thata map T : D — X satisfies condition (K), which means the existence of
amap o : D x D — [0,1] with & compactly less than 1 and satisfying inequality (K). Define
o :[0,00) — [0,1] as

o(t) = sup{oz(x,y) :x,y € Dand d(x,y) = t}
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if there exist x,y € D with d(x, y) = t and «(¢) = % otherwise. Then, @ is compactly less than
1 because, for 0 <a <t < b and %,y € D with d(x,y) = t, we have a(x,y) < O4(a, b), from
which @(¢) < O4(a, b), and, consequently, for every a,b € R with 0 <a < b,

1
sup{&(t) ca<t< b} < max{ 5,@)“(61,19)} <1

Observe also that inequality (R) is satisfied with the function @ because for any x,y € D,
we have a(x,y) < a(d(x,y)), and T satisfies condition (K) with the function «. Hence, T
satisfies condition (R). O

The previous result allows us to say that 7 : D C X — X is weakly contractive if it satisfies
some (hence, all) of conditions (R), (K) or (D-G). Rakotch’s theorem [3] states that if (X, d)
is a complete metric space and T : X — X is weakly contractive, then T has a unique
fixed point in X, say x*, and for each % € X, the sequence of iterates {7"(xo)} converges
to x*. Also, we can see that this theorem is a strict generalization of Banach-Caccioppoli’s
theorem just considering the space X = [0, 1] with the usual metric d(x,y) = |x — y| and the
map T : X — X given as T(x) = sin(x), which is weakly contractive but not contractive.

In Section 2 we introduce a family of weakly contractive maps on the space B(S) of
bounded real functions and show that Rakotch’s theorem can be used to prove a result
of Zemanek [8] about the existence of square roots in some Banach subalgebras of B(S), a
result which is a fundamental step in the proof of the well-known Stone-Weierstrass ap-
proximation theorem [9]. The use of Rakotch’s theorem in the proof of this theorem is also
interesting because, for weakly contractive maps, it can be given a rate of convergence of
the sequence of iterates (see [10]).

In Section 3 we show that there are some connections between weakly contractive maps,
square roots in abstract algebras and the geometry of the unit ball.

2 Weakly contractive maps and square roots in B(S)

As we mentioned in the introduction, there are simple examples of maps that are weakly
contractive and not contractive. In this section we provide a new example of this type,
which is interesting because it existed before Rakotch’s theorem and appears in some
proofs of the famous Stone-Weierstrass approximation theorem [9]. The aforementioned
example is the map T defined on certain subset of the space C([0,1]) by T(f)(x) = %[1 -
x +f2(x)], which is used in [11] to prove that the function ¢(x) = /x can be uniformly ap-
proximated by polynomials (using Dini’s test for uniform convergence). In fact, a slight
modification of this example will allow us to obtain the result of Zemanek [8] about the
existence of square roots in certain Banach algebras. In the first place, we recall some no-
tation and results that are necessary to understand the context which we shall work at.

If S is any nonempty set, then B(S) denotes the set of all bounded functions f : S — R,
which is known to be a Banach algebra with the pointwise multiplication and the norm || -
llo (see, for instance, [11]). We also use the notation B*(S) = {f € B(S) : f(x) > 0 forallx €
S} and, for a nonempty subset ] C R, B(S,]) = {f € B(S) : f(x) € ] for all x € S}.

If S is a compact topological space, then it is also known that the space of continuous
real functions C(S) with its usual norm || - ||« is a Banach subalgebra of B(S). Notice that,
by elementary rules of calculus, the subalgebra C(S) has the following property: for any f €
B*(S)NC(S), we have \/f € C(S). The question of whether this property could be extended
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to abstract subalgebras of B(S) was answered by Zemanek [8] in 1977 by showing that the
aforementioned property is satisfied by those subalgebras A of B(S) that are complete and
contain the constant functions. We obtain this result in Theorem 2 by using Rakotch’s
theorem, and this will provide us with an extra information about how to obtain \/_ asa
uniform limit of functions of A.

As afirst step, in Lemma 1 we introduce a family of weakly contractive maps that will be

used in Theorem 2.

