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Abstract

We study the possibility of approximating every Lipschitz map by Lipschitz maps which attain their
Lipschitz constant. That is, we study the denseness of the set LipSNA(M,Y) of strongly norm-attaining
Lipschitz maps in the space Lip,(M,Y) of all Lipschitz maps from a (complete pointed) metric space M
to a Banach space Y. A Lipschitz map f: M — Y is said to strongly attain its (Lipschitz) norm if there
are distinct points p, ¢ € M satisfying

1 (p) = F(@)|l = L(f) d(p, q),
where L(f) is the Lipschitz constant of f defined by

1f(p) — f(q)ll

L(f)=sup{ :p,qGM,p#q}.
The leading question in this thesis is to study for which pointed metric spaces M and Banach spaces Y,
the set LipSNA(M,Y') is dense.

We first recall the previously known results on the topic: that LipSNA(M,Y") is dense in Lipy(M,Y)
for every Y when the Lipschitz-free space F(M) has the Radon-Nikodym property (in particular, when
the little Lipschitz space uniformly separates the points of M) and that LipSNA(M,R) is not dense in
Lipy (M, R) when M is a geodesic metric space (in particular, when it is a closed convex subset of a Banach
space). Next, we provide new sufficient conditions on the metric space M to get that LipSNA(M,Y") is
dense in Lip,(M,Y) for every Banach space Y which deal with geometrical properties of the Lipschitz-free
space F(M). For instance, we show that this holds when F (M) has property « or property quasi-a or
when the unit ball of (M) contains a norming subset of uniformly strongly exposed points. Besides, we
characterize the above geometrical properties of F(M) in terms of the underlying metric space M. We
also provide some more examples for which there is density of the strongly norm-attaining Lipschitz maps:
arbitrary Holder metric spaces and some particular subset of the plane which contain a segment (and so,
their Lipschitz-free spaces fail the Radon-Nikodym property). The latter examples provide a negative
answer to an open question proposed by G. Godefroy in 2015. We also show that none of the previously
known and none of the newly introduced sufficient conditions to get the density of LipSNA(M,Y) is also
necessary, and we provide some consequences of such a density on the geometry of F(M) which improve,
in this ambient, results of Lindenstrauss and Bourgain. We also prove that LipSNA(M,R) is weakly
dense in Lipy(M,R) for all metric spaces M.

Next, we extend the previously known negative results on the density of strongly norm-attaining
Lipschitz maps, showing that LipSNA(M,R) is not dense if M is a length metric spaces or if M is a
compact subset of the real line with positive Lebesgue measure. Other interesting negative examples
presented here include the unit sphere of the Euclidean plane and, more in general, every C2-smooth
curve.

Adapting a definition for bounded linear operators of 2008, we introduce and study the Lipschitz
Bishop-Phelps-Bollobds property (Lip-BPB property in short) as a condition assuring that a Lipschitz
map and a pair of points where the map almost attains its Lipschitz norm can be simultaneously ap-
proximated by, respectively, a strongly norm-attaining Lipschitz map and a pair of points where the map
attains its Lipschitz norm. We study this property for finite metric spaces showing that, contrary to
the case of the density of strongly norm-attaining Lipschitz maps, finiteness is not enough to get the
Lip-BPB property. We also show that (M,Y") has the Lip-BPB property for every Banach space Y when
M is a uniformly Gromov concave metric space (that is, when the whole set of molecules is a set of
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uniformly strongly exposed points). Examples of uniformly Gromov concave metric spaces include finite
concave metric spaces, concave metric spaces for which F (M) has property «, Holder metric spaces, and
ultrametric spaces.

Finally, some stability properties of the density of strongly norm-attaining Lipschitz maps and of the
Lip-BPB property are provided, and we also introduce and study versions of these two properties for
Lipschitz compact maps.



Resumen

Esta tesis doctoral estd dedicada a dar respuestas positivas y negativas a la siguiente pregunta:

;Cuando es posible aproximar cualquier funcién Lipschitziana por funciones Lipschitzianas
que alcanzan fuertemente su norma?

M4s concretamente, estudiamos la posible densidad del conjunto LipSNA(M,Y") de las aplicaciones
Lipschitz que alcanzan su norma (Lipschitz) fuertemente, esto es, el conjunto de las aplicaciones Lipschitz
f definidas en un espacio métrico (completo y punteado) M con valores en un espacio de Banach Y para
las que existen puntos distintos p,q € M verificando que

1f(p) = f(@l = L) d(p, ),
donde L(f) denota la constante de Lipschitz de f definida por

£ () = (@)l

R e

p,g€ M, p# q} :

Por tanto, la pregunta principal de esta tesis es para qué espacios métricos M y para qué espacios de
Banach Y el conjunto LipSNA (M, Y') es denso en el espacio Lip, (M, Y') de todas las aplicaciones Lipschitz
de M enY.

Comenzamos la tesis recordando los resultados previamente conocidos sobre el tema: que el conjunto
LipSNA(M,Y) es denso en Lip,(M,Y’) para todo espacio de Banach Y siempre que el espacio Lipschitz-
libre F(M) tiene la propiedad de Radon-Nikodym (en particular, cuando el espacio de las funciones
Lipschitz localmente planas separa los puntos de M uniformemente) y que LipSNA(M,R) no es denso
en Lip,(M,R) cuando M es geodésico (en particular, cuando es un subconjunto convexo y cerrado de un
espacio de Banach). Damos a continuacién nuevas condiciones suficientes sobre el espacio métrico M para
que LipSNA (M, Y') sea denso en Lip, (M, Y') para todo espacio de llegada Y, que se escriben en términos de
la geometria del espacio Lipschitz-libre F(M). En particular, probamos que este es el caso cuando F (M)
tiene la propiedad « o la propiedad quasi-a o cuando su bola unidad contiene un subconjunto normante
formado por puntos uniformemente fuertemente expuestos. Ademas, caracterizamos estas propiedades del
espacio de Banach F(M) en términos de la geometria del espacio métrico M. También damos algunos
ejemplos particulares para los que hay densidad de las funciones que alcanzan fuertemente su norma
Lipschitz: esto pasa en cualquier espacio de Holder y en algunos subconjuntos del plano que contienen al
intervalo unidad (y, por tanto, los espacios Lipschitz-libres sobre ellos no tienen la propiedad de Radon-
Nikodym). Estos tltimos ejemplos dan respuesta negativa a una pregunta planteada por G. Godefroy
en 2015. También demostramos que ninguna de las condiciones suficientes para tener densidad (ni las
previamente conocidas ni las nuevas) es necesaria y damos consecuencias de tener densidad en la geometria
de los espacios Lipschitz-libres que mejoran, en este ambiente, resultados de Lindenstrauss y de Bourgain.

Seguidamente, extendemos los resultados negativos conocidos sobre densidad de aplicaciones Lipschitz
que alcanzan fuertemente su norma, demostrando que LipSNA(M,R) no es denso si M es un espacio
métrico length o si M es un subconjunto compacto de la recta real. Otros ejemplos negativos interesantes
que hemos conseguido son la esfera unidad del plano Euclideo y, més en general, cualquier curva de clase
c2.

Adaptando una definicién introducida en 2008 para operadores lineales y continuos, introducimos
la propiedad de Bishop-Phelps-Bollobds Lipschitz (propiedad Lip-BPB) como una condicién asegurando

vii
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que cualquier aplicacién Lipschitz y cualquier par de puntos en los que dicha aplicacién casi alcanza su
norma pueden ser aproximados, simultaneamente, por una aplicacién Lipschitz que alcanza su norma
y, respectivamente, un par de puntos en los que la nueva aplicacién alcanza su norma Lipschitz. Estu-
diamos primero esta propiedad para espacios métricos finitos demostrando que, a diferencia de lo que
ocurre con la densidad, la finitud no es suficiente para conseguir la propiedad Lip-BPB. Demostramos
también que los pares (M,Y) tienen la propiedad Lip-BPB para todos los espacios de llegada Y si M
es uniformemente Gromov céncavo (esto es, si el conjunto de todas las moléculas estd uniformemente
fuertemente expuesto). Ejemplos de espacios métricos uniformemente Gromov céncavos son los espacios
métricos finitos y céncavos, los espacios métricos céncavos para los que F(M) tiene la propiedad a, los
espacios métricos de Holder y los espacios ultramétricos.

Por ultimo, damos algunas propiedades de estabilidad de la densidad de aplicaciones Lipschitz que
alcanzan fuertemente su norma y de la propiedad Lip-BPB, e introducimos y estudiamos versiones de
estas dos propiedades para aplicaciones Lipschitz compactas.
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Introduction

The concept of Lipschitz function was introduced in 1864 by the German mathematician Rudolf Lipschitz.
Since then, Lipschitz functions have been an object widely studied for their applications in fields of
mathematics such as Fourier Analysis and Differential Equations. Let us recall this concept.

Definition. Let (M, dys) and (N, dy) be metric spaces and let f: M — N be a map. We say that f
is Lipschitz if there exists a constant k& > 0 such that

dn(f(p), f(q)) < kdrm(p,q) Vp,qe M.

The least constant satisfying the above inequality is called the Lipschitz constant of f and it is usually

denoted by L(f): dw (f(p). £())
— N p ’ q
L(f) = sup {dM(pq>

With this notation, we can say that a map f: M — N is Lipschitz if and only if L(f) < co.

:nqéﬂﬁp#q}- (1)

The appearance of Functional Analysis and, in particular, of the theory of Banach spaces, has made it
possible to study Lipschitz maps not only as maps satisfying certain good behavior, but also as elements
of some Banach space. Indeed, given a real Banach space Y, we can consider the vector space Lip(M,Y)
of all Lipschitz maps from M to Y. Then, the function || - ||5: Lip(M,Y) — R that assigns to each
Lipschitz map f € Lip(M,Y) its Lipschitz constant, that is, ||f||z = L(f), is a seminorm that, after
considering the quotient space under the subspace of the constant functions, becomes a complete norm.

Instead of considering the quotient space, it is more convenient to consider pointed metric spaces. A
pointed metric space is simply a metric space M in which we distinguish an element, usually denoted by
0. Then, given a real Banach space Y, we can consider the space Lipy(M,Y") of all Lipschitz maps from
M to Y that vanish at 0. With this idea, the only constant map that we may find as element of this
space is the zero map, so Lip,(M,Y’) endowed with the Lipschitz constant as norm, is a Banach space.
Let us say that we are not losing generality restricting to pointed metric spaces since the only thing we
do is to fix a point on it. Furthermore, if My is a pointed metric space and M is its completion, then it
is well known that every Lipschitz map with domain Mj uniquely extends to M. Indeed, it is immediate
to verify that the spaces Lipy(Mp,Y") and Lipy,(M,Y) are isometrically isomorphic for any Banach space
Y. Therefore, we do not lose generality if we restrict our study to complete metric spaces. For these
reasons, all along this work every metric space will be pointed and complete.

The study of the geometric structure of these Banach spaces has been strongly developed during the
last decades (good references for background on this are [41], [44], [51], and [65]). Moreover, this line of
research has gained popularity due to the importance that Lipschitz maps have in the theory of Nonlinear
Geometry of Banach spaces (see [42]).

Throughout this work, Banach spaces will be over the real scalars. Let us give a piece of notation.
Given a metric space M, p € M, and r > 0, the closed ball of center p and radius r is denoted by B(p, ).
Given a Banach space X, we will denote by By and Sx the closed unit ball and the unit sphere of X,
respectively. We will denote by X* the topological dual of X. If Y is another Banach space, we write
L(X,Y) to denote the Banach space of all bounded linear operators from X to Y, endowed with the
operator norm. We say that T € L(X,Y) attains its norm, and write T € NA(X,Y), if there is z € X
with ||z]| = 1 such that || Tz|| = ||T||. The study of the density of norm-attaining linear operators has its
roots in the classical Bishop-Phelps theorem, which states that NA(X,R) is dense in X* = L(X,R) for

xi



xii Introduction

every Banach space X (see [16]). After this result, in 1963 Lindenstrauss began the study of the vectorial
case, that is, the study of norm-attaining linear operators, showing that in general the Bishop-Phelps
theorem is not true in the vectorial case and giving some positive partial results (see [57]). Since then, the
theory of norm-attaining linear operators has been intensely studied by many mathematicians. Relevant
contributions were given by, among many others, J. Bourgain in the 1970’s and W. Schachermayer in the
1980’s. We refer to [1] for a detailed account on the subject. Recently, this theory has gained strength
again with the introduction in 2008 of the Bishop-Phelps-Bollobds property (BPBp for short) [4]. This
property tries to study for which pairs of Banach spaces (X,Y), we can approximate both any linear
operator T' € L(X,Y) and any point « € Sx at which T is close to attain its norm by a norm-attaining
linear operator S € NA(X,Y') and a point 2’ € Sx at which S attains its norm.

In this work we will focus our attention on studying a natural question that appears as a combination
of the two aforementioned research lines, Lipschitz maps and norm-attaining linear operators. The next
definition constitutes our main object of study along this thesis.

Definition. Let M be a metric space and let Y be a Banach space. We will say that a Lipschitz map
f: M — Y attains its Lipschitz constant or strongly attains its norm when there exist two distinct
points p, ¢ € M for which the supremum in (1) is attained, that is,

_ ) = (@)l
dlp,a)

The set of all strongly norm-attaining Lipschitz maps from M to Y is denoted by LipSNA(M,Y).

Ifllz = L(f)

If M is a finite metric space, it is clear that every Lipschitz map strongly attains its norm. On the
other hand, it is easy to show that for any infinite metric space M and Banach space Y, it is possible
to find a Lipschitz function f: M — Y which does not strongly attain its norm (see Corollary 3.46 in
[65]). However, since any Lipschitz map from M to Y vanishing at 0 can be seen as an element of the
Banach space Lip,(M,Y"), where we have a topology, it makes sense to wonder if given a Lipschitz map
f: M — Y, we can find strongly norm-attaining Lipschitz maps as close to f as we want. The first
negative answer to this question was given in [50, Example 2.1], where a Lipschitz function f: [0,1] — R
which cannot be approximated in norm by strongly norm-attaining Lipschitz functions is presented. In
view of this, the following natural question appears:

Problem (Leading problem of the thesis). For which metric spaces M and Banach spaces Y is it
possible to approximate every Lipschitz map from M to Y by strongly norm-attaining Lipschitz maps?
Equivalently, for which metric spaces M and Banach spaces Y is the set LipSNA(M,Y’) norm-dense in
Lipy(M,Y)?

This is the leading question for this work. Let us comment that this question has been asked by
G. Godefroy in the 2015 survey paper [41] (see Problem 6.7) for the case when M is compact. There are
several concrete questions there, some of which are studied in this thesis.

Although at first appearance this question seems to deal only with Lipschitz maps, we will show
that there is an intimate connection with the theory of norm-attaining linear operators. Indeed, this
connection will play an essential role throughout this work, but before being able to understand why, we
need to learn more about Lipschitz spaces.

The first thing we need to know is that, for any pointed metric space M, the Lipschitz space Lip, (M, R)
is a dual Banach space, that is, there exists a Banach space X whose topological dual, denoted as usual
by X*, is isometrically isomorphic to Lip,(M,R). In fact, an explicit expression of an isometric predual
of Lipy(M,R) can be given. Indeed, we denote by ¢ the canonical isometric embedding of M into
Lipy(M,R)*, which is given by

(f,0(p)) = f(p) VpeM, VfeLipy(M,R).
We denote by F(M) the norm-closed linear span of 6(M) in the dual of Lip, (M, R):

F(M) :=span{d(p): p € M} C Lipy(M,R)",
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which is usually called the Lipschitz-free space over M. Tt is known that F(M) is an isometric predual
of the Banach space Lip,(M, R) (actually, in [65] it is shown that it is the unique isometric predual when
M is bounded or a geodesic space). For more background on Lipschitz-free spaces, we refer to the papers
[41] and [43], and to the book [65] (where they are called Arens-Eells spaces).

The second thing we need to know is that we can identify every Lipschitz map from M to Y with a
bounded and linear operator from F (M) to Y. This identification plays an essential role throughout this
work since it is the bridge between strongly norm-attaining Lipschitz maps and norm-attaining linear
operators. Given a Lipschitz map f: M — Y, we can consider the unique bounded linear operator
f: F(M) — Y satisfying

f(6(p) = flp) VpeM.
The mapping f — fturns out to be an isometric isomorphism between the Lipschitz space Lipy(M,Y)
and the space L(F(M),Y) of all bounded and linear operators from F(M) to Y. Therefore, every time
that we have a Lipschitz map f: M — Y, we can consider its associated linear operator f: F(M) —Y,
and vice versa. Indeed, we will constantly use this identification without specifying more details.

The third thing we need to introduce is the notion of molecule. Given a metric space M, a molecule
of F(M) is just an element of the form

9(p) —d(q)
d(p,q)

We write Mol(M) to denote the set of all molecules of F(M). As a consequence of Hahn-Banach theorem,
it is easy to see that every molecule has norm one and that we can recover the unit ball of (M) as the
closed convex hull of the molecules, that is,

Mp,q = where p,q € M, p # g.

Now, we are ready to state the connection between our main question and the theory of norm-attaining
linear operators. Let M be a metric space, let Y be a Banach space, and let f: M — Y be a Lipschitz
map. Recall that f strongly attains its norm when there exist distinct points p, ¢ € M such that

_ ) = f(@)l
d(p,q)

Then, using the identification between Lipschitz maps and their associated linear operators, we can
reformulate this condition as follows:

1f1lz

||f<52>(p7 qf)@)ﬂ _ H f@,( 6;,

b,q
Consequently, a Lipschitz map strongly attains its norm if, and only if, its associated linear operator
attains its norm (in the classical sense) at a molecule of F(M). In view of this, the study of the density
of the strongly norm-attaining Lipschitz maps can be understood as a non-linear generalization of the
classical theory of norm-attaining linear operators. Indeed, our leading question can be reformulated in
the following way:

171 = )| =171

For which metric spaces M and Banach spacesY is the set of all bounded linear operators from F(M)
to Y which attain their norm at some molecule dense in L(F(M),Y)?

Let us comment that this stronger version of density is not equivalent to the classic one. Indeed, it is
clear that if LipSNA(M,Y') is dense in Lipy,(M,Y), then NA(F(M),Y) is dense in L(F(M),Y). However,
the reverse implication is not true in general: the Bishop-Phelps theorem implies that NA(F (M), R) is
dense in L(F(M),R) for every metric space M, but we have already commented that LipSNA([0, 1], R)
is not dense in Lip,([0,1],R). This shows that attaining the norm at a molecule is a condition quite
more restrictive than simply attaining the norm. We will see that molecules play an important role in
the extremal structure of Lipschitz-free spaces and, under some assumptions, this will allow us to obtain
positive partial results for our problem using classic results coming from the theory of norm-attaining
linear operators.

After this background, we proceed to outline the content of the thesis.
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Chapter 1. Preliminary results

First of all, we present a brief summary containing some background on Lipschitz spaces and Lipschitz-
free spaces, as well as some preliminary results that we will need for the rest of the chapters. We
start commenting on the main results that have appeared in the last twenty years about the extremal
structure of Lipschitz-free spaces. We consider classical notions of extremal points such as extreme
points, exposed points, preserved extreme points, denting points, and strongly exposed points, studying
them in the particular case when the Banach space is a Lipschitz-free space. Then, from different recent
papers devoted to studying the geometry of Lipschitz-free spaces, we collect some characterizations of
these extremal points in terms of the underlying metric space, and analyze the relationship between
molecules and the extremal structure of Lipschitz-free spaces. Finally, we introduce some metric notions
and technical results that we will need later.

Chapter 2. Strong density. Positive results

The second chapter is devoted to obtaining positive results concerning strong density. In the first section
we present the first positive results that we find in the literature. They are due to G. Godefroy and
deal with the little Lipschitz space, which under some assumptions acts as an isometric predual for the
Lipschitz-free space. Furthermore, we want to highlight the following result which appeared shortly after
that.

Proposition ([36, Proposition 7.4]). Let M be a metric space such that F(M) has the Radon-Nikodym
property. Then, LipSNA(M,Y") is norm-dense in Lip,(M,Y") for every Banach space Y.

J. Bourgain showed in [18] that if a Banach space X has the Radon-Nikodym property (RNP for short),
then X also has Lindenstrauss property A, that is, NA(X,Y) is dense in £(X,Y") for every Banach space
Y. Motivated by this fact, in the second section of the chapter we study some other known sufficient
conditions for Lindenstrauss property A. More concretely, we analyze the property of having a norming
set of uniformly strongly exposed points, property «, and property quasi-a. We prove that if M is a
metric space such that F (M) satisfy any of the previous properties, then LipSNA(M,Y") is norm-dense in
Lipy(M,Y’) for every Banach space Y. Moreover, we translate these properties in terms of the underlying
metric spaces and present some criteria that help us to verify if the Lipschitz-free space over some metric
space satisfies any of them.

We devote the third section of the chapter to present other kind of examples of metric spaces for
which there is strong density. The first family we present is that of Holder metric spaces. Recall that a
Hélder metric space is a metric space of the form (M, d?), where (M, d) is a metric space and 0 < 6 < 1.

Proposition (Corollary 2.25). Let M be a Holder metric space. Then, LipSNA(M,Y) is dense in
Lipy(M,Y) for every Banach space Y.

Next, we present some concrete subset of the plane for which there is strong density but which contain
the unit interval [0, 1].

Example (Part of Theorem 2.26). Consider the subsets of R? given by

A:{(ﬁl;» : ke{o,...,2”}} CR?* ¥neNuU{0},
My = G An, M = My U([0,1] x {0}).
n=0

Let 9, be the set M endowed with the distance inherited from (R?| - ||,) for p = 1,2. Then,
LipSNA(2,,Y") is dense in Lipy(9M,,Y) for every Banach space Y and for p =1, 2.

The examples above are the first known examples of metric space for which there is strong density
and whose Lipschitz-free space fails the RNP. Indeed, for p = 1,2, 9, contains [0, 1], so F(9M,) contains
L1]0,1] as a subspace and thus, F(9,) fails the RNP. This provides a negative answer to a question
proposed by G. Godefroy in 2015, see [41, p. 115].



Introduction XV

Next, we dedicate a section to discuss the relationship between all the sufficient conditions for strong
density that we have presented. Furthermore, we use the criteria that we have developed in the previous
section to generate examples of metric spaces satisfying and failing strong density. This allows us to
prove that none of the sufficient conditions are necessary to have strong density.

The fifth section of Chapter 2 is devoted to studying the consequences that the density of strongly

norm-attaining Lipschitz maps produces on the geometry of the Lipschitz-free space. Among the results
we have obtained, we want to spotlight the following one:

Theorem (Theorem 2.35). Let M be a metric space for which LipSNA (M, R) is dense in Lipy,(M,R).
Then, Br(y) is the closed convex hull of its extreme molecules.

Moreover, for compact metric spaces we obtain an improvement of the above result.

Theorem (Theorem 2.48). Let M be a compact metric space for which LipSNA(M,R) is dense in
Lipy(M,R). Then, Br(pr) is the closed convex hull of its strongly exposed molecules.

These two results somehow improve a result by Lindenstrauss in the Lipschitz setting (see [57, Theorem
2]). As a consequence of our results, we also get the following corollary.

Corollary (Corollary 2.43). Let M be a compact metric space for which F(M) has the RNP. Then, for
every Banach space Y, LipSNA(M,Y) (and so NA(F(M),Y)) contains a dense open subset.

This also somehow improves a result from J. Bourgain in the Lipschitz setting for compact metric
spaces (see [18, Theorem 5]).

Finally, in the last section of this chapter we study the density of the set LipSNA(M,R), but for a
different topology. Indeed, Lip,(M, R) is a Banach space for any metric space M, so we may consider its
weak topology. Consequently, it makes sense to wonder for which metric spaces M the set LipSNA (M, R)
is weakly dense in Lipy(M,R). We obtain a plenary satisfactory answer to this question. In fact, we
prove that for any metric space M, the set LipSNA(M, R) is sequentially weakly dense in Lip,(M,R).
Actually, we prove more:

Theorem (Theorem 2.53). Let M be a metric space. Then, LipSNA (M, R) is weakly sequentially dense

in Lipy(M,R). Moreover, for every g € Lipy(M,R) there is a sequence {g,} C LipSNA(M,R) such that
9n — 9, lgnllz = |9z, and g,, — ¢ uniformly on bounded sets.

Chapter 3. Strong density. Negative results

The third chapter is devoted to obtaining negative results. In the first section we present the first negative
results that we find in the literature. They can be found in [50] and we can see them as a generalization
of the next example.

Example ([50, Example 2.1]). Consider [0, 1] endowed with the usual metric. Then, LipSNA([0, 1], R)
is not dense in Lip,([0, 1], R).

In the next section, we generalize this example in two directions. On the one side, we prove the
following result concerning length metric spaces.

Theorem (Theorem 3.3). Let M be a length metric space. Then, the set LipSNA (M, R) is not dense in
Lipy, (M, R).

On the other side, as a consequence of our results, we characterize the closed subsets of [0, 1] for which
we have strong density.

Corollary (Corollary 3.8). Let M be a closed subset of [0, 1]. Then, LipSNA (M, R) is dense in Lip, (M, R)
if and only if M has measure zero. Moreover, in such a case, we have that LipSNA(M,Y") is dense in
Lipy(M,Y) for every Banach space Y.

In the third section we study the case of the unit circle T C R? endowed with the Euclidean metric.
The main result is the following.
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Theorem (Theorem 3.10). Let T be the unit sphere of the Euclidean plane endowed with the inherited
Euclidean metric. Then, LipSNA(T, R) is not dense in Lipy (T, R).

Let us comment that this result is somehow surprising, as T is Gromov concave (i.e. all the molecules
are strongly exposed point of the unit ball of F(T)), see Proposition 3.9. This shows that the later
condition is not sufficient to get strong density.

The last section of the chapter is devoted to showing that, under some regularity assumptions, the
previous result dealing with T can be extended to differentiable curves. More concretely, we prove the
following result.

Theorem (Theorem 3.20). Let E be a normed space, let J C R be an interval, let a: J — E be a
curve, and let I' C E be its range. Assume that there is an interval I C J for which «|, : I — E is a
C? curve parametrized by arc length and «(I) has nonempty interior with respect to I'. Then,

LipSNA (T, R) # Lipy (T, R).

Let us mention that in order to prove Theorem 3.20, several technical results are needed and the
result is not merely a routinely extension (see Theorem 3.12 and Lemma 3.19).

Chapter 4. The Lipschitz Bishop-Phelps-Bollobas property

Recall that the Bishop-Phelps-Bollobéds property was introduced in 2008 as a stronger version of the
density of the set of norm-attaining linear operators (see [4]). This property tries to study for which pairs
of Banach spaces (X,Y’) we can approximate simultaneously both any linear operator 7' € £(X,Y) and
any point € Sx at which T is close to attain its norm by a norm-attaining linear operator S € NA(X,Y)
and a point ' € Sx at which S attains its norm.

In the fourth chapter of the thesis we introduce an analogous property for Lipschitz maps, the Lipschitz
Bishop-Phelps-Bollobds property (Lip-BPB property for short).

Definition (Definition 4.1). Let M be a metric space and let Y be a Banach space. We say that the pair
(M,Y) has the Lipschitz Bishop-Phelps-Bollobds property (Lip-BPB property for short), if given € > 0
there is n(e) > 0 such that for every norm-one F' € Lip,(M,Y) and every p,q € M, p # g such that
|F(p) — F(q)| > (1 —n(e))d(p, q), there exist G € Lipy(M,Y) and r,s € M, r # s, such that

[G(r) — G(s)]
d(r,s)

d(p,r)+d(q,s
Gl =1, G- F|, <, dpr)tdas)

d(p,q)

If the previous definition holds for a class of linear operators from F(M) to Y, we will say that the pair
(M,Y) has the Lip-BPB property for that class.

Let M be a metric space and Y be a Banach space. It is immediate to verify that the pair (M,Y)
has the Lip-BPB property if and only if we can approximate both any Lipschitz map F € Lipy(M,Y)
and any molecule m € Mol(M) at which F is close to attain its norm by a strongly norm-attaining
Lipschitz map G € LipSNA(M,Y) and molecule m’ € Mol(M) at which G attains its norm. This
observation makes clear that the Lip-BPB property is indeed a non-linear generalization of the classical
Bishop-Phelps-Bollobas property.

In the first section we focus our attention on finite metric spaces. We study conditons to ensure that
the pair (M,Y") has the Lip-BPB property for some Banach space Y. The next theorem is the main
result of this kind.

Theorem (Theorem 4.2). Let M be a finite metric space and let Y be a Banach space. If (F(M),Y)
has the BPBp, then (M,Y") has the Lip-BPB property.

Moreover, we give some examples to show that in general it is not possible to remove any of the
assumptions.
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In the next section we give sufficient conditions on more general metric spaces M to guarantee that
(M,Y) has the Lip-BPB property for every Banach space Y. Our main result in this section deals with
the extremal structure of the Lipschitz-free space. As we will define later, a metric space M is said to
be uniformly Gromov concave when the whole Mol(M) is a set of uniformly strongly exposed points (see
Definition 1.12 for more details). In this family of metric spaces are included finite concave metric spaces,
ultrametric spaces, and arbitrary Holder metric spaces. For these spaces we obtain the following.

Theorem (Theorem 4.9). Let M be a uniformly Gromov concave metric space. Then, (M,Y") has the
Lip-BPB property for every Banach space Y.

Chapter 5. Stability results

In the first section we study the relationship between the Lip-BPB property for scalar Lipschitz functions
and the Lip-BPB property for vector-valued Lipschitz maps. We give some conditions over the Banach
space Y that allow us to pass from the Lip-BPB property of (M, R) to the Lip-BPB property of (M,Y") for
some classes of operators. Our main result in this section deals with the recent notion of ACK structure
and I'-flat operators from [21], see Definition 5.3.

Theorem (Theorem 5.6). Let M be a metric space such that (M,R) has the Lip-BPB property, let
Y be a Banach space in ACK, with associated norming set I' C By~ of Definition 5.3, and let ¢ > 0.
Then, there exists 7(c, p) > 0 such that if we take T € L(F(M),Y) a I-flat operator with [T, = 1
and m € Mol(M) satisfying | T'(m)| > 1 — n(e, p), then there exist an operator S € L(F(M),Y) and a
molecule u € Mol(M) such that

ISl =I5l =1, [m—ull <e, [T =S <e.

Due to the generality of the last result, we obtain a series of consequences about the Lip-BPB property
in the vector-valued case. These consequences include results concerning spaces of continuous functions,
injective tensor products, and sequence spaces. Among them, we want to highlight the following corollary.

Corollary (Corollary 5.7). Let M be a metric space such that (M,R) has the Lip-BPB property. If YV
is a Banach space having property 3, then (M,Y") has the Lip-BPB property.

Let us comment that an analogous results for property quasi-3 does not hold for the Lip-BPB property
in general (see Example 5.14). Furthermore, we do a parallel study to obtain versions of these results for
strong density. In fact, since we do not need to control the distance between molecules, for some of them
we obtain improvements when we restrict to strong density. As an example of this, a version for strong
density of Corollary 5.7 holds for property quasi-3.

Proposition (Proposition 5.15). Let M be a metric space such that LipSNA (M, R) is norm dense in
Lipy(M,R) and let Y be a Banach space having property quasi-8. Then, we have that

LipSNA (M, Y) = Lip,(M,Y).

Finally, in the last section of this chapter we study stability properties of the Lip-BPB property and
strong density under some operations that we can consider on the domain space, such as sums of metric
spaces, or on the range space, such as absolute sums of Banach spaces. We also obtain more satisfactory
results when we restrict our study to strong density. An example of this is the next result dealing with
sum of metric spaces, which is not true for the Lip-BPB property as Example 5.19 shows.

Theorem (Theorem 5.20). Let {M;};c; be a family of metric spaces, consider the sum M = [];.; M;
and let Y be a Banach space. Then the following are equivalent:

(i) LipSNA(M;,Y) is dense in Lipy(M;,Y) for every ¢ € I.

(i) LipSNA(M,Y) is dense in Lipy(M,Y).



xviii Introduction

Chapter 6. Lipschitz compact maps

This chapter is devoted to studying Lipschitz compact maps. Let M be a metric space, Y be a Banach
space, and F': M — Y be a Lipschitz map. We say that F' is Lipschitz compact when its Lipschitz

image, that is, the set
{ F(p) - F(q)
d(p,q)

is relatively compact. We repeat the study of the strong density and the Lip-BPB property that we have
done all along the previous chapters, but now restricted to Lipschitz compact maps. We see that most of
our results are still valid when we restrict to this class. Moreover, in this setting we are able to improve
some results and give new ones that are only valid for Lipschitz compact maps. For instance, given a
metric space M and a Banach space Y, every compact operator with Y as codomain is I'-flat for every
I' C By«. Therefore, we obtain results analogous to Theorem 5.6 and its consequences, but forgetting
about the class of I'-flat operators.

:p,qu,p#q}QY,

Proposition (Proposition 6.6). Let M be a metric space such that (M,R) has the Lip-BPB property
and let Y be an ACK, Banach space. Then, the pair (M,Y) has the Lip-BPB property for Lipschitz
compact maps.

Moreover, an analogous result for strong density also holds. Let us also spotlight the following result
concerning Lj-spaces, which is only valid when restricted to Lipschitz compact maps.

Proposition (Proposition 6.12). Let M be a metric space such that (M,R) has the Lip-BPB property.
Let Y be a Banach space such that Y* is isometrically isomorphic to an Lq-space. Then, (M,Y’) has the
Lip-BPB property for Lipschitz compact maps.

We also obtain an analogous result for the strong density in this case. Finally, following the previous
chapters, we also present results dealing with the stability of the Lip-BPB property and the strong density
for Lipschitz compact maps under some operations on the domain and range spaces. As before, we obtain
some results that are only valid when restricted to Lipschitz compact maps.

Chapter 7. Conclusions and open problems

Finally, we present the conclusions of the thesis together with some open problems. Let us briefly comment
on the open problems that we propose in Chapter 7.

The first problem asks if it is enough to have strong density for real valued functions to guarantee
that we have strong density for every Banach space as range space:

Problem (Problem 7.1). Let M be a metric space so that LipSNA(M,R) is dense in Lipy(M,R). Is
LipSNA(M,Y’) dense in Lipy(M,Y") for every Banach space Y7

The second one asks if the fact that the Banach space F(M) satisfies Lindenstrauss property A implies
strong density for every Banach space:

Problem (Problem 7.2). Let M be a metric space. Assume that F(M) has Lindenstrauss property A,
that is, NA(F(M),Y) is dense in L(F(M),Y) for every Banach space Y. Is it true that LipSNA(M,Y)
is dense in Lipy(M,Y") for every Banach space Y7

The next problem is related to the extremal structure of Lipschitz-free spaces, but it is directly
connected to strongly norm-attaining Lipschitz maps:

Problem (Problem 7.3). Let M be a metric space so that LipSNA(M,R) is dense in Lipy(M,R). Is
Bz the closed convex hull of its strongly exposed points?

Theorem 3.20 shows that strong density fails for C? curves. We wonder whether the same remains
true for more general curves.
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Problem (Problem 7.4). Let I C R be an interval, let E be a normed space, and let «: I — FE be a
rectifiable curve. Is there a Lipschitz function f € Lipy(a(I), R) that cannot be approximated by strongly
norm-attaining Lipschitz functions?

For the next problem, we wonder whether strong density is stable under equivalent metrics. More
specifically, we propose the following question:
Problem (Problem 7.5). Let (M,d) be a metric space and let d’ be an equivalent metric to d. Assume
that LipSNA((M, d),R) is dense in Lip,((M, d), R). Is LipSNA((M, d’), R) also dense in Lip,((M, d’),R)?

Finally, motivated by certain results of Bourgain and Huff, we propose the following two open prob-
lems.

Problem (Problem 7.6). Let M be a metric space. Suppose LipSNA(M’,Y) = Lip,(M’,Y") for every
metric space M’ bi-Lipschitz equivalent to M and every Banach space Y. Does F(M) have the RNP?

Problem (Problem 7.7). Let M be a metric space. Suppose LipSNA(N,Y) = Lip,(N,Y) for every
closed subset N of M and every Banach space Y. Does F(M) have the RNP?






Chapter 1

Preliminary results

All along this work, metric spaces will be pointed and complete, and Banach spaces will be over the
real scalars. It is well known that norm-attaining linear operators are strongly related to the extremal
structure of a Banach space. Also, as we have already commented, there is an intimate connection
between norm-attaining linear operators and strongly norm-attaining Lipschitz maps. In view of this,
the extremal structure of the Lipschitz-free space over a metric space M is expected to play an important
role when studying strongly norm-attaining Lipschitz maps from M to a Banach space Y. Indeed, all
along this work we will show that there is a deep connection between them. Understanding the extremal
structure of Lipschitz-free space gives deep knowledge about the behavior of strongly norm-attaining
Lipschitz maps, and vice versa.

Thankfully, before the preparation of this work the extremal structure of Lipschitz-free spaces has
been widely studied. Many of the classical notions of extremal points have been metrically characterized.
Also, it has been studied the shape of those elements of the unit sphere of the Lipschitz-free space that
are extremal points. Of course, there are plenty of open questions concerning the extremal structure of
these Banach spaces, but their study has advanced enough to be able to give nontrivial results about
strongly norm-attaining Lipschitz maps. We consider very convenient to start this work with a small
summary of the study done in the last years.

Let X be a Banach space. A slice of the unit ball By is a non-empty intersection of an open half-space
with Byx. All slices can be written in the form

S(BX,f,é) = {l‘ € Bx: f(SU) >1-— 5},

where f € Sp,. and § > 0. The diameter of a metric space M is diam(M) = sup{d(p,q): p, ¢ € M}.
Let us introduce the most studied notions of extremal points in the context of Lipschitz-free spaces.

Definition 1.1. Let X be a Banach space, x € Sx. We say that x is:

(i) An extreme point of Bx if whenever z = ty + (1 — t)z with y, z € Sx, t € [0,1], we have that
T=2z=y.

(ii) An ezposed point of Bx if there exists a functional attaining its norm only at the point x.

(iii) A preserved extreme point of Bx if it is an extreme point of By«

(iv) A denting point of Bx if there exist slices of By containing z of arbitrarily small diameter.

)
)
)
(v) A strongly exposed point of By if there exists a functional f € Sx- so that f(z) = ||z| and whenever
a sequence {x, } of elements of Bx satisfies that f(x,) — 1, we have that {x,,} — = (equivalently,

f(x) =1 and there are slices of Bx associated to f of arbitrarily small diameter).

The notations ext (Bx), exp (Bx), pre-ext (Bx), dent (By), and str-exp (Bx) stand for the sets of
extreme points, exposed points, preserved extreme points, denting points, and strongly exposed points
of By, respectively. We have the following relations between them:

str-exp (Bx) C dent (Bx) C pre-ext (Bx) C ext (Bx) and str-exp(Byx) C exp(Bx) C ext (Bx) .
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These inclusions are strict in general.

Let us begin this summary of the extremal structure of Lipschitz-free spaces by talking about preserved
extreme points. The first thing that must be said about them is that not every element of the unit sphere
of a Lipschitz-free space can be a preserved extreme point. Indeed, N. Weaver proved in 1999 the following
important result.

Theorem 1.2 ([65, Corollary 3.44]). Let M be a metric space. Let p be a preserved extreme point of
Bray- Then, p is a molecule.

In view of the relations between the different notions of extremal points described above, we obtain
the following immediate consequence.

Corollary 1.3. Let M be a metric space. Let ji be a strongly exposed point of Bry). Then, p is a
molecule.

Consider M to be a metric space, ¥ to be a Banach space, and f: M — Y to be a Lipschitz
map. Notice that if f: F(M) — Y attains its norm, as a linear operator, at a strongly exposed point
i € Br(ary, by Corollary 1.3 we get that there are p, ¢ € M with p # ¢ such that u = m,, ;. Consequently,

f attains its norm at my, 4 or, equivalently, f attains its Lipschitz norm at the pair (p,q). This simple
observation turns out to be essential for the study of strongly norm-attaining Lipschitz maps and we will
make use of it all along this work.

Given a metric space M, it is clear that the Lipschitz-free space over M is a Banach space which
is completely determined by M. For this reason, any geometrical aspect of F(M) should be able to be
expressed as some metric aspect of M. Very recently it has been metrically characterized when a molecule
of F(M) is a preserved extreme point of its unit ball.

Theorem 1.4 ([9, Theorem 4.1]). Let M be a metric space and p, ¢ € M be distinct points. Then, the
following are equivalent:

(i) mp.q is a preserved extreme point of Br(nr.
(ii) For every e > 0 there is § > 0 such that

d(p,z) +d(z,q) —d(p,q) > whenever z € M satisfies min{d(p,z),d(q,2)} > €.

As a consequence of this metric characterization, they obtain the following interesting result.

Corollary 1.5 ([9, Theorem 4.2]). Let M be a compact metric space and p, ¢ € M be distinct points.
Assume that my, 4 is an extreme point of Brnry. Then, my 4 is a preserved extreme point of Br(r)-

On the other hand, there is an equivalence between preserved extreme points and denting points of
Br(-

Theorem 1.6 ([36, Theorem 2.4]). Let M be a metric space. Then, every preserved extreme point of
Bz is actually a denting point of Br(ar)-

With respect to strongly exposed points, although there are some particular cases when denting
points and strongly exposed points are the same, in general these two notions are distinct in the context
of Lipschitz-free spaces. Given a metric space M, Theorem 5.4 in [37] gives a metric characterization of
when a molecule of F (M) is a strongly exposed point of Bz(,s) (recall that every strongly exposed point
is a molecule by Corollary 1.3).

