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Abstract

The aim of this manuscript is to study Banach spaces with the Daugavet property:
Banach spaces X satisfying that the norm equality

[Md + T =1+ [T

(known as the Daugavet equation, (DE) for short) holds for every bounded linear
operator T: X — X of rank one. Its starting point is a review of I. K. Daugavet’s
result from 1963 showing that (DE) holds for compact linear operators on C10, 1]
and of related results which were established in the XX Century. Next, a chapter
on those results from Banach space theory and topology that are used in the book
is included. The core part of the text deals with the “geometrical” treatment
of the subject developed in the XXI Century using slices, narrow operators, and
slicely countably determined sets. It presents the main consequences, the main
examples, and some generalisations such as Daugavet centres, the almost Daugavet
property, and a Lipschitz version of (DE). Finally, some geometric properties related
to the Daugavet property are commented on: other possible norm equalities for
operators, the so-called big slice phenomena, the alternative Daugavet property,
and alternatively convex or smooth spaces.
Each chapter ends with some notes, remarks and open questions.

This manuscript is not in its final form, it is a preliminary version which is freely
distributed under a CC BY-NC-ND 4.0 licence. We ask the readers for commu-
nicating any misprint or inaccuracy to us that they may find and to send us any
suggestion which may help to improve the manuscript.

We acknowledge the use of the free version of ©Google Gemini (https://gemini.
google.com/) that produced raw tikz code for preliminary versions of some of the
figures.
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Basic Notation

Throughout the book the letters X, Y, Z and F are used for Banach spaces,
Sx and Bx are the unit sphere and the closed unit ball of X, respectively. Unless
stated otherwise, we will consider real and complex Banach spaces at the same
time, writing K to denote the base field (which could be K = R or K = C), and
using the notation Re(z) for the real part of z € C; in the case when the space
is real, this just means Re(z) = z for every z € R. The symbol T will denote the
set of modulus one scalars, that is, T := {—1,1} in the real case and T being the
unit circle of C in the complex case. We will use the notations (z,,), (n)nen, and
(7,)22; for sequences, and we also use the notation (x,) € XV,

The words “operator” and “functional”, unless the contrary is stated, are used
for linear continuous operators and functionals, L(X,Y") is the space of linear
continuous operators between the Banach spaces X and Y, L(X) is the short
notation for L(X, X), and X™* stands for L(X,K), the Banach space of continuous
linear functionals on X. Mostly, our notation agrees with the standard Banach
space terminology from the classical Lindenstrauss—Tzafriri book [2086].

Let us include here for easy reference a (short) list of usual notation which we
will use all along.

1: constant function with value 1.

1 4: characteristic function of the set A.

1, n: positive integers between 1 and n, 1,n :={1,...,n}.

@E / Dp: absolute E-sum / £,-sum of spaces (see page 2.9.1).

(Bicr Xn)E: (absolute) E-sum of the spaces X;’s (see page 45).

®: algebraic tensor product (see page 52).

®n: projective tensor product (see page 53).

@E: injective tensor product of X and Y (see page 55).

aconv(A): absolutely convex hull of A.

AP: Approximation property (see page 56).

BAP: Bounded approximation property (see page 56).

Bil(X X Y): (bounded linear) bilinear forms on X x Y.

C(K) / C(K,X): space of scalar-valued / X-valued continuous functions
on the compact space K.

Co(L) / Co(L, X): space of scalar-valued / X-valued continuous functions
on the locally compact space L vanishing at infinity.

Ch(2) / Cp(2, X): space of scalar-valued / X-valued bounded continuous
functions on the completely regular topological space €.

codimx (Y): codimension of the subspace Y in the space X.

conv(A): convex hull of A.

conv(A): closed convex hull of A.

xiii
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BASIC NOTATION

dz: Dirac measure or functional (i.e., f — f(z)) on a function space.

dens(X): density character of the Banach space X (i.e., minimal cardinality
of a dense subset)

dent(A): denting points of A (see page 38).

ext(C): extreme points of C' (see page 32).

FIN(T): family of all finite subsets of a set I'.