Lemmal Let G:S x ] — R be a bounded map, where S and ] C R are nonempty sets,
suppose that D C B(S,]) is nonempty and define T : D — B(S) as T(f)(x) = G(x,f (x)). Then,
if D contains the constant functions of B(S,]), then we have that
(a) T is weakly contractive on D if, and only if, there exists a function o : ] x ] — [0,1]
compactly less than 1 such that

|G(x,u)—G(x,v)’ <a(u,v)|u-v| (2)

forevery u,v €] and every x € S;
(b) T is contractive if, and only if, there exists o € [0,1) such that

|G(x, u) — G(x,v)| <alu-v|
forevery u,v €] and every x € S.

Proof We shall only prove part (a), and the proof of part (b) is left to the reader. To prove
(a), suppose first that there exists « : J X J — [0,1] compactly less than 1 and satisfying (2).

Then, we know that for any two real numbers a and b with 0 < a < b, we have
Oy(a,b) = sup{a(u,v) cu,veJ,a<|lu—-v| < b} <1.
We need to show the existence of a function g : D x D — [0,1] with 8 compactly less

than 1 and satisfying | T(f) — T(g)|lcc < B(f,2)|If — £l for every f,g € D. Indeed, we shall
see that the function g defined as 8(f,f) = 0 and

Blf.g) - max{é,m(%uf—gnw |Lf—g||oo)}

for f # g satisfies all our requirements. Obviously, 8 takes values in [0, 1], and, for all real

numbers 0 < a < b, we have

1 1
Op(a,b) < max{—,@a(—a,b>} <1,
2 2

which shows that 8 is compactly less than 1. Now, observe that for f,g € D and x € S, we
have

|T(f)(x) - T(@®] = |G(x.f (%) - G(x,g))|
< a(f(x),g))|f(x) - g)| 3)
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and argue as follows: if |f(x) —g(x)| < % IIf —€lloo, then use that 0 < «(f(x), g(x)) < 1together
with (3) to obtain |T'(f)(x) — T(g)(x)| < %Hf—glloo; otherwise, that is, if % IIf —glloo < If () —
g@)| < IIf - glloos then use that a(f(x),g(x)) < Ou (5 IIf = &lloos If —&llo) to obtain

1000 - T = 04 (51 ~ el I gl ) @

Hence, we have proved that || T(f) — T(2)lco < BN — €lloo-

For the converse, suppose that T is weakly contractive, that is, there exists 8 : D x D —
[0,1] compactly less than 1 and satisfying || T(f) — T(g)|lcc < B(f,2)IIf — £l forallf,g € D,
anddefinew : J xJ — [0,1] asa(u, v) = B(f,,.f,), where, foreachw € ], f,, : S — ] denotes the
constant function f;,(x) = w. We have to show that « is compactly less than 1 and satisfies
(2); for the former, just observe that for any two real numbers 0 < a < b, we have

Oy (a,b) = sup{a(u,v) cu,ve],a<|u-v| < b}

:Sup{ﬁ(fu» V) :u,vel,a< ”fu _ﬁ/”oo Sb}

<sup{B(f,9):f,g € D,a<|f -gllo < b}
= @p(a,b) < 1.

For the latter, suppose that x € S and u, v € ] and obtain

61 - G )| = |G(®.u) - Gl fofw)|
= [T(h)) - T()@)]
< BlFuf o =Filloo

=a(u,v)|u-v|. a

Theorem 2 Let A be a complete subalgebra of B(S) that contains the constant functions.
Then, for each g* € B*(S) N A with M = || g*| « > 0, we have:

(@) /g*€ A, and
(b) the sequence of functions {g,} given as go(x) = 0 and

2n(%) = gua (%) + g W) -g )], n=1,

1
2VM
is a sequence in A that converges uniformly on S to \/g*.

Proof Suppose that g* € B*(S)N A with M = ||g*]|« > 0. Observe that since A contains the
constant functions, \/g* belongs to A if, and only if, the function f* given as f*(x) = /M —
Vg*(x) is in A. It is also obvious that the sequence {g,} is in A and converges uniformly
to /g* if, and only if, the sequence {f,} defined as f, = /M — g, is in A and converges
uniformly to f*.