Theorem 1.7 ([37, Theorem 5.4]). Let M be a metric space and p, ¢ € M be distinct points. Then, the
following are equivalent:

(i) myp.q is a strongly exposed point of By ).
(11) There is € > 0 such that for every z € M \ {p,q} we have that

d(p,z) + d(z,q) — d(p,q) > emin{d(p, z),d(z,q)}.
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Actually, the authors of this result use a metric notion known as property (Z) to characterize the
strongly exposed points of Bx(yr). Let M be a metric space. A pair of distinct points (p,q) of M is said
to satisfy property (Z) if for every ¢ > 0 there is z € M \ {p, ¢} such that

d(p, z) +d(z,q) — d(p,q) < emin{d(p, 2),d(z,q)}.

The metric space M is said to have property (Z) when every pair of distinct points of M has property
(Z). Under this notation, Theorem 1.7 states that a molecule m,, 4 is a strongly exposed point of Bz
if, and only if, the pair (p, q) fails property (Z). As a consequence of this, we obtain the following result.

Corollary 1.8. Let M be a metric space. Then, the following are equivalent:

(i) M has property (Z).

(ii) Brnry has no strongly exposed points.

Property (Z) was introduced in [45] in order to give a metric characterization of what the authors
call local metric spaces in the compact case. After this paper, some other works appeared studying this
property and obtaining interesting results about it. In order to comment this results, let us introduce
two well-known notions. On the one hand, a Banach space X is said to have the Daugavet property if

1A +T[| =1+ [T

for every rank-1 linear operator T: X — X. On the other hand, a metric space M is said to be length
if given any two distinct points p, ¢ € M and € > 0, there exists a rectifiable curve I' C M joining p and
q of length d(p, q) + . These metric spaces can be seen as “almost” geodesic spaces. Indeed, given two
distict points p, ¢ € M, even if we are not able to find a curve joining p and ¢ of length d(p, q), we can
find curves as close to satisfy it as we want.

It was shown in [45] that if M is a compact metric space, then the space Lip, (M, R) has the Daugavet
property if and only if M has property (Z). After that, this result was generalized by the main theorem
of [13] together with Theorem 3.5 in [37], obtaining the following interesting result.

Theorem 1.9 ([13, Theorem 1.5]). Let M be a metric space. The following are equivalent:

(i) M is a length space.
(i) M has property (Z).
(#ii) Lipy(M,R) has the Daugavet property.

(iv) F(M) has the Daugavet property.

Notice that from Theorem 1.4 and the definition of length metric space easily follows that if M is a
length metric space, then B () has no preserved extreme points. In view of Corollary 1.8 and Theorem
1.9 it is obtained the following curious result.

Corollary 1.10 ([13, Theorem 1.5]). Let M be a metric space. The following are equivalent:

(i) Br(ar) has no preserved extreme points.

(ii) Brnry has no strongly exposed points.

There is no analogous result for extreme points. Indeed, Example 2.4 in [45] presents a metric space
for which every molecule is an extreme point of Bz (), but none of them are preserved extreme points.

In view of all these results, one can see that preserved extreme points, denting points and strongly
exposed points of the unit ball of a Lipschitz-free space are very well described in terms of the underlying
metric space. Let us give metric characterizations of when a molecule is an extreme point or a exposed
point of the unit ball of Lipschitz-free spaces. Let M be a metric space and p, ¢ € M be distinct points.
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The metric segment [p, q] is defined to be the set of all points that metrically lie between p and ¢, that
is,

[p,ql = {z € M:d(p,2) +d(2,q) = d(p,q)}

In other words, [p,q] is the set of points z € M for which the triangle inequality turns out to be an
equality. Under this notation, the next result follows from Theorem 1.1 in [10], that generalizes one of
the consequences of Theorem 4.2 in [9] and [62, Theorem 1].

Theorem 1.11 ([10, Theorem 1.1], [62, Theorem 1]). Let M be a metric space and p, ¢ € M be distinct
points. Then, the following are equivalent:

(i) myp.q is an extreme point of Br(ar).
(i) myp. q is an exposed point of Brnry.
(iii) [p, gl = {p, q}-

Let us now introduce some metric notions related to the extremal structure of Lipschitz-free spaces
that we are going to use all along this work. A metric space M is said to be concave if every molecule
of F(M) is a preserved extreme point of Bz (). In view of Theorems 1.5 and 1.11, this property can be
characterized in the compact case as following: a compact metric space M is concave if and only if

d(z,y) < d(z,z) +d(z,y)

for all distinct points z,y,z € M. Indeed, this result is extended to the boundedly compact case in [65,
Proposition 3.34] (recall that a metric space M is said to be boundedly compact if every bounded closed
subset of M is compact). A strengthening of this concept is provided when we require all molecules to be
strongly exposed points of the unit ball of F(M). By using the characterization given in Theorem 1.7,
this property can be written in terms of the metric space. Moreover, we may also introduce a uniform
version of it, that will be helpful in Chapter 2. We need some more notation. Given z,y,z € M, the
Gromov product of x and y at z is defined in [19, p. 410] as the following quantity:

(z,y): = = (d(z,2) + d(z,y) — d(z,y)) = 0.

N | =

It corresponds to the distance of z to the unique closest point b on the unique geodesic between x and
y in any R-tree into which {z,y, 2z} can be isometrically embedded (such a tree always exists). We send
the reader to the commentary before Theorem 3.6 for more details on this. Notice that

(x,2)y + (y,2)s =d(z,y) and that (z,9), < d(z,2),

facts which we will use without further comment.

Definition 1.12. Let M be a metric space.
(i) We say that M is Gromov concave if for every x,y € M, x # y, there is 5, > 0 such that
(,y)s > €2,y min{d(z, 2),d(y, 2)}
for every z € M\ {z,y}.
(ii) Let A C Mol(M). We say that A is uniformly Gromov rotund if there is 9 > 0 such that
(z,y), > eomin{d(z, 2),d(y, 2)}
for every distinct z,y,z € M such that m, , € A.

(iii) We say that M is uniformly Gromov concave when Mol(M) is uniformly Gromov rotund.
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As we have said, by Theorem 1.7, M is Gromov concave if and only if every molecule is a strongly
exposed point of the unit ball of F(M). In the next chapter we will show that the notion of uniformly
Gromov concave can be also characterized in terms of extremal points of Bz (r).

Moving away from the extremal structure of Lipschitz-free spaces, there are some other results that
we are going to need. Let M be a metric space, Y be a Banach space, and f: M — Y be a Lipschitz
map. Recall that f attains its Lipschitz constant if and only if its associated linear operator f attains its
norm (in the classical sense) at some molecule of F(M). In view of these, it is clear that molecules are
going to play an important role in this work. That is why we need to know some basic properties about
these points.

Proposition 1.13 ([36, Proposition 2.9]). Let M be a metric space. Then, MOI(M)W C Mol(M) U {0}.
In particular, Mol(M) is norm-closed.

The second result that we need is a technical lemma that appears in [35] and provides a useful estimate
of the norm of the difference of two molecules.

Lemma 1.14 ([35, Lemma 4.13]). Let M be a metric space and z,y,u,v € M, with x # y and u # v.
Then,

d(z,u) + d(y,v)
max{d(z,y),d(u,v)}

M,y — Mol <2

If, moreover, ||mg 4y — My | <1, then

max{d(z,u),d(y,v)}
min{d(z,y), d(u,v)}

< me,y — My, l|-

Finally, we will also need the following result coming from [52], which was not included in the final
version of that paper [53]. This result gives a tool to construct new metric spaces by gluing metric spaces
already constructed. It can also be used to decompose some metric space into smaller “pieces”, so we
can study its Lipschitz-free space by studying the Lipschitz-free space over each piece. Given a family

{(X5, 11 Il5): v € T'} of Banach spaces, we will denote by {69761“ Xv] , the ¢1-sum of the family, that is,
1

the product space X = [[ p X endowed with the norm |[z| = >_ . [[z(v)l|, for every z € X.

vyel’

Proposition 1.15 ([52, Proposition 5.1]). Suppose that M = U'yGF M., is a metric space with metric d,
and suppose that there exists 0 € M satisfying

(i) M, M, ={0} if vy #n, and
(ii) there exists C > 1 such that d(x,0) 4+ d(y,0) < Cd(x,y) for all v #n, x € M, and y € M,.

Then, F(M) is isomorphic to [Gawel“ ]:(M'Y)]g . If C =1 such an isomorphism can be chosen to be
1

isometric.

The previous result motivates the following definition, which corresponds to the case when C = 1.
We follow the terminology introduced by Definition 1.13 in [65].

Definition 1.16. Given a family of pointed metric spaces {(M;, d;)}icr, the (metric) sum of the family is
the disjoint union of all M;’s, identifying the base points, endowed with the following metric d: d(z,y) =
di(x,y) if both x,y € M;, and d(z,y) = di(x,0)+d;(0,y) if v € M;, y € M; and i # j. We write [[;; M;
to denote the sum of the family of metric spaces.






Chapter 2

Strong density. Positive results

Our goal in this work is to study the problem of finding for which metric spaces M and Banach spaces Y,
the set LipSNA(M,Y") of those Lipschitz maps that strongly attain their norm is dense in Lipy(M,Y).
All along this chapter we will give positive results concerning this problem. More precisely, we will
present sufficient conditions over F(M) or Y that guarantee that LipSNA(M,Y) is dense in Lipy(M,Y).
Moreover, we will try to reformulate these conditions in term of the metric space, obtaining criteria
that make easier to show that F (M) satisfies any of these properties. We will also widely analyze the
relationship between all these sufficient conditions. Finally, we will present some applications of the study
of the strong density that allow us to obtain information about the geometric structure of Lipschitz-free
spaces, as well as the metric structure of their underlying metric spaces.

The results obtained in this chapter come from the papers [20], [23], and [24]. They are collaborative
works with Bernardo Cascales, Luis Carlos Garcia Lirola, Miguel Martin, and Abraham Rueda Zoca.

2.1 Previous results

Let us present some of the known results about strongly norm-attaining Lipschitz maps.

The first positive examples are due to G. Godefroy and appeared in [41, §5]. They deal with the
little Lipschitz space over M, denoted by lipy(M,R), consisting of all Lipschitz functions f from M
to R with f(0) = 0 satisfying that for any € > 0 there exists 6 > 0 such that if d(p,q) < §, then
|f(p) — f(q)| < ed(p,q). We say that lipy(M,R) uniformly separates points of M when there exists a > 0
such that for all (p,q) € M x M there exists f € lipy(M,R) such that f(p)— f(¢) = d(p,q) and || f||z < a.
We have the following result.

Proposition 2.1 ([41, Proposition 5.4]). Let M be a compact metric space such that lipy(M,R) uniformly
separates points of M. Let Y be a Banach space. Let f: M — Y be a Lipschitz map. Then, the following
assertions are equivalent:

(i) The map f strongly attains its norm.

(i) The operator F: F(M) —Y attains its norm.

As a consequence of this, the following result is obtained.

Corollary 2.2 ([41, Proposition 5.5]). Let M be a compact metric space such that lipy(M,R) uniformly
separates points of M. LetY be a finite-dimensional normed space. Then, LipSNA(M,Y") is norm-dense
in Lipy (M, Y).

Examples of metric spaces for which the uniformly separating condition is satisfied are: the usual
middle-thirds Cantor set, metric spaces which are compact and countable, and compact Holder metric
spaces (see [41, §5] for more details).
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After these first examples, a more general result dealing with the Radon-Nikodym property was
given in [36]. Indeed, Theorem 4.38 in [65] states that if M is a boundedly compact metric space such
that lipg (M, R) uniformly separates points of M, then lipy(M,R)* is isometrically isomorphic to F(M).
In particular, F(M) is a dual Banach space. Additionally, if M is separable, then F(M) is a separable
Banach space, which is a dual space, so F(M) has the Radon-Nikodym property. Therefore, the following
result from [36] generalizes Corollary 2.2.

Proposition 2.3 ([36, Proposition 7.4]). Let M be a metric space such that F(M) has the Radon-
Nikodgm property. Then, LipSNA(M,Y) is norm-dense in Lip,(M,Y") for every Banach space Y.

The next result collects some examples of metric spaces M for which F(M) has the RNP.

Example 2.4. Let M be a metric space. The space F(M) has the RNP in the following cases:

(1) M is uniformly discrete (i.e. inf,., d(z,y) > 0); [51, Proposition 4.4].

(i) M is a countable compact metric space (since, in this case, F(M) is a separable dual Banach space);
[31, Theorem 2.1]. Indeed, this result was generalized for countable boundedly compact metric spaces
(see [65, Corollary 4.39]).

(iii) M is a boundedly compact Hélder metric space (since, in this case, F(M) is a separable dual Banach
space); [65, Corollary 4.539).

(iv) M is a closed subset of R with measure O (since, in this case, F(M) is isometric to £1); [40].

2.2 Classical sufficient conditions for Lindenstrauss property A
in the Lipschitz context

As we have already commented in the introduction, there is a connection between the study of the density
of the strongly norm-attaining Lipschitz maps and the study of the norm-attaining linear operators. Recall
that a Banach space X has Lindenstrauss property A when NA(X,Y) = L(X,Y) for every Banach space
Y, where NA(X,Y) denotes the set of all norm-attaining linear operators that go from X to Y. We
also commented that in 1977 it was shown by J. Bourgain that every Banach space with the Radon-
Nikodym property also has Lindenstrauss property A (see [18]). Comparing this result with Proposition
2.3, one may wonder whether other classic results concerning norm-attaning linear operators may offer
new positive results about strongly norm-attaining Lipschitz maps.

Motivated by this observation, we considered some other conditions implying Lindenstrauss property
A that we find in the literature in order to check if indeed they provide new positive results on the
density of strongly norm-attaining Lipschitz maps, analogous to Proposition 2.3. That is the case as we
will show.

Let us briefly comment on the conditions that we study throughout the section. First, we start by
introducing the following uniform notion of strongly exposed point.

Definition 2.5. Let X be a Banach space. A subset S C Sx is said to be a set of uniformly strongly
exposed points if there is a family of functionals {h,},cs with |h,(z)| = ||hz| = 1 for every z € S such
that, given € > 0 there is 0 > 0 satisfying that

sup diam(S(Bx, hs,9)) < €.
zeS

Having a norming subset of uniformly strongly exposed points is the first condition that we are going
to study. Indeed, Lindenstrauss proved in [57, Proposition 1] that if X is a Banach space with a set of
uniformly strongly exposed points S C Sx such that Bx = ¢o(5), then X has Lindenstrauss property A.

As a particular way in which a Banach space may contain a norming set of uniformly strongly exposed
points, property « appears. It was introduced in [64] by W. Schachermayer and its main interest is that
“many” Banach spaces (e.g. separable, reflexive, WCG...) can be equivalently renormed to have it.
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Definition 2.6. A Banach space X is said to have property « if there exist a balanced subset {x)}rea
of X and a subset {z}}rca € X* such that

1) [lzall = lzx]l = a3 (zx)| =1 for all XA € A.
(ii) There exists 0 < p < 1 such that

@3l <p Var# tx,

(iii) @ ({za}rer) = Bx.

Let us note that the usual definition of property o does not require the set {z)}rea to be balanced
and it is actually taken “half” of the set; on the other hand, absolutely closed convex hull instead of
closed convex hull is required in item (iii). Both definitions are clearly equivalent, but for our purposes,
Definition 2.6 is more convenient.

It is immediate (see [64, Fact in p. 202]) that if X has property « witnessed by a set I' C Sx, then T
is a set of uniformly strongly exposed points and, by hypothesis, ¢6(I') = Bx. Consequently, any Banach
space with property « satisfies Lindenstrauss property A.

Finally, in [27] it is defined a property which, in spite of being weaker than property «, still implies
property A.

Definition 2.7. A Banach space X is said to have property quasi- if there exist a balanced subset
{zx}rea of X, asubset {z}}ren € X*, and p: A — R such that

8) [leall = 23]l = (@)l = 1 for all A € A.

b) |z3(zu)| < p(p) < 1 for all xy # £x,,.

*

¢) For every e € ext (Bx--), there exists a subset A, C A such that either e or —e belong to A.~ and
re =sup{p(p): z, € A} < L.

Again, the definition above is not the one given in [27], but an equivalent one in which the set {x)}xea
is balanced. Property quasi-alpha will be the third sufficient condition that we will study in the section.

Diagram 2.1 shows the relations between these conditions for general Banach spaces. None of the
implications reverses.

Property a | ———— ’Property quasi—a‘

ﬂ ﬂ

B =008 | s [Property ] e [P

S unif. str. exp.

Figure 2.1: Relations between properties implying Lindenstrauss property A in general Banach spaces.

For a more extended background on norm-attaining linear operators, we refer to the survey paper [1].

Our goal now is to study the properties described above in the context of Lipschitz-free spaces. This
will allow us to give new positive results on the density of the strongly norm-attaining Lipschitz maps.
Moreover, we try to metrically reformulate these new properties in order to obtain criteria that help us
to show whether the Lipschitz-free space over some metric space satisfies any of them.

2.2.1 Norming subset of uniformly strongly exposed points

We proceed by studying the property of having a subset of uniformly strongly exposed points first.
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Proposition 2.8. Let M be a metric space and assume that Br(ny is the closed convex hull of a set of
uniformly strongly exposed points. Then LipSNA(M,Y') is norm dense in Lipy(M,Y) for every Banach
space Y .

Proof. Let S be a set of uniformly strongly exposed points so that Br(y) = ¢6(S). Then, having a look
at the proof of Theorem 1 in [57] we see that, given a Banach space Y, the set

{T € L(F(M),Y): T attains its norm at a point of S}

is dense in L(F(M),Y). By Corollary 1.2, we get S C Mol(M). Finally, Proposition 1.13 implies that
S C Mol(M), which finishes the proof. O

We continue with a characterization, inspired by [37, Theorem 5.4], of the existence of a norming
subset of uniformly strongly exposed points in the unit ball of a Lipschitz free space, which depends only
on the metric space M.

Having a look at Theorem 1.7, where strongly exposed points of Bx(ys) were metrically characterized,
we see that being uniformly Gromov concave corresponds to a uniform notion of the statement appearing
in that result. In view of this, it is not surprising to obtain the following characterization:

Proposition 2.9. Let M be a metric space and let A be a set of molecules in F(M). Then, the following
statements are equivalent:

(i) A is a set of uniformly strongly exposed points.

(i1) A is uniformly Gromov rotund.

Before giving the proof of Proposition 2.9, we need two technical results.

Lemma 2.10. Let M be a metric space, let A = {mgy}(y)en be a family of molecules in F(M).
Suppose that there is €9 > 0 such that

(z,y), > eo min{d(z, 2),d(y, 2)}

whenever my , € A and z € M\ {z,y}. Then, there exists a family B = {hqy}(@y)ea i Svip,(ar,r) sSuch
that

(a) lAzxy(mry) =1 for every (z,y) € A, and

(b) for every e > 0 there is 6 = d(g,e0) > 0 such that

-~

hyy(Myp) >1—0 implies |mg, — (2.1)

for every (z,y) € A and every u,v € M, u # v.

€0

- 2. For z,y € M such that m, , belongs to A, consider the Lipschitz
function g, , defined in [45, Proposition 2.8], namely

max {@ — (1 =e1)d(z, ), ()} if d(z,y) = d(z,z)
d(ery) + (1 - 221)

(1 —e1)d(z, y)70} if d(z,z) = d(z,y),
d(z,z) + (1 —2¢1)

Gay(2) 1=  ma {2

It is well defined and satisfies that ||gy ||z = Gz,y(Ma,y) = 1, and

Ozy(Myy) >1—e1 implies max{d(z,u),d(y,v)} < d(i’ ) (2.2)
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for any u,v € M, u # v (see the proof of Proposition 2.8 in [45]). Consider also the function defined by

_d(x,y) d(t,y) — d(t,x)
fz,y(t) = 5 d(t, y) + d(t7 x)

for every t € M, and take hyyy = 5(gay + fz,y). Now, one can check that the family B = {hay}(z)en
does the work following word-by-word the proof of [37, Theorem 5.4]. O

We also need the following result.

Lemma 2.11. Let M be a metric space. Let x,y € M, x # y, and let f € Lipy(M,R) be such that

o~

lfllc =1 and f(mg,y) =1. Then, for every z € M \ {z,y} we have that

~

f(mw,z) 2 1_2

—~

x)?’/)z and fA(mz,y) 2 1 _ 2('1:7 y)z .

Proof. Note that

_ 7 _ (A=, z) d(z,y) _ d(z,2) » d(z,y) 7
L= f(may) =f (d(:c,y) Mg, > + d(z,y) mz,y) = d(x’y)f(mw,z) + d(a:,y)f(mz’y>
Thus,
d(z,2) + d(z,y) — 2(x,y). = d(2,y) = d(z,2) [(ma.2) + d(2,y) f(m..,)
< d(zx, 2) A(mw,z) +d(z,y)
and the conclusion follows. O

We can now present the proof of the metric characterization of when a set of molecules in F(M) is
uniformly strongly exposed.

Proof of Proposition 2.9. (i)=(ii). Let {hzy}m, ea C SLip,(m,r) be a family which uniformly strongly
exposes the family A. Take § > 0 such that

N =

sup diam(S(Br(ary, ha,y,0)) <
Mg yEA

Assume that A is not uniformly Gromov rotund. Then, there are x,y € M, x # y, and z € M \ {z,y}
such that 5

(‘Tv y)z < 5 min{d(z, Z)a d(ya Z)}
By interchanging the roles of x and y if needed, we may assume that d(z, z) < d(y, z) and so, d(y, z) >
2d(z,y). Now, Lemma 2.11 implies that

0 ('xay)z
>1-2
h$7y(m1;z) d(l’72)

>1-4.

From this and Lemma 1.14, it follows that
d(y, 2)

1
<y = mall < 5

which is a contradiction.

(ii)=-(i). By hypothesis, there is €y > 0 such that
d(x,z) + d(z,y) > d(z,y) + eo min{d(x, 2),d(z,y)}

whenever m, , € A and z € M \ {z,y}. Let B = {hsy}(2,y)ea be the set provided by Lemma 2.10. We
claim that B uniformly strongly exposes A. Indeed, given ¢ > 0, take 0 < § < € such that

hay(Muy) >1—6 implies  [mg,, — my.| <e
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for every (z,y) € A and every u,v € M, u # v. Thus,
diam (S(Br(ary, hay, §) N Mol(M)) < 2¢.
Finally, note that
diam(S(Brar), hay, 62) < 2diam (S(Bf(M),ﬁw,y, 5)N Mol(M)) 445 < 8,

see e.g. Lemma 2.7 in [36]. O

As an immediate consequence of Propositions 2.8 and 2.9, we obtain the following corollary.

Corollary 2.12. Let M be a metric space. If there exists a uniformly Gromov rotund subset A C Mol(M)
such that Brypy is the closed convex hull of A, then LipSNA(M,Y) is dense in Lipy(M,Y') for every
Banach space Y .

Let M be a metric space and p, ¢ € M be distinct points. Recall that the molecule m,, 4 is a strongly
exposed point of Br(yr) if and only if the pair (p, q) fails property (Z). Then, Corollary 2.12 is telling
us that if we find a collection of molecules {m,, 4, }icr such that Bz = co({my, q }) and the pairs of
points {(p;, gi) }ier fail property (Z) in a uniform way, then LipSNA(M,Y") will be dense in Lipy(M,Y)
for every Banach space Y. In view of Theorem 1.9, Corollary 2.12 shows that the failure of the Daugavet
property in a very strong sense implies strong density for every Banach space Y. In contrast to this, in
the next chapter of this work, we will see that if F(M) has the Daugavet property, then LipSNA(M,Y)
is not dense in Lipy(M,Y") for any (nontrivial) Banach space.

2.2.2 Property o

As we commented before, property « is just a particular way in which a Banach space may have a
norming subset of uniformly strongly exposed points. Indeed, if a Banach space X satisfies Definition
2.6 with norming set I' = {x )} e, then T is a set of uniformly strongly exposed points. Therefore, as a
consequence of Proposition 2.8 we obtain the following result.

Corollary 2.13. Let M be a metric space such that F(M) has property «. Then, LipSNA(M,Y) is
dense in Lipy(M,Y") for every Banach space Y .

Given a metric space M for which F(M) has property a, if I' C Sr(ay is the norming set of Definition
2.6, then we know that I' is made up of molecules. However, in the context of property a we can say
something more. J. P. Moreno proved in [60, Proposition 3.6] that if a Banach space X has property «
witnessed by I' C Sx, then I' = dent (Bx ) = str-exp (Bx). Indeed, if z € Sx is a denting point, then the
slices of Bx containing = are a neighborhood basis of x for the norm topology in Bx. Since ¢o(I') = By,
we have that every slice of By intersects I'. It follows that 2 € I'. Finally, if X has property «, then the
set I' is obviously uniformly discrete, hence closed. Thus,

dent (Bx) C T C str-exp (Bx) C dent (Bx) .

From this and the fact that every preserved extreme point of Br(yr) is a denting point by Theorem 1.6,
we get the following result.

Proposition 2.14. Let M be a metric space and assume that F(M) has property o witnessed by T' C
S]:(M). Then,

I' = pre-ext (B;(M)) = str-exp (B].-(M)) .
In the case when the Banach space is a Lipschitz-free space, we want to reformulate property «

in terms of the underlying metric space. In order to do so, we need the following elementary metric
characterization of when a subset of molecules is uniformly discrete.
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Lemma 2.15. Let M be a metric space and consider A C Mol(M). Then, A is uniformly discrete if and
only if there exists 6 > 0 such that

d(w,u) + d(v, ) > S d(z,y) (2.3)
whenever my , and my ., are distinct elements of A.

Proof. If A is uniformly discrete, then there is § > 0 such that

d(z,u) + d(y, v)
d(z,y) 7
where the last inequality follows from Lemma 1.14. Conversely, assume that the inequality (2.3) holds

and pick mg ,, My, € A with my , # my, . If one has that ||my, — my || < 1 then, again by Lemma
1.14, we get that

20 < |mgy — Myl < 2

Iy — | > 2@ 0 dw,0)} o 1d@w) + dluwy)
d(z,y) 2 dwy)

Thus, ||mg,y — Myl = min{l,06/2}. O

The following proposition characterizes Lipschitz-free spaces with property « in terms of the existence
of a norming subset of molecules satisfying certain metrical conditions.

Proposition 2.16. Let M be a metric space. The following are equivalent:

(i) F(M) has property c.

(ii) There exists A C {(p,q) € M x M: p # q} such that, writing A = {mgy: (z,y) € A} C Mol(M),
one has that:

o there exists 6 > 0 such that d(z,u) + d(y,v) = 0d(z,y) for all (z,y), (u,v) € A with (z,y) #
(u,v) (equivalently, A is uniformly discrete);
o there is € > 0 such that
(z,y): > emin{d(z, 2), d(y, )}
whenever (x,y) € A and z € M\ {x,y} (equivalently, A is uniformly Gromov concave);

e ||fllL =sup {%: (z,y) € A} for every f € Lipy(M,R) (equivalently, By = ©o(A)).

Moreover, in such a case, the set A coincides with the whole set of strongly exposed points of Br (-

Proof. (i)=(ii). Let A C Sz(ar) witnessing that (M) has property . Then Br(y) = ¢6(A). Moreover,
it is clear that A is uniformly discrete and it is known that it is uniformly strongly exposed [64, Fact in
p. 202], so Proposition 2.9 and Lemma 2.15 give the result.

(ii)=(i). Let A = {mg y}(2y)ea be a set of molecules satisfying the properties in the statement. Let
B = {hzy}(zy) C SLip,(M,r) be the family provided by Lemma 2.10. By Lemma 2.15,

& = i {[[mpy — ol My € A,y # 1) > 0.

Take 6 > 0 such that (2.1) in Lemma 2.10 holds for that . Then,

~

’hz7y(mu7v)| <1-96

whenever my, ,, My, € A and my ,, # £m,, . Thus, F(M) has property c.

The last assertion follows from Proposition 2.14. O

We can provide an easier characterization in the bounded and uniformly discrete case.
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Proposition 2.17. Let M be a bounded and uniformly discrete metric space. The following are equival-
ent:

(i) F(M) has property c.

(ii) The set str-exp (Bf( M)) consists of uniformly strongly exposed points (equivalently, it is uniformly
Gromov rotund).

(iii) There is € > 0 such that for every x,y € M with x # vy,

either inf z,9), =0 or inf T,Y), = €.
ZGM\{rﬁy}( v) ZGM\{r,y}( v)

Proof. Denote D = sup{d(z,y): v # y} < oo and 0 = inf{d(z,y): = # y} > 0.
(i)=(ii) follows from Propositions 2.14 and 2.16.
Next, assume that (ii) holds. Then, there is € > 0 such that

(z,y), = emin{d(z, 2),d(z,y)} > €0

whenever m,, , € str-exp (Bf(M)). So, given z,y € M, x # y, either m, , is strongly exposed, and then
inf.ean (.} (7,9). = €0, or my, is not strongly exposed, and then

. . (7,9)-
f . <D f - =0.
zeer\l{x,y}(x’y) ze]\41r\1{x,y} min{d(x, z),d(y, z) }

This gives (iii).
Finally, assume that (iii) holds and let A = str-exp (Bx(ar)). Then, for every my, € A we have that
inf.ean {3 (2,9). > 0 and so

ZEJ\}{lfx,y}($7y)z ze> % min{d(z, 2),d(z,y)}.

That is, A is uniformly Gromov concave. Moreover, Br(yr)y = €0(A) since F(M) has the RNP. Finally,
d(z,u) + d(v,y) = dd(z,y),

for every distinct pairs of points (x,y), (u,v) € {(p,q) € M x M:p # q}, where § = 20/D. By

Proposition 2.16, F(M) has property «, getting (i). O

Proposition 2.17 has very restrictive assumptions since we are considering a bounded and uniformly
discrete metric space. However, property « is also a very restrictive property. Indeed, under an extra
assumption over the metric space M, we will see that if (M) has property «, then M must be bounded
and uniformly discrete. For concave metric spaces, we can give an even simpler characterization.

Theorem 2.18. Let M be a concave metric space. Then the following are equivalent:
(i) F(M) has property c.
(i) M is uniformly discrete and bounded, and there is € > 0 such that
d(z,z) +d(z,y) —d(x,y) > €

whenever x,y, z are distinct points in M.

Proof. Assume first that F(M) has property a with constant p > 0. By Proposition 2.14, the set
I' C Sx(ary witnessing property a coincides with pre-ext (B].-(M)), soI' = Mol(M) as M is concave. Now,
take my 4, My, € Mol(M) =T" and let g, , € Svip,(a,r) be the functional associated to m, ,. Then, by
Lemma 1.14, we have that

2 ”x,y - mu,y” 2 |§x,y(mxy - mu,y)| z1—p.



Chapter 2 Strong density. Positive results 15

From here, given z,u € M we have that

(1 —p) sup d(z,y) < 2d(z,u).
yeM

So, it follows that M is bounded. Moreover, the following estimate holds:

(1 —p)diam(M) < 2(1 —p) Sg]\p/)[ d(z,y) < 4d(z,u).

Since x,u € M were arbitrary, we conclude that M is uniformly discrete. Now, Proposition 2.17 provides
£ > 0 such that (z,y). > e whenever m, , € str-exp (Brr)) and z € M \ {z,y}. Since every molecule
is strongly exposed, the conclusion follows.

Finally, the converse statement follows from Proposition 2.17. O

As we said, the last result illustrates that metric spaces seem to need some discrete behavior in order
for their Lipschitz-free spaces to satisfy property a. However, this is not always the case as Theorem 2.26
will show.

Let us present some examples of metric spaces for which its Lipschitz-free space has property a.
Example 2.19. The space F(M) has property « in the following cases:
(i) M is finite.
(1) M is a compact subset of R with measure 0.
(iii) There ezists a constant 1 < D < 2 such that
1<d(z,y) <D
holds for every pair of distinct points x,y € M (equivalently, up to rescaling, there are constants

C>0and1<D <2 such that C < d(z,y) < CD forallz,y e M, x #y).

Proof. (i). Given mg, € str-exp (B}-( M)), consider a strongly exposing functional g, € Svrip,(aRr)-
Take p to be the maximum of the set

{Gz.y (Muw)|: My y € str-exp (Br(ar)) s Muw € Mol(M), Mgy # £my,}.
Then, p < 1 since M is finite. Moreover, F (M) is finite dimensional and so Br(a) is the closed convex
hull of its strongly exposed points. Thus, F(M) has property a.
(ii). F(M) is isometric to ¢1 by [40], so it clearly has property a.
(iii). Let 0 < e < % — 1. Observe that given z,y,z € M, we get

emin{d(z, 2),d(y,2)} <eD <2—D < d(z,z) +d(y,z) — D

d(.’L’, Z) + d(y, Z) - d(xu y) = 2(:37 y)z

Consequently, if we define A := {(p,q) € M x M : p # q}, then A satisfies the condition (ii) in Proposition
2.16, and so F(M) has property a. O

<
<

As an application of Theorem 2.18, we may show that D = 2 is not possible in Example 2.19.iii.

Example 2.20. Let M = {0, 2, yn: n = 2} C co, where x, := (2 — %)en and yp, = e, + (1 + %)61 for
every n = 2. It can be proved routinely that M is concave by using the characterization of the preserved
extreme points given in Theorem 1.4. On the other hand, it is clear that the inequality

1<d(z,y) <2
holds for every x,y € M with x # y. Nevertheless, one has that
3

for everyn =2, so F(M) fails property a by Theorem 2.18.
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2.2.3 Property quasi-a

Let X be a Banach space having property quasi-a. In this case, we cannot ensure the existence of a
norming subset of uniformly strongly exposed points in Bx. However, we will see that property quasi-
alpha is another sufficient condition that guarantees strong density for every Banach space Y. Indeed,
if ' = {za}rea € X is the subset appearing in Definition 2.7, then Bx = ©(I'). Moreover, the same
argument that the one used for property « in [64, Fact in p. 202], shows that for every A € A, £ > 0, and
z € By, one has that

zy(x)>1—e(1l—pN\) = |lz — x| < 2¢;

so each xy is strongly exposed in Bx by z§. But now, as sup,e, p(A) may be equal to one, we do not
get that {zx}xea is a set of uniformly strongly exposed points. Nevertheless, the proof of Proposition
2.1 in [27] shows that if 7 (M) has property quasi-a then the set

A= {T € L(F(M),Y): |T|| = |T(zy)|| for some A € A}

is norm-dense in L(F(M),Y) = Lipy(M,Y). Now, every xy is a strongly exposed point of Br(as), and
so, a molecule by Corollary 1.3. Thus, A C LipSNA(M,Y). We have proved the following.

Proposition 2.21. Let M be a metric space such that F(M) has property quasi-. Then, LipSNA(M,Y)
is dense in Lipy(M,Y) for every Banach space Y .

We also want to give a metric criterion to know for which metric space we can have that its Lipschitz-
free space has property quasi-a. An analogous argument to the one given in the proof of Proposition 2.14
shows the following;:

Proposition 2.22. Let M be a metric space such that F(M) has property quasi-a witnessed by a set
I'c S]:(M), Then,
pre-ext (B]:(]w)) cT.
As a consequence, we obtain the following result in the case when M is concave.

Proposition 2.23. Let M be a concave metric space. If F(M) has property quasi-a, then the set of
1solated points of M is dense in M.

Proof. Assume that (M) has property quasi-a witnessed by the sets I' C Sr(ar), I'™ C Swip, (m,r), and
the function p: ' — R. Take m,, € I' and let g, , € I'* be its associated functional. Then,

[may = Mupll 2 [Goy(May — muw)| 21— p(may) (2.4)
for every my,, € I' with m,, , # m, ,. By Proposition 2.22,
Mol(M) = pre-ext (Bry) C T
and so (2.4) holds also for every m,,, € Mol(M) \ {m ,}. Thus, by Lemma 1.14, we have that

d(x,u)
d(x,y)

whenever m, ,, € I'and v € M \{z,y}. In particular, the open ball centered at x of radius Md(m, Y)
is a singleton whenever m; , € I'. This means that the set

= [may — Mmuyll 21— p(me,y)

A={reM:my, T for somey e M\ {z}}

is made up of isolated points. In order to prove that A is dense in M, consider the Lipschitz function
f(t) =d(t,A) — d(0, A) for every t € M, which belongs to Lipy(M,R), and consider its canonical linear
extension f from F(M) to R. Then, fvanishes on the norming set I'; so f = 0. Thus, f = 0, which
yields that A = M. O

Even when property quasi-« is weaker than property «, they are very similar. Therefore, in the same
way as with Proposition 2.18, we still see that in order for F(M) to satisfy property quasi-c, it seems to
be necessary for M to present a discrete behavior.
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2.3 Other kind of examples

The first example that we want to present in this section is the class of Hélder metric spaces. Recall
that if M is a boundedly compact Holder metric space, then F(M) has the Radon-Nikodym property
(see Example 2.4). Consequently, applying Proposition 2.3 we obtain that LipSNA(M,Y) is dense in
Lipy(M,Y) for every Banach space Y. We want to remove the hypothesis of boundedly compact, however
it is not known whether for every Holder metric space M, the space F(M) has the RNP, so we cannot
apply Proposition 2.3 as before. We will show that the new sufficient conditions that we have introduced
in this chapter allow us to get the result.

Proposition 2.24. FEvery Holder metric space is uniformly Gromov concave.

Proof. Let (M, d) be a metric space and fix 0 < 6 < 1. Consider g = 1 —2% and let us show that (M, d%)
is uniformly Gromov concave witnessed by <. Indeed, given ¢ > 0 define f;: [0,2) — R by

10 _ 0
fils) = =y Vsl

It is easy to see that f; is strictly decreasing. Besides, for every ¢ > 0 we have that

t\ = (%)°
It <) = 715(92) =20 1.
2 (3)

Take z,y, z distinct points of M. We may assume that d(z,z) < d(y,z). Consequently, we have that
d(y,z) = % We distinguish two cases:

(i): d(z,y) > d(y, z). In this case, we estimate

d(l’, z)G + d(y’ z>0 B d(.’L‘, y)9 _ d(.’E, y)g B d(y7 Z)e

d(z, z)? = d(z,z)"
_ d('x’ y)O — d(yv Z)e (d(l‘, y) — d<y’ Z))g
(dz,y) —d(y, )"  dz,2)’
d(x, z)? d(x
= 1- fd(m,y) (d(y7 Z))dgx’ z;‘g Z 1- fd(w,y) <(2,y)) =2- 26-
(ii): d(x,y) < d(y, z). Here it is enough to note that
d(z,2)’ +d(y, 2)° —d(z,y)” _ d(z,2)" _
d(z, 2)? > d(x,z)? ! -

As a consequence of the last proposition, together with Proposition 2.8, we get the desired result.

Corollary 2.25. Let M be a Hélder metric space. Then, LipSNA(M,Y") is dense in Lipy(M,Y) for
every Banach space Y .

Indeed, in Chapter 4 we will see that a stronger notion of density holds for this family of metric
spaces.

For the next family of examples, let us introduce the notion of non-local Lipschitz map. Let M be a
metric space and Y be a Banach space. We say that a Lipschitz map f: M — Y is non-local if we can
find € > 0 such that

~

sup{[|f(myp,q)l|: 0 <d(p,q) <e} <|flL -«
The utility to us of these functions can be inferred from the following observation: if M is compact, then
every non-local Lipschitz map strongly attains its norm. Indeed, if f: M — Y is a non-local Lipschitz
map and {my, 4, } is a sequence of molecules so that {||f(mp, q. )|} converges to || f||z, then we must
have that inf{d(pn, ¢n): n € N} > 0. On the other hand, since M is compact we find subsequences {py, },
{qn, } converging to p*, ¢* € M, respectively. Thus, we must have d(p*,¢*) > 0, and so p* # ¢*. Then,

it makes sense to consider the molecule my« 4+, and it is clear that f attains its norm at mp« 4+, so f
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strongly attains its norm. Moreover, Lemma 2.46 will show that, in the compact setting, any non-local
Lipschitz map strongly attains its norm at some strongly exposed point of Br(s).

In the following theorem we construct two metric spaces 9, with p = 1,2, for which LipSNA(9,,,Y") is
dense in Lipy(9M,,,Y) for every Banach space Y, but F(9,,) does not have the Radon-Nikodym property.
Moreover, the metric space 9t; will have property « and, on the other hand, s will not contain any
norming subset of uniformly strongly exposed molecules.

Theorem 2.26. Consider the subsets of R? given by

E o1
A, = {(2”2n> ke {0,...,2"}} CR?* Vn e NuU{0},
(o)
My =] An, M =M, U([0,1] x {0}).
n=0
Let M, be the set M endowed with the distance inherited from (R?, ||-||,) for p=1,2. Then, the following
assertions hold:

(i) LipSNA(9M,,,Y) is dense in Lipy(M,,Y") for every Banach space Y and for p =1,2.
(i1) F(OMy) has property «,

(iii) The unit sphere of F(IMs3) does not contain any subset of uniformly strongly exposed points which
generates the ball by closed convex hull.

This theorem answers a question from [41, p. 115], where the author asks whether, given a compact
metric space M, the density of LipSNA(M,R) in Lip,(M,R) implies that lip,(M,R) strongly separates
the points of M (see [41, p. 110] for details). Note that the spaces 9, provide a counterexample for
p = 1,2, because if lip, (M, R) strongly separates the points of M then, in particular, F(M) is isometric
to a dual Banach space. However, F(91,) is not even isomorphic to any dual Banach space as it is a
separable Banach space failing the Radon-Nikodym property. As we will comment later in this section,
Theorem 2.26 also answers some questions asked in [20, Section 3.4].