FinRan(X,Y): finite-rank (continuous linear) operators from X to Y. In
the case when X =Y, we just write FinRan(X).

K(X,Y): compact (linear) operators from X to Y. In the case when X =
Y, we just write K(X).

L1(X\) / Li(X, X): space of (classes of) scalar-valued / X-valued integrable
/ Bochner integrable functions with respect to A (see page 36).

Loo(A) / Loo(Ay X): space of (classes of) scalar-valued / X-valued
(strongly) A-measurable and essentially bounded functions (see page 38).

L(X,Y): bounded (linear) operators from X to Y. In the case when X =
Y, we just write L(X).

lin(A): linear span of A.

£p: space of sequences for which the usual p-norm is finite, 1 < p < oo.

E;”): n-dimensional £,-space, 1 < p < 00

MAP: Metric approximation property (see page 56).

M (K): finite regular Borel signed measures on a compact Hausdorff topo-
logical space K, i.e., M(K) = C(K)*.

OP(X): semigroup of operators on a Banach space X identified by the
equivalent relation ~ (see page 150).

Pol(™X,Y): m-homogeneous (continuous) polynomials from X to Y (see
page 114).

Pol(X,Y): (continuous) polynomials from X to Y (see page 114).

RNP: Radon-Nikodym property (see page 37).

3+: relative to a measure space (2,3, 1), the collection of those A € ¥ for
which 0 < p(A) < oo (see page 140).

Slice(A, f, a): slice of A determined by the functional f and the positive
number « (see page 29).

stexp(A): strongly exposed points of A (see page 38).

supp(f): support of the function/family /sequence f.

Var(f): variation of the function f.

W(X,Y): weakly compact (linear) operators from X to Y. In the case
when X =Y, we just write W (X).

w*-stexp(A): weak-star strongly exposed points of A (see page 38).









CHAPTER 1

The history of the subject

The first chapter will be devoted to a potpourri of results around the Daugavet
equation for various classes of operators on classical Banach spaces. (We recall
that by operator we shall mean bounded linear operator.) Also, our results will be
formulated for real Banach spaces in this chapter.

1.1. Daugavet’s theorem

In 1963, the mathematician Igor K. Daugavet published the following result in
one of his first-ever papers [88].

THEOREM 1.1.1. If T: Cla,b] — Cla,b] is a compact linear operator, then
lId+T| =1+|T|-

Daugavet, in his later career, made a name for himself in approximation theory
(see Figure 1.1), and also Theorem 1.1.1 connects to this field, as we shall comment
shortly.

The present volume sets out to study consequences and ramifications of results
like Theorem 1.1.1. Daugavet’s eponymous equation for an operator T, i.e.,

[d + T =1+ [T,

will be called the Daugavet equation; thus Theorem 1.1.1 can be rephrased by saying
that compact operators on Cla, b] satisfy the Daugavet equation.

In this introductory chapter we shall gather a number of results on this subject
that were proved by various techniques. Our main emphasis in later chapters,
however, will be on the interplay of the geometry of slices of the unit ball of X and
the validity of the Daugavet equation for certain classes of operators on X.

Let us now present Daugavet’s proof of Theorem 1.1.1. He describes this the-
orem as “almost obvious, but at the same time unexpected”; here is his argument.

One first observes that it is enough to consider a finite-rank operator T' since
these operators are dense in the space of compact operators on Cla,b]. Such an
operator has the form

Tz = Zcpk(x)zk (1.1.1)
k=1

with z;, € C[a,b] and continuous linear functionals ¢, € C[a, b]* that can be repre-
sented by Riemann-Stieltjes integrals

b
oula) = [ alt) don(t),
a
where o, is a function of bounded variation. Denote

m’?XszH =M. (1.1.2)