Hence, we only need prove that f* € A and that the sequence {f,} is in A and converges
uniformly to f*. For that purpose, observe first that the sequence {f,} can be expressed as

fo(x) = /M and, for n > 1,

— ; _oF 2
Jn(x) = 5 «/A_/I[M 1@ +f7 ()]
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Then, consider the set K = AN B(S, [0,+/M]), define T : K — B(S) by

T(f)(x) M- g"(x) + 2 ()]

1
o
and observe that f* is the unique fixed point for T in the set B(S, [0, v/M]). Observe also
that {f, } is the sequence of iterates for T with starting point f;(x) = ~/M, so that the proof of
(a) and (b) will follow from Rakotch’s theorem [3] once we see that T is weakly contractive
and that K is closed and invariant under 7.

It is easily seen that K is closed using that A is closed and that the uniform convergence
implies pointwise convergence, and it is easily shown that T(K) C K using both that A is
a subalgebra that contains the constant functions and that 0 < T(f)(x) < +/M whenever
0 <f(x) < M. Finally, to check that T is weakly contractive, we shall use part (a) of
Lemma 1. For that, observe that T’ can be written as T(f)(x) = G(x, f(x)), where J = [0, /M],
D=Kand G:S x ] — Ris defined by

Gx,u) = ﬁ[M—g*(x) + uz].

Obviously, G is bounded, D contains the constant functions of B(S, /), and, for x € S and
u,v € J, we have

1
G ; -G ) - 2 .2
’ (x, u) (x V)‘ Zm‘u v ‘

= O{(I/[,V)|I/l - V|1
U+v

2V/M'
To see that « is compactly less than 1, just observe that, for 0 <a < b,

where « : ] x ] — [0,1] is the map given as a(u,v) =

:u,ve],a§|u—v|§b}

Hence, by Rakotch’s theorem [3], T has a unique fixed point in K, and, for any / € K, the
sequence of iterates { 7" (%)} converges uniformly on S to this fixed point. Since K C B(S,])
and f* is the unique fixed point for T in B(S,]), we conclude that f* € K. Also, starting with
h = fy € K, the sequence {T"(h)} is just {f,}, and so it converges uniformly to f*. O

Notice that Theorem 2 generalizes the following well-known result, which our operator

T is inspired on.

Corollary 1 (Dieudonné [11]) The sequence {g,} in C([0,1]) given as go(x) = 0 and

8nl®) = gua (%) + %[x -], n=1,

is a sequence of polynomials that converges uniformly to the function ¢(x) = \/x on the
interval [0,1].
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The map T : K — B(S) appearing in the previous theorem is of the form T'(f)(x) =
a(x) + F(f(x)), where in our case a(x) = MZL\/M(’C) and F(u) = ﬁuz. Applying Lemma 1,
we obtained that T is weakly contractive on K if, and only if, F is weakly contractive on

the interval J, which suggests the following question.

Question 1 Find an easy-to-check characterization of weakly contractive maps on the

real line.

3 Weakly contractive maps and the geometry of spheres in abstract algebras
As we mentioned before, Zemanek [8] proved that if A is a complete subalgebra of B(S)
that contains the constant functions, then for any g € B*(S) N A, we have JE € A. In
his proof, Zemanek used the Banach-Caccioppoli theorem and was inspired by a pre-
vious paper by Bonsall and Stirling [12] about the existence of square roots in abstract
algebras. Specifically, the following result was proved in [12]: if A is a real or complex
Banach algebra, then for each a € A with ||a| < 1, there exists a unique x € A such that
%]l <1 and x = %(a +x2). The proof of this fact is easy if we additionally assume that A is
commutative: just consider a positive number d with ||a|| < d <1 and check that the map
T :B(0,d) — B(0,d) given as T(x) = %(a +x?) is contractive.

Hence, it is natural to ask whether Bonsall and Stirling’s result is true for ||| = 1. If we
wanted to prove that the answer is yes, a possible strategy could be repeating the previous
argument with d = 1, that is, we would need to prove that the map T : B(0,1) — B(0,1)
defined by T'(x) = %(ﬂ +x2) has a fixed point in B(0,1). Unfortunately, this map needs not
be contractive, as it can be seen by considering .A = R and a = 1. More generally, if A is an
abstract algebra containing an element b with || 5| = ||| = 1, then T is not contractive. To
see this, consider the sequences {x,} and {y,} in B(0,1) given as x,, = b and y, = (1 - %)b,
n > 1, and check that

|76 =700 = (1- 5. )i =k, n=1

In view of the above, it is natural to ask whether T is weakly contractive. In the next
theorem we show that the answer is yes if .4 is commutative and the norm on A is a
uniformly convex norm (that is, for each ¢ € (0,2], there exists § > 0 such that for any
x,y € B(0,1) with [x — y|| > &, we have || 3(x + y)|| <1 - 3). Before that, we shall show that
the notion of a function compactly less than 1 can be used to characterize the uniform
convexity of a Banach space.