We divide the proof of the theorem into several steps. We start by showing that LipSNA(9,,Y) is
dense in Lipy (M, Y) for every Y. Actually, we will give a more general result.

Proposition 2.27. Let My, M C R? be the sets defined in Theorem 2.26, and let | - | be a norm in R?
satisfying that || - [|eo < || < || ||1. Consider now 9 to be the set M endowed with the distance inherited
from (R%,|-|). Then, LipSNA(9M,Y) is dense in Lipy(9M,Y) for every Banach space Y .

Proof. Let f € Lipg(IM,Y) with ||f|lz = 1. Our aim is to approximate f by strongly norm-attaining
Lipschitz maps, so we may assume that f does not strongly attain its norm. In order to clarify the proof,
let us introduce some notation. For every n € NU {0} and k € {0,...,2"}, we denote by (n,k) the

point (4, 3 ) € M. Given n € NU{0} and k € {0,...,2" — 1}, we write h, ; to denote the molecule

M(n k), (n,k+1)- We will say that
H={hp,:neNU{0},ke{0,...,2" —1}}

is the set of horizontal molecules. Given n € NU {0} and k € {0,...,2"}, we write v, to denote the
molecule M, 1), (n+1,26)- We will say that

V={vpk:neNU{0},k e {0,...,2"}}
is the set of vertical molecules. Finally, we define I' = +H U £V
Fix € > 0 and let us distinguish two cases: First of all, assume that
p= sup{H]?(m)H: mel} <1
Since M is dense, we may find u = (ny, k1), v = (na, ko) € My such that

kl k2 -~ 1 + pe
o #* onge M #ng and  f(my,) > e
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Let us write ng = max{ni,na} and consider the set
n3
N=[]An
n=0

Note that if we denote by ¢ the restriction of f to A,,, we have ||¢o||z < p < 1. Then, we may extend
this function to a Lipschitz function ¢: [0,1] — Y with ||¢||L < p < 1 (we may define it affine in the
gaps). We define h: M, — Y by

fl(n, k) ifn<ng;

4,0(2% if n > ns.

n((n 1) = {
By the way we have extended ¢, it is clear that
sup {Hﬁ(m)” m e F} < sup {Hf(m)“ m e F} =p<1l

Furthermore, |(s,0)] = s < |(s,t)| and [(0,t)| = t < |(s,t)| for every s, t € R. Consequently, if p, ¢ are
distinct points of My, \ N, then we may find a molecule m € I" such that ||h(m,q)|| < |[2(m)]]. Indeed,
given two different points p = (’2‘%, >) and g = (Qkﬁl , 35) of Mo \ N, we assume with no loss of generality

that n > m, define ¢’ := (TL;:L’W, 7= ). By the assumptions on the norm we get that |[p — ¢'| < |p — ¢
and, since 2’% = 271;#, we obtain that

_ () — o)1 _ llelsh) — o(Fgr2)l

h(m < = [[a(mp.q)l;
|my.q) = o—a [yl
and notice that my o € co(T'). Given € > 0, let us define
g M—Y, g=[f+e¢h. (2.5)

It is clear that ||g — f|lz < ¢, so it will be enough to show that g strongly attains its norm. On the one

hand, note that
1+ pe

1+e¢
On the other hand, given p, ¢ distinct points of M, \ N, we have that

H?J\(mu,v)H = Hf(muv) +5E(mu,v)” > (1+¢)=1+pe.

1G(mp,g)ll < 1+ el[h(mpg)|l <1+ ep < [[g0mu)|l-

Therefore, g cannot approximate its norm at points of My, \ N. Since My, \ N is dense in [0,1] x
{0}, this implies that g cannot approximate its norm at arbitrarily close points, that is, g is non-local.
Consequently, by compactness of M, we conclude that g must strongly attain its norm.

Secondly, assume that sup{Hf(m)H: m € I'} = | fllz. In this case we need to define two kinds of
functionals. By a density argument, it will be enough to define them on M. First of all, we will define
functionals associated to the vertical molecules. Fix n € NU {0}, k& € {0,...,2"}. Then, we define
fnk: Mo — R given by

Note that 1
7 _ Sk k) = fan((n+1,2k)) 12770
.fn,k(vn,k) = = 1=
[(n, k) — (n+1,2k)]| 1/2n+
Furthermore, if (n/, k') € M is such that m, k) (k) € T and (n', k") # (n+ 1,2k), then we have that
|(n,k) — (n', k)| > 52, which implies that

[fre((n, k) = fu (0 KD _ 1/2770 2

[(n, k) = (', k)] RETPEEREY

Since fp ; is null on the rest of the points, we obtain that fnk(m) < % holds for every m € T" with
m 7’5 :I:Un,k-
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Next, we define the functionals associated to the horizontal molecules: fixed n € NU {0} and fixed
ke {0,...,2" — 1}, let us define ¢, ;: [0,1] — R by

3
2k+3 =z
Pn.k(T) = ontz 3 if € [2%7@;»1];
1

It is easy to see that ¢, j is a Lipschitz function with ||¢, &|lr = % Now, define gn5: Moo — R as
follows

% if n” <n and 2":,<2£n;
g k(W K)) =4 0 if n' <nand £5 > g

gpnk(;—/,) if n’ > n.
On the one hand, note that

g (nK) = gas((nk +1)) _ 1/27
[(n, ) = (n, &+ )] 1/

/g\n,k(hn,k) -

On the other hand, let us show that for every u € I with u # +h(, ) we have

N |

|G,k ()] <

For this, take any vertical molecule v, x» € V. Note that we have g, (v k) = 0 unless n’ = n. On the
one hand, if ¥’ < k we get

~ |9n (0, k) — gne((n+1,2K"))] _ 1/2" —3/27F2 1
|Gn.k (vn.kr)| = =

|(n, k") — (n+1,2k)] 1/2ntt 27
On the other hand, if ¥’ > k + 1 we have

G k(7 k) = gnge((n + 1, 28 1/on+2 1
(G (0 )| = 192 K)) = 9 (( DI,

[(n, k") = (n+1,2K")] IRV

Finally, take any horizontal molecule h,, i/ such that (n’, k") # (n, k). If n’ < n, we have that

P I 2 (CORY) g PR | P VS
e (0, K) — (0, K +1)] S/t g

If n’ = n, the only horizontal molecule h such that g, x(h) # 0 is h = hy, k, and if n’ > n we obtain

—~ ~ 1
Gt 1) = @i (o ) < llompkllz = 5-

n
Actually, notice that given a pair of different points p,q € My, \ |J A, it follows that there exists a pair
Jj=0

n
of different points p’, ¢’ € My \ 'Uo A; such that my o € T and (G k(mypq)| < [Gn k(M )| < 3.
J:

Finally, let us consider § > 0 satisfying

(1+§)(1—5)>1+§.

~

Since || f|lz = sup{||f(m)||: m € I‘}, we may find m € I" such that ||[f(m)|]| >1-4d. I me HUV,

then consider fm the functional associated to m, and if —m € H UV, consider the same functional but
multiplied by —1. Now, let us define

~ ~

g M —Y, §la)=flz)+ gfm(:v)f(m) Ve F(M). (2.6)
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It is clear that || f — g[|z < §, so it remains to prove that g strongly attains its norm. On the one hand,

note that o .
lgm)l = (1+5) 1Fm)l > (1+35) @ =0).

On the other hand, if m = my, 4, for suitable py € Anpo,qo € A,,, we have, by the properties of the
functionals f,, 1 and gk, that

Wl N

| (mp.g)| <

J J
if p and ¢ does not belong to |J A; for j = max{n,,,ny, }. Consequently, for p,q ¢ |J A; we get that
i=0 0

1= 1=

[5mp )l = 1 Fmpq) + 5 Fmp ) Fm)ll < (14 ) < (14 5) (1 =9) < [[gm)ll,

which implies that g cannot approximate its norm at arbitrarily close points, that is, it is non-local. By
compactness, we deduce that g strongly attains its norm. O

Remark 2.28. Note that, in the above proof, the map g defined in both cases by, respectively, formulas
(2.5) and (2.6), is non-local.

Next, we show that F (1) has property «, giving the proof of assertion (ii) of Theorem 2.26.

Proof of assertion (ii) of Theorem 2.26. Since the metric d consists of summing vertical and horizontal
coordinates, and M is dense in M, it is clear that the set I' = £ HU+V considered in the proof of Propos-
ition 2.27 verifies that Br(yr) = co(I"). To see this, it is enough to note that given (ni, k1), (n2, k2) € M,
with n; < ng, we will have that

d((n1, k1), (n2, k2)) = d((n1, k1), (n2, 2" 7" k1)) + d((n2, 2"~ " k1), (n2, k2)).

Therefore, we need to find a set of functionals I'* associated to I' satisfying the definition of property a.
In view of the proof of Proposition 2.27, it will be enough to consider the sets

H* = {fur:n e NU{0}, ke {0,...,2" —1}},

V* = {gnr:n € NU{0},k € {0,...,2"}},

and I = £ H* U £V™*, to obtain that the pair (T',T*) C F(M) x Lip,(M, R) satisfies the statements of
property a with constant % O]

Assertion (iii) of Theorem 2.26 is contained in the next proposition.

Proposition 2.29. Let My be the metric space given in Theorem 2.26. If ' C Mol(IMy) is a subset
satisfying that ©o(I') = Brn,), then I' is not a uniformly strongly exposed set.

Proof. Pick such a subset I'. By the paragraph below Corollary 2.13 , it follows that dent (Bz(n,)) € T.
Now, for every n € N, consider the points

1 1
ITn = <0, 271) and Yn = (1, 2'(1—H> .

It is clear that the pair (z,,y,) fails property (Z), so my,, 4, is a strongly exposed point. Furthermore,
Lemma 1.14 implies that m,, ,, is an isolated point in Mol(9y), so my, ,, € I'. We will prove that
the set {my,, 4, : n € N} is not uniformly strongly exposed. To do so, we will use the criterium given in
Proposition 2.9. Let z, = (3, g5 ). Note that

mln{d(wny Zn)v d(z’fﬂ yn)} = %

and
1 1 1/2 1 1 1/2
2(zn, Yn)z, = <4 + W) Ty (1 + W) —0

as n — oo. Now, Proposition 2.9 finishes the proof. O
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Remark 2.30. Note that the Lipschitz-free space over the metric space M, in Theorem 2.26 fails to have
the Radon-Nikodym property for p = 1,2 since M, contains an isometric copy of [0, 1] and so, L]0, 1]
embeds into F(9M,). Even more, there is a 1-Lipschitz retraction r: 9t, — [0, 1], and this implies that
F(9M,) even contains a complemented copy of L1[0, 1].

In [20, Section 3.4] it is stated to be unknown whether the density of LipSNA(M,Y") in Lipy(M,Y),
for every Banach space Y, implies that at least one of the following properties holds:

(i) F(M) has the RNP.
(ii) Brary =co(S), where S is a set of uniformly strongly exposed points.

(iii) F(M) has property quasi-a.

This is not the case, as the following example shows.

Example 2.31. There is a metric space M satisfying that LipSNA(M,Y") is dense in Lip,(M,Y") for
every Banach space Y and such that F (M) fails the RNP, property quasi-«, and it does not contain any
norming subset of uniformly strongly exposed points.

We need the following easy result, which we prove since we have not been able to find a reference.

Lemma 2.32. Let X, Y be two Banach spaces and write Z .= X &1 Y.

(i) If Z has property quasi-«, then X has property quasi-c.
(i1) Assume that Sz contains a uniformly strongly exposed subset T' such that (') = By. Then, Sx

contains a uniformly strongly exposed subset A such that ©o(A) = Bx.

Proof. (i). Let Ay := {(x,\,yA): A E AZ}, {(x}‘\,yj‘\) A E AZ} and pz : Az — R be the sets and the
function given by the definition of property quasi-a. Since

Az Cext(Bz) = (ext (Bx) x {0}) U ({0} x ext (By)),
we may consider
Ax = Az N (BX X {0}) = {x)\i A E Ax}
for convenient non-empty subset Ax of Az. Let us see that X has property quasi-a witnessed by the
sets Ax and {z}: A € Ax} and the function px = pz|a,: Ax — R. Indeed:
e For every A € Ax, we have that
zi(zx) = (23, 33) (22, 0) = 1.
e For p # A, we have that
lzx(z)| = 123, y3) (2, 0)] < pz(A) = px(A) < 1.

e Given e** € ext (Bx+~), then (e**,0) € ext (Bz«), so we can find A+ o) C Az and w € {—1,1}
such that

w(e**, O) S JZ(A(e**,O)) v
and sup{pz(A): (zx,yn) € A(es=,0)} < 1; we define Ag-x = T(A e+ 0y) (where 7: Z — X denotes
the natural projection) and observe that

*
w

—_——w*\ ¢
we™ = wr (e, 0) € 1 (JZ(A(W,O)) ) C T 0 Izl (Mo )

w*

=[x om(Aer0) =Jx(he)”

where the inclusion < follows from the weak-star continuity of 7**. Now, it is clear that

sup{px(A): zx € Ae==} <sup{pz(A): (zx,yn) € A=+ 0y} < 1.
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(ii). Since I' is made of strongly exposed points of By, then every element (x,y) € I' satisfies that
either ||z|| =1 and y =0 or x =0 and |y|| = 1. Define

A:={r e Sx: (z,0) €T}

Given (z,0) € T, the definition of uniformly strongly exposing set yields a strongly exposing functional
(fz,9z) € Sz« associated to (z,0). Notice that ||f;|| = 1 since 1 = {(fz, gz), (2,0)) = fo(x). It is clear
that A is a uniformly strongly exposed set by making use of the fact that it is identified with a subset
of T" which is a uniformly strongly exposed set. The fact that @o(A) = By follows from the fact that
@o(I') = By and the shape of the unit ball of an ¢;-sum. O

Proof of Example 2.31. Let us consider the metric space
M =9, [ 10, 1)7.

By Proposition 1.15 we get that F(M) = F(9My) &1 F([0,1]2). In Chapter 5 we will prove that the
strong density is stable under sums of metric spaces (see Theorem 5.20). Then, by Proposition 2.27,
assertion (iii) of Example 2.4, and Theorem 5.20, we get that LipSNA(M,Y) is dense in Lipy(M,Y") for
every Banach space Y. Also F(M) fails property quasi-a because F (|0, 1]%) fails property quasi-a (see
Example 2.33) and we may use assertion (i) of Lemma 2.32. Further, F(M) fails the RNP because it
contains an isometric copy of L1[0,1]. Finally, there is no uniformly strongly exposed set I' C Sx such
that ¢o(T") = Br(ar) by Proposition 2.29 and assertion (ii) of Lemma 2.32. O

2.4 Relationship between the sufficient conditions

The purpose of this section is to study how the distinct sufficient conditions for Lindenstrauss property
A that we have studied on this work are related to each other. Diagram 2.2, presented in [20], describes
the relationship between them.

(14) )
Property a . ﬁnlt'e
\ (15) dimensional
(13) Property
quasi-a (1)

(174 (16)

LipSNA(M,Y)
dense for all Y

(18)
(2)
Property A
B =co 7
S unif. str. exp.
(®)

Figure 2.2: Relations between the sufficient conditions for Lindenstrauss property A in Lipschitz-free
spaces

Let us discuss why the numbered implications and non-implications hold.

(1). It follows since every infinite-dimensional Lipschitz-free space contains an isomorphic copy of ¢; (we
refer to [30], where more is proved).

(2). Tt is well known that a reflexive Banach space has the RNP. With respect to the reciprocal arrow,
F(N) is isometrically isomorphic to ¢1, so it has the RNP but it is not reflexive.



24 2.5 Consequences of the strong density on the metric space

(3). It follows from the following example:

Example 2.33. Let (M, d) be a boundedly compact metric space and 0 < @ < 1. Then F(M,d?) has the
RNP (see Example 2.4). Moreover, Proposition 2.24 implies that M is concave. By Proposition 2.23, as
long as the isolated points of M do not form a dense set, we have that F(M) does not satisfy property
quasi-o.

(4). Notice that Theorem 2.26 provides a metric space 2t such that F (9, ) satisfies property a (and so
property quasi-at), but it fails to have the Radon-Nikodym property.

(5). Similarly to (4), it follows from Theorem 2.26.

(6). It follows from Proposition 2.3.

(7). Notice that Theorem 2.26 provides a metric space 2t for which F(91;) satisfies property a (and so
Brm,) is the closed convex hull of a set of uniformly strongly exposed points), but it fails to have the
Radon-Nikodym property.

(8). It follows from the following example.
Example 2.34. For every n € N, consider M,, = {0, z,,yn}, where
d(O, zn) = d(oayn) =1+ 1/TL and d(xrwyn) =2

for eachn € N, and let M =12, M; be its sum. Then, F(M) has the RNP, but Br ) is not the closed
convez hull of any set of uniformly strongly exposed points.

Proof. First, F(M) has the RNP as it is the ¢;-sum of finite-dimensional Banach spaces by Proposition
1.15. Suppose that Br) = co(A). We claim that mg, ,,, € AU (—A) for every n € N. Indeed, assume
that mg, ,, ¢ AU(—A). Consider f: M — R given by

f0) = f(@m) = flym) =0 if m#n, f(z,)=-1, and f(y,)=1.
Clearly, ||f||z = 1. Moreover, we have that
|f(mwy)| <(1+1/n)t for every my , € Mol(M) \ {max, 4., My, 2.}
Thus, AU (—A) is not norming, a contradiction.

Now, note that

2
d(zn,0) + d(yn,0) — d(zn, yn) = -
goes to 0 as m goes to 0o, and so A is not uniformly Gromov concave. O

(9.) Notice that Theorem 2.26 provides a metric space My for which LipSNA (DM, Y) is dense in
Lipy (M2, Y') for every Banach space Y, but Br(gn,) is not generated by the closed convex hull of any set
of uniformly strongly exposed points.

(10). Tt follows from Proposition 2.8, whose proof is based on [57, Proposition 1], where it is proved that
the existence of such a set S implies Lindenstrauss property A.

(11). Tt follows from Example 2.33 together with Proposition 2.24.
(12). It follows from Definition 2.6 (see [64] for more details).
(13). It is obvious from the very definitions.

(14). F(N) is isometrically isomorphic to ¢1, that has property a.
(15). See Example 2.19.

(16). It follows from Proposition 2.21.

(17). Tt follows from Example 2.31.

(18). It is obvious.

There are some reversed implications not considered in the diagram. These ones are not known in
the context of Lipschitz-free spaces. We find particularly interesting the case of whether the converse of
(18) holds, that is, whether Lindenstrauss property A of F(M) is sufficient to get that LipSNA(M,Y) is
dense in Lipy(M,Y") for every Banach space Y.
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2.5 Consequences of the strong density on the metric space

As we have already mentioned, there are deep connections between the extremal structure of a Banach
space and the behavior of its norm-attaining linear operators. For instance, as a consequence of a result
by Lindenstrauss [57, Theorem 2|, if X is a separable Banach space satisfying Lindenstrauss property
A, then Bx is the closed convex hull of its strongly exposed points. This shows that the density of
norm-attaining linear operators has important consequences in the extremal structure of the unit ball
of a Banach space. On the other hand, we know that the density of the set of strongly norm-attaining
Lipschitz maps from a metric space M to a Banach space Y is stronger than the density of NA(F(M),Y)
as, for instance, NA(F(M),R) is always dense by the Bishop-Phelps theorem but, as we will see in the
next chapter, there are many metric spaces M for which LipSNA (M, R) is not dense. In view of this, it is
reasonable to expect that the density of strongly norm-attaining Lipschitz functions may have important
consequences on the extremal structure of the Lipschitz-free space. Our aim in this section is to deepen
in this line. In particular, we will show that some results of Lindenstrauss and Bourgain can be somehow
improved in the setting of Lipschitz-free spaces.

First, let us present the first main result of this section.

Theorem 2.35. Let M be a metric space. If LipSNA(M,R) is dense in Lip,(M,R), then
Brarn = E(ext (B;(M)) N Mol(M)).

Notice that in Theorem 2.35 we just need to assume density of the strongly norm-attaining Lipschitz
functions from M to R. Actually, it is enough to assume that there exists a Banach space Y for which
we have strong density. This follows from the following easy result.

Proposition 2.36. Let M be a metric space. Suppose that there exists a Banach space Y # 0 such that
LipSNA(M,Y') is norm-dense in Lipy(M,Y"). Then,

LipSNA (M, R) = Lip, (M, R).

Proof. Fix € > 0 and consider f € Lipy(M,R), which we may assume to have norm one. Define F' €
Lipy(M,Y) by
F(p)=fp)yo VpeM.

Then, we have that |F|| = 1. Thus, by hypothesis, there exist G € LipSNA(M,Y") and m € Mol(M)
satisfying
. €
IGm)| =lGle =1, IF-Glw <3
Now, take y* € Sy~ such that y* (é(m)) = 1 and note that
* * * * * €
1" (o) f —y" o Gl = lly* o F —y" o Gl < g7 [lIF = Gl < 5-

This implies that

~ ~

y* (o) = y* (o) f(m) = y*(G(m)) — |y (yo) f(m) — y* (G(m))] > 1 —

| ™

Therefore, writing g = y* o G € Lipy(M, R), we have that

- * * & 13
lg(m)| = llgllz =1, lg = fll <llg =y Wwo)flle + Iy (o) f = fllL < sts=¢ O

In view of this, the next corollary follows from Theorem 2.35 and from the fact that a molecule is an
extreme point if and only if it is an exposed point (see Theorem 1.11).

Corollary 2.37. Let M be a metric space. Assume that LipSNA(M,Y) is dense in Lipg(M,Y") for some
Banach space Y. Then,

Br ) = co(exp (Bran))-
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Compare this result with the following one by Lindenstrauss [57, Theorem 2.i]: if X is a Banach space
which admits a strictly convex renorming (for instance, if X is separable) such that NA(X,Y) is dense
in £(X,Y) for all Banach spaces Y, then Bx = ¢o(exp (Bx)).

Let us prove Theorem 2.35. In order to do it, we need the next two technical results, which will be
the key to get all the goals of this section.

Lemma 2.38. Let M be a metric space, let f € LipSNA(M,R), and let m,, € Mol(M) such that

~

f(mpq) = | fllL. Consider the set
Fpq = {(z,y) € M*: x #y, d(p,q) = d(p,x) + d(z,y) + d(y, q)}-

Then, either there is (z,y) € Fpq such that ma, € ext (Brrp) or there is an isometric embedding
¢: [0,d(p,q)] —> M for which $(0) = p and ¢(d(p,q)) = ¢-

Proof. First, note that (p,q) € F,4 and so F,, is not empty. Assume that m,, is not an extreme
point whenever (z,y) € F,,. By [10, Theorem 1.1], for every (z,y) € F,  there is z € M such that
d(z,2z) + d(z,y) = d(x,y).

The rest of the proof is just a small modification of the one of Proposition 4.1 in [37]. Our aim is to
show that there is an isometry ¢: [0, d(p, q¢)] — M such that ¢(0) = p and ¢(d(p, q)) = q. Consider the
set A of all (A,), where {0,d(p,q)} C A C [0,d(p,q)] is closed and 1p: A — M is an isometry such that
¥(0) = p, ¥(d(p,q)) = ¢, and (Y(t),9(s)) € Fp 4 for every t, s € A with t < s. Consider the following
partial order “<” on A: (A4,¢) < (B,&) if AC B and |, = 9. Clearly A # 0.

We claim that every chain in A has an upper bound. Indeed, let (A;,v;);cr be a chain in A. Take
A = ;e Ai and 2(x) := ;(z) if z € A;. By completeness, we can extend 9 uniquely to an isometry
defined on A. Moreover, let t,s € A, t < s. Then there are sequences {t,}, {s,} in J,.; 4; such that
tn, < Sp, tp, — t and s,, — s. Then

icl

[Fmao.006)] = M| Fmse,)s0)] = 11l

since (Y(tn),¥(sn)) € Fp 4 for every n. Thus (¢(t),%(s)) € Fp 4. This means that (A4,v¢) € A.

Now, let (A,¢) be a maximal element in A. Assume that there are a,b € A, a < b such that
(a,b) M A = 0. Since (¢(a), p(b)) € Fp 4, we have that my(q),¢s) is not an extreme point. Consequently,
there is z € [¢p(a), p(b)] \ {¢p(a), #(b)}. Then, we extend ¢ defining ¢(a + d(¢(a),z)) := z. Let us show
that this map contradicts the maximality of (A, ¢). It is clear that ¢ is still an isometry with ¢(0) = p
and ¢(d(p,q)) = ¢. It remains to prove that (¢(t), ¢(s)) € Fp 4 for every t € A with ¢t < s. Clearly, we
may assume that either ¢(s) = z or ¢(t) = z. Let’s assume the first case holds, since the other one is
similar. Since t € A and t < ¢~ !(z), we have ¢ < a. Then, we have that ¢(a) € [¢(t), 2] and it is clear
that ¢(b) € [z, ¢]. Joining these two equalities we obtain

d(p, ¢(t)) + d(6(t), 2) + d(2,q)
= d(p, o(t)) + d(6(1), ¢(a)) + d(d(a), 2) + d(z, ¢(b)) + d(H(b), @)
Recall that z € [¢(a), ¢(b)] and ¢(a) € [¢(t), p(b)], so we have that
d(p, ¢(t)) + d(9(t), 2) + d(z, q) = d(p, d(t)) + d(6(t), ¢(b)) + d(6(b), q) = d(p, ),
since (¢(t), ¢(b)) € Fp 4. This means that (¢(t),z) € Fp 4. O

Lemma 2.39. Let M be a metric space. Let I' be a balanced subset of Sz and denote

Ne(h) = { 1 € Ling (ML, R): sup (7] = 171}
me
Suppose that the set
{f € Lipo(M,R): f(my,) = ||f|r for some my,,, € Mol(M) Next (Brn)}
is contained in Np(M) and that LipSNA(M,R) is dense in Lipy(M,R). Then,
LipSNA (M, R) € Np(M)

and so, Bry = co(T).
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Proof. Assume that h; € LipSNA(M,R) \ Np(M), with ||h1]r = 1. Take 0 < § < 1 in such a way that
SUP,,er |ﬁ1(m)| =1-—4. Now, if h; strongly attains its norm at a molecule m,, 4, by applying Lemma 2.38
and taking into account that h; does not attain its norm at any extreme molecule, we find an isometry
¢: [0,d(p,q)] — M satisfying ¢(0) = p and $(d(p, q)) = ¢. Consider ug: ¢([0,d(p,q)]) — [0,d(p, q)] its
inverse map and an extension u: M — [0,d(p, )] of ug such that ||ulr, = 1. Note that such extension
exists thanks to McShane extension theorem. On the other hand, let C C [0,d(p, q)] be a “fat Cantor
set”, that is, a measurable closed subset C' with A(C) > (1 — §)d(p,q) such that for each nontrivial
interval I C [0, d(p,q)] there exists a nontrivial interval J C I such that J N C = ). Let us consider
©: [0,d(p,q)] — R given by

t
o) =~ [ xe(s)ds Vi l0.dip.o)
0
We define hy: M — R by ho = pou and f: M — R by f = 1(hy + ho). It is clear that

(1Pl + [[R2]lL) = 1.

N =

Ifllz <

Moreover,

151 Flmp) = 5 (i) + Fatmy ) = 5 (14 710 ) > 1 4

On the other hand,
0

(sup?zl + supﬁg) = 1(2 -0 =1-—.
r r 2 2

Therefore, f ¢ Np(M). Take € > 0 such that || f||, —e > 1— 3. Since Ny(M) is closed and LipSNA (M, R)

is dense there is g € LipSNA(M,R) \ Np(M) such that |gllr = ||fllr and ||f — gllz < e. Consider

Mg,y € Mol(M) for which g(my ) = ||gllz. Since g ¢ Np(M), we have that § does not attain its norm at

any extreme molecule of Br(yy. In particular, by applying Lemma 2.38 we obtain that there exists an

isometry ¢': [0,d(z,y)] — M satisfying ¢'(0) = z and ¢'(d(z,y)) = y. Notice that

N |

sup f <
T

/H2(mw,y) > 2]?(mw,y) -1= 2(/9\(71%;,1,) —e)—=122(|fllr —¢) —1>1-4,

from where u(z) # u(y). Hence, we can find different points a, b of ¢'([0,d(z,y)]) € M such that
d(z,y) = d(z,a) + d(a,b) + d(b,y) and [u(a),u(b)] N C = 0. Since g attains its norm at m,_, it follows
that g(map) = ||lglr and so, f(m%b) > |Ifll — e. As before, this implies that ﬁ2(ma7b) > 1 — 0, whereas
the fact that [u(a), u(b)] N C = () implies that hy (mqp) = 0, leading to a contradiction.

This shows that LipSNA(M,R) C Np(M) and the Hahn-Banach theorem gives Br () =co(I'). [
Now, the proof of Theorem 2.35 is immediate.
Proof of Theorem 2.35. Apply Lemma 2.39 with I' = Mol(M) N ext (B].-(M)). O

The next result deals with strongly norm-attaining vector-valued Lipschitz maps. In the case of real-
valued maps, it improves Theorem 2.35 for metric spaces not containing isometric copies of the unit
interval.

Proposition 2.40. Let M be a metric space which does not contain any isometric copy of [0,1] and let
Y be a Banach space. Then, LipSNA(M,Y") coincides with the set

{f € Lipy(M,Y): ||f(mTy)|| = ||fllz for some my, € Mol(M) Next (B]:(M))} .
In particular, if LipSNA(M,Y) is dense in Lipg(M,Y), then so is the set
{T € L(F(M),Y): T attains its norm at some element of ext (Br(r))}

in L(F(M),Y).
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Proof. Pick f € LipSNA(M,Y). Hence there exists u,v € M,u # v and y* € Sy~ such that [y* o

~

fl(muyn) = |If|l. Since M does not contain any isometric copy of [0, 1], then Lemma 2.38 applies to get

a molecule m, , € ext (B].-(M)) such that [y* o ﬂ (ma,y) = ||fllz. From here it is clear that f strongly
attains its norm at the pair (z,y), and we are done. O

Using Proposition 2.40 we can show that the assumption that LipSNA(M,R) is dense cannot be
removed from the statement of Theorem 2.35. Indeed, let M be a fat Cantor set in [0, 1], which clearly
does not contain any isometric copy of [0, 1]; then, Br(as) # @(exp (B}-(M))). Indeed, it is known that
F(M) = L1[0,1] @1 £1 [40, pp. 4315], but L1[0,1] has no extreme points (and in particular exposed
points). Hence @(exp (B;(M))) C {0} ®; ¢;. This in particular proves that LipSNA (M, R) is not dense
in Lipy(M,R). We will study this situation in the next chapter in more detail.

Let X, Y be Banach spaces. Following J. Bourgain, we say that an operator T' € £(X,Y") is absolutely
strongly exposing if there exists x € Sx such that for every sequence {z,,} C Bx with lim,, | Tz,| = ||T|,
there is a subsequence {x,, } which converges either to x or —x. In this situation, it is clear that T'
attains its norm at the point x and that x is a strongly exposed point of Bx. Indeed, let y* € Sy~ such
that y*(Tz) = ||T|| and consider 2* € Sx~ such that |T|z* = T*(y*); if {z,} is a sequence in Bx such
that z*(z,) — 1 = z*(x), then

IT (@)l 2 y* (Twn) = I T||2" (2n) — T,

so there is a subsequence {z,,} converging to x (it cannot converge to —z), showing that z is strongly
exposed by z*. A famous result of J. Bourgain [18, Theorem 5] says that if X is a Banach space with
the RNP and Y is any Banach space, then the set of absolutely strongly exposing operators from X to
Y is a Gs-dense subset of L(X,Y) (in particular, the space X has Lindenstrauss property A). Our goal
is to give an improvement of this result in the context of Lipschitz maps. In order to do it, we will make
use of the notion of non-local Lipschitz map.

Let us exhibit the second main result of this subsection.

Theorem 2.41. Let M be a compact metric space which does not contain any isometric copy of [0,1]
and let Y be a Banach space. Then, the following assertions are equivalent:

(i) LipSNA(M,Y) is dense in Lipy(M,Y).
(i) The set of absolutely strongly exposing operators from F(M) to Y is dense in L(F(M),Y).

(1ii) The set of non-local Y -valued Lipschitz maps is dense in Lip,(M,Y).

Before proving the result, let us present its main consequence, which follows immediately from the
fact that the set of non-local Y-valued Lipschitz maps is an open set (indeed, if f € Lip,(M,Y) is a
non-local Lipschitz map, then taking € > 0 such that

-~

sup{|| f(mp,q)[|: 0 < d(p.q) <e} <|[fllL —¢
we have that the whole ball B(f, §) is made of non-local Lipschitz maps).

Corollary 2.42. Let M be a compact metric space which does not contain any isometric copy of [0, 1]
and let Y be a Banach space. If LipSNA(M,Y") is dense in Lipy(M,Y), then LipSNA(M,Y) (and, in
particular, NA(F(M),Y)) contains an open dense subset.

In the case when F(M) = ¢; or, more generally, when F(M) has property « witnessed by a set
I' C Sr(m), it is easy to see the result from the proof of [64, Proposition 1.3.a]: indeed, it is proved there
that the set of those operators T': F(M) — Y for which there is x € I such that

sup{[|Tyll: y € T\ {xa}} < [Tzl = [T

is dense and, on the other hand, it is clearly open as @ (I') = Br ().

A specially interesting particular case of Corollary 2.42 is the one in which F(M) has the RNP. In
this case, M does not contain copies of [0,1] (otherwise, L1[0,1] would be a subspace of F(M)) and
LipSNA(M,Y) is dense in Lipy(M,Y") by Proposition 2.3.
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Corollary 2.43. Let M be a compact metric space for which F (M) has the RNP. Then, for every Banach
space Y, LipSNA(M,Y) (and so NA(F(M),Y)) contains a dense open subset.

Compare the result above with the one by Bourgain [18, Theorem 5]: if X is a Banach space with
the RNP, then for every Banach space Y, NA(X,Y') contains a dense G5 subset of £(X,Y). Actually,
by the cited results of Bourgain [18], NA(X,R) contains a dense Gy subset of X* whenever X has the
RNP. Moreover, in this case, X* = NA(X,R) — NA(X,R) (see the proof of [15, Proposition 2.23], for
instance). But this is far from implying that NA(X,R) contains an open set. Let us comment that the
result in Corollary 2.43 is somehow unexpected, even for functionals, as the following remark shows.

Remark 2.44. The presence of open subsets in the set of norm-attaining operators or even functionals is
a rare phenomenon.

(i) If X is a non-reflexive Banach space, then there always exists an equivalent renorming X of X such
that NA(X,R) has empty interior (see [6]). Therefore, the RNP is not enough to get that the set
of norm-attaining operators (or even functionals) has non empty interior.

(ii) Even for the Lipschitz-free norm, the hypothesis of density of the strongly norm-attaining Lipschitz
functions is important to get that the set of norm-attaining functionals has non-empty interior, as
the following example shows: For M = [0, 1], the interior of the set NA(F (M), R) is empty. Indeed,
recall that F([0,1]) = L1[0,1] (c.f. e.g. [41, Example 2.1]). Now, the result follows from the fact
proved in [3, Theorem 2.7] that L1[0, 1]* \ NA(L4]0, 1], R) is dense in L4[0, 1]*.

On the other hand, we do not know whether the hypothesis that M does not contain isometric copies
of [0, 1] can be dropped in Theorem 2.41. The only metric spaces M which we know that contain [0, 1]
and for which LipSNA(M,R) is dense in Lipy(M,R) are the metric spaces M, given in Theorem 2.26.
As a matter of facts, it is immediate to check that the three assertions of Theorem 2.41 and the thesis
of Corollary 2.43 hold for them. Indeed, it was shown that the set of non-local Lipschitz maps is dense,
and it is an open subset of the set of strongly norm-attaining Lipschitz maps since the metric spaces are
compact.

Let us now prove Theorem 2.41. We need a number of preliminary results which could be of inde-
pendent interest. First, we prove the abundance of non-local Lipschitz maps when the set of strongly
norm-attaining maps is dense, in the compact setting.

Lemma 2.45. Let M be a compact metric space, let Y be a Banach space, and f € Svip, (ar,y). Assume

that there exists my,, € ext (Brr) such that ||]?(mxy)|| = 1. Then, for every e > 0, there ezists a
non-local Lipschitz map ¢ : M — Y such that ||f — ¢l < e.

o~ o~

Proof. Since || f(mg )|l = 1 then we can find y* € Sy- such that [y* o f](mg,) = 1. By assumption,
Mgy is an extreme point. Hence, by [9, Theorem 4.2] it is a preserved extreme point or, equivalently

by [36, Theorem 2.4], mg, is a denting point. Fix 0 < § < % and find a slice S = S(B}-(M),ﬁ,ﬂ)
with h € Spip, (arr) and B > 0, containing m, , and such that diam(S) < §. Select z € Sy such that
y*(z)ﬁ(mmy) > 1 — 8 and define

$ = f+ eh ® z,
where h® 2(My ) 1= ﬁ(mu,v)z for every u,v € M,u # v. It is clear that ||f — ¢||1 < €. Let us now prove
that ¢ is not local. To begin with, notice that

161l > [y* © Jl(may) +ehlma., )y (2) > 1+ (1= B).
Now, given u,v € M, u # v such that ||$(muv)|| >14¢(1—p), it follows that
I+e(1-p)< Hf(mum)” + Em(mu,v)‘ <1+ Em(mu,v)lv

from where we get that E(muyv) >1-—por ﬁ(—mu,v) = ﬁ(mvu) > 1 — . Assume that E(muyv) >1-p
(the other case runs similarly). This implies that m,, € S, hence ||my,, — Mz || < J. Now, by using
Lemma 1.14 we obtain that
max{d(z, u),d(y,v)}
d(z,y)

< ||m:c,y - mu,v” < 67
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so max{d(z,u),d(y,v)} < dd(z,y). Hence
d(u,v) = d(z,y) — d(z,u) — d(y,v) > (1 - 26)d(z,y),

from where we deduce that ¢ does not approximate its Lipschitz constant at arbitrarily close points, as
desired. O

Next, we also need the following lemma, whose proof is encoded in [45, Proposition 2.8.b] for the
real-valued case.

Lemma 2.46. Let M be a compact metric space, Y be a Banach space, and f € Sy, (a,y) be a non-local

Lipschitz map. Then, there exists a strongly exposed point my , € F(M) such that Hf(mg;y)H =1.

Proof. Since f is non-local, then an easy compactness argument yields that we can find a pair of different
points z,y € M such that not only ||f(ms,y)| = 1, but also that || f(m.)| < 1if 0 < d(u,v) < d(z,y).
We claim that the pair (z,y) fails property (Z). Indeed, assume by contradiction that (z,y) has property

(Z). Pick y* € Sy~ such that [y*o f](ms,) = 1. Then, for every n € N, there exists a point z, € M\{z,y}
satisfying that

d(x, zn) + d(y, zn) < d(z,y) + %min{d(m, zn), d(Y, 2n)}

Up to taking a subsequence, we may assume that d(z,,z) < d(z,,y) for every n € N. Also, up to
taking a further subsequence, we may assume by compactness that {z,} — z € M. Now, we have two
possibilities:
o If z # z then it is clear that d(z, z) + d(y, z) = d(x,y), which implies that [y* o J/”\](mw7z) =1 and,
in particular, f strongly attains its norm at the pair (x, z). However, notice that

A(w,2) < 5(dw2) +d(y, ) = 5dle,v),

DN | =

which contradicts the minimality condition on d(z,y).

o If z = z, then

0 0 Al G~y o flme, ) 322
d(.9) — dz0.9)
> d(z, zn) >1- n’

which entails a contradiction with the assumption that f is not local.

Consequently, we get that the pair (z,y) fails property (Z), so mg, is a strongly exposed point by [37,
Theorem 5.4]. O

The last preliminary result we present on the way to proving Theorem 2.41 deals with norm-attaining
operators on general Banach spaces.

Proposition 2.47. Let X and Y be Banach spaces. The following assertions are equivalent:
(i) The set {T € L(X,Y): T attains its norm at a strongly exposed point} is dense in L(X,Y).

(i) The set {T € L(X,Y): T is absolutely strongly exposing operator} is dense in L(X,Y).

Proof. (ii) = (i). This implication follows from the fact that if T' is an absolutely strongly exposing
operator for x € Sx, then z is strongly exposed.
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(i) = (ii). Pick an operator T' € £L(X,Y’) which attains its norm at a strongly exposed point z, and let us
find an absolutely strongly exposing operator S such that ||T'— S|| < e. For this, pick a strongly exposing
functional f, for x. Define

S:=T+ef, @T(x),

which satisfies that ||S — T'|| < € obviously. Let us prove that S is absolutely strongly exposing. To this
end, it is clear that ||S|| < 1+¢. Also, we get that

l+e=(1+9)|T)| =|S@)],

so ||S|| = 1+ e. Pick a sequence {x,} € Sx such that ||S(z,)|| — 1+¢€. Since S =T +ef, @ T(x)
this implies that |fz(z,)] — 1 from where we can find a subsequence {z,,} such that f,(z,,) — 1
or fi(xn,) — —1. Making use of the fact that f, strongly exposes x, we get that {x,,} — = or
{zn,} — —z. By definition, S is an absolutely strongly exposing operator, so we are done. O

We are now able to present the pending proof.

Proof of Theorem 2.41. (i)=>(iii) follows from Proposition 2.40 and Lemma 2.45. (iii)=(ii) follows by
Lemma 2.46 and Proposition 2.47. Finally, (ii)=-(i) follows from the fact that every absolutely strongly
exposing operator attains its norm at a strongly exposed point, so at a molecule of F(M). O]

As a consequence of the techniques involved in the proofs of Theorems 2.35 and 2.41, we get the third
main result of this section, which improves Theorem 2.35 in the compact case.