1



2 1. THE HISTORY OF THE SUBJECT

JIEHWHIPAZICKMA OPAEHA JIEHHHA
M OPAEHA TPY/IOBOTO KPACHOTO 3HAMEHH
TOCY/IAPCTBEHHBIFl YHHBEPCHTET mweun A. A. JKAAHOBA

H. K. JAYTABET

BBEILEHME
B TEOPUIO
[PUBJIMIKEHMS
OYHKLIMM

Yuebroe nocobue

M3[ATEABCTBO JIEHHHTPAICKOTO VHHBEPCHTETA
JIEHUHTPALL 1977

FIGUure 1.1. Daugavet’s Introduction to the
theory of approzimation of functions

Let € > 0. Pick 29 € Cla,b] such that |zo|| = 1 and | Txzo| > ||T|| — /2. Put
yo = Txg and let A C [a, b] be a subinterval on which |yo(¢)| > | T||—/2. Replacing
xo with —x¢ if necessary we can even assume that yo(t) > ||T|| —&/2 on A. Further
pick a subinterval I = [tg — §,to + 0] C A such that

€

V. < —— 1.1.3
ax(owl,) < (1.13)
for k = 1,...,n. Indeed, if A is written as a union of m mnon-overlapping
closed intervals Iy,...,I,, then one of the I; will work provided that m >

(8nM/e) maxy Var(og|)-

Now, let 1 € Cl[a,b] be the function that coincides with xo off the set I,
x1(tg) = 1, and 27 is affine-linear on [ty — §,tg] and on [to,tg + d]; put y; = Tx;.
Obviously ||z1] = 1, and it follows from (1.1.1), (1.1.2) and (1.1.3), that

. (1.1.4)

| ™

lyr — woll <

Indeed, by (1.1.1)

n

Y1 —Yyo =Tx1 —Txg = Z(@k(fﬁl) — ©k(T0))2k
k=1



1.2. THE SPACE L; 3

and, since ||z — xo|| < 2,

3

lor(z1) — wr(w0)| = 2nM

to+s
/ ) (z1(t) — wo(t)) doy.(t)| < 2 Var(op|;) <

to—9

by (1.1.3), which implies (1.1.4) by (1.1.2).
One now has

1d +T|| > [|lz1 + Tx1|| = 21(to) + y1(to) = 1+ yo(to) — [yo(to) — y1(to)]-
But yo(to) = ||T|| — /2 and yo(to) — y1(to) < |lyo — v1l] < /2 by (1.1.4). Hence
[d+T| =1+ T —e,

and the theorem is proved. O

We may mention that later we will show that proving the validity of the Dau-
gavet equation for rank-one operators is enough to get its validity for all compact
operators (and more!), a fact which will make life easier. To understand why The-
orem 1.1.1 is of interest in approximation theory, consider a sequence of bounded
finite-rank norm-one linear operators L,: C[0,1] — C]0, 1] such that L, f — f for
each f € C0,1]; e.g., operators of interpolation. One then has the uniform estimate
|1 Lnf — flloo < 1L — IdA||||f]leo- By Daugavet’s theorem ||L,, — Id|| = 2; hence the
estimate || L, f — flloo < 2| f|loo is optimal and cannot be replaced by [...] < || f]lo-

It might be tempting to surmise that Theorem 1.1.1 extends to all C(K)-spaces;
but there is one caveat. Namely, if K has an isolated point, then the Daugavet
equation will fail for certain compact, indeed rank-one operators. To wit, if tg € K
is an isolated point and T'f = —f(to)1 (4,3, then ||T']| = 1 = |[Id + T'||. However,
if K is perfect (= without isolated points) one can translate the above proof using
the language of neighbourhoods (instead of intervals) and signed measures (instead
of functions of bounded variation) to show:

THEOREM 1.1.2. If K is a perfect compact Hausdorff space and T: C(K) —
C(K) is compact, then
|1d+ T =1+ ||T]|.

See Theorem 3.3.1 for the “modern” proof.

We also note that Daugavet’s argument literally translates for weak*-weak*-
continuous finite-rank operators on L, [0, 1], i.e., for adjoints of such operators on
L1[0,1]. Since ||T|| = ||T*|| for all Banach space operators, one can deduce that
compact operators on L1[0, 1] satisfy the Daugavet equation.