Lemma 2 A Banach space (X, || - |) is uniformly convex if, and only if, the map « : B(0,1) x
B(0,1) — [0,1] given as a(x,y) = || 52| is compactly less than 1.

Proof We start supposing that (X, | - ||) is uniformly convex and prove that & is compactly

less than 1. Indeed, for 0 < a < b, we have

Oy (a,b) = sup{a(x,y) :x,y€B(0,1),a < |x—y|| < b}

x+y‘

ssup{ :x,yGE(O,l),asllx—yll} <1-6(a)<1l
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For the converse, assume that « is compactly less than 1 and prove that (X, || - ||) is uni-
formly convex. Hence, let ¢ € (0,2] and choose § =1 — ©,(¢,2). Then we have § > 0 and,
for every x,y € B(0,1) with [lx —y|| > &,

’%H = a(x%,y) < O(e,2) = 1-8. O

Theorem 3 If A is a commutative Banach algebra and the norm on A is a uniformly
convex norm, then for each a € B(0,1), the map T : B(0,1) — B(0,1) given as T(x) = (a +
x?) is weakly contractive.

Proof 1f x,y € B(0,1), then using the commutativity of A, we obtain

T(y = —x - —y
Xty
= =)
Then, since the norm || - || is an algebra norm, we conclude that
|76) - 70| < H =l
=a(xy)lx -y,

where « : B(0,1) x B(0,1) — [0,1] is given as a(x,y) = | %2 ||.
Finally, o is compactly less than 1 by Lemma 2. O

The converse of the theorem is not true, even under the presence of commutativity, as
the following example shows.

Example 1 Consider the algebra .4 = C([0,1]) with the pointwise multiplication and its
usual norm || - || . Then, A is a commutative Banach algebra whose norm is not uniformly
convex, but, for any fo € A, the map T : B(0,1) — A given as T(f) = 3(fy +f?) is weakly
contractive.

It is well known that A is a commutative Banach algebra and also that its norm is not
uniformly convex. To see that T is weakly contractive on B(0,1), we define 8 : B(0,1) x
B(0,1) — [0,1] by B(f,g) = max{%,l - il[f —gllo} and prove that 8 is compactly less than
1 and also satisfies

I T¢) - T@] < BFDIf -2l )

for every f,g € B(0,1).
First, B is compactly less than 1 because for all real numbers a and b with 0 < a < b, we
have

©p(a, b) = sup{B(f,g) :f.g € B(0,1),a < ||f - gl < b}

1 a
<maxy—,1-—¢ <1
2 4



Jiménez-Melado Fixed Point Theory and Applications (2015) 2015:225 Page 9 of 10

Second, in order to check inequality (5), suppose that f,g € B(0,1) and x € [0,1] and argue
as follows: if |[f(x) — g(x)| < %I[f — glloo, then, since |f(x) + g(x)| < 2, we have

1)@ - T = 3 /) +¢@] - [f) g0
1
< 1 gl

Otherwise, we would have |f(x) + g(x)| <2 - 1|f - gllo0, and then

1)) - T = (1- 71 - el ) o) -9

Then, we have that | T'(f)(x) — T(g)(x)| < B(f, 2 IIf — glloo, and since x is arbitrary in [0,1],
(5) is satisfied.

Remark1 Notice that, although the map 7 in the example is weakly contractive, the func-
tion a(f,g) = || %(f + g)|| is not compactly less than 1 on B(0,1) x B(0,1), as it can be seen

either directly or using Lemma 2.
We end this paper with some natural questions related to Theorem 3:
Question 2 Can we remove the commutativity assumption?
Question 3 Can we replace the uniform convexity by a weaker geometrical property?

Question 4 Which consequences (geometrical or not) can we obtain from the fact that
the map T is weakly contractive?

Question 5 Can we extend Theorem 3 to the context of Banach spaces (using a different

map T)?
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