Theorem 2.48. Let M be a compact metric space. If LipSNA(M,R) is dense in Lipy(M,R), then
Bran = %(str—exp (B].-(M))).

Proof. Let I' = str-exp (B}-(M)). Assume that f € Lipy(M,R) is such that f attains its norm at an
element of Mol(M) N ext (B;(M)). By Lemmata 2.45 and 2.46, f can be approximated by elements in

o~

L(F(M),R) attaining their norms on I'. Therefore, sup,,,cr | f(m)| = || f||z. Now, Lemma 2.39 gives that
Bruy =co(I'), as desired. O

Theorem 2.48 somehow improves, in the case of Lipschitz-free spaces over compact metric spaces,
another result by Lindenstrauss appearing in [57]. Let M be a compact metric space. If LipSNA(M,Y")
is dense in L(F(M),Y) for some Banach space Y, then

Brar = @(str-exp (B].-(M))) .
Indeed, this follows from Theorem 2.48, as the density of LipSNA(M,Y") in Lip,(M,Y) for some Y implies
the density of LipSNA(M,R) in Lip,(M,R) by Proposition 2.36.

Compare this result with the following one by Lindenstrauss [57, Theorem 2.ii]: if X is a Banach
space which admits a LUR renorming (for instance, if X is separable) such that NA(X,Y") is dense in
L(X,Y) for all Banach spaces Y, then Bx = ¢o(str-exp (Bx)).

Let us comment that in [41, Problem 6.7] it is proposed to study for which compact metric spaces
M and Banach spaces Y one has that LipSNA(M,Y") is dense in Lipy(M,Y). Note that a necessary
condition is that Bry) = @(str—exp (B].-( M))), according to the previous remark. However, we will
show in the next chapter that this is not a sufficient condition (see Theorem 3.10).

Our goal now is to generalize some previous results to a more general setting. Notice that techniques
similar to those of Lemma 2.45 can be used in the locally compact case to get the following result.

Proposition 2.49. Let M be a locally compact metric space and let Y be a Banach space. Then, the
following assertions are equivalent:

(i) The set {f € Lipy(M,Y): F attains its norm at a denting point} is dense in Lipy(M,Y).

(i) The set of absolutely strongly exposing operators from F(M) to Y is dense in L(F(M),Y).
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(iti) LipSNA(M,Y) contains the open dense set B of the Lipschitz maps f: M — Y with the following
property: there are n > 0, x,y € M with x # y and r > 0 such that

e B(xz,r) and B(y,r) are compact and disjoint, and,

o [[f(mun)ll <Ifll —mnif (u,v) & (B(z,7) x Bly,r)) U(B(y,r) x B(x,r)).
In particular, in such a case, Bryry = @(str—exp (B}-(M))).

In particular, for locally compact metric spaces whose Lipschitz-free space has the RNP, the proposi-
tion above gives the following corollary, which extends Corollary 2.43, since the set of absolutely strongly
exposing operators from F (M) to Y is dense in L(F(M),Y’) by [18, Theorem 5].

Corollary 2.50. Let M be a locally compact metric space for which F(M) has the RNP and let Y be a
Banach space. Then, LipSNA(M,Y) (and so NA(F(M),Y)) contains an open dense set.

Observe that this applies to the main examples in the literature of metric spaces M for which it is
known that F (M) has the RNP, for example the class of uniformly discrete metric spaces or the class of
boundedly compact Holder metric spaces.

Proof of Proposition 2.49. Assume that
A= {f € Lipy(M,Y): ]?attains its norm at a denting point}

is dense in Lipy(M,Y"). Pick f € A with || f||z = 1 and find a denting point m,, € F(M) and an element
y* € Sy~ such that [y* o fl(ms,,) =1. Fix 0 < 4§ < % and find a slice S = S(Br(um), h, ) containing

~

My, and such that diam(S) < 0. Select z € Sy such that y*(z)h(ms ) > 1 — 8 and define

It is clear that ||f — @]/ < e. Also, the proof of Lemma 2.45 reveals that, given u,v € M, u # v then

¢(ma0)ll > 1+e(1 = B)
= (u,v) € (B(w,dd(z,y)) x B(y,dd(z,y))) U (B(y,dd(z,y)) x B(z,dd(x,y))).

Taking into account that B(x,dd(z,y)) and B(y,dd(x,y)) are compact and disjoint for a small enough
0, we derive that ¢ € B. This proves that the set B is dense. To get (iii) let us prove that B enjoys the
following properties:

(a) B is open. Indeed, given a map f € B, consider n > 0, z,y € M with  # y and r > 0 for
which B(z,r) and B(y,r) are compact and disjoint, and ||f(muv)|\ < | fl = nif (u,v) ¢ (B(z,r) X
B(y,r)) U (B(y,r) x B(z,7)). Pick 0 < 6 < # and let us prove that B(f,d) C B. To this end take
g € Lipg(M,Y) with || f — g|lr < . Now, if (u,v) ¢ (B(z,r) x B(y,r)) U (B(y,r) x B(x,r)) then

~

[ (mu o) < Ifll =, from where

~

1G(mu,o)ll <6+ [[f(muo)ll <O+ flle —n < lglle +26 —n,
which proves that g € B, as desired.

(b) Every map in B attains its norm at a strongly exposed point. To see this, take f € B and, by
definition, consider n > 0, z,y € M with « # y and r > 0 for which B(z,r) and B(y,r) are compact

~

and disjoint, and || f(muy) || < || fllz —n if (v, v) ¢ (B(z,r)x B(y,r))U(B(y,r) x B(x,r)). Notice that
f strongly attains its norm because the set B(xz,r) U B(y,r) is a compact set and from the fact that
J cannot approximate its norm at arbitrarily close points. The previous fact even provides a pair of
different points u € B(z,r) and v € B(y,r) with the property that || f(my )| = || fllz- The pair (u, v)

N CPL) — 0
min{d(u,zn),d(v,zn)} ’
it follows from Lemma 2.11 that z, € B(z,r) N B(y,r) = 0 for large n, getting a contradiction.
Equivalently, the molecule m,,, is strongly exposed point. This proves that (iii) implies (ii) by
Proposition 2.47.

fails property (Z). Indeed, if otherwise there is a sequence {z,} such that
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Now, the previous two facts prove that (i) implies (iii). Finally, (ii) implies (i) is trivial, which finishes
the proof. O

Apart from Corollary 2.50, Proposition 2.49 also applies to another large class of metric spaces.

Example 2.51. Let M be a locally compact metric space, let 0 < < 1, and consider M? := (M, d?).
Then, LipSNA (M?,Y') contains an open dense subset. Indeed, M? is locally compact and LipSNA(M?)Y)
is dense in Lipy(M?,Y) for every Banach space Y by Corollary 2.25. Moreover, Proposition 2.2/ implies
that every molecule of F(M?) is a strongly exposed point, so Proposition 2.49 applies.

Let us end this section by giving a generalization of Theorem 2.48.

Corollary 2.52. Let M be a boundedly compact metric space. If LipSNA(M,R) is dense in Lipy(M,R),
then

Brarn = %(str-exp (B].-(M))).

Proof. As in Theorem 2.48, let I' = str-exp (B}-(M)) and suppose f € Lipy(M,R) is such that fattains
its norm at an element m, , € ext (B F( M)). Since M is a boundedly compact metric space, by using the
techniques involved in the proof of Theorem 4.2 in [9] and Theorem 2.4 in [36], we obtain that m, , is a
denting point of Bx(yr). Now, it follows from the proof of Proposition 2.49 that fcan be approximated

~

by elements of L(F(M),R) attaining their norms on I'. Therefore, sup,,cr |f(m)| = || f||z. Now, Lemma
2.39 does the work. n

2.6 Weak density of LipSNNA (M, R)

Up to now, we have studied for which metric spaces M and Banach spaces Y, the set LipSNA(M,Y")
of strongly norm-attaining Lipschitz maps is dense in Lipy(M,Y") with respect to the norm topology.
However, there is another interesting topology that we may consider: the weak topology. We will finish
the present chapter by studying the density of the strongly norm-attaining Lipschitz functions with
respect to the weak topology.

We have seen in the previous sections that the fact that LipSNA (M, R) is norm-dense in Lip,(M,R)
imposes severe restrictions on the metric space M (see Theorems 3.3, 2.35, and 2.48). Moreover, we will
see in Chapter 3 that there are many metric spaces M for which it is possible to find Lipschitz maps that
cannot be approximated by strongly norm-attaining Lipschitz maps. However, that is not the case if we
replace norm-density with weak density, as the main result of this section shows:

Theorem 2.53. Let M be a metric space. Then, LipSNA (M, R) is weakly sequentially dense in Lipy (M, R).
Moreover, for every g € Lipy(M,R) there is a sequence {g,} C LipSNA(M,R) such that g, — g,
lgnlle = llgllz, and g, — g uniformly on bounded sets.

This result extends [50, Theorem 2.6], where it was proved under the assumption of M being a length
metric space.
In order to prove our result we need some preliminary lemmata.

The next lemma provides a criterion to get weak convergence of sequences of Lipschitz functionals and
maps, for which the weak topology does not have any easy description. It is inspired by [50, Lemma 2.4],
improves [50, Corollary 2.5] and will be the key to prove the main result of this section.

Lemma 2.54. Let M be a metric space, let Y be a Banach space, and let {f,} be a sequence of functions
in the unit ball of Lipg(M,Y"). For each n € N, we write U,, := {x € M: f,(x) # 0} for the support of
fo- If U, NU,, =0 for every n # m, then the sequence { f,} is weakly null.

Proof. We will show that for every finite collection of reals {a;}}_;, we have

n
Zajfj <2mjax|aj|
=1 .
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and so Te,, := f, defines a bounded linear operator from ¢y to Lipy(M,Y).

To this end, denote f = Z?Zl a; fj. Take x,y € M with z # y, and let us give an upper estimate for

W. Since the supports of the functions {f,,} are pairwise disjoint, there are ji,j2 € {1,...,n}

such that {z,y}NU; =0 if j € {1,...,n} \ {j1,j2}. Therefore,

1 () = Sl Nlag, (f5, (=) = f5, (W) + a5, (f5 (=) = f5, ()]
d(z,y) d(z,y)
< ajy| + fag,| < Qm?X\aj\~

This shows that the operator T' defined above is bounded. Thus, it is also weak-to-weak continuous and
the conclusion follows. O

Next, the following result is implicitly proved in [50, Theorem 2.6] under the assumption of M being
a length space, but thanks to Lemma 2.54, we can show that the same argument works in a much more
general setting.

Lemma 2.55. Let M be a metric space. Assume that there exists a sequence {B(Zn, ) tnen of disjoint
balls of M and a sequence {yntnen of points of M such that 0 < d(xn,yn)/rn — 0 and r,, — 0. Then
for every g € Lipy(M,R) there is a sequence {g,} C LipSNA(M,R) such that g, — g, |lgnll. — llgllz
and g, — g uniformly.

Proof. Given g € SLip, (a,r), just follow the proof of Theorem 2.6 in [50] to construct a sequence {g,} in
LipSNA (M, R) with supp(gn — 9) € B(n,7n), gn(yn) = 9(yn) and ||gn|lz = 1+ 222220 5 1 Then,
{gn} % g by Lemma 2.54. Moreover,

gn (%) = 9()| < |9n(2) = gn(yn)| + 9(yn) — 9(x)| < (lgnllz + 9ll2)d(Yn, )
d(%,yn))(

n

<(2+2 0+ (T, yn))

whenever © € B(zy,7,). Since 7, = 0, d(zpn,Yn)/rn — 0 and supp(g, — g) C B(zp,7y), it follows that
gn — g uniformly. O

The following technical lemma will allow us to apply Lemma 2.55 in the case of M being discrete but
not uniformly discrete.

Lemma 2.56. Let M be a metric space. Assume that M is discrete but not uniformly discrete. Then, for
every k > 2 and every € > 0, there exist x,y € M such that 0 < d(z,y) < € and the set M\ B(z, k d(z,y))
s mot uniformly discrete.

Proof. Assume that there exist k > 2 and € > 0 such that
a(z,y) := inf{d(u,v): u,v € M\ B(z,kd(z,y)), u # v} >0

whenever 0 < d(z,y) < €. Since M is not uniformly discrete, one can construct inductively two sequences
{x,} and {y,} in M such that 0 < d(z1,y1) < ¢ and 0 < d(Zy41,Yn+1) < min{a(z,,y,),27 " L} for
every n € N. Tt follows that either z,1 € B(xy, kd(xp, yn)) O Ynt1 € B(xn, kd(xy,,y,)). In any case,

Tnt1 C B(@n, kd(Tn, yn) + d(@nt1, Ynt1)) C Bz, 27 "e(k +1/2)).

Thus, {z,} is Cauchy and so it has a limit in M, say x. Moreover, it is clear that {y,} also converges to
x. Since M is discrete, we conclude the existence of n € N such that x, = y,, a contradiction. O

Proof of Theorem 2.53. We distinguish several cases depending on the properties of the set of cluster
points M'. If M’ is infinite, then Lemma 2.55 applies and so LipSNA(M,R) is weakly sequentially
dense. Indeed, in such case it is not difficult to construct an infinite sequence of disjoint balls centered
at (different) cluster points; as the centers are cluster points, we may also get the sequence {y, }nen.

If M’ is empty, then we distinguish two more cases:
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o If M is uniformly discrete, then F(M) has the RNP (see Example 2.4), and so LipSNA(M,R) is
indeed norm-dense in Lipy(M,R) by Proposition 2.3. Note that if ||g, — g||lz — O then g, — ¢
uniformly on bounded sets.

e If M is discrete but not uniformly discrete, then we can inductively apply Lemma 2.56 to find
sequences {z,,}, {yn} in M such that, for every n € N, the space M \ U _; B(Tm, 2md (2, ym))
is discrete but not uniformly discrete, zp 41, Ynt1 € M\ U_; B(@m, 2md(2m, ym)) and

d(Tn; Yn), TL2} .

. n
d(Tn11,Ynt1) < min {n+1

It is easy to check that the balls { B(z,,, nd(z,,y»))} are pairwise disjoint and satisfy the requirement
of Lemma 2.55. The conclusion follows.

It remains to consider the case when M’ is non-empty and finite, say M’ = {ay,...,ar}. Moreover,
we may assume that a; = 0. Given € > 0, we denote E, := Ule [M \ B(aj,e)]. If E. is finite for
every € > 0, then M is compact and countable. Then, F(M) has the RNP (see Example 2.4) and the
conclusion follows. Thus, we may and do assume that there is 0 < g9 < § min;»;{d(a;,a;)} such that
E,, is infinite. Moreover, note that E, is discrete for every € > 0. If there is 0 < ¢ < ¢¢ such that E,
is not uniformly discrete in M, then the same argument as above provides a sequence of disjoint balls
such that Lemma 2.55 applies. Thus, we may also suppose that E. is infinite and uniformly discrete in
M for every 0 < £ < g9. By rescaling the metric space, we may assume that g = 27'. For n € N and
i €{1,...,k}, let us denote C? := Epi1y-1 N B(a;,n~1) and

o = inf{d(z, M\ {z}): z € C'},
with the convention that inf ) = +o0o. Note, by passing, that

M =B, ul Gy
n,k
Now, we distinguish two cases.

Case 1: assume that there is i € {1,...,k} such that liminf, ., naf, = 0. Then we claim that it is
possible to find a sequence {j,} in N, and sequences {z,} and {y,} in M, such that:

(i) 3nd(xn,yn) < (jn + 1)~ for every n;
(i) 45,01 < (jn + 1)~ = 3nd(2y, yn) for every n;
(iii) z, € CL .
Indeed, take j; > 1 such that 6j104§»1 < 1. Then there is 1 € C’;l such that
3d(zy, M\ {z1}) <2757 < (i + 1)L

Thus, there is y; € M with 3d(z1,%1) < (41 + 1)~!. Now, assume that we have defined z,,, ¥, and jp,,
and let us define x,,41, Yn41 and j,41. By condition (i), we can take j,+1 € N such that

4570 < (o +1)7" = 3nd(zn,y,) and  6njnpiial <1

In+1

Then, there are x,11 € C’;H and y,4+1 € M such that

1
3nd(Tny1,Ynt1) <27ty < G + 17
This completes the construction of the sequences {z,}, {y»} and {j,}. Now, we claim that
B(xp, 3nd(Tn, Yn)) N B(xm, 3md(zm, Ym)) =0
whenever n # m. Indeed, assume that n < m. It follows from (i) and (ii) that

B(xnv 3ﬂd($myn)) N B(aiaj;—il-l) =0.
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Moreover, from (i) and (iii) it follows that

B(xm73md($maym)) xm?S(]m+1)_1)

C B(
C Blai, 3(jm + 1) +in') € Blai, 4j5").
Finally, note that 4j.} < 4j7;l1 < (jn + 17t Thus B(zm, 3md(xm, ym)) is contained in B(ai,4j;j1)

and so it does not intersect B(zy,3nd(zn,yn)). Therefore, we can apply Lemma 2.55 to get that
LipSNA (M, R) is weakly sequentially dense. This completes the proof in the first case.

Case 2: assume now that there is a constant C' > 0 such that C' < nal, for every n € N and
1€ {1,...,k}. We will show that in this case (M) has the RNP. To this end, we will apply Proposition
1.15 several times in order to decompose F(M) as an ¢;-sum of spaces with the RNP. Let us denote
E=FE,1U{0}and N = Ule B(a;,1/2). We claim that F(M) is isomorphic to F(E) &1 F(N). Note
that N is bounded and so, R = sup{d(x,0): x € N} < 4+00. Moreover, note also that E is uniformly
discrete in M and so,

a:=inf{d(z,y): x € E;y € N,z £y} > 0.

Thus, given x € F and y € N, we have that

d(z,0) + d(y,0) < d(x,y) + 2d(y,0) < (1 + 25) d(z,y).

By applying Proposition 1.15, we get the claim.
Now, for i € {1,...,k}, denote Cj = {0,a;}, C% := C: U{a;} if n > 1 and O := |32, C%. Note that
N = Ule C* and C*' N C7 = {0} if i # j. We claim that there is a constant L > 0 such that
d(x,0) +d(y,0) < Ld(z,y)
whenever z € C* and Yy € C7 with i # j. Take such an x and y. Note that

min#j d(ai, aj)

d(z,y) = d(a;, a;) — d(z,a;) — d(y,a;) > 5

mil’li;ﬁj d(ai, aj)

Ty, 0) + d(y,0)).

Therefore, L = % does the work. This shows that

F(M)~ F(E)®, F(N)~ F(E)®1 F(CY) &1 --- @ F(CY).

Finally, we will show that F(C?) ~ [EBZO:() F(C) , for every i € {1,...,k}. To this end, consider a; as
1

the distinguished point in C? and notice that C%, N C%, = {a;} if n # m. Fix n,m € NU{0} with n < m,
take z € C%, and y € C!, with 2 # y. Then

d(y7 a"i) <

1
m ~ C c
by definition of o, , and so

d(:[,’, ai) + d(yvai) < d(x,y) + Qd(yvai) < (1 + 2Cil)d(xa y)

Thus, we can apply Proposition 1.15 to get that F(C?) ~ {@ff;o F(C) x Therefore,

1

F(M)~ F(E)e | F(C))
n,i o

where each one of the summands has the RNP as they are the Lipschitz-free space over a uniformly
discrete metric space (see Example 2.4). O
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Let us finish the chapter with the following observation. If we identify Lip,(M,R) = L(F(M),R) =
F(M)*, the Bishop-Phelps theorem gives that the set of those elements in Lip, (M, R) which attain their
norm as elements of the dual of F(M) is always norm dense. On the other hand, LipSNA (M, R) is the
set of elements in F(M)* which attain their norm at a molecule. As the unit ball of F(M) is the closed
convex hull of Mol(M), one may wonder whether Theorem 2.53 actually follows from these facts, that
is, if whenever a subset A of a Banach space X satisfies that Bx = @0(A), then the set of elements of
X* which attain their norms at a point of A is weakly dense on X™*. This is not true in general, as the
following example shows.

Example 2.57. Let X = co®,Y be the projective tensor product of co and Y, where Y is an equivalent
renorming of €1 such that Y* is strictly convexr (see e.g. [3, Theorem II1.2.6]). We consider the subset
of Bx given by

A={z®y:z€ B,y €< By}

which satisfies that Bx = to(A) (see e.g. [63, Proposition 2.2]). Next, observe that if an element of
X* = L(co,Y™) attains its norm at a point of A then, in particular, it attains its norm as an operator
from cg to Y™, that is, the set of elements of X* attaining their norms at a point of A is contained in
NA(co, Y*). However, this set is not weakly dense since it is contained in the space of compact operators
K(co, Y™*) by [57, Proposition 4] and there are non-compact operators from co to Y*.






Chapter 3

Strong density. Negative results

Even though we presented in the previous chapter many conditions on a metric space M guaranteeing
that the set LipSNA(M,Y) is dense in Lipy(M,Y") for every Banach space Y, this density is a very
restrictive property. There are many examples of metric spaces for which not every Lipschitz map can
be approximated by strongly norm-attaining Lipschitz maps. This chapter will be devoted to studying
precisely those metric spaces. We will present some properties that imply absence of strong density, as
well as some examples that complement the positive results that we have already obtained.

The results obtained in this chapter come from the papers [20] and [23]. They were collaborative
works with Bernardo Cascales, Luis Carlos Garcia Lirola, Miguel Martin, and Abraham Rueda Zoca.

3.1 The previously known negative examples

The first negative examples are due to V. Kadets, M. Martin, and M. Soloviova and can be found in [50].
The authors show that if we consider [0, 1] with its usual distance as the metric space, then it is possible
to find a Lipschitz function f: [0,1] — R that cannot be approximated by strongly norm-attaining
Lipschitz functions. In other words, they obtain:

Example 3.1 ([50, Example 2.1]). LipSNA([0, 1], R) is not norm-dense in Lip,([0, 1], R).

Actually, Proposition 2.36 implies that LipSNA([0, 1],Y") is not norm-dense in Lip,([0,1],Y) for any
Banach space Y.

Example 3.1 can be a little shocking since [0, 1] with its usual distance is one of the most natural and
simplest metric spaces that we can consider, but it turns out that strong density fails for it. In other to
clarify why this happens, we consider convenient to give a proof of this example:

Proof of Example 3.1. Tt is well known that every Lipschitz function from [0,1] to R is differentiable
almost everywhere in [0, 1]. Actually, the derivative operator ®: Lip,([0, 1], R) — L[0, 1] given by

(I)(f) = f/ Vfe Lipo([07 1]’R)

is an isometric isomorphism. Now, pick g € LipSNA([0, 1], R). Then, there are s,t € [0,1] with ¢ < s
such that g attains its norm at the molecule m,; and, replacing g by —g if necessary, we may suppose
that actually g(ms+) = ||g||z- Now, consider p,q € (¢, s) with p > ¢ and notice that

d(s,t) = d(s,p) + d(p,q) + d(g,1),

SO

d(s, p) d(p,q) d(g,1)
Mgt = m m Mg t-
= 4 t) " e )T (s, ) e
Therefore, ms+ can be written as a convex combination of the molecules my p,, m; 4, Mmq,:. Consequently,
we must also have that g(my ) = ||g||z. Notice that this argument is valid for any two distinct points

39
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p,q € (t,s) with p > ¢. As a consequence of this, if p € (¢, s) is a point for which the derivative of ¢
exists, then

—_—m 1. a pr— 1. p— .
Lim A lim g(mp+np) = lim [lgllz = llg]lz

Therefore, ¢'(p) = ||lg||z for almost every point p € (¢,s). The conclusion of this argument is that if
g € LipSNA([0,1],R), then there exists an interval (¢, s) where ¢’ is either equal to ||g||z or —||g||L almost
everywhere. Let now C be a nowhere dense measurable subset of [0, 1] whose Lebesgue measure is positive
(e.g. any so-called “fat” Cantor set). Then, C has the property that for every interval (¢, s) C [0, 1] there
exists a subinterval (u,v) C (¢,s) such that (u,v) N C = 0. Let us define f: [0,1] — R by

f(p):/opXC(l")da: Vpe0,1].

It is clear that f is Lipschitz and | f||z = 1 (indeed, f = ® (xc), so [|[fllz = lIxcllee = 1). Now,
showing that this Lipschitz function cannot be approximated by strongly norm-attaining Lipschitz maps
is easy. Indeed, let g € LipSNA([0,1],R). Since we are trying to approximate f, we may assume that
llgll = 1. Then, we know that there exists an interval (t,s) where |¢’| = 1 almost everywhere. On the
other hand, by the shape of the Cantor set C, there exists a subinterval (u,v) C (¢,s) so that yo =0
in (u,v). Consequently, |[xc — ¢'|l«o = 1, but applying the isometry ® ! we obtain that ||f — g||z > 1.
Since this is true for every norm-one strongly norm-attaining Lipschitz function g, we conclude that
f ¢ LipSNA([0,1],R). Hence, LipSNA([0, 1], R) cannot be dense in Lip,([0, 1], R). O

Let us comment that with the tools that we have developed in Chapter 2, we can give an alternative
proof of Example 3.1. Indeed, if s,¢ € [0,1], say t < s, and p € (s,t), we have that d(t, s) = d(t,p)+d(p, s)

and so
L dwp)  dps)
b s) P d(ts) P
Then, my s is not an extreme point of Br(jo,1)). Since this is valid for every molecule of F([0,1]), we

conclude that ext (B]-‘([O,l])) N Mol([0,1]) = 0. Finally, Theorem 2.35 implies that there is no strong
density.

Observe that, in essence, both proofs use the that for M = [0, 1], given p,q € M with p # ¢, there
are too many points in the metric segments [p,q] = {z € M: d(p,q) = d(p,z) + d(z,q)}. Both proofs
extend routinely to convex subset of normed spaces. Actually, it is possible to go further. Recall that
a metric space (M, d) is said to be geodesic if for every pair of distinct points p,q € M, there exists a
rectifiable curve joining p and ¢ of length d(p, ¢). The authors of [50] generalized Example 3.1 obtaining
the following result.

Theorem 3.2 ([50, Theorem 2.3]). Let M be a geodesic metric space. Then, LipSNA (M, R) is not dense
in Lipy(M,R).

3.2 New negative examples I. Abundance of metrically aligned
points

Let us recall that a metric space (M,d) is said to be a length metric space if d(p,q) is equal to the
infimum of the length of the rectifiable curves joining p and ¢ for every pair of distinct points p, ¢ € M.
It is clear that every geodesic space is a length space, but Example 2.4 in [45] shows that the converse
is not true. Let us comment that Theorem 1.9 proves that M has property (Z) if and only if M is
length. Also, Corollary 1.8 states that M has property (Z) if and only if Bz(5s) has no strongly exposed
points. In contrast, we have seen in Chapter 2 that a strong presence of strongly exposed points inside
Br(yy implies density (see Proposition 2.8 for instance). On the other hand, Theorem 1.9 also states
that F (M) has the Daugavet property if and only if M is length. In contrast, Proposition 2.3 states that
the Radon-Nikodym property implies strongly density, and the Daugavet property is usually considered
as nearly opposite to the RNP. These observations make natural that the following result holds.

Theorem 3.3. Let M be a length metric space. Then, the set LipSNA (M, R) is not dense in Lipy(M, R).
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Theorem 2.48 states that if M is a compact metric space, for which LipSNA(M,R) is dense, then
By is the closed convex hull of its strongly exposed points. We do not know if this result holds when
the assumption of compactness is removed. However, as a consequence of Theorem 3.3 we have the next
result.

Corollary 3.4. Let M be a metric space. Assume that LipSNA(M,R) is dense in Lipg(M,R). Then,
there exists at least one strongly exposed point in Br(nr-

Proof. Assume there are no strongly exposed points in Br(pr). Then, by Corollary 1.8 we have that
M has property (Z). In view of Theorem 1.9, M must be length, but then Theorem 3.3 leads to a
contradiction. O

We now proceed to prove Theorem 3.3. In order to do it, we need the next easy lemma.

Lemma 3.5. Let M be a metric space, let f € LipSNA(M,R) which attains its norm at a pair (p,q) of
distinct points of M, let € > 0, and let o be a rectifiable curve in M joining p, q such that

length(az) < d(p,q) +=.

Then, we have that
|f(z1) = f(22)| Z ([ fllL(d(z1,22) —€) V21,22 € e,

Proof. Fix z1, z3 € a.. By the definition of length of a curve, we have that

d(p,q) < d(p,z1) +d(z1, 22) + d(22, q) < length(a:) < d(p,q) +¢.

Consequently,

|f(z1) = f(z2)]

ARV

(f(p) = (@) = ((F(p) = f(21)) + (f(22) = f(9)))]
f®) = F(@ = 1f(p) = F(z)] = [f(22) = f(9)]
f) = F@) = £llzd(p, z1) — [ fl|d(z2, )

|Fll(d(p, @) — d(p, z1) — d(22,9)) = [ fl|L(d(z1, 22) — &) 0

We are now ready to prove the desired result.

Proof of Theorem 3.3. Fix § > 0, g € M \ {0}. Let us consider a curve
Vs [07 (1 + 5)d(05 Z‘())] — M

joining 0 and zy.

Now, let us consider a Lipschitz function ug: ¥5([0, (1 + 6)d(0,z¢)]) — R such that ug(0) = 0,
ug (o) = 1. Since v5([0, (14-6)d(0, xo)]) is compact and connected, we have that ug(vs([0, (1+6)d(0,z0)]))
is a compact connected subset of R, i.e. ug(vs([0, (1 + 6)d(0,x0)])) = [ao, bo] for certain ag, by € R. We

will write
aq bo ()

b= 055 ([0, (1 + 8)d(0, x0)]) — [a, .

 luollz’ luolle”  luollz

We can apply McShane’s extension theorem to oz to get a surjective function u: M — [a, b] satisfying

uo

that |lu|l, = 1. Let A C [a,b] be a nowhere derllse closed set of positive Lebesgue measure. Consider
g € Lipy([a,d],R) the function whose derivate equals x4 (characteristic function of A). We define
h=gou: M — R. Tt is clear that h(0) = g(u(0)) = g(0) = 0 and ||h|| = |lg|]lr = 1. Therefore,
h € Lipy(M,R). Now, take f € LipSNA(M,R). We will show that || — f| > 5. To this end, assume

the contrary, that is,

1
17l < 1.
In particular, note that || f||z > % We know that there exist p,q € M with p # ¢ such that
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Suppose that u(p) = u(q), hence h(p) = h(q) and we have that

(=@ = = DH@] _ 1) =Sl _ o 1
=7l > o = S = Al > 5,

a contradiction. Therefore, u(p) # u(q). We can assume that u(p) < u(q) without any loss of generality.
By the construction of g, there exist ¢, d € R such that the interval [¢, d] is contained in (u(p), u(q)) and
that g is constant in [c, d]. Take gy > 0 satisfying

1Al — lIn = £
HE

0<ego<|d— (3.1)

and a rectifiable curve a,, joining p and ¢ such that
length(ae,) < d(p, q) + €0

Note that such a curve exists because M is a length space. Let us write A = g, ([0,d(p,q) +¢]) C M
and observe that

[e;d] € (u(p), u(q)) € u(h),

so there exist Z1, Zy € A such that ¢ = u(Z1), d = u(Z2). Moreover, we have
|d — c| = |u(Z2) —u(21)| < d(Z2, Z1).
Hence, if z1, 2z are different points of A, using Lemma 3.5 we get that

|h(21) = h(22)| > |f(21) = f(z2)| = |h = fllLd(21, 22)
> [|fllzd(z1,22) = | fllLeo — |1h = fllLd(z1, 22)

_ eollflle
—(wmfwh—mL—ﬂhﬂﬁ)MMJﬁ

Taking z; = Z1, 22 = Z3 and applying the above inequality, we have

) =1 > (Il = = fle - 5271 dger 2
(3.1)
>

(Al =k = flle = (Iflle = [Ih = fllz))d(Z1, Z2) = 0.

This implies that h(Z1) # h(Z22) and so g(c) # g(d), getting a contradiction with the fact that g is constant
in [c,d]. O

The last theorem can be seen as a generalization of the fact that LipSNA([0,1],R) is not dense in
Lipy([0,1],R). Our next goal is to generalize that fact but in a different way. We are interested in
characterizing those closed subsets M of [0, 1] for which LipSNA (M, R) is dense. This new generalization
will allow us to produce examples of metric spaces M with very different geometric and topological
properties for which LipSNA(M,R) is still not dense in Lipy(M,R). In order to do that, we need to
introduce a class of metric spaces M, the so-called R-trees. An R-tree is a metric space T satisfying:

(i) for any points x, y € T, there exists a unique isometry ¢ from the closed interval [0, d(x,y)] into T'
such that ¢(0) =z and ¢(d(z,y)) = y. Such isometry will be denoted by ¢,;

(ii) any one-to-one continuous mapping ¢: [0, 1] — T has the same range as the isometry ¢ associated
to the points z = ¢(0) and y = ¢(1).

Let us introduce some more notation, coming from [40]. Given points x,y in an R-tree T, it is usual
to write [z,y] to denote the range of ¢,,, which is called a segment. We say that a subset A of T is
measurable whenever (b;yl (A) is Lebesgue measurable for any z, y € T. If A is measurable and S is a

segment [z, ], we write Ag(A) for A(¢,.!(A)), where ) is the Lebesgue measure on R. We denote by R the
zy
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set of those subsets of T which can be written as a finite union of disjoint segments, and for R = |J;/_, Sk
(with disjoint Sg) in R, we put

Ar(A) = > As, (A).
k=1
Now, we can define the length measure of a measurable subset A of T' by

Ar(A) = sup Ag(A).

RER
R-trees were considered in [40] in order to characterize the metric spaces M for which F(M) is isometric
to a subspace of L as those which isometrically embed into an R-tree. Let us say that it was proved in
[11, Corollary 4.5] that if M is a complete subset of an R-tree, then every extreme point of the unit ball
of F(M) is a preserved extreme point. In particular, every extreme point of Br(,s) is a molecule.

The next result generalizes Example 3.1 in the announced direction.

Theorem 3.6. Let T be an R-tree and let M be a closed subset of T' containing the origin. If M has
positive length measure, then LipSNA(M,R) is not dense in Lipy(M,R).

Proof. Note that, as M has positive length measure, we can find a segment S = [z, yo] C T such that
Ar(M N S) > 0. We distinguish two cases:

First, assume that there exists a segment [x1,91] € M N S. By Theorem 2.3 in [50] we know that
there exists a function f € Lipy([z1,91],R) such that ||f||r = 1 and ||f — g[|z >  holds for all g €
LipSNA([z1,y1]). Consider m1: T" — [21,y1] the metric projection, which satisfies that

d(z,y) = d(z,m(z)) + d(m(x),y) Yo eT,y€E [z, u]

(c.f. e.g. [19, Chapter I1.2]). Define the norm-one Lipschitz function f: M — R by f(p) = [f omi](p)
for every p € M, and suppose that there exists g € LipSNA(M,R) such that || f — || < 1. If we take z,
y € M with x # y such that g(my ) = ||g|lL, we get

1 |f(m(z)) — f(m(y)) — (g(z) — g(y))I
2 d(z,y)

|f(mi(x)) = f(m(y))]
d(z,y) ’

so m(x) # m(y). Using that g(mg,) = [|g|lL, Lemma 2.2 in [50] gives that G(mrx,(2),x ) = ll9llz-
Hence, gl ..,; € LIPSNA([z1,y1]). It follows from this that

> |lgllz —

7 1
1f=glle = f - g|[:r:1,y1] lz > 9
a contradiction.

Now, assume that no segment is contained in M N S. Define the norm-one Lipschitz function f: S — R

by
f(t) = / xor () dx = Ar ([0, 1] 1 M)
[:L’o,t]

for all ¢t € [zo,y0]. As above, define f: M — R by f(p) = [f o m](p) for every p € M, where
my: M — S is the metric projection onto S. Again, assume that there exists g € LipSNA(M,R) such
that |lg— f||z < 3. Take z,y € M such that = # y and §(my,,) = |g||. Then, using the same argument
as above, we deduce that () # ma(y). Now, since [m2(z), m2(y)] € M NS by the assumption, we can
find distinct points xo, yo € M such that [zs,y2] C|ma(x), m2(y)[\(M N S). Recall that g(m, ) = ||lg]lz
and this implies that g(ms, 4,) = ||g||z by Lemma 2.2 in [50]. On the other hand, note that

F(@2) = f(x2) = Ar([wo, 2] N M) = Ar([z0, 2] N M) = f(y2) = f(y2).

Therefore, we obtain

(9= )@2) — (g — F)y2)
d($2,y2)

~ 1
= 9(May ) = llgllz > 5,

1 ~
- > — 2
9 lg — fllz 5

getting again a contradiction. Consequently, the set LipSNA (M, R) is not dense in Lip, (M, R). O
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Corollary 3.7. Let M be a compact subset of an R-tree containing 0. Then, LipSNA(M,R) is dense in
Lipy(M,R) if and only if Ar(M) = 0. Moreover, in such a case we have that LipSNA(M,Y') is dense in
Lipy(M,Y) for every Banach space Y .

Proof. First, if M has positive measure, then Theorem 3.6 implies that Lip,(M,R) is not dense in
Lipy(M,R). Now, if M is a compact subset of an R-tree such that Ap(M) = 0, then F(M) is isometric
to a subspace of ¢1 [32, Proposition 8|, so F (M) has the RNP. Then, Proposition 2.3 applies. O

As a particular case, we obtain the desired characterization of the subsets of [0, 1].

Corollary 3.8. Let M be a closed subset of [0,1]. Then, LipSNA(M,R) is dense in Lipy(M,R) if and
only if M has measure zero. Moreover, in such a case we have that LipSNA(M,Y') is dense in Lip,(M,Y)
for every Banach space Y .

Notice that the examples of metric spaces M such that LipSNA(M,R) is not dense in Lip,(M,R)
provided by Theorem 3.3 (and so by [50, Theorem 2.3]) have very strong topological properties. For
instance, it is clear that length metric spaces are arc-connected and, in particular, do not have isolated
points. Nevertheless, Corollary 3.8 produces quite different kind of such examples. For instance, let C' be
the Cantor set considered in the proof of Example 3.1. Corollary 3.8 implies that LipSNA(C,R) is not
dense in Lipy(C,R), and C is totally disconnected.

3.3 New negative examples II. The unit sphere of the Euclidean
plane

Our main goal in this section is to show that when we consider as the metric space the unit sphere of
R% T = {x € R?: ||z|]2 = 1}, endowed with the Euclidean metric, then LipSNA(T,R) is not dense in
LlpO(T7R)

We have already commented the close relationship between Linsdenstrauss property A and the ex-
tremal structure of a Banach space. Furthermore, this intimate relationship still exists when studying
the density of the strongly norm-attaining Lipschitz maps and the extremal structure of Lipschitz-free
spaces. For instance, Theorem 2.35 states that if M is a metric space for which LipSNA (M, R) is dense
in Lipg(M,R), then Br(yr) is the closed convex hull of its extreme molecules. Even more, Theorem 2.48
states that if we also assume that M is compact, then Bz is the closed convex hull of its strongly
exposed molecules.

As an application of these results, we have easily proved in the first section of this chapter that
LipSNA([0,1],R) is not dense in Lip,([0,1],R). The case of the unit sphere of the Euclidean plane T
is, however, quite more delicate. This is because the curvature of T suggests an abundance of strongly
exposed points in Bz(r) which could help to get density of LipSNA(T,R) (for instance, such density
would be obtained if Br) were the closed convex hull of a set of uniformly strongly exposed points
according to Proposition 2.8). Even when T is compact, this abundance of strongly exposed points does
not allow us to use Theorem 2.48. Indeed, take a look to the following result.

Proposition 3.9. T endowed with the Fuclidean metric is Gromov concave, that is, every molecule of
F(T) is a strongly exposed point of Br(r).

Proof. Consider m,, , a molecule of F(T). Clearly, we may assume that y = 1 and x = €' with ¢ € (0, 7]
since isometries of T can be used to carry strongly exposed molecules to strongly exposed molecules by
Theorem 1.7. Let us define the continuous function ¢: [—m +¢/2,t/2] \ {0} — R given by

I R

os) =3 leis —1]  Jeit —1||

A simple calculation shows that e := inf{¢(s): s € [-7 +¢/2,¢/2] \ {0}} > 0. We claim that

(x,y). > emin{d(z, z),d(y, 2)}
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for every z € T \ {z,y} and so the pair (z,y) fails property (Z). Indeed, let z = ¢**. By symmetry, we
may assume that s € [-7 +¢/2,¢/2] \ {0} and so,

min{d(z, z),d(y, z)} = d(y, z).
Now, Clarkson’s inequality [28, Theorem 3] yields that
e —1] < (1= 20(an))] e —e™ [+ (1 — 28(az))| " 1],
where ) , , ) 4
B ezt NS ezt 1 els ] ezt -1
T |Tet—eis | Jeit—1] leis —1|  [eit —1||’

and 6(u) =1 — (1 —u?/4)"/? > u?/8 is the modulus of uniform convexity of R?. Thus,

aq , Qg =

(2,9)-  dlan)] " —ci* | 4 d(an)| € ~1)

d(y,z) ~ |e?s —1]
1 ,left—e| 1 1
> ga?W + gOf% > gag = ¢(s) 2 ¢,
as desired. O

This proposition makes T an interesting example to study. On the one hand, if the strong density fails
for T, then it would be the first example of a Gromov concave metric space failing to have strong density.
This shows that the reciprocal of Theorems 2.35 and 2.48 does not hold. On the other hand, by the
last proposition again, the Banach space F(T) satisfies that the strongly exposed points of its unit ball
generate it by closed convex hull. However, if strong density fails, then the set of all strongly exposing
functionals cannot be dense in F(T)*, since each strongly exposing functional of F(T) is identified with
a strongly norm-attaining Lipschitz function. This phenomenon is pretty interesting by itself.