1.2. The space L1

We have just seen an argument for the following counterpart of Daugavet’s
theorem.
THEOREM 1.2.1. If T: L1[0,1] — L1[0,1] is compact, then
IId+T| =1+ |T|.
This result is originally due to Grigorii Ya. Lozanovskii in a paper submitted
December 1, 1964 and published in 1966 [212]. He obtained it as a by-product

of his theory of almost integral operators on KB-spaces. To indicate his proof,
which was later streamlined by Abramovich, Aliprantis, and Burkinshaw in [14],
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we will freely use the language of Banach lattices, as outlined for instance in the
monographs [22], [233], [282]; see also Subsection 2.9.5 on Banach lattices.

Although Lozanovskii phrased his proof for L;-spaces over nonatomic measure
spaces, we will stick to the classical space L1[0,1]. We remark that, in analogy
to the C'(K)-case, the presence of atoms will, in general, invalidate the Daugavet
equation; see Theorem 3.3.2.

The key point of Lozanovskii’s argument is that the ordered space of operators
L(L4[0,1]) is in fact a Dedekind complete vector lattice (also known as a Riesz
space), and it is a Banach lattice at that. Thus, every operator T": L1[0,1] — L]0, 1]
has a modulus, and

Il = || 171 . (1.2.1)
Now, two elements x,y in a vector lattice are said to be disjoint if |z| A|y| = 0, and
for disjoint elements one has

|z +y| = [x] + [y (1.2.2)

(this is a little tricky to verify from first principles; see [304, p. 19]).

The proof of Theorem 1.2.1 now takes two steps: (1) The Daugavet equation
holds for T if T and Id are disjoint in the Banach lattice L(L1[0,1]); (2) if T is
compact, then 7" and Id are disjoint.

To check (1), note that by (1.2.1) and (1.2.2)

[1d+ T = [ [Id+T|| = [[1d + [T},
and using that Id + |T'| is a positive operator, one has
11d + |T] || = sup{|[f + |T|f[lx: f =0, [ fll =1}
and, since || f + g[li = || f|l1 + [lgl1 for positive functions,
11 + [T || = sup{1 + [|T[f |- £ =0, IfllL =1}
=1+ [[|T]| =1+

This completes the proof of (1).

As for (2), let T: L1]0,1] — L1[0,1] be compact and consider S = Id A |T].
Then 0 < S < Id so that S is in the centre of L1[0,1]; hence S is a multiplication
operator, Sf = Myf = ¢f for some ¢ € L[0,1], 0 < ¢ < 1 (cf. [233, p. 149]).
Further, |7 is compact ([12, Theorem 3.14]), and we shall argue that S = 0. If
not, take a set E of positive measure and some a > 0 such that ¢ > a on E. Pick a
sequence (f,,) of pairwise disjoint, positive, normalised functions supported on FE;
since |T| is compact we can assume in addition that (|T|f,) converges, say to g,
and that v, = |T'|f, — g has norm < 27". Then, the series v := ) |v,| converges
and

O0<afn <efu <[T|fn<g+vo
on E. But af,, — 0 a.e., so || fx|[1 — 0 by the dominated convergence theorem (the
fn are dominated by g + v), in contradiction to || f,|1 = 1. m|

A more pedestrian argument for Theorem 1.2.1 was given by Babenko and
Pichugov [30]; we shall provide other proofs in Corollary 1.3.6 and Corollary 1.4.4.
It should be noted that the above proof made use of the nonatomic nature of the
Lebesgue measure when we chose the functions f,,. Using more advanced machinery
of operator theory in Banach lattices, Abramovich, Aliprantis and Burkinshaw
show in [14] that even weakly compact operators on L;[0, 1] satisfy the Daugavet
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equation, which will turn out to be a general feature of the theory described in
this monograph. (For the case of Ly cf. Corollary 1.3.6; for the general case see
Theorem 3.2.6.)

1.3. Almost diffuse operators

In their 1965 paper [111], Ciprian Foiag and Ivan Singer approached the Dau-
gavet equation for operators on C(K)-spaces using a new idea. Actually, they even
deal with vector-valued spaces, but we’ll only present the scalar-valued case. They
attribute a number of improvements to Aleksander Pelczyniski, so he should be
considered as one of the originators of the results in this section as well.