Let us present the main result of the section.

Theorem 3.10. Let T be the unit sphere of the Fuclidean plane endowed with the inherited Fuclidean
metric. Then, LipSNA(T,R) is not dense in Lipy (T, R).

In order to prove Theorem 3.10, we will need the following key result, which has been suggested to
us by F. Nazarov.

Lemma 3.11. Let M = ([0,1],d), where d(z,y) := |e'® —e¥ | = \/2(1 — cos(z — y)). Then, there exists
a compact subset C inside the open interval 10, 1[ such that the function f € Lip,(M,R) defined by

x
f@) = / xo(t) dt Yz e [0,1]
0
is a norm-one Lipschitz function which does not belong to LipSNA(M,R).

Proof. Consider a Cantor set C' = (", Cy,, where Cy = [1/4,3/4] and C,,41 is obtained by removing an
interval of length A(I)? at the middle of each connected component I of C,,. Note that C,, has 2" connected

: A(Cn) . n (ACw))2
components, all of them with the same length . By construction, A(Cy, \ Cpt1) = 2 (T) .

2TL
Taking into account that A(C,,) < § for n > 1, it follows that

- 1 &, (MG .1 11
Y AMC G = 5= Y2 (B > 53 g =
n=0 n=0 n=0

AC) =

DN | =

x

Consider the Lipschitz function f: ([0, 1],d) — R given by f(z) = / Xc(t) dt for every z € [0, 1]. Note
0
that || f]|z # 0 since A(C') > 0. We claim that f does not attain its Lipschitz norm. Indeed, assume that

there are z,y € [0, 1], < y, such that

fy) = f@)] _ fly) = f=@)
d(z,y) d(z,y)

1fllz =
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Clearly, z,y € [1/4,3/4]. We claim that z,y € C. Indeed, assume that z ¢ C. Then thereis0 < e < y—=z
such that (z,z +¢)NC = 0. Thus, f(z) = f(x +¢). Then,

) = fl@) _ fly) = fla+e)
d(z,y) d(x +e,y)

Il =1

)

a contradiction. So x € C. Analogously, we get that y € C. Now, let n be the maximum integer such
that « and y belong to the same connected component I of C),. Since & and y do not belong to the same
connected component of C,, 1, there are u, v such that (u,v) C C,, \ Cpy1 and |u—v| = A\(1)? > |z —y|*.
Note also that (u,v) NC =0 and so f(u) = f(v). We have

1, = HOIE S0 10 10) gy ) )
and so d(z,y) < d(y,v) + d(u,x). One can routinely check that
t— % < V/2(1—cos(t)) <t Vte|0,1).
Thus,
SR el oo =) =
(y — ) < V2(1 = cos(y — 2)) = d(x,y) < d(y,v) +d(u, )

24

= 1/2(1 — cos(y — v)) + v/2(1 — cos(u — x))

<y—-vdu—z<y—x—(y—x)

3
Therefore, (y — 2)? < (y;f) , a contradiction. Thus, f does not attain its Lipschitz norm. It remains to

show that ||f||z = 1. First, note that
flz) = fly flx) = fly
ifle= sup MO ZIWN S g, HOZIWI_ ey g
z,y€[0,1] (x,y) z,y€[0,1] ‘x - y|

Now, pick a pair of sequences {z,}, {yn} with z,, # y, for every n and such that % — Iz

Observe that d(xy,yn) — 0. Otherwise, we could extract, by compactness, subsequences {z,,} and
{yn, } converging to different points z,y in [0, 1], so f would attains its Lipschitz norm at the pair (x,y),

a contradiction. Consequently, Jj{;;z:l) —— 1 and then

lim f(my, ,,) = lim = lim < L
n—00 Y n—0o0 d(l‘n, yn) n—oo |yn - xn| d(xnv yn)
Hence, we conclude that || f|| = 1. O

We are now able to give the proof of the theorem.

Proof of Theorem 3.10. Let A C T be the following arc of T:
A={e":te]0,1]}.

Let us first show that LipSNA(A,R) # Lipy(4,R). In order to do so, remember that Lip,([0, 1],R) is
isometrically isomorphic to Ly [0, 1], where the isometry is given by the derivative operator, and observe
that ®: Lipy(A, R) — Lip,([0, 1], R) given by

[@(F)](t) = f(e") Vf€Lipy(AR), Vtel0,1]

defines a linear isomorphism. Consequently, a Lipschitz function g will be close to f if, and only if|
®(g)' € Loo[0,1] is close to ®(f)’. Furthermore, we know that there exists a constant 0 < K < 1 such
that

Klu—v| <|e™—e”| < |ju—v| Yu,ve][01].
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Now, let C' be the set given by Lemma 3.11. We define f € Lipy(4,R) by
Flei®) = / xo®ydt vte (o).
0

Let us consider 0 < § < & and define h € Lip, (A, R) such that

/ 1 iteeC,
e(h) (m):{ —6 ifxg¢C.

We will show that if g € Lip, (A4, R) verifies that [|®(g) — ®(h)||cc < d and |[|®(g)||z = ||P(h)||z = 1, then
g does not attain its Lipschitz norm. Firstly, note that if ||®(g)||, = 1 then ||g||z = 1 and || ®(9)’||cc = 1,
and so

/ (1-94,1) ifzeC,
®(g)(z) € { (—26,0) ifx¢ C.

Let us prove that g(meiu .iv) < 1 for every molecule mgiu iv € Mol(A). Let us distinguish two cases:

Case 1: u < v. In this case we have that
g(e™) — g(e™) = —/ d(g)'(t)dt < / §—1dt —l—/ 26 dt
u [u,v]NC [u,v]\C
< 20lu—v| < Klu—o| < e —e™|,

so g cannot attain its norm at the molecule Mmgiu giv.

Case 2: u > v. In this case we have that

g(eiu)—g(eiv)z/ q>(g)'(t)dt</ 1dt+/ 0dt
[v,ulnC [v,u]\C

/ t)dt = / O(f)'(t)dt

— () < Ifllplet — et | = el — e,

[
kﬁ

since f does not attain its Lipschitz norm by Lemma 3.11. Consequently ||g||;, = 1 and g does not attain
its norm at the molecule mgiu civ. By the arbitrariness of u and v, we get that g ¢ LipSNA(A,R).

Consequently, h ¢ LipSNA(A,R). Now let us consider an extension of h, say ¢, satisfying that
© ¢ LipSNA(T,R). In order to do so, pick 0 < n < 1 and define

0

h(el:f”) € (0,1},
o(ci?) = h(e’) €1, 1+
' _g+h(ei)+1+7" € [14n,2h(e") + 1+ 1),
€

2h(e’) + 1+ n, 2.

It is clear from the definition that ¢ € Lipy(T,R) with ||¢|| = ||h||L = 1 and satisfies that, for every
sequence of molecules {Mmgitn cisn } such that @(meitn eisn) — 1 there exists a natural number m such
that ¢,, s, €]0,1] for all n > m. From this and the fact that h ¢ LipSNA(A, R), it follows immediately
that ¢ ¢ LipSNA(T,R), as desired. O

Before finishing the section, let us say that we do not know if there exists a distance d’ on [0, 1],
equivalent to the usual one, such that LipSNA(([0,1],d’),R) is dense in Lipy(([0,1],d’),R). Observe
that Lemma 3.11 and the proof of Theorem 3.10 provide a particular equivalent distance d on [0, 1] for
which every molecule of F([0,1],d) is a strongly exposed point, but LipSNA(([0,1],d),R) is still not
dense in Lipy(([0,1],d),R). On the other hand, any Hélder distance on [0, 1] provides the density (see
Corollary 2.25). Although, Holder distances are not equivalent to the original one.
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3.4 New negative examples III. Generalization to C? curves

The last section was devoted to proving that for the unit sphere of R2?, endowed with the Euclidean
metric, there are Lipschitz functions that cannot be approximated by strongly norm-attaining Lipschitz
functions (see Theorem 3.10). The idea behind the proof is that locally, the unit sphere behaves as the
segment [0, 1], endowed with the usual metric, and Example 3.1 showed that there is no strong density
for this metric space. Indeed, in such an example it is proved that if C is a fat Cantor set and we define
the function f: [0,1] — R by

f<t>:/0 xe(s)ds vie[0.1]

then it cannot be approximated for strongly norm-attaining Lipschitz functions. When we parametrize
T by arc length, we have that the Euclidean metric is strictly less than the arc length metric, which
corresponds to the metric of the interval. Hence, we may find fat Cantor sets for which the function f
defined above strongly attains its norm when the Euclidean metric is considered. To solve this problem,
we constructed a Cantor set for which the gaps where big enough to beat the curvature of T, and so the
function f does not strongly attain its norm. Next, we slightly modified the function to obtain one that
cannot be approximated by strongly norm-attaining Lipschitz functions.

The porpoise of this section is to generalize Theorem 3.10 to general curves of enough regularity. We
dedicate the first part of this section to present a result that generates Cantor sets depending on some
parameters. Then, the generalization of Theorem 3.10 will follow as a direct application of this result.

3.4.1 Density of measurable subsets of [0, 1]

Let C be a measurable subset of [0, 1] with positive measure and consider I C [0, 1] an interval. We are
interested in determining how “dense” the set C'is in I, that is, determining the value of the quotient
|CNI|
1]

It is clear that the value of this quotient depends on the interval. Even if I and I’ are intervals of the
same length, C' may present different density in each of these intervals. However, we want to get a upper
bound for the density of the measurable set in terms of the length of the interval, so we can ensure that
for an interval I of a fixed length, the density of C' in I will be less than some number, no matter where
the interval is centered at. For this reason, we consider the function ¢¢: (0,1] — R given by

¢c(s) = sup { C|;1| 1l

: 1 C[0,1] is an interval of length s} Vs e (0,1].

First, it is clear that ¢c(s) < 1 for every s € (0,1]. On the other hand, it is immediate to verify that
inf{¢c(s): s € (0,1]} > 0. Furthermore, this function also satisfies

lim ¢ (s) = 1.

s—0

This is a consequence of the celebrated Lebesgue’s density theorem, which states that for almost every
point € C we have that
. Nz =04,z + 0]
lim
§—0 20
Our goal is to give a quantitative version of this theorem. In some sense, we want to study how slow this
convergence can be. The whole subsection is dedicated to proving the following result.

=1

Theorem 3.12. Let f: [0,1] — [0,1] be any function satisfying:

(i) f(0) =lims_o f(s) =1.
(1) inf{f(s): s € [0,1]} > 0.
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(#ii) There exists M > 0 such that %(S) < M for every s € (0,1].

Then, there exists a measurable set C C [0,1] of positive measure such that ¢c(s) < f(s) for every
s €(0,1].

In other words, given a function f: [0,1] — [0,1], Theorem 3.12 gives a measurable set C' C [0, 1]
of positive measure whose density is bounded above by f. In view of the observations that we have
made about the function ¢¢, it is clear that the first two hypotheses of Theorem 3.12 are, in fact,
necessary conditions for f to bound the function ¢¢. Unfortunately, we cannot say the same about the
last hypothesis. We found this assumption convenient in order to make Theorem 3.12 useful in the study
of strongly norm-attaining Lipschitz functions that we do in subsection 3.4.2. However, we could weaken
the condition. Instead of setting the quotient w being bounded, it would be sufficient to have some
control on the speed of divergence (see Remark 3.16). Actually, we do not know if the third assumption
can be completely removed from the theorem.

In order to prove Theorem 3.12, we will introduce a family of measurable sets depending on some
parameters. Furthermore, we will need to understand how they behave with respect to the notion of
density that we have introduced. This study will be broken up into several lemmata. To begin with, let
us introduce the family of measurable sets.

Consider a sequence of real numbers {\, }nen with 0 < X, < 1 for every n € N. Associated to this

sequence, we are going to construct a Cantor set. Consider Cy = [0, 1]. Divide Cj into two pieces: [0, 3]
and [%, 1], and consider intervals I, I5, of length |C2“| (1 — 1) starting at the starting point of each piece.
Then, define Cy = I U I, that is, C; = [0,3(1 — A\)]U[2, 2 + 3(1 — A\1)]. Now, divide each connected
component of C7 into two new pieces of the same length and consider in each of them two intervals of
length %(1 — \g) starting at the same point as the one of each of the two pieces. Then, define Cs to be

the union of the new intervals that we have constructed. Repeating this process, we construct C,, C [0, 1]
as a finite union of closed intervals, for every n € N. Finally, we define our Cantor set as

C=()Cn

neN

See the figure below to get an idea of the shape of this Cantor set.

S ¢ :
00 12 1

Figure 3.1: Shape of the Cantor set C' on its first levels

In order to study the structure of these Cantor sets, let us introduce some notation. For any n €
NU{0}, it is clear that C,, is the union of 2" closed intervals of the same length. Define I,, to be the first
interval composing C,,. Also, let us write r,, = |I,,|, that is, I,, = [0,7,]. Moreover, for each n € N let us
denote by g, the length of the gap we find between the interval I,, and the next one inside C,.

The following lemma gives us some measurements that we are going to need.

Lemma 3.13. Let {\,} C (0,1) be a sequence of numbers and let C' be the Cantor set associated to
{A\n}. Then,

(i) T = 5= [11=, (1 = N\;) and |Cy| = 2"y, for every n € NU {0}, understanding ro = 1.

(it) |C] =TI7Z, (1 = ).

(”Z) gn = %Tn—l/\rw
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Proof. To prove (1), let us work by induction over n. For n =1 we have r; = (1 — \;), which is true by
construction. Now, assume the statement is true for n € N. By the way we have defined the Cantor set,
to obtain I, we have to divide I,, into two pieces of the same length, and then consider I,, 1 to be the

interval starting at 0 of length ‘Izi‘(l — Ant1), that is,

I,
In+1 =10, u(1 - )\n+1):| .

Therefore,
n+1

|7, Tn 1
Tnt1 = | Iny1| = 7‘(1 = Ant1) = 5 (1= datt) = ooy [Ta—».
i=1

Now, notice that C,, is composed of 2" closed intervals of the same length, and we have just calculated
the length of I,,. In view of this, it is clear that

Cl =2"r, = [J(1=X) VneN.
i=1
To show (2) we just need to observe that Cy,+1 C C,, for every n € NU{0}. Moreover, |Cy| < co. Hence,

oo

€ = lim |Ca| = [T(1 = X).

i=1

Finally, to prove (3) notice that 7, + g, + rn + gn = 7n—1 for any n € N, from where we deduce that

2 = A Tl 2T -
gn—2 Tn—1 Tn —2 2n71 11 7 on 7

i=1

i=1
Given a sequence of numbers {A,} C (0,1) and its associated Cantor set C' C [0, 1], recall that we

want to study the function ¢¢: (0,1] — R given by

cnlI
bc(s) = sup { | ] | : I C[0,1] is an interval of length s} Vs e (0,1].

Notice that if we take s = r,,, then we clearly have that

Icnr, |C| 1 Nt
o) > T = = [T @=x) vneN
n n i=n+1

The next lemma gives a very explicit formula for the function ¢c. As a consequence of it, the above
inequality is an equality.

Lemma 3.14. Let {\,} C (0,1) be a sequence of numbers and let C' be the Cantor set associated to

{A\n}. Then,
pc(s) Vs e (0,1].

In particular, ¢c is a continuous function.

_ [enfo,s]]
o S

Proof. If s = 1, there is nothing to prove. Fix s € (0,1) and consider n € N so that r, < s < r,_1,
understanding 7o = 1. We want to show that the supremum is attained at the interval [0, s, that is,

cn1l _lenfo.s)
S = S

)

for any interval I C [0, 1] of length s. Equivalently, we have to show that |C'NI| < |CN]0,s]|.
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Claim: Let s € (0,1), let I C [0,1] be an interval of length s, and pick n € N such that r, < s <7,_1.
Then, there exists an interval I* of length s* < r,, satisfying

[CNI|l—|Cno,s]|<|CNI*|—|CNJ0,s"].

Assume the above claim is true. Then, we can apply it k times to obtain an interval I} of length
8y, < p4k—1 satisfying
NI =|Cn(0,s]] < [CNIE[=1C N0, st]l-

Now, notice that |C N I}| — |C N0, s;]| < |C NI < Tptr—1, from where we deduce that
[CNI|—|CNI0,s]| < rpyr—1-

Since {r,} — 0 as n goes to infinity, we conclude that |[C' N I| < |C N[0, s]|.

Let us prove the claim. We distinguish four cases:

e Case 1: I does not intersect any connected component of C,,. This means that I lies on a gap, and
so CN I = (. Therefore, |CNI| =0, so we can take I* to be any interval of length smaller than r,,.

e Case 2: [ intersects exactly one connected component of C),. Let us denote by J such connected
component of C,,. Then, we must have that I\ J lies on a gap. Recall that I,, = [0, r,] and we are
assuming s > r,, which implies that

[ICnIl=CnInJ)|<|ICnJ|=|CNI|<|CN[0,s].
Therefore, |CNI| —|CNJ0,s]| <0. In view of this, we can set I* = I,,11 = [0, 7,41]-

e Case 3: [ intersects exactly two connected components of C,,. Going from left to right, denote such
intervals by J; and Jo. Also, let us write I N J; = [a1,b1] and I N Jy = [ag, bo]. By the shape of
the Cantor set C, observe that we may identify I N J, with a subinterval of I,, starting at 0. More
precisely,

|Cﬂ (Iﬂ J2)| = |Oﬂ [a2,b2]\ = |Cﬁ [O,bg - a2]|,

Analogously, we may identify I N J; with a subinterval of I,, ending at r,. We just need to notice
that
[CnInJ)f=I[CNay, bl =[CNlrn = (b1 —a1), ]l

Let us write I = (by — a1) 4+ (b2 — a2). Then, notice that if [ < r,, we have that I N J; and I N J,
can be identified with two subintervals of I,, which do not overlap. Therefore, we would have
[ICNnIl=|Cn{INJ)|+|CN(INJy)
= ‘Cﬂ [O,bz — &2” + |Cﬁ [’/‘n — (bl — al),rn]|
<|CNIL|=]CNn[0,r,] <|CNI0,s],
from where we deduce that |CNI|—|CNI0,s]| <0, so we can set I* = I, ;1 as in case 2. Moreover,
in the case | = r,, we can identify I N J; and I N J, with two subintervals of I,, that overlap only

at one point, so we reach the same conclusion. Then, we may assume that [ > r,, so the intervals
[0,b2 — as] and [r,, — (b1 — a1),ry,] overlap. Let us write

Ig = [O,bg - Clg] N [’/’n — (bl - al),rn] = [7’" - (b1 — al),bz — CLQ}.

Set s* = (bg — az) — (r, — (b —ay1)) =1 — 7y to be the length of the above interval. We know that
$ =21+ gn, and I > r,. Then, we have s — (1, + gn) = s*. If s* > r, then we would have that
s — (Tn + gn) = 7, and so s > 2r, + g,. However, this implies that

[CN0,s]] = 2(CN 1| =[CNI]

Therefore, |[CNI|—|CNJ0,s]| <0, so we can set I* = I, 1. Consequently, we may suppose s* < ry,.
One the one hand, notice that

iCnIl=|CNUINJ)| +[CNINJ)| =|CNI|+|CNI
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On the other hand,
1CN1[0,8]] = |CNIu| +[C N [ra + gn, 8]l = [C N L +1C N[0, 5 = (1o + ga)]l.
Moreover, since s — (1, + gn) = s*, we have
ICN0,s]| > |CNL|+|CN[0,s"],
from where we deduce that
|ICNIl—|Cnio,s]|<|CNIGI—]CN[0,s"].
Therefore, we can set [* = Ijj.

Case 4: I intersects three or more connected components of C),. First, I cannot intersect four
connected components, since in such case we would have that

5>Tn+gn+rn+gnzrn—1-

Hence we know that I intersects exactly three connected components of C,. Going from left to
right, denote such intervals by Ji, Jo, and Js. If the intersection with any of them is just a point,
then in terms of Lebesgue measure, we may assume that I actually intersects only two intervals,
case that we have already studied. Let us write I NJy = [a1,b1], I N J3 = [as3,bs]. It is clear that
INJs =J; and so we can decompose as follows:

ICNIl=|CnINnJ)|+|CnINJ)|+|CN(INJs)
=|CnInNnJJ)|+|CNL|+|CNn(INJs).

Let us write I = (by — a1) + (bs — a3). Then we must have that [ < r,. In fact, notice that
52 (b1 —a1) + gn + 710+ gn + (b3 —az) = L+ 10 + 295

If we suppose | > r,, then s > 2r, + 2¢g,, = r,,_1, which is a contradiction. In view of this, notice
that we can identify I N Js with a subinterval of [r,, + gn, 27, + gn] of the same length as I N J3
starting at r,, + g,. More precisely, we have

ICN(INJ3)|=|CNlas,bs]l = |C N [ra+ gn,Tn + gn + (b3 — az)]|,

Analogously, notice that we can identify I N J; with a subinterval of I,, ending at r, of the same
length as I N Jp, that is,

ICNn(INJ)|=|CnNla,bi]| =|CN[ry — (b1 — a1), ]|
Then, if we consider a new interval I* = [r, — (by — a1), 7 + gn + (b3 — a3)] we will have that
[CnINnJ)|+|CNnINnJs)|=|CnNI*,

from where we deduce that
[ICNIl=|CNL|+|CNI*.

On the other hand, since I intersects more than two connected components of C,,, we clearly have
$ = Ty + gn- Thus,

[CN[0,s]| =|CNL|+|CN[ry+ gn,s] =|CN L+ |CN[0,s — (rn + gn)]]-
We claim that s — (r, + gn) > |I*|. Indeed, if we suppose s — (ry, + gn) < |I*| we would have
s—(rn+gn) < (rn+9gn+ (b3 —a3z)) — (rn — (b1 —a1)),

from where we obtain
s < Tp+ 29, +1,
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but we have already seen that in fact s > r, + 2¢,, +[. Hence,
|CN[0,s]| = |CNIL|+|CN[0,]| "]
Consequently, we obtain that
[CNI|—|CN[0,s]| <|CNI*|—|Cn]o,[I*]]].

Since | < 7, then I* is an interval which only intersects two connected components, so this case
reduces to case 3, so the claim is proved.

|CNI[0,s]|

Once we know that ¢c(s) can be expressed as , it is trivial to verify that ¢¢ is a continuous
function. It follows from the fact that the function s — |C' N[0, s]| is Lipschitz, since

cn o, sl :/OSXC(t)dt Vs el0,1]. 0

Notice that the last results do not need any assumptions on the sequence of numbers {\,}. We
need more information about the behavior of the function ¢¢, but in order to obtain it we need to pick
the sequence {\,} satisfying some conditions. However, we will see that these conditons are not very
restrictive.

We are interested in the case when the Cantor set C associated to a sequence {\,} C (0,1) has
positive measure. In view of Lemma 3.13, this will happen when [] 2 (1 — A,) > 0. Equivalently, it
will happen when > 7 | A, < oo. In particular, the sequence {\,,} must converge to zero. For the next
lemma we need to assume that such a convergence is monotone.

Lemma 3.15. Let {\,} C (0,1) be a decreasing sequence of numbers and let C' be the Cantor set
associated to {\,}. Pick s € (0,1), and consider n € N so that r,, < s < rn_1. Then,

dc(s) < gc(rn).

Proof. In view of Lemma 3.14, it will be enough to show that

|C' N0, s]| < |C' N0, ry]|

S Tn

In order to do so, it will be enough to verify this for s so that s ¢ C, since [0,1] \ C' is dense in [0, 1] and
¢¢ is a continuous function. Pick s € (0,1) \ C. Then, take the smallest integer k € N so that s ¢ Cy.
Let us consider n € N so that r, < s < r,_1. Clearly, we must have that k > n. Moreover, we know that
I, is formed by 2~ copies of I, and gaps, so we have

10N 1| = CN[0,7,]] = 267"|C N I (3.2)
Furthermore, since

Trnti = 2Tnqit1 + 20n4i+1 = 4ntiv2 +49nyit2 + 200141 = - ..

we obtain that

k—n
Tnti = ok—(nti)p 4 Z 297 gy Vi€ {0,...,k—n}.
j=it1
Let us write
k—n
Guri= Y 27y, Vi€ {0,... . k—n}
j=it1

and notice that it represents the measure of all gaps in I,,1; of order less or equal than k, understanding
Gr = 0. On the other hand, we know that s lies on a gap of Cy. Going from left to right, let J = [a, b]
be the interval of C}, that we find just before such a gap. Clearly, if s’ € (0,1) lies on the closure of the
same gap as s we will have that [C'N[0, s]| = |C N0, ]|, so the worst case that we may consider is when
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s’ = b, since in such a case we also have |C'N[0,s]| = |C N[0,b]| and clearly b < s, so ¢pc(b) = ¢pc(s). In
this case, we can write b as

k—n
b=rr+ Z 0i(Thyi + Gnii) (3.3)
i=0
for some 6; € {0,1} for i =0, ...,k —n. Notice that if b = r,, there is nothing to prove, so we may assume

b > r, and consequently 6y = 1. Now, using the last equality we obtain

k—n k—n
b=rk+ Y Oi(rnii+ gnii) =7k + Y 0; (Qk_(nﬁ)ﬁc + Gnyi + gn+i)
=0 i=0

k—n k—n
=71+ 7k <Z 6‘i2k—(n+i)> + Z ez(Gn+z + gn+i)-
=0 =0

Hence, we can decompose the interval [0, b] as following:

k—n—1 i i+1 k—n
[0, b] = [07 Tn + gn] U Z 9 7“n-&-J + gn+J) Z 0, (rn+j + g’rH—j) U Z 0; (Tn-i-j + 9n+j)7 b
i=1 |j=1 j=1 j=1
In view of this, [0, 7,4; + gnti] has 2k=(n+1) copies of the interval I, for every i =0, ...,k —n, we deduce
that

k—n

|CN1[0,0]] = |C NIl <1+ ka‘—(w)). (3.4)
i=0

Recall that we want to show that
r,|C N [0,b]] < bCNI[0,r,]|

Using equalities (3.2), (3.3), and (3.4) and simplifying the obtained expression, we can rewrite this

inequality as
k—n k—n
G <1 + Z 6‘@2’“(””)) < <Z 0:,(Gpyi + g7z+i)> gk—n,
i=0

i=0
Equivalently, it will be enough to show that

k—n

Z 2k7(n+i)0i (2i(Gn+i + gn-l—i) - Gn) 2 Gn
i=0

Notice that G, = 2G 41 + 2gm41 for every integer m between n and k. Therefore,

G7L:2iGn+i+22jgn+jv vze{l,akfn}
j=1

From here, for any i € {1,...,k —n} we deduce that

2i (Gn-l-i + gn+i) - Gn - 22 (Gn-l-i + In+i — n—i—z Z 2 .gn+j

i _
= 219n+1’ - Z 2Jgn+j = - Z 2Jgn+j'
=1

j=1

Consequently, we need to show that

2k_ngn - Z n+l)6o Z 2]gn+j

WV
Q
3
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In view of this, it will be enough to study the case when 6; = 1 for every ¢ =0, ...,k — n. In such case,
we have that b =1r,_; — Zf;él gn+i and |[C'N[0,b]] =|C N I,_1]. Recall that we need to show that

rn|cm [Ova < b|Cﬂ [077‘””7

which in this case can be written as

00 k—n 00
TnTn—1 H(]- - )\z) g (rn—l - Z gn+1> Tn H (1 - )\z)
i=n 1=0 1=n—+1
Equivalently, we need to show that
k—n
7’n—l(l - )\n) < T'pn—1 — Zgn—&-h
=0

but this is the same as
k—n
Zgn+i < )\nrnfl-
i=0

ri—1

To end the proof, note that by Lemma 3.13 we have g; = A\;—5+ for every i € N. Therefore, since
Air1 < \; for every ¢ € N, we get

1

Gid1l N4l T T o [ Lo (1= 2y) 1 1
= < = p— :*(1—A¢)<*.
gi Ai Tiet o Tier G [ (=) 2 2
As a consequence of this, we deduce that
k—n [es) [e%S) 1
Z In+i < ng-z < ?gn = 2971 = )\nrn—la
i=0 i=0 i=0
as we wanted to prove. O]

We are now able to present the proof of Theorem 3.12.

Proof of Theorem 3.12. Let us first prove the theorem in the case when f is decreasing.

1
(n+1)2
to such a sequence. Since {\,}52; decreases to 0, we are in the situation of Lemma 3.15. Moreover, since
>0 1 An < 00, by Lemma 3.13 we know that |C| > 0. Associated to the sequence {\,}°2;, we have the

sequence {ry}72, that satisfies

Consider the sequence \,, = for every n € N. Then, we can consider the Cantor set C' associated

= = (n+1)2 -1 = (n+2n  k+1
sor)= [ O=2)= [ 7= 1I = VEkeN.
n=k+1 n=k+1 (n + 1)2 n=k+1 (n + 1)2 k + 2

Now, we claim that the quotient %}M(”) diverges as k goes to co. Indeed, notice that

1
1—o¢c(ry) w12 . 2k

Tk I (=N, k+2

VEkeN.

Therefore, we may pick kg € N such that % > 4M for every k > kg. Then, we have that
oc(rr) <1—4Mry for every k > ko. On the other hand, observe that
Tk 1 11 1

=—-(1- ——=- Vk )
o 2( Ak)>22 1 VkeN

Then, for every k > ko we obtain that ¢o(ry) < 1 —4Mr, < 1 — Mrg_;. On the other hand, by
hypothesis we have
1- f(rkfl)

Tk—1

<M VkeN,
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from where we deduce that f(ry—1) > 1 — Mri_1. Hence, ¢c(ri) < f(rp—1) for every k > ko.

Now, by hypothesis inf{f(s): s € [0,1]} > 0. Let us denote such an infimum by 6. Then, pick § = Ory,
and define ¢/ = C'N[0,6]. Let us show that C’ a measurable set for which the statement of the theorem
is satisfied. First, it is clear that |C’| > 0. Also, since C’ C C, it is clear that ¢ < ¢¢. Thus, for k > ko
we have that ¢ (1) < oo () < f(rp—1). Now, for k < ko we have

< i =40 < f(’l“k_l).

1)
oo (1K) < —
Tk Tkq

In conclusion, we have that ¢c/(ry) < f(rg—1) for every k € N. Now, pick s € (0,1]. If s = 1, we
have already seen that ¢c/(1) < 6 < f(1), so we may assume that s # 1. Then, we find n € N so that
rn < § < 1rp_1. We just need to notice that

o (s) < ocr () < flrn—1) < f(s),

where the first inequality comes from Lemma 3.15 and the last inequality comes from the fact that f is
decreasing.

We now proceed to prove the general case. Consider g to be any function satisfying the hypotheses
of the theorem. Define a function h: [0,1] — R by

h(s) = inf{g(x): x € [0,s]} Vse]0,1].

Then, it is clear that h is decreasing. Moreover, h also satisfies the hypotheses of the theorem. Indeed,
it is clear that lims_,o h(s) = lims—0 g(s) = 1. Also,

inf{h(s): s € [0,1]} = h(1) = inf{g(s): s € [0,1]} > 0.
Finally, given s € (0, 1] there exists « € (0, s] such that |h(s) — g(x)| < s. Then, notice that

1= h(s) _ [(hls) —g(@)) + (g(x) — DI  |~(s) —g(s)]

1-g(@) <1+ M.
X

Therefore, we can apply the last case of the proof to the function h to obtain a Cantor set C' C [0, 1]
of positive measure so that ¢¢(s) < h(s) for every s € (0,1]. To end the proof we just have to notice
that h(s) < g(s) for every s € [0, 1]. O

Remark 3.16. Let us make an observation. Essentially, we are considering only one Cantor set, the one

associated to the sequence A\, = ﬁ for every n € N. This is because we are assuming that the
1-f(s)

quotient ~—= is bounded in (0,1], so it was sufficient for us to find a sequence {\,} for which the
quotient #ﬁ(”‘) diverges as k goes to infinity. In that way, we could guarantee that for r; small enough
we have

1 — ¢c(ri) - 21— f(rg-1)
Tk (1 — )\1) Te—1 ’

from here, together with the fact that A\ < A1, we deduce that

(3.5)

QTk 1-— f(rk—l)
(1 — )\1) Th_1

do(ry) <1-— < flre—y).

However, assuming that I_Tf(s) is bounded is very strong. We would obtain the same result as long as
(3.5) is satisfied. For this reason, we believe that it is possible to get a stronger result than Theorem 3.12.
Indeed, even if the quotient %ﬂs) is not bounded, in many cases should be possible to find a sequence
{A\n} (depending on f) decreasing to 0 slow enough to obtain that (3.5) holds, which was the key point
of the proof. In fact, maybe this argument can be made for any function f satisfying only the first two
conditions of Theorem 3.12, which are indeed necessary conditions.
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3.4.2 Strong density on C? curves

Our main goal in this subsection is to give a generalization of Theorem 3.10 for curves of enough regularity.
More concretely, we prove that if a: J — E is any C? curve parametrized by arc length, for some normed
space E and some interval J C R, and I' = {«a(¢): t € R)} is its range, then LipSNA(T',R) is not dense
in Lipy (T, R). In fact, we will show that it is sufficient to assume that there exists an interval I C J such
that if we restrict the curve a to I then it is C2. This result broadly expands the metric spaces for which
it is known that strong density fails.

In order to prove it, we will need some previous lemmata. The next easy result is a basic fact about
C? maps. We include the proof since we were not able to find a reference for it.

Lemma 3.17. Let E be a normed space, let I C R be an interval, and let f: I — E be a C? map.
Then, the mapping ®: I x I — R defined by

f(@) ift,s €I witht=s,

18 continuous.

Proof. Let us denote A = {(¢t,t) € I x I: t € I'}. Since f is differentiable, it is clearly continuous, so ® is
trivially continuous at every point of I x I\ A. Now, pick to € I. In order to show that ® is continuous
at the point (g, to), consider a sequence {(tn,s,)} C I x I converging to (to, o). Since continuity at to
is a local property, we may assume that the interval [ is compact. First, assume that ¢,, # s, eventually.
Let us write p,, = 2£5= for every n € N. Let M = sup{||f/(t)||: t € I}. Then, applying Taylor’s formula
we have that

fon +h) = f(pn) + 1f'(pn) + Ru(h),

as long as p, + h lies in I, where the reminder satisfies ||[Ry ()| < % |r|?. Applying this formula with
hi = (t, — pn) and ho = (s, — pn) we get

f(tn) - f(sn) = (tn - Sn)f/(pn) + Rl(tn - pn) - Rl(Sn *pn)-

Then, notice that

[9(tns50) — o)) = [L2ZL000) | | LT gy —

— Sn n

R n_n_R n— bFn / !
= Ut =g = Bolon=pll 1y ) — i)
Mty —pn|®

1 n) = F(t0)l = Lt = sal + 17 Ba) — £/ )]

X

‘tn - Snl

The result follows from the continuity of f’ together with the fact that {t, — s,} — 0. Now, assume
t, = sy for large enough n € N. Then, we have

q)(tmsn) = f/(tn)v

that converges to f’(tg) again since f’ is continuous. O

We will also need the following result in order to apply Theorem 3.12.

Lemma 3.18. Let E be a normed space, let 7 > 0, and let a: [0,7] — E be a C? curve parametrized
by arc length. Consider the function g: (0,7] — R given by

lee(t) = a(s)]l

g(z)inf{ T :t,sE[O,T],|ts:17} Vo e (0,7].

Then, lim,_,g(z) = 1.
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Proof. First, it is clear that |g(z)| < 1 for every x € (0,r]. Now, assume the statement is not true. Then,
we find € > 0 and sequences {t,}, {s,} C [0,r] with ¢,, # s, so that lim, ., |t, — sp| =0 and

[le(tn) = a(sn)

<l—€¢ VneN.
[tn — sl

However, this contradicts the fact that ||a/(t)|| = 1 for every ¢ € [0, r]. Indeed, since [0, r] is compact and
|tn — sn| goes to 0, we find partial sequences {ty(,)}, {S(n)} converging to a common point ¢y € [0,r].
On the other hand, by Lemma 3.17 we have that the map ®: [0,7] — E given by

(I)(t, S) = w if ta s € [0, 7"] with ¢ 7é S;
o/ (t) if t,s € [0,r] with ¢t = s,

is continuous. Consequently, [|®(-,-)| is also continuous, but ||®(to,to)|| = ||/ (t0)]| = 1, so we must have
lim ||a(t0'(n)) - a(sa(n))” -1
n— 00 |tn — Sn| ’

which contradicts the assumption. O

Let us make an observation. We have seen that if a: R — R? is a C? curve parametrized by arc
length, then for every € > 0 there exists an interval [0, ] such that

i { 1) =2

T :t,sE[O,r]7t7és}>1—5.

Therefore, given v € (0,1), we find an interval [0, 7] so that
Mt =s| < llet) —als)| <[t —s[ Vi, se[0,r].
Now, we can consider the linear operator ®: Lip,([0,r], R) — Lip, (T, R) given by

O(f)(a(t) = f(t) VEel0,r], VfeLipy([0,7],R),

where I' = {«(t): t € [0,7]}. Let us verify that ® is a linear isomorphism. First, it is clear that ® is
linear. Also, notice that

1)l = sup{gg_‘i(é;" L5t e [o,r]} < %sup {'f(’“ii — fI(SH L5t e [o,r]} = %||f\|L,

from where we deduce that ® is continuous. It is easy to verify that ||f]jz < ||®(f)|z also holds.
Furthermore, it is clear that the inverse of ® is ®~!: Lip, (T, R) — Lipg([0, ], R) given by

' (g)(t) = g(a(t)) Vte[0,r], Vg€ Lipy(T,R).

Hence, ® is a linear isomorphism.

The next result makes possible to localize the condition of satisfying the strong density. It shows that,
under some assumptions, it is enough to find a subset failing to have strong density to guarantee that
the whole metric space does. It will be very useful when proving our main result in this section, since we
can restrict our curve to a smaller curve having a simpler behavior.

Lemma 3.19. Let M be a metric space and let N be subset of M with nonempty interior. Assume that
there ezist fo € Lipy(N,R) with || foll =1 and po an interior of N such that fo ¢ LipSNA(N,R) and the
restriction of fo to the ball B(po,r) has norm one for every r € RT. Then, LipSNA(M,R) is not dense
in Lipy(M,R).

Proof. We may and do assume that the base point of our metric spaces N and M is the point py given
by the hypothesis. Let fo € Lipg(NNV,R) be the function given by the hypothesis. Pick 6 > 0 such that
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for every go € Lipy(N, R) satisfying || fo — go||L < &, we have go ¢ LipSNA(N,R). Consider ro € R such
that B(po,r0) C N and pick € > 0 satisfying

125
57’().
Let us define a function ¢: M — R by
1 if p € B(po, 2);
ep) =4 1—cldp,po) —3) ifpe Blpo,3)\ Blpo, F);
-2 if p ¢ B(po, ).

Tt is immediate to verify that ¢ is Lipschitz and ||| < &. Now, consider f: M — R to be an extension
of fo via McShane preserving the norm || - ||1. Let us define g: M — R by g(p) = f(p)p(p) for every
p € M. It is clear that g is Lipschitz. In fact, if p € B(po, %) and q € M, notice that

(g = F)(myg)| = 9P = f(pzi)(p—q()g(q) — f(@))l
_ le(p) — (@) f(p) + ((0) () = [ () — (£(@)f(a) — f(a))]
d(p,q)
< 1FDlp(my. )| + P = J(@) = flf,fq;f(p) — ¢(a)£(a))]
1 Olp(mpg)] + L2 %))q()l — ¢(9))
S %05 + % = 51%5 < 0.

By symmetry, the same happens if we assume p € M, q¢ € B(po, %). Finally, if neither p nor ¢ belong to
B(po, ), then we simply have that

ETo

(o= mp)l = | (1= 3 Fmpg) = f )| < 26 <5

Consequently, ||g— f]lz < §, which implies that g is Lipschitz. Moreover, denoting by go the restriction
of g to N, we obtain that gy ¢ LipSNA(N,R). Indeed, we claim that g ¢ LipSNA(M,R). In order to
see it, let us suppose that there exist sequences {h,} C Lipy(M,R), {pn}, {¢g.} C M with p, # g, and
hi(myp, q.) = |hallL = l|lgllz for every n € N such that {||h, — g|/z} converges to 0. We will distinguish
three cases:

e Case 1. py, qn € B(po,79) eventually. Recall that B(pg,79) C N, so this assumption implies
that restrictions of h,, to N strongly attain their norms eventually, which is impossible since gy ¢
LipSNA(N,R).

e Case 2. p,, qn & B(po, 3) eventually. Fix n € N and note that

ET
(o = 9) ()] = gz = 9(mp,.) = gl = (1= T3) Fmp.0)
Er Er
> llgle = (1= Z2) 1l > 10 — (1= 52) 11l
_ o
127

Therefore, ||h, — gL = §2 for every n € N, which contradicts the assumption.

e Case 3. p, € B(po, %), qn & B(po,70) eventually.
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In this case, for a fixed n € N we have that

g(pn) — g(Qn) Qo(pn)f(pn) (1 B ﬂ)j:((]n)

g m s ln = =
( Pt ) d(pn, qn) d(pn, qn)
< Pea)f(pn) = (1 = §3)(f(Pn) = d(Pn 40))
b d(pn, qn)
_ (elpn) — (1= 53)) f(pn) N (1 B @)
( ns dn) 12
-0 -5)) +(1-)
d( naQn) 12
erg ro
<1Zi oy (1,@):@ (1,%)
23 12 24 + 12
Ero
<1- 22
24"
Since ||g|lr > 1, we conclude that {h,} cannot converge to g in this case either. The case when
Pn & B(po, 7o) and g, € B(po, %) is completely analogous to the last one. O

Now, we are ready to present the main result of this section.

Theorem 3.20. Let E be a normed space, let J C R be an interval, let a: J — E be a curve, and
let T' C FE be its range. Assume that there is an interval I C J for which Oé|1 I — E is a C? curve
parametrized by arc length and o(I) has nonempty interior with respect to T'. Then,

LipSNA (T, R) # Lipy (I, R).

Proof. Let us consider an interval Iy C R satisfying the hypotheses of the theorem. Let I be a subinterval
of I still satisfying that «(I) has nonempty interior and small enough so that

1
§|t— sl < la(t) —a(s)|| < |t —s] Vit,sel. (3.6)

Up to a change of variables we can write I = [0, p] for some p > 0. Observe that Lemma 3.18 guarantees
the existence of such a constant p. Let us consider the function g: I — R given by

g(x):jnf{”a(ii_o](s)”:t?se],t—ﬂ:x} Vo el.
—s

In order to apply Theorem 3.12, we need to verify that the function g satisfies the hypotheses.
First, it is clear that g(I) C [0,1] and Lemma 3.18 gives us that lims_,¢ g(s) = 1. Moreover, since

1
§|t—s| <la(t) —a(s)|| < |t —s] Vi,sel,

we have that inf{g(z): « € I} > 1. Finally, let us verify that the quotient 1=9(*) ig hounded in I\ {0}.

Consider two points ¢t > s in I and write p = HTS Then, notice that

lo(t) () 1‘ ‘ alt)=a(s)

t—s

~llo'(p ||\ 22— o/(p)

t—s - t—s t—s

Now, by Taylor’s theorem we can write
a(z) =a(p) + (x —p)a’(p) + Ra(z —p) Vz el
where it is known that the reminder R (x — p) satisfies

x—p)?

1B = p)l < ¢ 5 sup{[la”(®)l|: t € I}.



Chapter 3 Strong density. Negative results 61

Hence, we deduce that
a(t) —als) = (t — s)d/(p) + Ri(t — p) — Ri(s — p).
In view of this, we obtain that

e —als)l

1 2
t—s [B1(t—p) = Ra(s—p)ll _ (t—p) " .
= L sup{la” @)]): 2 € I}.

Finally, since o € C? and I is compact, we conclude that the above quotient is bounded. Consequently,
%(I) is also bounded in I\ {0}.

Therefore, if we extend the function g from I = [0, p] to [0,1] by g(t) = g(p) for ¢t € [p, 1], then we
can apply Theorem 3.12 to this function to obtain a Cantor set C' C [0, 1] satisfying that |C| > 0 and
oc(t) < g(t) for every t € I'\ {0}. Now, let us define f: I — R by

f(t):/OXC(s)ds vtel.

Clearly, f € Lipy(I,R) with || f||z, = 1. Let us write I'g = {«(t): ¢t € I'}. Consider the linear isomorphism
®: Lipy(I,R) — Lipy(Tp, R) given by

o(f)(a(t)) = f(t) Vtel, V[feLipy(l,R).

Also, let us write F' = ®(f). Consider p, ¢ € Ty with p # g. Then, pick ¢, s € I with a(t) = p, a(s) = q.
Notice that from (3.6) we deduce that ¢t # s and ||®~!|| < 1. Hence, we have |F|. = ||f]lL = 1. We
claim that /' does not attain its Lipschitz norm. Indeed, if we suppose that there are ¢, s € I such that
|F(ma(t),a(s))| = 1. Then we have

[f(8) = ()] o lle(t) = als)l

t—sl 7 Jt—s]

po(lt —s[) = Z g(|t = s]),

which is a contradiction. Hence, F' does not attain its Lipschitz norm and ||F||; = 1.

Now, pick 0 < 0 < i and define a function h: I — R by

h(t):/o xco(s) —Oxnc(s)ds Vtel

As before, write H = ®(h). We claim that H ¢ LipSNA(T'o,R). In order to prove it, let us assume
the opposite. Then, we find a sequence of strongly norm-attaining Lipschitz functions {L,} converging
to H. Since, ® is an isomorphism, this is the same as saying that {l,} converges to h in Lip,(I,R),

where [, = ®~1(L,,) for every n € N. Then, we may assume that ||l,||z, = ||h||z for every n € N. Now,
recall that Lip, (I, R) is isometrically isomorphic to Ls (1), where the isometry is given by the derivative
operator. Therefore, we also have ||/, = ||2/||oc =1 for every n € N. Take n € N large enough so that

|Ln — H|| < 6. Then,
15, = Pl = Il = Rl = |97 (Lo — H)|L < | Ln — Hl[L < 0.

Since ||I|lcc = 1, we conclude that I, < xc almost everywhere in I. Also, |[L,|z = |27 (L) =
Ill]] = 1. Let us show that L, cannot attain its Lipschitz norm, which leads to a contradiction. Pick

two points t > s € I. First, assume that a(ma(t)@(s)) > 1. Then, we have

B _ fixe@de | [lh@de -~
Flima@e) = fa@y —a(e) * Tal®) —a(s)] L {"ee)

> 1

)

which contradicts the fact that | F'||;, = 1 and it does not attain its Lipschitz norm. Finally, observe that

~ [l ()de  — [IH(2) —Oda t—s
Lalma.a0) = 5@ —a@] S @ —a@l - 2 Ta® —a@] <
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In conclusion, L,, does not attain its Lipschitz norm. Consequently, H ¢ LipSNA(Ty, R).

Finally, it is clear that we may apply Lemma 3.19 to the subset I'g and the function H to obtain that
LipSNA(T', R) is not dense in Lip, (T, R). Indeed, if ¢ € (0, p) is any Lebesgue point of density of the Cantor
set C, then we would have {?L(mt_%7t+%)} — 1, from where we deduce that {ﬁ(ma(t_%)a(t_'r%))} — 1.
Hence, the Lipschitz function H restricted to B(«(t),r) has norm one for every r € Rt. O

Remark 3.21. Let us make an observation. Theorem 3.20 assumes that the curve « is C? in some interval.
However, we can give a weaker condition for which the result remains true. In fact, the regularity of the
curve has been used to apply Lemma 3.18, which needs only C', and Taylor’s theorem. Hence, in order
to get a nice bound for the reminder, it is sufficient if « is twice differentiable on some interval I and
sup{||a”’(¢)]|: ¢t € I} is finite. It is not necessary to assume continuity of the second derivative of a.

Notice that in order to apply Theorem 3.20 we need the curve « to be parametrized by arc length. We
needed that hypothesis in order to verify that the quotient 17*;73 @) g bounded, so we can apply Theorem
3.12. Indeed, it was necessary to use that ||o/(p)|| = 1 at some step of the argument. This hypothesis
could seem to be unnecessary since at the end the condition LipSNA(T', R) # Lipy(I', R), where I is the
range of a, does not depend on the parametrization. However, the last condition does depend on the
norm | - || that we consider on E. If a: I — E is a C? curve, it could be possible to lose regularity when
we parametrize it by arc length. Indeed, consider a: I — E a C? curve and assume that o/(t) # 0 for
every t € I. Then, we can parametrize a by arc length. More concretely, we can consider the function
h: I — R given by

h(t):/ o ()l ds ¥t eT.

Since a is C?, then s — [|a/(s)|| is continuous, so h is C'. Moreover, h'(t) > 0 for every t € I, so
h is strictly increasing, from where we deduce that h~! exists and it is a C'-diffeomorphism. Then,
B =aoh™!is C! curve parametrized by arc length. However, in order to get that 3 is C2, we need the
application t — ||&’(t)|| to be a C! map. For instance, this is the case when we consider Hilbert spaces.

Corollary 3.22. Let H be a Hilbert space, let J C R be an interval, let «: J — H, and let T' C H be
its range. Assume that there is an interval I C J for which o|; : I — H is C? and a(I) has nonempty
interior with respect to I'. Then,

LipSNA (T, R) # Lip,(T, R).

Proof. Let Iy C R be an interval satisfying the hypotheses of the theorem. First, if o/(¢) = 0 for every
t € Iy, then a(t) is a straight line and the result follows from [50, Theorem 2.3] together with Lemma
3.19. Indeed, one can verify that the Lipschitz function given in the proof of [50, Theorem 2.3] that is far
from all the strongly norm-attaining Lipschitz functions satisfies the hypotheses of Lemma 3.19. Hence,
we may assume that o'(tg) # 0 for some ty € Iy. Therefore, we can pick a subinterval I C Iy such that
inf{||a/(¢)||: t € I} > 0. Now, the mapping t — ||/ ()| = /(/(t),/(t)) is C*, where (-,-) denotes the
inner product of H. Hence, we can parametrize a by arc length preserving its regularity. Now, we can
apply Theorem 3.20. O



Chapter 4

The Lipschitz
Bishop-Phelps-Bollobas property

The results obtained in this chapter can be found in the papers [24] and [25]. They were collaborative
works with Miguel Martin.

In the previous chapters, we have studied for which metric spaces M and Banach spaces Y the set
LipSNA(M,Y) of those Lipschitz maps that strongly attain their norm is dense in the Lipschitz space
Lipy(M,Y’). As we have already discussed, this study corresponds to a non-linear generalization of the
classical study of norm-attaining linear operators between Banach spaces. This research line was initiated
by Lindenstrauss [57] in the 1960’s, trying to extend to operators the Bishop-Phelps theorem [16], which
states that the set of functionals which attain their norm on a Banach space X is always dense in X*.

An extension of the Bishop-Phelps theorem was given by Bollobas [17] in 1970, who showed that
one is always able to make a simultaneous approximation of a functional f and a vector x at which f
almost attains its norm by a functional g and a vector y such that g attains its norm at y. To study the
validity of this result for operators, a property was introduced in 2008. A pair of Banach spaces (X,Y)
has the Bishop-Phelps-Bollobds property (BPBp in short) [4] if given € > 0, there is n(¢) > 0 such that
for every norm-one T' € L(X,Y) and every « € Sx such that | T'(z)|| > 1 — n(e), there exist u € Sx and
S e L(X,Y) satistying

ISl =Isl=1, [[T-S|<e [z-ul<e

If an analogous definition is valid for operators T and S belonging to a subspace M C L(X,Y"), then we
say that (X,Y) has the BPBp for operators from M. There is a vast literature about this topic as, for
instance, the cited seminal paper [4] and [12, 21, 26, 33].

Our aim in this chapter is to extend the Bishop-Phelps-Bollobas property to the Lipschitz context in
a natural way. Let M be a metric space and let Y be a Banach space. The role of the norm-attaining
operator S will be played by a strongly norm-attaining Lipschitz map or, equivalently, by an element of
L(F(M),Y) attaining its norm at a molecule. Recall that Mol(M) is closed in norm (see Proposition
1.13), so the only elements in the unit sphere of (M) that can be approximated by molecules are
molecules. Thus, we restrict the point « to be a molecule. Our generalization reads as follows.

Definition 4.1. Let M be a metric space and let ¥ be a Banach space. We say that the pair (M,Y)
has the Lipschitz Bishop-Phelps-Bollobds property (Lip-BPB property for short), if given € > 0 there is
n(e) > 0 such that for every norm-one F' € Lipy(M,Y) and every p,q € M, p # ¢ such that |F(p) —
F(g)| > (1 — n(s))d(p, q), there exist G € Lipy(M,Y) and r,s € M, r # s, such that

[G(r) = G(s)]
d(r,s)

dlp,r) +d(g,5)

= |G :1, G-F <eg,
Gl =1, 16~ Flls s

<eE.

If the previous definition holds for a class of linear operators from F(M) to Y, we will say that the pair
(M,Y) has the Lip-BPB property for that class.

63
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d(p,r)+d(g,s)
d(p,q)

to the pair (r, s) modulated by the distance of p to g, so the smallness of it represents that the two pairs
are “relatively” near one to the other.

Observe that the quantity in the definition above measures the nearness of the pair (p, q)

Notice that from a straightforward application of Lemma 1.14, analogous to what is done in Lemma
2.15, we can give the next reformulation of the Lip-BPB property. Indeed, if M is a metric space and Y is
a Banach space, then the pair (M,Y) has the Lip-BPB property if and only if given € > 0 there is () > 0
such that for every norm-one F € £(F(M),Y) and every m € Mol(M) such that |[|[F(m)| > 1 — n(e),
there exist G € L£(F(M),Y) and u € Mol(M) such that

Gl =Gl =1, [[F-Gl<e, [m—ull <e.

We will use both equivalent formulations without giving any explicit reference.

In the case when M is a Banach space, notice also that we get the (classical) BPBp of the pair (M,Y)
if for every linear and bounded operator F' satisfying the assumptions of Definition 4.1 we actually get a
linear and bounded operator G with the desired properties.

In the same way as strong density in the setting of Lipschitz maps is a non-linear generalization of the
density of norm-attaining linear operators, the last two observations show that the study of the Lip-BPB
property is both a non-linear generalization of the (classical) BPBp and a particular case of the BPBp,
where the domain space is a Lipschitz-free space and the concept of norm-attainment is stronger than
the usual one. Let us start the study of this property.

4.1 Finite metric spaces

In this section we will focus our attention in studying the case when the metric space M is finite, that
is, M has only finitely many elements. Let us present the main result of this section.

Theorem 4.2. Let M be a finite metric space and let Y be a Banach space. If (F(M),Y) has the BPBp,
then (M,Y) has the Lip-BPB property.

Proof. Notice that Example 2.19 shows that F (M) has property a. Let T' = {zx}rea € F(M) be the set
given by the statement (ii) of Definition 2.6. Then, we have that ||zx — x| > |25 (2zA) — 2} (z,)]| =2 1—p
when x) # 4x,. Therefore, as M is finite and so Br(yr) is compact, I must be a finite set:

F={zk:k=1,...,n}

Moreover, as Bryy) = ¢o(I') = co(I'), every molecule m,, € Mol(M) can be written as a convex
combination of these points. Let us take

0 = min {min {/\k: My g = 2:21 AeTr, A > 0} tMpq € Mol(M)} > 0.

Now, fix 0 < & < min {3, (1 —p)d} and take n(c) the constant associated to the BPBp of the pair
(F(M),Y). Consider F € Lipy(M,Y) with ||F||, = 1 and m € Mol(M) such that |[F(m)|| > 1 — n(e).
By hypothesis, there exist G' € Lipy(M,Y') and § € Br(y) satisfying

IGEI =Gl =1 |F-Clr<e |m-¢|<e

Note that we can write

mZZ)\kl‘k, fzzekﬂfk, Z)\kZZHkZI, A, 0 >0
k=1 k=1 k=1 k=1

for every k = 1,...,n. We claim that A\, = 0 whenever 6, = 0. Indeed, if we suppose that there exists
ke {1,...,n} satisfying that Ay # 0 but 6 = 0, then it makes sense to take the constant d¢ ,, given by

5§7m=min{/\k:)\k7é0, Gk:O,kzl,...,n}.
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Let us consider j € {1,...,n} such that A; = ¢y, so §; = 0 and we obtain that

lm = &l = 25 (m) — 23(§) = > M (wx) — Y O (k)
k=1 k=1
= /\j + Z )\kl‘;(l‘k) — Zak.r;(fﬁk)

k#j k#j
:/\j—Z(Gk—Ak) A-PZ‘%—M
k#j k#j

=X —p1=(1=X))=1=pAj=(1=p)dsm = (1—p)d>e,

a contradiction. Now, taking y* € Sy~ such that y*(G(£)) = 1, we have that

Zka Zek_1

Then, y*(é(mk)) =1 for every k = 1,...,n such that 6 # 0. By our assumption, this also happens for
every k =1,...,n such that Ay # 0. Consequently, we have that

1G(m)| > = S A @) = 3 A=

Ak #0 Ap#0

That is, G attains its norm at the molecule m € Mol(M). O

It is shown in [4, Proposition 2.4] that if X and Y are finite-dimensional Banach spaces, then (X,Y)
has the BPBp. Consequently, we obtain the following corollary.

Corollary 4.3. Let M be a finite metric space and let Y be a finite-dimensional Banach space. Then,
(M,Y) has the Lip-BPB property.

In particular, we obtain the following.

Corollary 4.4. Let M be a finite metric space. Then, (M,R) has Lip-BPB property.

In [4, Theorem 2.2] it is also shown that if a Banach space Y has property 3, then the pair (X,Y)
has the BPBp for every Banach space X. Note that, by using Theorem 4.2, we obtain that given a
finite metric space M and a Banach space Y having property 3, the pair (M,Y") will have the Lip-BPB
property. In this way we could give more corollaries. However, we will give in Chapter 5 a stronger result
which generalizes all of them.

One can think that the hypotheses appearing in the statement of Theorem 4.2 are very restrictive.
However, we will show that satisfying the Lip-BPB property is also a very restrictive condition. Indeed,
the next example shows that we cannot remove the hypothesis of (F(M),Y) having the BPBp from
Theorem 4.2. It is an adaption of [12, Lemma 3.2].

Example 4.5. Let M = {0,1,2} C R with the usual metric and let Y be a strictly convex Banach space
which is not uniformly convex. Then, (M,Y") fails the Lip-BPB property.

Proof. Observe that F(M) is two-dimensional and that mg o = %mo,l + %mm, SO
B]-'(M) = @{:l:m()’l, ﬂ:ml,g}

is a square. On the other hand, as Y is not uniformly convex, there exist sequences {x,}, {y»} C Sy and
g0 > 0 such that

lim ||z, +yn]|=2 and ||zn —ynl| >0 YneEN.

n—oo

Fix 0 < &€ < % and assume that (M,Y’) has the Lip-BPB property witnessed by the function ¢ +—
n(e) > 0. Take m € N such that

[€m + yml| > 2 = 2n(e)
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and define the linear operator F € L(F(M),Y) by

~ ~

F(mo1) = Tm, F(mi2) = ym.

It is clear, by the shape of the unit ball of (M), that ||F|| = 1. Furthermore, note that

1FGmo2)ll = || F (™0

~ 1
(o) | = Do+l > 1= )

Therefore, there exist a linear operator G: F(M) — Y and a molecule u € Mol(M) such that
Gl =Gl =1, [[F-Gll<e, [moz2—ull <e
A straightforward application of Lemma 1.14 shows that
[lmo,2 — mo,1 ], [[mo,2 —ma o] > 1,
hence u = mg,2. Now, note that

~ 1~ 14
1= G0mo2)] = | 560man) + 5Glom12)

Since Y is strictly convex, it follows that @(mm) = @(ml,g), which implies that

— F(my)|
— G(mo)|| + [|F(m12) — G(mi o) < e+e < e,

[Zm — ym|l = [[F(mo,1)
< || F(mo,1)

a contradiction. O

On the other hand, the following example shows that the finiteness of the metric space is also necessary
in Theorem 4.2.

Example 4.6. (N,R) does not have the Lip-BPB property.

Proof. Fix 0 < ¢ < % and suppose that (N,R) has the Lip-BPB property witnessed by a function
e — n(e) > 0 which we can suppose satisfies n(c) < 3.

Take n € N such that n > #(E) and define f: N — R by

f(p)—{ p—1 ifp<2n

p—2 ifp>2n
It is clear that f € Lipy(N,R) with ||f||L = 1. Besides,

Now, given p < ¢ € N, if g € L(F(N),R) with | g||z = 1 attains its norm at a molecule m,, such that
lmg.p — Mann|| <&, Lemma 1.14 implies that [2n,2n + 1] C [p, ¢]. Indeed, if we assume that p > 2n or
q < 2n + 1, then by applying that lemma we obtain

max{|q — 3n|, |p — n|} o 1

lmgp — mannll >

min{|¢ —p[,2n} = 2n 2’

which is a contradiction since e < 3. According to [50, Lemma 2.2], g attains its norm at the molecule
Map+1,2n. In view of this, it is enough to note that

~

lg — fllo = g(manti,2n) — fF(Mongtion) =1—-0=1,

which is a contradiction. ]
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Before finishing this section, let us say that Example 4.6 actually holds for any Banach space, that
is, (N, Y") does not have the Lip-BPB property for any Banach space Y. The reason of this is because an
analogous result to Proposition 2.36 can be given in the context of the Lip-BPB property. Hence, by the
next result, anytime we are interested in proving that a pair (M,Y") fails to have the Lip-BPB property,
it will be enough to show that (M, R) fails to have it.

Proposition 4.7. Let M be a metric space. Suppose that there exists a Banach space Y # 0 such that
(M,Y) has the Lip-BPB property. Then, (M,R) has the Lip-BPB property.

Proof. Let Y be a Banach space such that (M,Y’) has the Lip-BPB property. Fix ¢ > 0 and consider
n(e) the constant associated to the Lip-BPB property of (M,Y). Let us consider f € Lipy(M,R) with

o~

| fllz =1 and m € Mol(M) such that f(m) > 1—n(5). Pick yo € Sy and define I € Lipy(M,Y") by
F(p) =f(p)yo Vpe M.

Then, we have that ||F||, = 1 and ||[F(m)|| > 1 — n(5). So, by hypothesis, there exist G € Lipy(M,Y’)
and u € Mol(M) satisfying that

~ £ 9
Gl =1Gle =1, IF-Glle <3, [m-ul <3

Now, take y* € Sy~ such that y* (@(u)) = 1 and note that

* * * * * €
1" (wo)f —y" o Glle = lly" o F —y" o Gl < ly"llllF = Gliz < 5

This implies that

~ o~

Y (W0) = 4" (o) () > y* (G(w) — y* (o) f(w) — " (G(w)| = 1 -
Therefore, writing g = y* o G € Lip,(M, R), we have that

-~ * * & 13
lg(u)] = llgllL =1, lg—flle <llg =y (wo)flle + Iy (o) f — fll < sts=¢

As we already know that ||m — u|| < €, we have that (M, R) has the Lip-BPB property. O

4.2 Uniformly Gromov concave metric spaces

Our goal in this section is to obtain positive results for more general metric spaces than finite metric
spaces. We will present some sufficient conditions over the metric space M for which we can ensure that
the pair (M,Y) satisfies the Lip-BPB property for every Banach space Y.

Let us recall the notions of Gromov concave and uniformly Gromov concave metric spaces.

Definition 4.8 (Definition 1.12). Let M be a metric space.
(i) We say that M is Gromov concave if for every x,y € M, x # y, there is 5, > 0 such that
(,9)z > €0,y min{d(z, 2), d(y, 2)}
for every z € M \ {z,y}.
(ii) Let A C Mol(M). We say that A is uniformly Gromov rotund if there is 9 > 0 such that
(x,y), > eomin{d(z, 2),d(y, 2)}
for every distinct z,y,z € M such that m, , € A.

(iii) We say that M is uniformly Gromov concave when Mol(M) is uniformly Gromov rotund.
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Remember that by Theorem 1.7, a metric space M is Gromov concave if and only if every molecule
of F(M) is a strongly exposed point of Br(ysy. On the other hand, by Proposition 2.9, M is uniformly
Gromov concave if and only if Mol(M) is a set of uniformly strongly exposed points.

The following theorem is the main result of this section.

Theorem 4.9. Let M be a uniformly Gromov concave metric space. Then, (M,Y) has the Lip-BPB
property for every Banach space Y .

Proof. Fix 0 < e < 1. Since Mol(M) is a set of uniformly strongly exposed points, there exists 0 < § < 1
such that R
diam (S(Bx(arys fm,0)) <e Vm € Mol(M), (4.1)

where {fm}meMOI( ) are the functionals which uniformly strongly expose the molecules of M. We take
n > 0 satisfying
(1-9)

(1+§>(1—n)>1+6 .

Now, consider F' € Lipy(M,Y) with |F|z =1 and a molecule m € Mol(M) such that IF(m)| > 1—n.
Then, we define Gy € L(F(M),Y) given by

Golz) = P(z) + Zj?m(x)ﬁ(m) Ve F(M).

It is clear that ||F — Go|| < £. In addition, note that

€
:.
~ e ~ e
= = > NY—n).
|Gotm)ll = (14 ) IFGm)] > (14 5) (1 =)
On the other hand, if ¢ +S(Br ), Fm,6) and ||z|| < 1, then we will have that

e(1—-9)

Go@) = [F) + = Fute)Fom)| <1+ STt < 14 T

Therefore, ||@0(:c)|| > ||@o(m)|| implies that x € £5(Br (), Fons §). By defining G = %, we have that

1Go
~ ~ ~ ~ ~ ~ ~ ~ -~ 3 g 9
IF = Gl < |F = Goll + Go = Gl = | F = Goll + [|Goll - 1] < 1Ti1°73

Note that if G attains its norm at the molecule m, then we have finished. Otherwise, we may take ¢’ with
0 < ¢ <min{s, ||G||—[|G(m)||}. Now, thanks to Proposition 2.8, LipSNA(M,Y’) is dense in Lip,(M,Y").
Hence, there exist H € L(F(M),Y) and u € Mol(M) satisfying

IH| = |H@)|=1 and |G-H|<¢e.
Next, we note that
G| = [|Hw)|| — |H =G| > |H| - > |H| - (|Gl - [Gm)])) = |G(m)]l,
which implies that [|Go(u)|| = [|Go(m)|], hence u € £S(Bx(ar, fm, 0). 1t follows from (4.1) that
lm—ull<e or |m+ul<e.

Finally, note that PN PN ~ A
|[F—H| <|F-G|+[G-H|<e. O

Notice that Proposition 2.8 states that if M is a metric space for which we find a norming set
A C Mol(M) of uniformly strongly exposed points, then LipSNA(M,Y) is dense in Lipy,(M,Y") for every
Banach space Y. However, this assumption is not enough to guarantee the Lip-BPB property, even in
the case Y = R. Observe that F(N) 2 ¢;, which has property «, so it has a norming subset of strongly
exposed points. However, Example 4.6 shows that (N, R) fails to have the Lip-BPB property.

From Theorem 4.9 we extract a series of interesting corollaries. First, if M is concave and F (M) has
property « (see Definition 2.6), then M is uniformly Gromov concave by Theorem 2.18. Therefore, we
obtain the next corollary.
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Corollary 4.10. Let M be a concave metric space such that F(M) has property «. Then, (M,Y) has
the Lip-BPB property for every Banach space Y .

Note that the concavity hypothesis in the previous result is necessary as Example 4.6 shows.

Since for every finite metric space, (M) has property « (see Example 2.19), we obtain the following
interesting particular case.

Corollary 4.11. Let M be a concave finite metric space. Then, (M,Y) has the Lip-BPB property for
every Banach space Y .

Another class of metric spaces for which Theorem 4.9 is applicable is the one of ultrametric spaces.
A metric space is said to be ultrametric if the inequality

d(z,y) < max{d(x, z),d(z, y)}

holds for all x,y,z € M. This class of metric spaces has been deeply studied due to its relations with
the problem of finding good embedding of metric spaces, see [59] and references therein, for instance.
Properties on the Lipschitz-free space over an ultrametric space can be found in [29] and references
therein, for instance. It readily follows that every ultrametric space is uniformly Gromov concave, so we
get the following consequence of Theorem 4.9.

Corollary 4.12. Let M be an ultrametric space. Then, (M,Y) has the Lip-BPB property for every
Banach space Y .

Finally, we may also obtain a large class of metric spaces, which includes some connected metric
spaces, for which the Lip-BPB property is satisfied for every Banach space Y: the class of Holder metric
spaces. Indeed, Proposition 2.24 states that every Holder metric space is uniformly Gromov concave. We
refer the reader to the paper [51] and the book [65] as good references on Holder metric spaces.

Corollary 4.13. Let M be a Hélder metric space. Then, (M,Y) has the Lip-BPB property for every
Banach space Y .

Examples 4.5 and 4.6 show that it seems like the Lip-BPB property does not hold when the metric
space has many nontrivial metric segments. For this reason, and in view of Corollary 4.10, we could
believe that if the metric space is concave or even Gromov concave, (M,Y) may have the Lip-BPB
property for all Banach spaces Y. However, the next example shows that this does not always happen,
even for scalar Lipschitz functions.

Example 4.14. There ezists a Gromov concave metric space M such that F(M) has the RNP and
(M,R) fails the Lip-BPB property.

Proof. Let us consider M = {(n, #) n e N} C R? with the Euclidean metric. This metric space
is boundedly compact and every metric segment is trivial, so M is concave by [65, Proposition 3.34].
Furthermore, since M is uniformly discrete, Proposition 5.3 in [36] gives that M is Gromov concave. In
addition, uniformly discreteness also implies that F (M) has the RNP [51, Proposition 4.4]. We will write
7 to refer to the point (n, %) for every n € N. Fix 0 < e < % and suppose that (M,R) has the Lip-BPB
property witnessed by the function e — n(e), which we may suppose satisfies 0 < n(e) < %

For every n € N, we define f,: M — R by

| p=1 ifp<2n
f"(p)_{ p—2 ifp>2n

It is clear that f, € Lipy(M,R) and || f.||z < 1. Furthermore, given k > 2n we have that

J/cjn(mif) _ fn(@fn(E) _ 1
k+1,k dE+ 1R \/1 N ( - )

2
1
k2 (k+1)2)
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from which we deduce that klim f/’;L(mm 7) =1and so || fn|[z = 1. Now, let us estimate the value of In
— 00 ’

at the molecule Mz o
~ _ fa@Bn) = fu(m)  2n—1 2n
d(3n,m) 2 2’
e+ (- i)

Therefore, there exists ny € N such that for every n > ny we have that fn(mgﬁ) > 1—n(e). Now, the
Lip-BPB property of (M,R) gives g,, € Lipy(N,R) and a molecule mg; 7 such that

lgnll = 1gn(mp, g0l =1, |lfa—gnlle <& lImpr g —mgzll <e

Note that since f,, is increasing, p,, must be greater than ¢,. As we did in the proof of Example 4.6, by
applying Lemma 1.14 we obtain that [2n,2n + 1] C [¢,, pr]. On the one hand, we have that

fn(maprr3,) = 0.

On the other hand, from Lemma 2.11 it follows that

gn(m—s—5)>1-2— " >1— ,
(mpm2n+1) d(2n + 1,pn) (2n + 1)2d(2n + 1,pn)
which implies that

e ) — g )T L) o dOnp)
mEn L I 2t g 9p on + 1) O PR (20,20 + 1)
. d(2n+1,p,) d(2n, )
2 gn( T 3t 1) PTG
d2n,2n+1) d(2n,2n+1)
. (2n+1)%d@nFT1,pa) — 1~ (20 +1)%d(20, pn)
Z (2n + 1)2d(2n,2n + 1)
S d@n+1.pn) —d@n,py) 1

A simple calculation shows that we may take n; > ng € N such that g,(ms;775,) = % for every n > nj.
Finally, for n > ny observe that

~

”gn - fn“L P gn(m2n+1,%) - fn(m2n+1,ﬁ) >

a contradiction. O

Before finishing the chapter, let us ask a natural question: does there exist any relationship between
the BPBp of the pair (F(M),Y) and the Lip-BPB property of the pair (M,Y)? Example 4.6 partially
answers this question in a negative way. Note that, since the Bishop-Phelps-Bollobds theorem is valid
for every Banach space, we know that the pair (F(N),R) has the BPBp. However, in that example it is
shown that (N,R) fails the Lip-BPB property, so the BPBp of (F(M),Y) does not imply the Lip-BPB
property of (M,Y) in general. Conversely, as a consequence of Corollary 4.4 and the next result, we can
show that the Lip-BPB property of (M,Y") does not imply the BPBp of (F(M),Y) either.

Proposition 4.15. Let M be a finite metric space with more than two points. Then, there exists a
Banach space Y such that (F(M),Y) fails the BPBp.

Proof. Assume that (F(M),Y) has the BPBp for every Banach space Y. Being finite-dimensional, F (M)
is isomorphic to a strictly convex Banach space. Then, by [12, Corollary 3.5], the set of extreme points
of Br(nr) is dense in Sz(yr). However, we have that Br(yy) = co(Mol(M)) since Mol(M) is finite hence
compact. Moreover, Theorem 1.1 in [10] tells us that every extreme point of Br(ys) has to be contained
in Mol(M). But, being finite, the set Mol(M) cannot be dense in Sr(ys) if M contains more than two
points. L]
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We can now present the desired example.

Example 4.16. If we consider a concave finite metric space M, then (M,Y') has the Lip-BPB property for
every Banach space Y by Corollary 4.11, while we may consider a Banach space Y such that (F(M),Y)

fails the BPBp thanks to Proposition 4.15.






Chapter 5

Stability results

Throughout this chapter, we will make a parallel study of the stability behavior of the Lip-BPB property
and of the density of strongly norm-attaining Lipschitz maps. It is clear that if the pair (M,Y") has the
Lip-BPB property, then LipSNA(M,Y’) is dense in Lip,(M,Y). Therefore, it is natural to think that
results dealing with the Lip-BPB property may give us results concerning strong density. But we will see
that not all of our results regarding the density of strongly norm-attaining Lipschitz maps are valid for
the Lip-BPB property. First, we will study conditions which allow to pass from the Lip-BPB property
for (M,R) to (M,Y), also discussing analogous conditions for the density of strongly norm-attaining
Lipschitz maps. Next, we will study stability properties of the Lip-BPB property and strong density.
More concretely, we will analyze some operations that we can consider on metric spaces and Banach
spaces for which they are stable.

The results obtained in this chapter come from the papers [24] and [25]. They were collaborative
works with Miguel Martin.

5.1 From scalar functions to vector-valued maps

Given a metric space M and a Banach space Y, we have already seen that if the pair (M,Y") satisfies the
Lip-BPB property, then so does the pair (M,R) (see Proposition 4.7). Analogously, if LipSNA(M,Y)
is dense, so is LipSNA(M,R) (see Proposition 2.36). Our goal in this section is to present conditions
over the Banach space Y that allow us to pass from the Lip-BPB property of (M,R) to the Lip-BPB
property of (M,Y") for some class of operators, and from the density of LipSNA(M,R) to the density of
LipSNA(M,Y).

The main results of this section will deal with the notions of I'-flat operators and ACK structure.

These two notions were introduced and deeply studied in [21], where they are analyzed to study the
BPBp in a very general setting. We will follow [21] in order to get Lipschitz versions of their results.

First of all, we need to introduce some necessary definitions.

Definition 5.1. Let A be a topological space and (M, d) be a metric space. A function f: A — M is
said to be openly fragmented, if for every nonempty open subset U C A and every € > 0 there exists a
nonempty open subset V' C U with diam(f(V)) < e.

It is clear that every continuous function f: A — M is openly fragmented. In particular, if A is a
discrete topological space, then every f: A — M is openly fragmented.

Definition 5.2. Let X, Y be Banach spaces and I' C Y*. An operator T € L(X,Y) is said to be
C-flat, if T*|p: (T, w*) — (X*,|| - ||x+) is openly fragmented. In other words, if for every w*-open subset
U CY* with UNT # 0 and every € > 0 there exists a w*-open subset V C U with V NT # () such that
diam(T*(V NT)) < e. The set of all I'-flat operators in £(X,Y") will be denoted by Flp(X,Y).

In [21] it is shown that every Asplund operator T € L(X,Y) is I-flat for every I' C By-. Consequently,
every compact operator is I-flat for every I' C By«. In addition, it is shown that if (T',w™*) is discrete
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then every bounded operator T € L(X,Y) is I'-flat. Let us also comment that the recently introduced
notion of dentable map [38] implies I'-flatness.

Finally, they introduce the notion of ACK, structure, which has the structural properties of C(K)
and its uniform subalgebras that are essential for the BPBp to hold. Let us recall that a subset I' of the
unit ball of the dual of a Banach space Y is norming if the absolutely weak-star closed convex hull of T’
equals the whole of By or, equivalently, if ||y|| = sup{|f(y)|: f € T} for every y € Y.

Definition 5.3. We say that a Banach space Y has ACK structure with parameter p, for some p € [0, 1)
(Y € ACK,, for short) whenever there exists a norming set I' C By~ such that for every ¢ > 0 and
every nonempty relatively w*-open subset U C I, there exist a nonempty subset V' C U, vectors y; € V,
e € Sx, and an operator F' € L(Y,Y') with the following properties:

()
(i) vi(Fe) =1
(i) Fryi =i

)

(iv) denoting Vi = {y* € T: |F*y*|| + (1 — &)||(Iy~ —F*)(v*)|| < 1}, then |v*(Fe)| < p for every
v eI\ Vi

(v) d(F*y*,aco{0,V}) < ¢ for every y* € I'; and

[Fell = 1 Fll = 1;

(vi) |v*(e) — 1| < ¢ for every v* € V.
The Banach space Y has simple ACK structure (X € ACK) if V1 =T (and so p is redundant).

The following statement is a compilation of results that can be found in [21]. We introduce some
notation. Given a Banach space Y, we write ¢o(Y,w) to denote the Banach space of all weakly null
sequences in Y; if K is a compact Hausdorff topological space, Cy,(K,Y) is the Banach space of all Y-
valued weakly continuous functions from K to Y. Also, we need the next definition which was introduced
in [57] by Lindenstrauss.

Definition 5.4. A Banach space Y has property J if there is a set {(y5,y2): A€ A} CY* x Y, and a
constant 0 < p < 1 satisfying

() I3l = llyall = ya(ya) = 1 for every A € A.

(ii) [yx(yu)| < p for every A # p € A.

(i) [lyll = sup{[y ()| A € A} for every y € Y.

If Y is a Banach space with property 8, Lindenstrauss proved in [57] that NA(X,Y) is dense in
L(X,Y) for every Banach space X. Examples of Banach spaces with property § are finite-dimensional
spaces whose unit ball is a polyhedron and those spaces Y such that ¢ C Y C £ (canonical copies).
Besides, J. Partington proved in [61] that every Banach space can be renormed to satisfy property §. It

is convenient to comment that this property £ is somehow dual to property « (see Definition 2.6). This
fact can be seen in [64, Proposition 1.4].

Proposition 5.5 ([21]). The following statements hold.

(i) If Y is a Banach space having property B, then Y € ACK,, for a discrete norming set I
(i1) C(K) has simple ACK structure for every compact Hausdorff topological space K.

(iii) Finite injective tensor products of Banach spaces which have ACK, structure also have ACK,
structure.

(iv) Given a compact Hausdorff topological space K, if Y € ACK, then C(K,Y) € ACK,.

(v) Let Y be a Banach space having ACK, structure. Then co(Y), loo(Y), and co(Y,w) have ACK,
structure.
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(vi) Given a compact Hausdorff topological space K, if Y € ACK,,, then C,,(K,Y) has ACK, structure.

The main result of this section is the following one.

Theorem 5.6. Let M be a metric space such that (M,R) has the Lip-BPB property, let Y be a Banach
space in ACK, with associated norming set I' C By« of Definition 5.3, and let € > 0. Then, there exists
n(e,p) > 0 such that if we take T € L(F(M),Y) a I'-flat operator with |T||r = 1 and m € Mol(M)

satisfying ||f(m)|\ > 1 —nl(e,p), then we may find an operator S € L(F(M),Y) and a molecule u €
Mol(M) such that

IS = 1Sl =1, m—-ul<e, |IT -S|z <e.

Prior to give the proof, we present the main consequences of Theorem 5.6.

Corollary 5.7. Let M be a metric space such that (M,R) has the Lip-BPB property. The following
statements hold.

(i) If Y is a Banach space having property B3, then (M,Y') has the Lip-BPB property.

(ii) For every compact Hausdorff topological space K, the pair (M, C(K)) has the Lip-BPB property for
T-flat operators, where T' is the norming set given by Definition 5.3 for C(K).

i) Let Z be a finite injective tensor product of Banach spaces which have ACK, structure. Then,
P
(M, Z) has the Lip-BPB property for I'-flat operators, where I' is the norming set given by Definition
5.8 for Z.

(iv) Let K be a compact Hausdorff topological space. IfY € ACK,, then (M,C(K,Y)) and (M, Cy(K,Y))
have the Lip-BPB property for T'-flat operators, where I" is the norming set given by Definition 5.3
for C(K,Y) and (M, C,,(K,Y)), respectively.

(v) LetY € ACK,. Then, (M,co(Y)), (M,45(Y)), and (M, co(Y,w)) have the Lip-BPB property for
I'-flat operators, where I" is the corresponding norming set given by Definition 5.3 for each case.

Proof. The proof of assertion (i) follows from Theorem 5.6 and the fact that if Y has property 3, then Y €
ACK,, for a discrete norming set I'. Indeed, it is clear that in such a case, every operator T' € L(F(M),Y)
is I-flat, and Theorem 5.6 applies. The rest of the assertions follow immediately from Theorem 5.6 and
Proposition 5.5. O

Let us give some comments on assertion (ii) of Corollary 5.7. First, the set I' of Definition 5.3 for
the case Y = C(K) is just I' = {0;: t € K} C Sc k)~ (this follows from the results in the paper [21]),
so given T € L(X,C(K)), T*|r is just the usual representation function of the operator T, that is,
pr: K — X* given by pr(t) = T*(d;) for all ¢t € K. This procedure actually gives an identification
between L£(X,C(K)) and the space of those weak-star continuous functions p: K — X*. Norm con-
tinuous functions correspond to compact operators (which are I'-flat). We do not know which functions
are openly fragmented or, equivalently, which functions correspond to I'-flat operators, but there is an
intermediate condition which has been studied widely in the literature: quasi-continuous functions. A
function p: K — X™ is quasi-continuous if for every non-empty open subset U C K, every s € U, and
every neighborhood V' of u(s), there exists a non-empty open subset W C U such that (W) C V. This
is a classical notion which is still investigated, see the paper [14] and references therein, for instance.
Quasi-continuous functions are openly fragmented and they form a class more general than the one of
continuous functions.