Here is the basic definition.

DEFINITION 1.3.1. Let K be a compact Hausdorff space, X be a Banach space
and T: C(K) — X be a bounded linear operator.

(a) A point so € K is called a point of diffusion for T if for every e > 0 there
exists a neighbourhood U(sg) such that
g€ C(K), |lglleo <1, g(s)=0forall s¢ U(sg) = |Ty| <e.
(b) T is called almost diffuse if the set of points of diffusion is dense in K.

We shall revisit this idea later in Definition 8.3.6.
The interest in almost diffuse operators in our context stems from the following
theorem.

THEOREM 1.3.2. If T: C(K) — C(K) is almost diffuse, then T satisfies the
Daugavet equation:

[Td+T||=1+|T]|.

PROOF. Let € > 0, w.l.o.g. ¢ < ||T. Pick a function f € C(K) of norm 1 such
that ||Tf|leo > ||T]| — &, that is, [(T'f)(to)| > ||T|| — & for some ¢y € K. Therefore,
the inequality [(Tf)(t)| > ||T|| — € holds true in a certain neighbourhood V(o).
Since T is almost diffuse, V (o) contains a point of diffusion, say so. By definition,
there exists a neighbourhood U(sg) C V (to) of so such that

g€ C(K), |lgllo <1, g(s)=0forall s¢ U(sg) = ||Tyg| <e.
Let s € U(sp). Pick some h € C'(K) such that

|hlloo <1, h=f on K\ Uf(sg), h(s) = m

(Since s € V(tg), the denominator here is nonzero.) It follows ||h — flle < 2,
h—f=0on K \U(s) and, therefore,

IT(h = f) < 2.
Consequently,
I+ T)| > A+ Thlloe > [+ Tflac — 20
= |h(s) + (Tf)(s)| = 2e = [[(Tf)(s)| + 1] —2¢

=1+ [(TH(s)] =2 2 14T - 3e.

In the last step we used s € V (tp), and in the last but second, the definition of h(s).
Since € > 0 was arbitrary, the Daugavet equation follows. O
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We shall argue that compact operators are almost diffuse if K is perfect; in
fact, weakly compact operators are. The way forward to see this is the integral
representation theorem of Bartle, Dunford and Schwartz ([99, Th. VI.2.5], [104,
p. 493]): Let T: C(K) — X be a weakly compact operator. Then there is a
countably additive vector measure G of bounded semivariation such that

szfodG (f € C(K)).

Let us show that in this situation, a point sg € K is not a point of diffusion if
xo := G({s0}) # 0. We shall freely use the elementary theory of vector measures.
Indeed, is sg were a point of diffusion, we could find, for ¢ = %Ha:o I, a neighbourhood
U(so) as spelt out in Definition 1.3.1. But then for g € C(K), ||gllcc <1, g =0 on
K\ U(sg) with g(sg) =1

7ol = [ gd6] + ol > 22
{s#s0}

refuting the condition of Definition 1.3.1. (The converse statement is also valid,
but we won’t need it.)

Now, since G is countably additive, there can only be countably many sg with
G({s0}) # 0; for otherwise there would be a sequence s1, s2,... and some a > 0
such that |G({sn})|| > a for all n, and Y G({s,}) would be divergent.

It follows, for a weakly compact T, that the points of diffusion form the com-
plement of an at most countable set. Here is the punchline.

ProprosiTION 1.3.3. If K is perfect, then every weakly compact operator is
almost diffuse.

PRrROOF. This follows from the Baire category theorem, because in a perfect
compact space, a countable set is of the first category. O

COROLLARY 1.3.4. If K is perfect, then every weakly compact operator T
C(K) — C(K) satisfies the Daugavet equation.

Let us take the chance and rederive and extend the results of Section 1.2. We
note a simple lemma.

LEMMA 1.3.5. Let T: X — X. Then T satisfies the Daugavet equation if and
only if T does.