Let us now prepare the way for the proof of Theorem 5.6 by presenting some preliminary results.

Lemma 5.8. Let M be a metric space and let € > 0. Suppose that (M,R) has the Lip-BPB property
witnessed by the function € — n(e) > 0. Then, given f € Lipg(M,R) with ||f||L <1 and m € Mol(M)

~

such that | f(m)| > 1 —n(e), there exist g € Lipy(M,R) with ||g||L =1 and u € Mol(M) satisfying

gl =1, If —gllc <e+nle), [m—ul<e
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Proof. If ||f||l = 1 then it is enough to apply the Lip-BPB property. If || f||z < 1, by applying the
Lip-BPB property, we know that there exist g € Sy, () and u € Mol(M) satisfying

y
g— || <& Ju—m|<e.
H 1L
Then, note that
s s
||gfL<Hg L <ot oA <) 0
Al Tl A,

Lemma 5.9. Let M be a metric space such that (M,R) has the Lip-BPB property, let Y be a Banach
space, and let T' C By« be a norming set. Fixze > 0 and consider n(e) the constant given by the Lip-BPB
property of (M,R). Let T € FIp(F(M),Y) be a D-flat operator with |T||, = 1 and m € Mol(M) such
that R

1T (m)]| > 1 —=n(e).

Then, for every r > 0 there exist:
(i) a w*-open subset U, C'V with U, NT # 0,
(i1) ]?T € Srmy+ and u, € Mol(M) satisfying
fru) =1, |m—u| <e, |T*2*=fl<r+e+n(e) Vz*e€U,NT.

Proof. We just have to repeat the proof of Lemma 2.9 in [21] using Lemma 5.8 instead of Proposition
2.11 in [21]. Since I is norming, we can pick y§ € I" such that

IT*(y5) (m)| = lyg (T(m))] > 1 —n(e).

Set U = {y* € Y*: |T*(y*)(m)| > 1 —n(c)}. We have that 35 € UNT C By-. Since U is w*-open in Y*
and UNT # 0, according to Definition 5.2, for every r > 0 there is a w*-open set U, C U with U, NU # U
such that diam(T*(U, NT)) < r. O

Now, we are able to prove the main result of this section.

Proof of Theorem 5.6. Given € > 0, let 7)(¢) > 0 be the constant associated to the Lip-BPB property of
(M,R). Fix 0 < g9 < € and take £1 > 0 such that

S Y (SRR CE TGN Y

Take r > 0 and 0 < e, < 2. Consider T € L(F(M),Y) a I'flat operator with | 7|, = 1 and a molecule
m € Mol(M) such that || T(m)| > 1 — 7j(¢). Then, applying Lemma 5.9 with Y, T, r and &1, we obtain
an w*-open subset U, C Y™* with U, NT # 0, and f, € Sz)«, u, € Mol(M) satisfying

frlur) =1, |im—ul <er, |T°2" =il <r+er+n(e) V2 eU.NT.

On the other hand, since U, NT # 0, by applying the definition of ACK,, structure to U = U, NT" and
€9, we obtain a nonempty subset V' C U, points y; € V and e € Sy, an operator F € L(Y,Y), and a
subset V1 C T satisfying the properties of Definition 5.3.

Let us define the linear operator S': F(M) —Y by
S(z) = fr(z)Fe+ (1 —6)(Idy —F)T(x),

where 6 € [e2,1). We will choose § so that ||| < 1. In order to estimate [|S]|, recall that since T is a
norming set, we have that

151 = 151l = sup { | 8*y"||: y* €T} .
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Therefore, we take y* € I' and estimate

I1S*y* || = |ly* (Fe) fr + (1 — )T (Idy- —F*)(y*)

If y* € Vi, then that ||§*y*|| < 1 follows from the property (iv) of Definition 5.3. Therefore, we have to
consider only the case when y* € T'\ V5. As before, by Definition 5.3, for every y* € T there exists a
point v* = Y7, A\pvj satisfying

n
(o, s SV D IS, [Py =0t < e
k=1
Consequently,
~ n ~
[ (e)fr = T*v*| <D Mlllvi(e) fr = T
k=1
n ~
< wl(llvi(e) fr = Foll + 1 = T07])
k=1
n ~ ~
Sea+ > IMllfr = T vill S ca + 7 421+ ().
k=1

Now, for every y* € '\ V; we have that

IS y*[| < 6ly* (Fe)| + (1 = 0)|ly* (Fe) fr + T*y* — T*F*y*||
<Op+ (1= 0Ty || + (1 = &)|(F*y*)(e) fr — T*F*y|
<Op+ (1= 0) +2e2(1 = 8) + (1 = 8)|[v*(e) f, — R*v*||
Sop+(1—6)+2e2(1=6)+ (1 =0)(e2+r+e1+n(e1))
<op+ (1 —=0) (1432 +7r+e1+n(e1)).

Therefore, if we choose

B 3ea+1r+e1+1n(er)
1—p+3ea+r+e +n(e1)

€[2/3,1) C ez, 1),

then we will have that ||S|| < 1. In this case,

1= |fr(w)] = |yi (f- () Fe)| = |y; (Sw)| < |Sw)] < 1,

from which we deduce that ||§ || =1 and S attains its norm at the molecule u, which we already knew
satisfies |m — u|| <e; <gp <e.

Finally, let us estimate |5 — T'||. First,
IS =T = ||8* = T*|| = sup{|S*y* — T*y*|: y* € T}
< 26 + sup {||y*(Fe)ﬁ - f*F*y*H y* e F} .
Second,
I(F*y*)(e) fr — T*F*y*|| < 262+ 0" (e)fr — T*v*|| < Bea + 7+ £1 + n(e1).

Therefore, we obtain that L
IS — T <26+ 3es + 1 +e1 +n(e1).

Since €9 and r were arbitrary, by taking these constants satisfying 3es 4+ 1 < €1 +n(e1), we will have that
IS = Tl < 2(e1 +n(e1) +6)

<2 <<al (e + et )

1—p+e1+ner)

)<50<5. O
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Let us now discuss when the density of LipSNA(M,R) implies the density of LipSNA(M,Y"). First,
it is possible to give a result analogous to Theorem 5.3, but for the density of LipSNA(M,Y). We just
have to repeat the proof of Theorem 5.6, using that LipSNA (M, R) is dense in Lipy(M, R) instead of the
Lip-BPB property of (M,R) and forgetting about the estimation of the distance between molecules.

Theorem 5.10. Let M be a metric space such that LipSNA(M,R) is dense in Lipy(M,R), let Y be a
Banach space in ACK,, and let I' C By~ be the norming set given by Definition 5.5. Then, we have that

Fip(F(M),Y) C LipSNA(M, Y).

As before, from this result we obtain a series of consequences.

Corollary 5.11. Let M be a metric space such that LipSNA(M,R) is dense in Lipy(M,R). Then, the
following statements hold.

(i) If Y is a Banach space having property B, then LipSNA(M,Y’) is dense in Lip,(M,Y).

(ii) Let K be a compact Hausdorff topological space and I' = {é;: t € K}. Then Flp(F(M),C(K)) C
LipSNA (M, C(K)).

(i11) Let Z be a finite injective tensor product of Banach spaces which have ACK, structure. Then, if T’
is the norming set given by Definition 5.3, we have Flp(F (M), Z) C LipSNA(M, Z).

() Let K be a compact Hausdorff topological space. If Y € ACK, and T is the norming set given by
Definition 5.3, then

FIp(F(M),C(K,Y)) C LipSNA(M, C(K, Y)).

(v) LetY € ACK,. IfT is the norming set given by Definition 5.3, then

Flp (F(M), co(Y)) € LipSNA(M, co(Y)),
Flp(F (M), £oo(Y)) € LipSNA(M, £ (Y)),
Flp(F(M), co(Y,w)) C LipSNA(M, ¢ (Y, w)).

(vi) Let K be a compact Hausdorff topological space. If Y € ACK, and T is the norming set given by
Definition 5.3, then

Flp(F(M), Cy(K,Y)) C LipSNA(M, Cyp (K, Y)).

Let us comment that, as happened in Corollary 5.7, since the norming set I' is discrete when Y has
property 3, in such a case every operator is I'-flat. Consequently, we obtain strong density for the whole
space Lipy(M,Y).

This observation about property 8 motivates the study of the relationship between property quasi-
B and the Lip-BPB property or strong density. Property quasi-8 was introduced in [2] and it is a
property on a Banach space X weaker than property § that is still a sufficient condition to guarantee
that NA(X,Y) = L(X,Y) for every Banach space X.

Definition 5.12. We say that a Banach space Y has property quasi-g if there exist a subset A C Sy+,
a mapping 0: A — Sy, and a real-valued function p on A satisfying the following conditions:

(i) y*(o(y)) =1 for every y* € A.
(i) [z"(a(y™))] < p(y™) <1 for every y=, 2" € A, y* # 2"

(iii) For every extreme point e* in the unit ball of Y, there is a subset A.« of A and a scalar ¢ with
|t| = 1 such that te* lies in the w*-closure of A.« and sup{p(y*): y* € A~} < 1.

Every Banach space having property § has property quasi-3. Moreover, property quasi-3 is stable
under co-sums (see [2, Proposition 4]), so cp-sums of Banach spaces having property § have property
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quasi-8, but they may have not property 5. In addition, there are finite-dimensional Banach spaces
having property quasi-3 but not g (see [2, Example 5]).

Notice that assertion (i) of Corollary 5.7 states that property § is a sufficient condition for the Banach
space Y to ensure that (M,Y") has the Lip-BPB property when assuming that the pair (M, R) also does.
It is very natural to wonder if property quasi-S is still enough to guarantee that we can pass from the Lip-
BPB property of (M,R) to the Lip-BPB property of (M,Y). Let us show the answer to this question is
negative. In order to prove it, we need the following preliminary result, which is based on [12, Proposition
2.3]. For the reader’s convenience, we include a sketch of the proof.

Lemma 5.13. Let M be a metric space, Y be a Banach space and Y, be an {~ summand of Y. If the
pair (M,Y") has the Lip-BPB property with a function n(e), then (M,Y71) also has the Lip-BPB property
with the same function.

Proof. Let E denote the isometric embedding of Y7 into Y, and let P denote the natural projection from
Y onto Y;. Fixe > 0, let n(¢) > 0 be the constant given by the Lip-BPB property of (M,Y"), and consider
Fy € L(F(M), Y1) with ||[Fy||, =1 and m € Mol(M) such that ||F}(m)|| > 1 — n(¢). Let us consider the
linear operator F' € L(F(M),Y) given by F = E o Fy. It is immediate to check that ||F|| = ||F}| and
|F(m)|| > 1 —n(e). Hence, since the pair (F(M),Y) has the Lip-BPB property, we find an operator
G € L(F(M),Y) and a molecule u € Mol(M) such that

1G] =Gl =1, [|F=Glr<e [m—ul <e

Finally, consider the linear operator Gy = PoG € L(F (M), Y1). Then, since Fi=PoFand F = EoFy,
we must have that R
IGi)ll =[Gille =1, ;A = Gille <&, [m—ull <e. O

The last result will be improved in the next section, where we study the stability behavior of the Lip-
BPB property under some operations that we can consider for metric and Banach spaces. The following
example is based on [12, Example 4.1].

Example 5.14. For each k € N with k > 2, consider Y3, = R? endowed with the norm
1
o)l = mesx byl + 1ol | ¥ (2.) € R,

Observe that By, is the absolutely convex hull of the set {(0,1),(1,1 — £),(—=1,1— £)}, so each Y is
polyhedral. Consequently, Yy, has property B (see [57]). Now, consider the metric space M = {0, 1,2} with
the usual metric. By Corollary 4.4, we know that the pair (M,R) has the Lip-BPB property. Besides,
Y = [@®renYkle, has property quasi-f by [2, Proposition 4] (as it is a co-sum of Banach spaces with
property B). However, the pair (M,Y) fails the Lip-BPB property.

Proof. Fix 0 < e < 1 and assume that there exists n(¢) > 0 such that (M, Y},) has the Lip-BPB property
with this function for that ¢ for every k € N with k > 2, that is, for every Fy € L(F(M),Y;) with
|Fy|| = 1 and every my, € Mol(M) such that ||Fy(my)| > 1 — n(e), there exist Gy € L(F(M),Ys) and
uy, € Mol(M) such that

Gr(ur)l| = |Gkl =1, |[Fr — Gill <&, [|mp —u <e,

for every k € N with k& > 2. Recall that F(M) is two-dimensional and that mg o = %mOJ + %mlyg, SO
Br(my = ©{Emo,1,£m1 2} is a square. For every k € N with k > 2, define Fy: F(M) — Yy by

~ 1 =~ 1
Fk(moyl) = (1, 1— k‘) and Fk(ml,g) = (1, 1-— k‘) .

Clearly || Fi|r = 1 and Fj,(mo2) = Fy (2mo1 + 2mi2) = (0,1 — 1). Hence, ||Fj,(mo2)|| = 1 — %. Then,
for every k € N such that 1 — ¢ > 1 —n(e), we may find Gj,: F(M) — Y}, and u; € Mol(M) such that

IGru)l = IGkllL =1 |Fx = Gill <e  [Juk — mopz| <e.
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A straightforward application of Lemma 1.14 shows that

lmo.2 =moll, [[mo2 —maz| = 1.
Hence, up = mo for every k € N such that 1 — % >1—n(e). As up = mpa = %mo,1 + %mlyg
and ||Gg(ug)|| = 1, it follows that the whole interval [Gr(mo 1), Gk(ma2)] lies on Sy, , so Gi(mo,1) and
Gr(m1,2) belong to the same face of By,. As a consequence, by the shape of By,, we obtain that
|Gr(mo,1) — Gp(m12)|| < 1. Furthermore, since ||F, — G| < €, we have that

_ _ . _ _ _ 3
[k (mo,1) — Gr(ma2)| < [[Fr(mo1) — Gr(mo)ll + |Gr(mo,1) — Gr(map)| <e+1< 7

On the other hand, since ||Fj(mo.1) — Fi(mi2)| = 2,

_ _ _ _ _ _ 3
[ Fx(mo,1) — Fi.(mo2)|l = [|[Fr(mo,1) — Fr(mo2)ll — [[Fr(mi2) — Ge(ma2)|| >2—¢e > 2

which is a contradiction. Note that Y = [®renYi]e,, $0 Lemma 5.13 implies that (M,Y) does not have
the Lip-BPB property. O

The next result shows that property quasi-£ is a sufficient condition on Y to get density of LipSNA (M, Y)
from the density of LipSNA (M, R). Its proof is an adaptation for Lipschitz maps of the one given in [2,
Theorem 2].

Proposition 5.15. Let M be a metric space such that LipSNA(M,R) is norm dense in Lipy(M,R) and
let Y be a Banach space having property quasi-B. Then, we have that

LipSNA(M, Y) = Lip,(M,Y).
Proof. First, we use a result of V. Zizler in [66] which states that the set
(T e L(X,Y): T* € NA(Y*, X*)}

is dense in £L(X,Y) for every Banach spaces X and Y. Therefore, it will be enough to show that for every
F € L(F(M),Y) with || F||; = 1 in this set and ¢ > 0 there exist G € £(F(M),Y) and u € Mol(M) such
that R

G =[Gl =1 and [F—-Gl<e.

By a result of T. Johannesen (see [56, Theorem 5.8]), we know that F* attains its norm at an extreme
point e* of By, and the definition of property quasi-g gives us a set Ao« C A and a scalar ¢ with [t| =1
such that te* lies in the w*-closure of A.- and

r=sup{p(y*): y* € A=} < 1.
Let us fix 0 < v < § satisfying
€ €

and take y} € Ae~ such that [|[F*y}| > 1 —~. By hypothesis, there exist § € F(M)* and u € Mol(M)
such that

lg(ll =gl = 1F* @)l > 1=~ and [[g—F* )l <~
Define the operator G € L(F(M),Y) by

G(x) = F@)+ |(1+5) 9@ — F D)@ n Ve e F(a),

where y1 = o(y7). Then, we have that

~ o~ € PRSI €
G = Fll < Slgl +1lg = F* Wil < 5 +7 <e
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Therefore, it is enough to show that G attains its norm at a molecule of M. Since for every y* € Y* one
has

A* * A* * * 8/\ b A* *
G = P W) +v ) (59+5-F (D).
given y* € A\ {y7}, we have that

Nk x * € 3
Iy I <1+pwi) (5+7) <1+7(5+7).

On the other hand, for y* = yi we get that (A?*(yf) =(1+%5)g, so

Ak (% € ~ € 3
IGwnl=(1+5) 151> (1+5) a=n>1+7(5+7).
Consequently, [|G*| = ||G*(y?)|l, but G*(y7) is a multiple of §, so it attains its norm as a functional on
F(M) at u, hence G attains its norm at the molecule u € Mol(M), as desired. O

5.2 Stability behavior under operations

In this section we analyze some operations that we can consider on metric spaces or on Banach spaces
for which the Lip-BPB property or the density of strongly norm-attaining Lipschitz maps is stable.

5.2.1 Domain spaces

First, we will study operations on the domain. Let us recall the notion of sum of metric spaces.

Definition 5.16 (Definition 1.16). Given a family of pointed metric spaces {(M;,d;)}ier, the (metric)
sum of the family is the disjoint union of all M;’s, identifying the base points, endowed with the following
metric d: d(z,y) = d;(x,y) if both z,y € M;, and d(z,y) = d;(z,0) + d;(0,y) if = € M;, y € M; and
i # j. We write [[;.; M; to denote the sum of the family of metric spaces.

This notion of sum of metric spaces is analogous to the f;-sum of Banach spaces. Indeed, as a
consequence of Proposition 1.15, we have that if M = [],_; M; for some family of metric spaces {M, };cr,
then

icl

F(M) = [@ ]—"(MZ-)] .
4

i€l 3

Now, the following result shows the good behavior of sums of metric spaces with respect to the
Lip-BPB property.

Proposition 5.17. Let M = M [[ Ms be the sum of two metric spaces and let Y be a Banach space. If
the pair (M,Y') has the Lip-BPB property, then so does (M71,Y) and (Ms,Y).

Proof. Fix 0 < € < 1 and let n(e) be the constant given by the Lip-BPB property of (M,Y"), which we
may suppose that satisfies n(e) < e. Let Fy € L(F(My),Y) with ||Fi]lz =1 and m € Mol(M;) such that
|Fi(m)|| > 1 —mn(e). Now, let us define F' € L(F(M),Y) by

_ JFi(p) if pe My,
F(p)—{o it p e M,

It is easy to see that ||F||, = 1 and |[F(m)|| > 1 — n(c), where we see m as a molecule of F(M). By
hypothesis, there exist G € L(F(M),Y) and a molecule u € Mol(M) such that

G =Gz =1, [m-ul<e, [F-GlL<e.
Consider Gy € L(F(M;),Y) to be the restriction of G to the subspace F(M;). Then, it is clear that

1Gille <MIGllL =1 and [|[Fy =Gl <[[F - GlL <e.
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Hence, it will be enough to show that G, attains its norm at a molecule close enough to m. Let us write
511 — 5q

u= ,
d(p, q)
where p, g € M, p # q. We distinguish four cases:

(i) p,q € My: In this case u can be seen as a molecule of F(M;) and so G attains its norm at u.

(ii) p,q € Ms: Then, note that

= F(p) — F(q)
o ="~

from where we deduce that ||G(u)| < ¢, a contradiction.

(iil) p € My,q € Ms: Let us write u as the following convex combination:

0y =0, _ 8 =80 d(p,0) 8o —0,d(0.q)
~ d(p,q) ( ,0) d(p,q) ~ d(0,q) d(p,q)
d(p,0) d(0, q)

=m mo .
"Ydlp,q)  ""d(p, q)

Since G attains its norm at u, then it also attains its norm at m, o € Mol(M;). Hence, @1 attains
its norm at m, 9. Also, note that

5 d(p,0) = d(p,0)
Fu)|| = F(m <
17 = G NP0l < Z20
On the other hand, ||[F(m)|| > 1 —n(¢) and |[m — u|| < e. Therefore, |F(u)| > 1 —n(c) — and so

dEz 2% > 1 —1n(e) — e. Consequently, Zggzg; < n(g) + &. Now, note that
d(p,0) ) d(0,q)
-1 + m
dp.q) )" "

d(0,9) u .
< fm ||+2(p7q)<\|m | +2n(e) +2

< 2n(e) + 3¢ < be.

=yl = =0+ (§

(iv) p € Ms,q € My: We just have to repeat the previous argument.

Consequently, we conclude that (M7, Y') has the Lip-BPB property. Since the situation is symmetric, we
also get that (Ms,Y) has the Lip-BPB property. O

Observe that from this result we obtain the next corollary. We just have to notice that for every
j € I, we have that [[,.; M; = M; [[ Z for some metric space Z.

Corollary 5.18. Let M = [[,.; M; be the sum of a family {M;}icr of metric spaces and let Y be a
Banach space. If the pair (M,Y') has the Lip-BPB property, then so does (M;,Y) for everyi € I.

The converse result of Proposition 5.17 is false, as the next example shows.

Example 5.19. Let My = {0,1} and My = {1,2} viewed as subsets of R with the usual metric and
consider 1 as base point for both spaces. First, observe that M = M [[ Ma is isometric to the subset
{0,1,2} of R with the usual metric. Now, the pairs (M;,Y) has the Lip-BPB property for i = 1,2 and
every Banach space Y (this is obvious as the spaces F(My) and F(Msz) are one-dimensional), but for
every strictly convex Banach space Y which is not uniformly convez, the pair (M,Y) fails the Lip-BPB
property as Example 4.5 shows.

In the case of the density of LipSNA(M,Y"), the result obtained is more satisfactory.



Chapter 5 Stability results 83

Theorem 5.20. Let {M;};cr be a family of metric spaces, consider the sum M = [],.; M; and let Y be

a Banach space. Then the following are equivalent:

iel

(i) LipSNA(M,;,Y) is dense in Lipy(M;,Y") for everyi € 1.
(#1) LipSNA(M,Y) is dense in Lipy(M,Y).

Proof. (i) = (ii) Consider the natural embeddings E;: F(M;) — F(M) and the natural projections
P;: F(M) — F(M;) for every i € I. Fix e > 0 and take F' € L(F(M),Y) = Lip,(M,Y). Without
loss of generality, we may assume that ||F||, = 1. Using that ||F||, = sup{||FE;|:i € I} we can
find h € I such that |[FEy,|| > ||F||, —e. By hypothesis, we can find G}, € LipSNA(M,,Y) satisfying
|GhllL = |FEx| and |G, — FEx| < e. Let us define G € L(F(M),Y) by

@Ei =(1 —s)ﬁEi foriel,i#%h and @Eh = éh.
Then, |G| = Sup{||éEi||: i €I} =| Gyl and
IG = Py = sup{||(G — F)E;]|: i € I} < e.

Moreover, note that if we take a molecule my, 4, € F(My) such that ||Gp(mp, )|l = |Gl then, if we
consider the molecule Ej,(my,, 4,) € F(M), we will have that

G (En ()| = G (M )l = Gl = 1G]

Hence, G € LipSNA(M,Y).

(ii) = (i) Fix ¢ > 0, h € I and take F, € Lipy(Mp,,Y). As above, we may assume that ||Fp|. = 1.
Let us define F: F(M) — Y by F = F,P,,. Then, it is clear that ||F|, = ||Fj||r = 1. By hypothesis,
we can find G € Lipy(M,Y) such that [|G||L =1 and |G — F||, < . Now, define Gh: F(My) — Y by
Gh = GEy,. Then, ||Gyllp < 1 and

Gy — Full = |GE, — FEW|| < |G~ Fllr <,

so we just have to see that Gj, € LipSNA(M},,Y"). To this end, consider a molecule m,, , € F(M) such
that ||G(mp¢)|| = ||G|lL = 1. We claim that P (m, ) is a molecule of F(My). Then, we would have that

IGn (Pr(mp. )l = |G (mpg)ll = Gl = |Gl = 1.

Hence, G), € LipSNA(M;,Y) and the result would be proved. Indeed, assume that Pj,(m, ) is not a
molecule of F(Mjy). Then, either p ¢ M), or g ¢ Mj,. If we assume g ¢ Mj,, we will have that P}, (d4) = 0,

but G}, attains its norm at Py(mp q), 80 Pr(mp ) # 0, which implies that p € M},. Finally, observe that

éh(Ph@p)) - @h(Ph((Sq))

Gh(Py(m =
G (P )| Toa
Gr(0,) = Gul(do) _ Gn(0,) — Gu(6
_ h( 10) h( 0) < h( p) h( 0) < ||Gh||L7
d(p, q) d(p, 0)
a contradiction. The case p ¢ M), is analogous to the above one. O

5.2.2 Range spaces

Here we study the stability of the Lip-BPB property and the strong density under some operations on
the range space. We need to introduce the notion of absolute sum of two Banach spaces.

Definition 5.21. An absolute norm is a norm | - |, in R? such that

[(1,0)|o =1(0,1)], =1 and [(s,t)]a = |(|s],|t])|a for every s,t € R.
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Given two Banach spaces W and Z and an absolute norm |- |,, the absolute sum of W and Z with respect
to | - |a, denoted by W @, Z, is the Banach space W x Z endowed with the norm

I(w, 2)[la = [([[w], [2[)la YweW, Vzez

A closed subspace Y7 of a Banach space Y is said to be an absolute summand of Y whenever there exists
a closed subspace Z of Y and an absolute norm | - |, in R? such that Y 2V, @, Z.

We will need the next easy lemma, whose proof can be found in the below reference.

Lemma 5.22 ([39, Lemma 2.2]). Let W and Z be Banach spaces and | - |, be any absolute norm in R2.
If (w,z) € Swe,z and (w*, 2*) € Swg,.z+ are such that ((w, z), (w*, z*)) =1, then

w*(w) = [lw|[wl] and  2"(2) = [|z*][]|=]-

Our first result is the following lifting of the Lip-BPB property from a space to its absolute summands.

Proposition 5.23. Let M be a metric space, Y be a Banach space, and Y7 be an absolute summand of
Y. If the pair (M,Y) has the Lip-BPB property with a function ¢ — n(g), then so does (M,Y7) with
the function n(5).

This proposition is an extension of Lemma 5.14 and its proof is based on [26, Theorem 2.1].
Proof. Fix 0 < & < 1 and consider Fy € L(F(M),Y;) with ||Fi||, = 1 and m € Mol(M) satisfying that

IE )l > 1-n(3)-

~

Let us define the operator F' € L(F(M),Y) by F(z) = (Fi(z),0) for all z € F(M), and note that it
satisfies that ||F||, =1 and

IE@)l| = [(Fi(m), 0)lla = |1 Fy(m)]| > 1= ().

Now, since the pair (F(M),Y’) has the Lip-BPB property with function », we find Ge L(F(M),Y)
and u € Mol(M) such that

3

1G @)l = 1G] =1. -

g
G=Fle<3, lm—ul <

Let us write G = (Gy, Gy), where G; are the summands of G. Since || - ||, is an absolute norm, for
x € Sy we have that

~ ~ ~ ~ ~ ~ €
1G1(2) = F1(2), G2(2) |0 < [1G1(2) = F1(2), G2()]le < G = Fllz < 5.

Consequently, |F} —G1|r < § and |Gz < §. Now, consider y* = (yi,y3) € Y™ of norm one such that
1= |G| =y (G(w) = yi (Gr(u) + y5(Ga(w)).
Then, Lemma 5.22 gives that y;(G1(u)) = [|yi[[[|G1 (w)[| and y3(Ga(w)) = [|y3]|[|G2(u)||. Since
Iyt IIG1 ()| = i (Gr(w) =1 — 3 (Ga(w)) > 1~ |Gz >0,

we have that 47 # 0 and |Gy ()| # 0. Then, we can define the operator Hy € L(F(M),Y;) by

() = 931161 () + 3 (G () LY

— Yaxe F(M).
Gy T
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Then, for every x € Br(yr) we have that

1H: ()] < iG] + lys N Ge @)l < [IG @), G2 @)D lal (v, 1y 1) o
= (Gi(2), G2 (@) lall (W5, ¥3)las = IG@)all (¥} 93) lax < NGl lly* o = 1.

Consequently, |[H[|z < 1. On the other hand,

~

7 * [ G (U) * (A * (A
[Hy(u)l] = Iyt 1G () + 95 (Ga(u)———— | = y; (G1(w)) + y5(Ga(u) = 1.
|| H IG1 (w)]
This shows that ||H; (u)| = ||Hy||z = 1, so it remains to prove that |[Hy — Fy . < e. Indeed, since

* * 0 * (A €
1= lyill < 1= 91(G1(w) = 2(Ga(w)) < ||Gallz < 5,

for any z € Br(pr) we have
[1Hy(z) = Fi(2)|| < [lyillllGi(z) = Fa(@)] + (1 = [lyr DI FL (@) + 1G]l <e. O

Notice that, as it is proved in the above proposition, essentially the same function 7 from the Lip-
BPB property of (M,Y") works for the Lip-BPB property of (M,Y;). This is the key fact to obtain the
following consequence.

Corollary 5.24. Let M be a metric space such that (M,Y") has the Lip-BPB property for all Banach
spaces Y. Then, there exists a function ny(g), which depends only on M, such that the pair (M,Y) has
the Lip-BPB property witnessed by the function nyr(g) for every Banach space Y.

Proof. Suppose this is not the case. Then there is a sequence Y,, of Banach spaces such that whenever each
pair (M,Y,,) has the Lip-BPB property witnessed by a function 7, (¢) > 0, one has that inf, 7,(s) =0
for every 0 < € < 1. Then, consider the space Y = [@neN Y"]CO and observe that, by hypothesis, the
pair (M,Y) has the Lip-BPB property witnessed by a function € — n(e) > 0. As each Y, is clearly an
absolute summand of Y, it follows from Proposition 5.23 that for every n € N, each pair (M,Y},) has the
Lip-BPB property witnessed by the function € — 7(5) > 0, a contradiction to our assumption. O

We can give a reciprocal of Proposition 5.23 for some particular cases. Let M be a metric space, let
{Yi}ier be a family of Banach spaces, and let Y = [@,; Yile, or Y = [P, Yile., be the co-sum or
Loo-sum of {Y;};er, respectively. By Proposition 5.23, if the pair (M,Y’) has the Lip- BPB property, then
all the pairs (M,Y;) have the Lip-BPB property witnessed by the same function. The next proposition
gives us the reversed result.

Proposition 5.25. Let M be a metric space, let {Y;}ier be a family of Banach spaces, and set Y =
([Dicr Yile, or Y = [D;¢; Yileo. . Assume that (M,Y;) has the Lip-BPB property witnessed by a function
ni(€) for everyi € I. If inf{n;(e): i € I} > 0 for every e > 0, then (M,Y) has the Lip-BPB property.

Proof. Fix e > 0, take n(¢) := inf{n;(¢): © € I'} > 0 and note that we have n;(g) > n(e) for every i € I.
Consider Q;: Y — Y; the natural projection and F;: Y; — Y the natural embedding for every i € I.
Take F' € L(F(M),Y) with |F|| =1 and m € Mol(M) such that

[F(m)] > 1 —n(e).

Then, there exists k € I so that ||Qkﬁ(m)|| > 1 —n(e). By hypothesis, there exist Gr € L(F(M),Y:)
and u € Mol(M) satisfying

IGr()| = Gelle =1, [|QrF —Gill <&, [m—ul <e.
Now, let us define G: F(M) —Y given by

ZE —|—Eka( ) VQEE]:(M)
£k
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Then, we have that |G|, < 1 and ||G(u)|| > ||Gk(w)|| = 1. Therefore, G attains its norm at u € Mol(M).
Finally, notice that

IF =Gl =sup{[|Qi(F - G)||: i € I} = |Qu(F - G)|| <&,

that is, (M,Y") has the Lip-BPB property. O

With respect to the density of strongly norm-attaining Lipschitz maps density, the next result fol-
lows by repeating word-by-word the proof of Proposition 5.23, using the hypothesis of the density of
LipSNA (M, R) instead of the Lip-BPB property of (M,R) and forgetting about the estimation of the
distance between the molecules.

Proposition 5.26. Let M be a metric space, let Y be a Banach space, and let Y1 be an absolute summand
of Y. If LipSNA(M,Y) is dense in Lipg(M,Y), then LipSNA (M, Y1) is dense in Lip,(M,Y7).

We can also get a converse of this result in the particular case when the absolute norm is the cg-sum
or the £ ,-sum.

Proposition 5.27. Let M be a metric space, let {Y;}icr be a family of Banach spaces, and set Y =
Bics Yile, or Y = [, Yile. - If LipSNA(M,Y;) = Lipy(M,Y;) for every i € I, then

LipSNA(M,Y) = Lip, (M, Y).

Proof. For each ¢ € I, consider );: Y — Y; the natural projection and E;:Y; — Y the natural
embedding. Fix e > 0 and F € L(F(M),Y) with [|F||L = 1. There exists k € I so that ||QF|| > 1 — 5.

Then, since LipSNA(M,Y}) = Lipg(M, Yk ) we may find Gy, € Lipy(M,Y)) and u € Mol(M) such that
IGk)| = IGrll =1, Gk = QuF <=
Now, let us define G: F(M) — Y given by

G(z) =Y Ei(Qi(F))(w) + ExGr(z) VYo € F(M).
ik

Then, we have that |G|, < 1 and ||G(u)| = ||G(u)|| = 1. Therefore, G attains its norm at u. Finally,
notice that A L
IF =Gl = sup{[|Qi(F = G)||: i € I} = [Q(F = G)|| <e. 0

To finish this chapter, let us present a couple of results in the same direction. The first one is based
on Proposition 2.8 in [12].
Proposition 5.28. Let M be a metric space, Y be a Banach space, and K be a compact Hausdorff
topological space. If (M,C(K,Y)) has the Lip-BPB property witnessed by a function n(e), then (M,Y)
has the Lip-BPB property witnessed by the same function.

Proof. Fix ¢ > 0 and take 7(e) the constant from the Lip-BPB property of (M,C(K,Y)). Consider
Fy € L(F(M),Y) with ||Fi|| = 1 and m € Mol(M) satisfying

IEy(m)]| > 1 = n(e).
Let us define F': F(M) — C(K,Y) given by
[F(2)](t) = Fy(z) for every z € F(M), t € K.

Then, it is clear that ||F|| = ||Fy|| = 1. Furthermore, |[F(m)|| > 1 —n(¢). By the assumption, there exist
G e L(F(M),C(K,Y)) and u € Mol(M) such that

Gl =lGl=1, |[F-G|<e [m-ul<e
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Moreover, since K is compact, there is t; € K such that
L= (|Gl = [[Gw)]E)I]-
Now, let us define Gy : F(M) — Y by G (z) = [G(z)](t1) for every = € F(M). Note that

IGill = sup [[[G(@)](t)] = [[[G@W)](t)] = ||Gi(w)| = 1.

z€Bx (M)

In addition, we have that

IGi =Rl = swp {[[G@]t) - [F@)w)]}

wGB]:(Ju)

< sw {|[G@) - F@)|} = |G- Fl| <=

$€B]:(M)

As we already know that ||m — u|| < e, we obtain that (M,Y") has the Lip-BPB property witnessed by
the function n(e). O

The second one is just its analogous version for the density of LipSNA (M, Y).

Proposition 5.29. Let M be a metric space, let Y be a Banach space, and let K be a compact
Hausdorff topological space. Assume that LipSNA(M,C(K,Y)) is dense in Lipg(M,C(K,Y)). Then,
LipSNA(M,Y) is dense in Lipg(M,Y).

Proof. Given ¢ > 0, consider Fy € L(F(M),Y) with ||Fy|, = 1. Let us define F as in the proof of
Proposition 5.28. By hypothesis, there exist G € L(F(M),C(K,Y)) and v € Mol(M) such that

IG)| = |G| =1and |G- F| <e.

Since K is compact, there is t; € K such that 1 = ||@(u)\| = H[@(u)](tl)ﬂ Now, let us define the
linear and bounded operator G1: F(M) — Y given by G1(x) = [G(x)](t1) for every x € F(M). By

repeating the argument in Proposition 5.28, we obtain that G; attains its norm at v € Mol(M) and
IG1 — F1|| < ||G — F|| < e. Consequently, we obtain that LipSNA(M,Y") is dense in Lipy,(M,Y). O






Chapter 6

Lipschitz compact maps

In this chapter, we will introduce the class of Lipschitz compact maps. From now on, we will restrict
our study of the Lip-BPB property and the strong density to this family of Lipschitz maps. Since all
the results that we have studied in the previous chapters are valid for (general) Lipschitz maps, we can
restrict them to obtain consequences for Lipschitz compact maps. Moreover, we will show that some of
these results can be improved in the setting of Lipschitz compact maps. Finally, we will present new
results that are only valid when restricting to this family of Lipschitz maps.

The results obtained in this chapter come from the papers [24] and [25]. They were collaborative
works with Miguel Martin.

To start the study, let us introduce some notation. Let M be a metric space, Y be a Banach space,
and F': M — Y be a Lipschitz map. The Lipschitz image of F is the set

{F(p) — F(q)
d(p,q)

We say that F' is Lipschitz compact when its Lipschitz image is relatively compact. We denote by
Lipyx (M,Y") the space of Lipschitz compact maps from M to Y that vanishes at 0. Some results related
to this notion appear in [47]. Let us make two comments. First, observe that if Y is finite-dimensional,
then all Lipschitz maps are Lipschitz compact. Second, it is immediate that a Lipschitz map F': M — Y
is Lipschitz compact if, and only if, its associated linear operator F': F(M) — Y is compact (that is,

:p,qu,p#q}gY.

~

F(Br(ay) is relatively compact).

We denote by LipSNA ;- (M,Y") the set of those Lipschitz compact maps from M to Y (vanishing at
0) which strongly attain their norm, that is,

LipSNA  (M,Y) = LipSNA (M, Y) N Lipgx (M, Y).

We are interested in studying when the set LipSNA ;(M,Y) is dense in Lipyx (M,Y) and which pairs
(M,Y) have the Lip-BPB property for Lipschitz compact maps.

6.1 Conditions on the metric space

Let M be a metric space and let Y be a Banach space. In this section we will focus our attention on
studying conditions on the metric space M that ensure that LipSNA (M, Y) is dense in Lipy, (M,Y)
or that (M,Y) has the Lip-BPB property for Lipschitz compact maps, regardless of Y.

First, we show that all sufficient conditions that we studied in Chapter 2 are still valid when restricted
to Lipschitz compact maps.

Proposition 6.1. Let M be a metric space. Then,
(i) If F(M) has the RNP, then LipSNA ;- (M,Y) is dense in Lipyx (M,Y") for every Banach space Y.

89
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(ii) If there exists a norming subset of uniformly strongly exposed points in Br(ary, then LipSNA (M, Y)
is dense in Lipyw (M,Y) for every Banach space Y .

(1ii) If F(M) has property o, then LipSNA ;- (M,Y) is dense in Lipyg (M,Y) for every Banach space Y.

(iv) If F(M) has property quasi-o, then LipSNA(M,Y) is dense in Lipgx (M,Y) for every Banach
space Y.

Proof. To prove the statements above, we just have to analyze carefully the proof of the original version
of each result to see that if we fix a compact operator, then the operator that approximates it can be
taken to be also compact.

(i) Bourgain proved in [18, Theorem 5] that if a Banach space X has the RNP, then the set A of abso-
lutely strongly exposing operators is a Gs-subset of £L(X,Y") for every Banach space Y. Moreover,
if T'e £(X,Y) and € > 0 are given, there is S € A such that |T — S|| < e and T — S is a compact
operator. Clearly, if T is an absolutely strongly exposing operator, then T attains its norm at
the point x appearing at the definition; it is easy to show that such point x € Sx is a strongly
exposed point (indeed, let y* € Sy« such that y*(T'z) = ||T| and consider z* € Sx~ such that
IT||x* = T*(y*); if {x,} is a sequence in Bx such that z*(z,) — 1 = 2*(z), then

1T @)l =y (Tn) = | T[l2" (zn) — [T,

so there is a subsequence {x,, } converging to x (it cannot converge to —z), showing that x is
strongly exposed by x*). Then, as a consequence of Corollary 1.3, when X = F(M) for some metric
space M, every absolutely strongly exposing operator attains its norm at a molecule, that is, the
associated Lipschitz map strongly attains its norm. Now, if F (M) has the RNP, T' € L(F(M),Y)
is compact, and we pick € > 0, Bourgain’s result above provides with S € L(F(M),Y’) attaining its
norm at a molecule, with ||T'— S|| < &, and such that T'— S is compact, hence S is compact and we
are done.

(ii) Ome can check the proof of Theorem 1 in [57] to see that for any ¢ > 0, if T € L(F(M),Y) is a
compact operator, then the sequence of operators {Tk} constructed in such a proof is a sequence of
compact operators that converges to an operator T satisfying ||T T| < e, so T must be compact
too. Now, the result follows in an analogous way as Proposition 2.8 does.

(iii) Since property « is just a particular way in which a Banach space can have a norming subset of
uniformly strongly exposed points, the result follows from (ii).

(iv) One can check the proof of Proposition 2.1 in [27] to see that if T € L(F(M),Y) is a compact
operator, then the constructed operator S that approximates T is also compact. Now, the result
follows from the observation previous to Proposition 2.21. O]

Example 4.6 shows that none of the assertions in Proposition 6.1 can be used to get results for the
Lip-BPB property, even if we restrict our study to Lipschitz compact maps. Indeed, F(N) = ¢; has
the four above properties, but (N, R) fails to have the Lip-BPB property. However, we can get a result
analogous to Theorem 4.9 for Lipschitz compact maps.

Proposition 6.2. Let M be a uniformly Gromov concave metric space. Then, (M,Y) has the Lip-BPB
property for Lipschitz compact maps for every Banach space Y .

Proof. Tt is enough to note that if we take a Lipschitz compact map F' € Lipyx (M,Y) with ||F||, = 1,
then the Lipschitz maps G and H which appear in the proof of Theorem 4.9 will also be Lipschitz
compact. This is because Gy — F is a rank-one operator and H is obtained, following the proof of [57,
Theorem 1], as the limit of a sequence of compact operators. [

As in Chapter 4, this proposition has the following interesting corollaries.

Corollary 6.3. Let M be a concave metric space such that F(M) has property «. Then, for every
Banach space Y the pair (M,Y) has the Lip-BPB property for Lipschitz compact maps.
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Corollary 6.4. Let M be a Hélder metric space. Then, for every Banach space Y the pair (M,Y) has
the Lip-BPB property for Lipschitz compact maps.

Corollary 6.5. Let M be an ultrametric space. Then, for every Banach space Y the pair (M,Y) has
the Lip-BPB property for Lipschitz compact maps.

In this case, it does not make sense to give an analogous result to Corollary 4.4, because if M is a
finite metric space then Lipy(M,Y") = Lipyx (M,Y) and so the result is the same.

6.2 Conditions on the range space

Let M be a metric space and let Y be a Banach space. Our aim in this section is to give conditions on the
Banach space Y guaranteeing that LipSNA ;(M,Y) is dense in Lipyx (M,Y) when LipSNA ; (M, R) is
and, analogously, conditions on Y assuring that the pair (M,Y") has the Lip-BPB property when (M, R)
does.

Observe that one of the disadvantages of Theorems 5.6 and 5.10 and their consequences (Corollaries
5.7 and 5.11) is the necessity of dealing with I'-flat operators. However, when we consider Lipschitz
compact maps this requirement disappears: given a Banach space Y, every compact operator with Y as
codomain is I'-flat for every I' C By« (see [21, Example A]). Moreover, notice that if we take a compact
operator T in the proof of Theorem 5.6, then the operator S that approximates T will be also compact.
Consequently, we obtain the following result.

Proposition 6.6. Let M be a metric space such that (M,R) has the Lip-BPB property and let Y be an
ACK, Banach space. Then, the pair (M,Y') has the Lip-BPB property for Lipschitz compact maps.

Again, in view of Proposition 5.5, we obtain a series of implications.

Corollary 6.7. Let M be a metric space such that (M, R) has the Lip-BPB property. Then, the following
statements hold.

(i) Let Y be a Banach space having property 5. Then, (M,Y) has the Lip-BPB property for Lipschitz
compact maps.

(ii) Let K be a compact Hausdorff topological space. Then, (M,C(K)) has the Lip-BPB property for
Lipschitz compact maps.

(i11) Let Z be a finite injective tensor product of Banach spaces which have ACK, structure. Then,
(M, Z) has the Lip-BPB property for Lipschitz compact maps.

(iv) Let K be a compact Hausdorff topological space. If Y € ACK,, then the pairs (M,C(K,Y)) and
(M,Cy(K,Y)) have the Lip-BPB property for Lipschitz compact maps.

(v) LetY € ACK,. Then, (M,co(Y)), (M, £(Y)), and (M, co(Y,w)) have the Lip-BPB property for
Lipschitz compact maps.

The following example, which is just a rewriting of Example 4.5, shows that in general the Banach
space Y needs to satisfy some hypotheses to ensure that the pair (M,Y") has the Lip-BPB property for
Lipschitz compact maps.

Example 6.8. Consider the metric space M = {0, 1,2} with the usual metric and let Y be a strictly con-
vex Banach space which is not uniformly convex. Then, (M,R) has the Lip-BPB property (for Lipschitz
compact maps), but (M,Y") fails the Lip-BPB property for Lipschitz compact maps.

Furthermore, recall that Example 5.14 gave us a finite metric space M and a Banach space Y having
property quasi-g8 such that (M,Y) fails the Lip-BPB property. The Lip-BPB property and Lip-BPB
property for Lipschitz compact maps are equivalent in this case, so we conclude that property quasi-g is
not enough to guarantee the Lip-BPB property for Lipschitz compact maps in general.

As we did in Proposition 6.6, the proof of Theorem 5.10 can be easily adapted to the density of
Lipschitz compact maps.
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Proposition 6.9. Let M be a metric space such that LipSNA(M,R) is dense in Lipy(M,R) and Y €
ACK, be a Banach space. Then, the set LipSNA (M,Y") is dense in Lipgy (M,Y).

As before, this result has many consequences.

Corollary 6.10. Let M be a metric space such that LipSNA(M,R) is dense in Lipy(M,R). Then, the
following statements hold.

(i) If Y is a Banach space having property 3, then LipSNA - (M,Y") is dense in Lipyx (M,Y).
(i1) LipSNA (M, C(K)) is dense in Lipgx (M, C(K)) for every compact Hausdorff topological space K.

(111) Let Z be a finite injective tensor product of Banach spaces which have ACK, structure. Then,
LipSNA (M, Z) is dense in Lipgx (M, Z).

() Let K be a compact Hausdorff topological space. If Y € ACK,, then LipSNA(M,C(K,Y)) and
LipSNA i (M, C,(K,Y)) are dense in Lipyx (M, C(K,Y)) and Lipyx (M, C,(K,Y)), respectively.

(v) Let Y € ACK,. Then, LipSNA ;- (M, co(Y)), LipSNA (M, 4+ (Y)), and LipSNA (M, co(Y, w))
are dense in Lipy g (M, co(Y)), Lipgx (M, e (Y)), and Lipgx (M, co(Y,w)), respectively.

Let us consider again property quasi-3. If we analyze the proof of Proposition 5.15, we see that G-F
is a rank-one operator, so G will be compact if F' is. Consequently, we obtain a more general result than
the one given in the first assertion of Corollary 6.10.

Proposition 6.11. Let M be a metric space such that LipSNA(M,R) is dense in Lipg(M,R) and let Y
be a Banach space having property quasi-B. Then, we have that

The rest of the results of the section are not merely adaptations to Lipschitz compact maps of general
results. Even more, their proofs use heavily the fact that the envolved maps are compact. The first result
of this kind concerns preduals of Li-spaces and it is based on [5, Theorem 4.2].

Proposition 6.12. Let M be a metric space such that (M,R) has the Lip-BPB property. Let Y be a
Banach space such that Y* is isometrically isomorphic to an Li-space. Then, (M,Y’) has the Lip-BPB
property for Lipschitz compact maps.

Proof. Fix ¢ > 0. Consider n(e) the function given by the Lip-BPB property of (M,R). Since (2 has
property S for every n € N, we may apply the first assertion of Corollary 6.7 to obtain that the pair
(M, £2)) has the Lip-BPB property for Lipschitz compact maps witnessed by the function 7(e) for every

n € N. We take
':min{E n(f)}>0
K 1"\ ‘

Now, consider F' € Lipyx(M,Y) with |F||z = 1 and m € Mol(M) such that |F(m)|| > 1 —1n'. Let us
take 0 < § < %min{%, |F(m)| — 147 (%)} and let {y1,...,yn} be a d-net of ﬁ(B}-(M)). In view of
[55, Theorem 3.1], we can find a subspace £ C Y isometric to £7 for some natural m € N and such
that d(yZA,E) <  for every i € {1,...,n}. Let P: Y — Y be a norm-one projection onto E. We claim
that [|[PF — F|| < 46. In order to show it, fix € Br(ar). Then, there exists i € {1,...,n} such that

|F(x) — y1|| < 6. Let e € E be such that ||e — ;|| < 8. Then, we have that

1E(2) = yill + lys — ell + lle = PE(x)]| < 26 + || P(e) — PF(x)]

|F(z) = PF(z)| <
<28+ |le = F()ll <28+ lle = will + llys — F(a)] < 4.

So |[PF|| > ||F|| — 46 = 1 — 46 > 0, which implies that

|PEGm)| > [Fm)| —46 > 1=n(5).
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Hence, the operator R = ”?;” verifies that Hﬁ(m)” > 1-n(%). Since the pair (M, ¢7) has the Lip-BPB

property for Lipschitz compact maps witnessed by the function n(¢) and E C Y is isometrically isomorphic

to £, we can find a Lipschitz compact map G € Lipyx (M, E) C Lipgg(M,Y) and u € Mol(M) such
that
. ~ o~ € €
1G@I =Gl =1, G- Rl <3, fm—ul<Z
Finally, we have that
~ A ~ ~ ~ ~ A € ~ €
IG—F| <||G—-R|+||R—-PF||+||PF—-F| < 5—1—1— |PF| + 49 < §+85<€. O

Repeating the above proof word by word, using the density of LipSNA ;. (M, R) instead of the Lip-BPB
property of the pair (M,R), and forgetting about the estimation of the distance between the molecules,
we obtain the following result.

Proposition 6.13. Let M be a metric space such that LipSNA(M,R) is dense in Lipg(M,R) and let Y
be a Banach space such that Y* is isometrically isomorphic to an Li-space. Then, LipSNA - (M,Y) is
dense in Lipy (M,Y).

For the next result we need some notation. A Banach space Y is said to have the (Grothendieck)
approzimation property if for every compact set K C Y and every € > 0, there is a finite-rank operator
R € L(Y,Y) such that ||y — R(y)|| < € for every y € K. This is known to be equivalent to the fact that
every compact linear operator whose range is Y can be approximated by finite-rank operators. This is
a classical result which goes back to A. Grothendieck and can be found in Theorem 18.3.1 of [46], for
instance. We send the interested reader to the cited book [46] for background.

The following preliminary result, based on [58, Proposition 4.4], is completely elemental.

Proposition 6.14. Let M be a metric space and let Y be a Banach space with the approrimation
property. Suppose that for every finite-dimensional subspace W of Y, there exists a closed subspace Z
such that W < Z <Y and satisfying that LipSNA (M, Z) = Lipyx (M, Z). Then, LipSNAx(M,Y) =
Lipgg (M, Y)

If Y is a polyhedral Banach space (i.e. the unit ball of every finite-dimensional subspace of Y is
the convex hull of finitely many points), then every finite-dimensional subspace of Y has property 3, so
Proposition 6.14 and Proposition 5.15 give us the following result.

Corollary 6.15. Let M be a metric space and let Y be a polyhedral Banach space with the approximation
property. If LipSNA(M,R) is dense in Lipy(M,R), then

LipSNA  (M,Y) = Lipy (M, Y).

Let us comment that Example 5.14 shows that the above corollary does not hold for the Lip-BPB
property. Indeed, a family {Y}: k > 2} of two-dimensional polyhedral Banach spaces is constructed there
such that if we consider the metric space M = {0, 1,2} with the usual metric and write Y = [BrenYs]co,
then the pair (M,Y) fails the Lip-BPB property. However, Y is polyhedral as it is a cg-sum of finite-
dimensional polyhedral spaces, and (M, R) has the Lip-BPB property by Corollary 4.4.

6.3 Stability behavior under operations

To finish the chapter, we will present some stability results for the Lip-BPB property for Lipschitz
compact maps and for the density of LipSNA ;- (M,Y). Let us start by studying sums of metric spaces.

Proposition 6.16. Let M = M; [[ Ma be the sum of two metric spaces and letY be a Banach space. If
the pair (M,Y') has the Lip-BPB property for Lipschitz compact maps, then so do (M1,Y) and (M3,Y).

Proof. The result follows by repeating the proof of Proposition 5.17 for a Lipschitz compact map F}
observing that, in such a case, the strongly norm-attaining Lipschitz map which approximates F is
Lipschitz compact too. O
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From this result we obtain the following corollary.

Corollary 6.17. Let M = [],.; M; be the sum of metric spaces and let Y be a Banach space. If the pair
(M,Y) has the Lip-BPB property for Lipschitz compact maps, then so does (M;,Y) for everyi € I.

In the same way as in the general case, the converse of Proposition 6.16 is not true, as Example 5.19
shows. Again, the analogous result for the density of LipSNA ;- (M,Y) is more satisfactory.

Proposition 6.18. Let {M;}icr be a family of metric spaces, let Y be a Banach space, and consider
M = Tl;c; M;. Then the following are equivalent:

(i) LipSNA ;- (M;,Y") is dense in Lipyr (M;,Y) for every i € I.
(i1) LipSNA - (M,Y) is dense in Lipyz (M,Y).

Proof. It is enough to note that the operators G and G n, defined in the proof of Theorem 5.20 are compact
when the operators F' and F}, are. O

We proceed now by studying some operations that we can consider for the range spaces. A cautious
inspection of the proof of the results in subsection 5.2.2 shows that if one starts with a Lipschitz compact
map, then one also gets a Lipschitz compact map in each case. Then, every result has its own version
for the Lip-BPB property for Lipschitz compact maps and for the density of the strongly norm-attaining
Lipschitz compact maps. We summarize all the results in the following proposition.

Proposition 6.19. Let M be a metric space and let Y be a Banach space.

(i) Let Y1 be an absolute summand of Y. If the pair (M,Y) has the Lip-BPB property for Lipschitz
compact maps with a function € — n(e), then so does (M,Y7).

(i1) If for all Banach spaces Z the pair (M,Z) has the Lip-BPB property for Lipschitz compact maps,
then there exists a function n(e), which depends only on M, such that for every Banach space Z the
pair (M, Z) has the Lip-BPB property for Lipschitz compact maps witnessed by the function n(e).

(iii) Let Y1 be an absolute summand of Y. If the set LipSNA - (M,Y) is dense in Lipgx (M,Y), then
LipSNA (M, Y1) is dense in Lipyg (M, Y1).

(iv) If for some compact Hausdor(f space K the pair (M,C(K,Y)) has the Lip-BPB property for Lipschitz
compact maps witnessed by a function n(e), then (M,Y) has the Lip-BPB property for Lipschitz
compact maps witnessed by the same function.

(v) If LipSNA (M, C(K,Y)) is dense in Lipgx (M,C(K,Y)) for some compact Hausdorff space K,
then LipSNA (M, Y) is dense in Lipgx (M,Y).

Proof. (i) Looking at the proof of Proposition 5.23, we see that if the operator P 1 is compact, then the
operator T' € L(F(M),Y1) given by T'(z) = (Fi(x),0) for all z € F(M) is also compact. Then, we
just have to follow that proof using that (M,Y") has the Lip-BPB property for Lipschitz compact
maps.

(ii) This is a direct consequence of the fact that the same function 7 from the Lip-BPB property for
Lipschitz compact maps of (M,Y") works for the Lip-BPB property for Lipschitz compact maps of
(M, Y1) for every summand Y; of Y.

(iii) We just have to proceed as in part (a), but disregarding the distance between molecules.

(iv) Observe that if the operator F1 considered in the proof of Proposition 5.28 is compact, then so is
the operator F. Following that proof we see that if we apply our assumption, then the operator G is
compact. Consequently, the operator Gh which satisfies the conditions we wanted, is also compact.

(v) This is a slight modification of the previous item. We just have to disregard the distance between
molecules. O
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Moreover, a sight to the proofs of Propositions 5.25 and 5.27 shows that their corresponding versions
for Lipschitz compact maps are also valid.

Proposition 6.20. Let M be a metric space, let {Y;}ier be a family of Banach spaces, and set Y =
B,crYile, or Y = [@,¢c; Yile.. Assume that for each i € I the pair (M,Y;) has the Lip-BPB property
for Lipschitz compact maps witnessed by a function n;(e). If inf{n;(e): i € I} > 0 for every € > 0, then
(M,Y) has the Lip-BPB property for Lipschitz compact maps.

Proposition 6.21. Let M be a metric space, let {Y;}ier be a family of Banach spaces, and set Y =
DBicr Yile, or Y = [B,c; Yile., - If LipSNA (M, Y;) is dense in Lipyg (M,Y;) for every i € I, then the
set LipSNA - (M,Y) is dense in Lipgy (M,Y).

Finally, let us present some more results in the same line. They will be useful tools in order to carry
the Lip-BPB property for Lipschitz compact maps from some sequence spaces to function spaces and,
analogously, to carry the density of strongly norm-attaining Lipschitz compact maps from some sequence
spaces to function spaces. Let us start with the result for the Lip-BPB property for Lipschitz compact
maps.

Proposition 6.22. Let M be a metric space and let Y be a Banach space. Suppose that there exists
a net of norm-one projections {Qx}rea C L(Y,Y) such that {Qx(y)} — vy in norm for every y € Y.
If there is a function n: RT — RY such that for every A € A, the pair (M,Qx(Y)) has the Lip-BPB
property for Lipschitz compact maps witnessed by the function n , then the pair (M,Y) has the Lip-BPB
property for Lipschitz compact maps.

Proof. The proof is based on [33, Proposition 2.5]. Fix ¢ > 0 and write /(¢) = § min{n () ,e}. Consider
F € Lipyr (M,Y) with |F|| = 1 and m € Mol(M) such that

IE(m)l| > 1= 1'(e).

Since ﬁ(Bf(M)) is compact, we may find y1, ...,y € Y such that

/
. = . €
mln{HF(x) —yll: i = 1,...,m} < 77; ) Vx € Bru)-
By hypothesis, there is A € A such that
n'(e ,
12w —ull < T wi—1 .

3 e
Now, for every « € F(M) we have that

IF () — Qa(F (@) < min{|| F(x) =yl + lly; — Qa(wy) | + 1Qx () = @a(F(@))]|: 5 = 1,...,m}
n'(e)

< min{2[|F(z) — y;|| + 3

cj=1,...,m} <n'(e).

Consequently, we have that ||(Qx o F) — F|| < /(). Notice that Qy o F' is a compact operator from
F(M) to Qx(Y) and ||@x o F|| < 1. Moreover, from the previous observation we deduce that

Qs o FYm) | > [1Fm)] — Qa0 F) = Fl > 1= 2(0) > 1 (5).

Then, there exist a compact operator G from F(M) to Q(Y) and a molecule u € Mol(M) such that

~ ~ ~ ~ S 9
G =Gl =1, [[(@oF)=Gill <5, lm—ul <3.

Define G € Lipyg (M, Y) so that its associated linear operator G is the operator G » viewed as an operator
with range in Y. Then, clearly we have ||G(u)| = |G|/ = 1 and

~ ~ ~ = €
IG = Flliz <G = @xe )+ [(@xo F) = Fl| < 5 +7(e) <e. O
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The following result collects several consequences of the previous proposition. Observe that item (i)
below extends item (ii) and part of item (iv) of our Corollary 6.7.

Corollary 6.23. Let M be a metric space and let Y be a Banach space such that the pair (M,Y) has
the Lip-BPB property for Lipschitz compact maps.

(i) For every compact Hausdorff topological space K, (M,C(K,Y)) has the Lip-BPB property for
Lipschitz compact maps.

(11) For 1 < p < oo, if the pair (M, £,(Y')) has the Lip-BPB property for Lipschitz compact maps, then
so does (M, Ly(1,Y')) for every positive measure .

(#ii) For every o-finite positive measure i, the pair (M, Loo(11,Y")) has the Lip-BPB property for Lipschitz
compact maps.

Proof. This proof is based on the one of Theorem 3.15 in [33]. To prove (i), following the proof of Theorem
4 in [48], by using peak partitions of the unit we can find a net {@x}xea of norm-one projections on
C(K,Y) such that {Qx(f)} — f in norm for every f € C(K,Y) and QA(C(K,Y)) is isometrically
isomorphic to £Z2(Y). Consequently, (i) follows from Propositions 6.20 and 6.22.

In order to prove (ii), fix 1 < p < co. If L,() is finite-dimensional, the result is a consequence of
assertion (i) of Proposition 6.19 since in that case L,(u,Y) is an absolute summand of ¢,(Y"). Otherwise,
by using Lemma 3.12 in [33], we may find a net {Qx}rca of norm-one projections on L,(u,Y) such
that {Qx} — f in norm for every f € L,(p,Y) and Qx(Lp(p,Y)) is isometrically isomorphic to £,(Y").
Therefore, it is enough to apply Proposition 6.22.

As before, if Lo () is finite-dimensional, the result is a consequence of Proposition 6.20. Otherwise,
if Loo(p) is infinite-dimensional, we may suppose that the measure is finite by using Proposition 1.6.1 in
[22]. Then, Lemma 3.12 in [33] provides a net {Qx}rea of norm-one projections on Lo (4, Y) such that
{@Qx} — f in norm for every f € Loo(p,Y) and Qa(Lp(p,Y)) is isometrically isomorphic to £og(Y).
Consequently, the result follows from Propositions 6.20 and 6.22. O

We can give a result analogous to Proposition 6.22 for the density of LipSNA ;. (M,Y") whose proof is
just a slight modification of its proof.

Proposition 6.24. Let M be a metric space and Y be a Banach space. Suppose that there exists a
net of norm-one projections {Qx}ren C L(Y,Y) such that {Qx(y)} — y in norm for everyy € Y. If
LipSNA - (M, QA(Y)) is dense in Lipgg (M, Qx(Y)) for every A € A, then

Finally, by using this proposition instead of Proposition 6.22 and replacing the necessary results by
their analogous versions with respect to the density of LipSNA . (M,Y), the proof of Corollary 6.23
can be easily adapted to get the following results about the density of the strongly norm-attaining
Lipschitz compact maps. Let us notice that item (i) below extends item (ii) and part of item (iv) of our
Corollary 6.10.

Corollary 6.25. Let M be a metric space and let Y be a Banach space such that LipSNA - (M,Y") is
dense in Lipgx (M,Y).

(i) LipSNA (M, C(K,Y)) is dense in Lipyg(M,C(K,Y)) for every compact Hausdorff topological
space K.

(11) For 1 < p < oo, if LipSNA (M, £,(Y")) is dense in Lipyg (M, £,(Y)), then LipSNA i (M, L, (11,Y))
is dense in Lipyx (M, Ly,(p,Y)) for every positive measure pi.

(1) LipSNA (M, Loo (11, Y)) is dense in Lipgx (M, Loo (11, Y)) for every o-finite positive measure .

Proof. We proceed as in the proof of Corollary 6.23. To prove (i), Theorem 4 in [48] shows that we
can find a net {@x}rea of norm-one projections on C(K,Y) such that {Qx(f)} — f in norm for
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every f € C(K,Y) and Q»(C(K,Y)) is isometrically isomorphic to £,(Y"). Consequently, we can apply
Propositions 6.21 and 6.24 to obtain the result.

In order to prove (ii), fix 1 < p < co. If L,(u) is finite-dimensional, the result is a consequence of
assertion (iii) of Proposition 6.19 since in that case L,(u,Y") is an absolute summand of £,(Y). Otherwise,
using Lemma 3.12 in [33] we find a net {Q» }aea of norm-one projections on L, (i, Y') such that {Qx} — f
in norm for every f € L,(u,Y) and Qx(Lp(1,Y)) is isometrically isomorphic to £,(Y"). Consequently, we
can apply Proposition 6.24.

Finally, if Lo (p) is finite-dimensional, the result follows from Proposition 6.21. If Lo (u) is infinite-
dimensional, we may suppose that the measure is finite by using Proposition 1.6.1 in [22]. Then, Lemma
3.12 in [33] provides a net {@Qx}rea of norm-one projections on Lo, (f, Y) such that {@x} — f in norm
for every f € Loo(t,Y) and Qx(Lp(p,Y)) is isometrically isomorphic to £o(Y). Consequently, we can
apply Propositions 6.21 and 6.24 to get the result. O






Chapter 7

Conclusions and open problems

To finish this work, we consider convenient to dedicate a chapter to summarize all results we have obtained
and propose some open problems.

Chapter 1 is a summary which contains some background about Lipschitz spaces and Lipschitz-free
spaces. We presented there some definitions and preliminary results needed for the rest of the chapters.
Among the results presented, we want to highlight those ones which study the extremal structure of the
unit ball of the Lipschitz-free space. Indeed, we considered classical notions of extremal points such as
extreme points, exposed points, preserved extreme points, denting points, and strongly exposed points.
Then, we presented the wide study that recently has been done to show the relationship between these
notions in the context of the Lipschitz-free space and metric characterizations of them, that is, metric
conditions that a point of the unit sphere of the Lipschitz-free space must satisfy to be an extremal point
of a certain type.

In Chapter 2 we presented positive results that we have obtained concerning strong density of Lipschitz
maps. As we commented in the introduction, J. Bourgain showed in [18] that if a Banach space X has
the RNP, then X also has Lindenstrauss property A. Proposition 2.3 states the stronger result that
if M is a metric space for which F(M) has the RNP, then LipSNA(M,Y) is dense in Lipy(M,Y") for
every Banach space Y. Motivated by this fact, we considered some other properties from the theory of
norm-attaining linear operators that also imply Lindenstrauss property A and we showed that all of them
actually implies that strongly norm-attaining Lipschitz maps are dense. Concretely, we proved that if M
is a metric space such that F(M) either has a norming set of uniformly strongly exposed points, satisfies
property «, or satisfies property quasi-a, then LipSNA(M,Y) is dense in Lip,(M,Y) for every Banach
space Y. Moreover, we translated these properties in terms of the geometry of the underlying metric
spaces and presented some criteria that are useful to verify if the Lipschitz-free space over some metric
space satisfies any of them.

We provided in the third section of the chapter different kinds of examples of metric spaces for which
strongly norm-attaining Lipschitz maps are dense. In particular, we showed that this is the case of
arbitrary Holder metric spaces and of some particular metric subspaces of the plane which contain the
unit interval (see Theorem 2.26). These latter spaces provided the first examples of metric spaces whose
Lipschitz free spaces do not have the RNP but there is strong density, solving in the negative an open
problem proposed by G. Godefroy in 2015.

Next, in the fourth section we discussed the relationship between all the sufficient conditions implying
strong density that we presented. Using the criteria that we previously developed, we generated examples
of metric spaces satisfying and failing strong density. This allowed us to show that none of the sufficient
conditions presented before is necessary to have strong density.

All examples known of metric spaces for which strongly norm-attaining Lipschitz scalar functions are
dense actually satisfy that strong density also holds for vector-valued functions, regardless of the range
space. This motivates the following natural question.

Problem 7.1. Let M be a metric space so that LipSNA (M, R) is dense in Lipy (M, R). Is it LipSNA(M,Y)
dense in Lipy(M,Y") for every Banach space Y?

99
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Notice that Proposition 2.36 stated that if LipSNA(M,Y) is dense in Lipy(M,Y") for some nonzero
Banach space Y, then LipSNA (M, R) is dense in Lipy (M, R).

Unfortunately, we are inclined to think that Problem 7.1 will have a negative answer, and the reason
of why it is not solved yet is due to the current lack of examples of metric spaces M for which we know
that there is strong density. Indeed, as we have already commented, Proposition 2.3 states that if F (M)
has the Radon-Nikodym property, then LipSNA(M,Y") is dense in Lip,(M,Y) for every Banach space Y.
On the other hand, as far as we know the only examples of metric spaces having strong density which does
not have the Radon-Nikodym property are the ones constructed in Theorem 2.26 and its consequences.
They all satisfy strong density for every Banach space Y, but we believe that it should be possible to find
counterexamples for Problem 7.1. We just need to get a better understanding of the density of strongly
norm-attaining Lipschitz maps.

The next problem corresponds to the reverse of implication (18) in the diagram 2.2 that we presented
in Section 2.4.

Problem 7.2. Let M be a metric space. Assume that F(M) has Lindenstrauss property A, that is,
NA(F(M),Y) is dense in L(F(M),Y) for every Banach space Y. Is it true that LipSNA(M,Y) is dense
in Lipy(M,Y") for every Banach space Y7

As before, we suspect that the biggest obstacle in order to answer this problem is the lack of examples.

After this study of the relationship between the sufficient conditions, we focus on the consequences
that the presence of strong density produces on the geometry of the Lipschitz-free space. Among the
results that we obtained, we want to highlight Theorem 2.35, which states that if M is a metric space
for which LipSNA(M,R) is dense in Lipy(M,R), then Br(as is the closed convex hull of its extreme
molecules. In the case of a compact metric space M, we actually got from the density of LipSNA (M, R)
that Br(y is the closed convex hull of its strongly exposed points (Theorem 2.48). We do not know
what happens in the general case.

Problem 7.3. Let M be an arbitrary metric space so that LipSNA(M,R) is dense in Lipy(M,R). Is
Bz the closed convex hull of its strongly exposed points?

Let us comment that Lindenstrauss proved in [57, Theorem 2.ii] that if X is a Banach space which
admits a LUR renorming (for instance, if X is separable) such that NA(X,Y") is dense in £(X,Y) for all
Banach spaces Y, then By is the closed convex hull of its strongly exposed points. Therefore, the cited
Theorem 2.48 is an improvement of this result in the case of Lipschitz-free spaces on compact metric
spaces.

We do not know if the solution to Problem 7.3 is positive outside of the compact case. Let us
comment the idea of the argument in order to understand where are the difficulties. First of all, for a
compact metric space M, Lemma 2.45 tells us that if f € L(F(M),R) attains its norm at a molecule
Mmpg € ext (B].-( M)), then we can approximate f by a non-local Lipschitz function. In order to get
this, we are using compactness to apply Corollary 1.5 and get that all extreme molecules are preserved
extreme molecules. Then, we can use Theorem 1.6 to get that they are actually denting points. Now,
using geometric properties of these points, we get the result. However, we really need compactness to
identify extreme molecules and preserved extreme molecules. On the other hand, Lemma 2.38 tells us
that we are not losing too much strength if we assume that f attains its norm at a extreme molecule,
but we do not have a similar result for denting points. Second, in view of Lemma 2.45, if we assume
that LipSNA (M, R) is dense in Lip,(M,R), then every Lipschitz function can be approximated by non-
local Lipschitz functions. Now, Lemma 2.46 states that, if M is compact, for every non-local Lipschitz
function f there exists a strongly exposed molecule m, , € Mol(M) such that |f(mpq)| = ||f]|z. From
this fact is not too difficult to verify that the unit ball of F(M) is generated by its strongly exposed
points. However, the assumption of compactness is again essential. Indeed, we cannot even ensure that
a non-local Lipschitz function strongly attains its norm if M is not compact. For instance, if M is an
infinite uniformly discrete metric space, then every Lipschitz function from M to R is non-local, but we
know that there must be Lipschitz functions that do not strongly attain their norm since F(M) is not a
reflexive Banach space.

For the previous reasons, we could not remove the compactness assumption from Theorem 2.48. Let
us also notice that a positive answer for Problem 7.1 would solve Problem 7.3 for separable metric spaces.
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Indeed, assume M is a metric space such that LipSNA (M, R) is dense in Lip, (M, R). If this implies that
LipSNA(M,Y) is dense in Lipy(M,Y) for every Banach space Y, in particular, we would obtain that
NA(F(M),Y) is dense in L(F(M),Y) for every Banach space Y. Now, using a result of Lindenstrauss
(see [57, Theorem 2.ii]) we obtain that Bz(ys) = co(str-exp (Brar))).

Finally, in the last section of Chapter 2 we studied the density of the set LipSNA (M, R) in the weak
topology. In this case, the problem is completely solved: we proved that for every metric space M, the
set LipSNA (M, R) is (sequentially) weakly dense in Lipy(M,R) (see Theorem 2.53).

Chapter 3 was devoted to presenting negative results concerning strong density. We started the
chapter discussing the following important example from [50, Example 2.1]: LipSNA([0,1],R) is not
dense in Lipy ([0, 1], R). Analyzing the proof of this example we saw that the reason of why strong density
fails is because all points are metrically aligned, that is, for any three points = < z < y € [0, 1] we have
|z —y| = |x —z|+|z—y|. With this idea in mind, we were able to generalize this example in two directions.
First, we proved in Theorem 3.3 that if M is a length metric space, then LipSNA (M, R) is not dense in
Lipy,(M,R). Second, we characterized in Corollary 3.8 for which closed subsets of [0, 1] we have strong
density. We proved that if M C [0, 1] is closed, then LipSNA(M,R) is dense in Lipy(M, R) if and only if
M has measure zero.

Next, we dedicated a section to prove that the unit circle T C R2 for the Euclidean metric also fails
to have strong density (see Theorem 3.10). This shows that the reciprocal statement of Problem 7.3 is
not true, as we also showed that every molecule of F(T) is a strongly exposed point. The idea behind
the proof of Theorem 3.10 is that an arc of the unit circle has a similar local behavior to the segment
[0,1]. Studying the density of the Cantor sets on [0, 1], in the last section of Chapter 3 we were able to
generalize this result to C? curves (see Theorem 3.20). This leads to the following question.

Problem 7.4. Let I C R be an interval, let E be a Banach space, and let a: I — E be a rectifiable
curve. Is there a Lipschitz function f € Lipy(a(I),R) that cannot be approximated by strongly norm-
attaining Lipschitz functions?

The next proposed problem is related to equivalent metrics. Let (M, d) be a metric space. We say
that a metric d’ defined on M is equivalent to d if there exist constants A, B > 0 such that

Ad(p,q) <d'(p,q) < Bd(p,q) Vp,qge M.

Let us consider [0, 1] endowed with the usual metric. Notice that Theorem 3.20 provides plenty of
equivalent metrics d’ for which ([0, 1],d’) fails to have density. A natural question is whether this is true
for every equivalent distance.

Problem 7.5. Let (M,d) be a metric space and let d’ be an equivalent metric to d. Assume that the
set LipSNA((M,d),R) is dense in Lipy((M,d),R). Is necessarily the set LipSNA((M,d’),R) dense in
Lipy((M,d"),R)?

It was not difficult to show that [0, 1], endowed with the usual metric | - |, fails to have strong density.
However, notice that if Problem 7.5 turns out to have a positive answer, it would be stronger than
Theorem 3.20, for which several deep technical results has been necessary.

Let us recall that for almost every metric space M for which we know that there is strong density, we
have that F(M) has the RNP. Furthermore, if d and d' are equivalent metrics on M, then the identity
Id: (M,d) — (M,d’) is a bi-Lipschitz map, that is, a bijective Lipschitz map whose inverse is also
Lipschitz. Then, Id induces a linear isomorphism between the Banach spaces F((M,d)) and F((M,d")).
Since the RNP is stable under isomorphisms, if F((M,d)) has the RNP, then F((M,d")) also does, so
LipSNA((M,d"),R) is dense in Lipy((M,d’),R) by Proposition 2.3. In view of this, with our current
knowledge it is difficult to find a counterexample to give a negative answer to Problem 7.5.

In Chapter 4 we introduced a Lipschitz version of the classical Bishop-Phelps-Bollobés property. We
saw that this stronger version of density is quite more restrictive than the usual strong density. Indeed,
Example 4.6 showed that the pair (N,R) fails the Lip-BPB property. In contrast, 7(N) satisfies every
sufficient condition studied in Chapter 2 that implies strong density for every Banach space Y. We gave
some conditions that guarantee that the Lip-BPB property is satisfied for some pair (M,Y"). Our main
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result in this chapter deals with the extremal structure of the Lipschitz-free space. Recall that a metric
space M is said to be uniformly Gromov concave when the whole Mol(M) is a set of uniformly strongly
exposed points. With this notation, Theorem 4.9 says that when M is a uniformly Gromov concave
metric space, then (M,Y) has the Lip-BPB property for every Banach space Y. Recall that among
uniformly Gromov concave spaces are included the concave metric spaces, the ultrametric spaces, and
the Holder metric spaces.

We continued the study of the Lip-BPB property in Chapter 5, where we focused our attention on
the stability behavior of this property. In the first section we studied the relationship between the Lip-
BPB property for scalar Lipschitz functions and the Lip-BPB property for vector-valued Lipschitz maps.
More concretely, we gave some conditions over the Banach space Y that allowed us to pass from the
scalar-valued case to the vector-valued case. Our main result in this section dealt with the notion of
ACK structure and I'-flat operators (see Theorem 5.6) and it is very general. We were able to obtain
several consequences of this result for spaces of continuous functions, injective tensor products, sequence
spaces, Banach spaces with property beta, etc.

On the other hand, we saw that it is possible to give versions of Theorem 5.6 for the strong density.
Actually, we saw that in some cases the results for strong density that we obtained improved the analogous
versions for the Lip-BPB property. As an example of this, Proposition 5.15 shows that if M is a metric
space such that LipSNA(M,R) is dense in Lipy(M,R), and Y is a Banach space satisfying property
quasi-f, then LipSNA(M,Y) is dense in Lipy(M,Y"). In contrast, Example 5.14 shows that the Lip-BPB
property of (M,R) and property quasi-8 of Y is not enough to guarantee that the pair (M,Y) has the
Lip-BPB property.

Next, we observed that the Lip-BPB property is stable under some operations that we can consider
on the domain space, such as sum of metric spaces, or on the range space, such as absolute sums. We
also obtained versions of these results for strong density, which were more satisfactory in some cases (see
Theorem 5.20).

Finally, we dedicated Chapter 6 to study Lipschitz compact maps. First, we saw that it is possible
to give versions for this family of every sufficient condition implying strong density that we studied in
Chapter 2. Indeed, we showed that most of our results concerning strong density or the Lip-BPB property
are still valid when we restrict to Lipschitz compact maps, obtaining improvements in some of them (see
Propositions 6.6 and 6.9) due to the fact that compact operators are always I'-flat. Let us also mention
that in Chapter 6 we also obtained results that are only valid for Lipschitz compact maps, as Propositions
6.12 and 6.13 which deals with L;-preduals spaces.

As usual, we also obtained an analogous result for the strong density in this case. Finally, following
Chapter 5, we also presented results dealing with the stability of the Lip-BPB property and strong
density for Lipschitz compact maps under some operations on the domain and range spaces. As before,
we obtained some results that are only valid when restricted to Lipschitz compact maps.

Finally, let us propose two more problems and give a couple of interesting remarks. Classical results
coming from the theory of norm-attaining linear operators (due to Bourgain [18] and Bourgain and Huff
[49]) state that each of the following properties characterizes the RNP of a Banach space X:

(a) for every bounded closed convex subset C' C X, the set
{T € L(X,Y): sup ||Tz|| = max ||Tx|}
zeC zeC

is dense in £(X,Y);
(b) every equivalent renorming of X has Lindenstrauss property A.
We may wonder whether there are Lipschitz versions of these characterizations, and so we propose
the following open problems.

Problem 7.6. Let M be a metric space. Suppose that LipSNA(M’,Y) = Lip,(M’,Y) for every metric
space M’ bi-Lipschitz equivalent to M and every Banach space Y. Does F(M) have the RNP?
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Problem 7.7. Let M be a metric space. Suppose that LipSNA(N,Y) = Lipy(V,Y) for every closed
subset N of M and every Banach space Y. Does F(M) have the RNP?

We also want to present two remarks on possible variation of the above two problems. First, there is
a classical result stating that the following property is also equivalent to the fact that the Banach space
X has the RNP:

(c) the unit ball of every equivalent renorming of every closed subspace of X is dentable.

Hence, we may wonder whether a Lipschitz version of this result could characterize the RNP of the
Lipschitz-free space, that is, whether for a given metric space M, F(M) has the RNP provided that the
unit ball of the Lipschitz-free space over every metric space bi-Lipschitz equivalent to a closed subset of
M is dentable. The following example shows that this is not the case. Actually, it shows that the latter
property does not imply the density of strongly norm attaining Lipschitz functions defined on M.

Example. Let M be a nowhere dense closed subset of [0, 1] whose Lebesgue measure is positive. Then,
given any metric space N’ bi-Lipschitz equivalent to a closed subspace of M, it follows that N’ is not
length (because it is disconnected). Consequently, Br(y) has strongly exposed points by Corollary 1.8
and Theorem 1.9. Thus, it is dentable. However, Corollary 3.8 shows that LipSNA(M,R) is not dense
in Lipy (M, R).

Let us next consider another characterization of the fact that X has the RNP which easily follows
from (a) and (b) above:

(d) every Banach space Z’ isomorphic to a closed subspace of X has Lindenstrauss property A.

We also may wonder whether there is a Lipschitz version of this result, that is, whether F(M) has
the RNP provided that LipSNA(N’,Y") = Lipy(N’,Y") for every metric space N’ bi-Lipschitz equivalent
to a closed subset of M and for every Banach space Y. Now, the answer is yes, and it is follows from a
very recently announced result of R. Aliaga, C. Gartland, C. Petitjean, and A. Prochdzka [7, 8].

Remark. Let M be a complete pointed metric space. Then, the following are equivalent:

(i) F(M) has the Radon-Nikodym property.

(ii) LipSNA(N',Y) is dense in Lipy(N’,Y) for every metric space N’ bi-Lipschitz equivalent to a closed
subset of M and every Banach space Y.

(ii) LipSNA(N',R) is dense in Lip,(N’,R) for every metric space N’ bi-Lipschitz equivalent to a closed
subset of M.

Let us quickly present the argument. Indeed, (i)=-(ii) follows from [36, Proposition 7.4] and (ii)=>(iii)
is immediate. Now, given a complete pointed metric space M, it has been very recently announced by
R. Aliaga, C. Gartland, C. Petitjean, and A. Prochdzka [8] (see the talk given by R. Aliaga on January
22nd, 2021, at the Banach spaces webinars [7, 8]), that if the space F (M) fails the RNP then M contains
a “curve fragment”, that is, a subset N of M that is bi-Lipschitz equivalent to a compact subset K of
the real line with positive Lebesgue measure. We just have to use Theorem 3.6 (or Corollary 3.8) to get
that LipSNA(K,R) is not dense in Lipy (K, R).
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