PROOF. This is clear since the norm of an operator and that of its adjoint
coincide. (]

Now, let (2, %, 1) be a o-finite atomless measure space. Then L (p)* is iso-
metric to Loo(p) (for this it would have sufficed that u is localisable, see [112,
Theorem 243G]). It follows from the Gelfand-Naimark theorem that Lo (4), being
a commutative C*-algebra with unit, is a C(K)-space, and K does not have iso-
lated points since p is atomless. Now, suppose that T: Lq(p) — Li(u) is weakly
compact; then so is T*: Ly (u)* — L1(p)*, see [104, p. 485]. Corollary 1.3.4 implies
that T™ satisfies the Daugavet equation; hence we have from Lemma 1.3.5:

COROLLARY 1.3.6. If (Q, X, 1) is atomless and o-finite and T: L1(u) — L1 (u)
is weakly compact, then T satisfies the Daugavet equation.
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1.4. The kernel approach

The basic idea of this section, following [298], is to represent an operator T
X — C(K) by its kernel, that is, the weak* continuous function 7: K — X* defined
by 7(s) = T*(ds). It is quickly seen that 7 efficiently encodes the properties of T
in that

I7lloo == sup [|[7(s)]| = IT'll,
seK
and 7 is continuous for the weak topology of X* if and only if T" is weakly compact,
7 is continuous for the norm topology if and only if T is compact. (See [104, p. 490]
for details.)
We shall investigate the validity of the Daugavet equation for an operator 7"

C(K) — C(K) by means of its kernel. In the sequel we shall denote ps = T*(d5) €
M(K) so that

/K Fdp = (f.pa) = (T£,65) = (Tf)(s).

We now formulate a technical condition that will allow us to prove the Daugavet
equation for weakly compact operators and for operators that factor through co.
Note that the identity operator is represented by the kernel (Js)scx -

LEMMA 1.4.1. Let K be a compact Hausdorff space, and let T: C(K) — C(K)
be a bounded linear operator with representing kernel (us)scr . If the kernel satisfies

sup ps({s}) = 0 for all nonvoid open sets U C K, (1.4.1)
seU

then
lTd+T||=1+]|T|-

In fact, a necessary and sufficient condition for this to hold is

sup us({s}) =0 for all e > 0. (1.4.2)
{s: llpsI>1T1|—e}

PrOOF. We have
[1d + T = sup [|0s + ps | = sup (|1 4 s ({s)] + | (K \ {s}))
seK seK

and
1+ |7 = EEE(I +lusll) = jg}g(l + (s (L] + s (K \ {s})):

so problems with showing the Daugavet equation can only arise in case some of the
ws({s}) are negative.
Given ¢ > 0, we now apply (1.4.1) to the open set

U={seK: |l > |IT|| -}
(that is, we apply (1.4.2)) and obtain
1+ 71 sup 6, + | = sup (11 + g (G5} + el (5 {5)

> sup (L1 (sl + ps({s}) — lus({s})])
s€U, ps({sh)2—¢
2147 -+ sup — (us({s}) — lus({s})])

€U, ps({s})>—e
> 14 [T - 3¢;
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hence T satisfies the Daugavet equation. A similar calculation shows that (1.4.2)
is not only sufficient, but also necessary. O

Next, we deal with weakly compact operators.

LEMMA 1.4.2. If K is a compact Hausdorff space without isolated points and
T: C(K) = C(K) is weakly compact, then T fulfills (1.4.1) of Lemma 1.4.1.

PRrROOF. To prove this lemma we argue by contradiction. Suppose there are a
nonvoid open set U C K and some S > 0 such that

wus({s}) < —28 for all s € U.

At this stage we note that, for each ¢t € K, the function s — us({t}) is continuous,
since T' is weakly compact. For, p — u({t}) is in M(K)* and, as noted in the
introduction of this section, s — ps is weakly continuous.

Returning to our argument, we pick some sy € U and consider the set

Ur={s € U: |ps({s0}) = pso({50})| < B}

which — as we have just observed — is an open neighbourhood of sy. Since sq is not
isolated, there is some s; € Uy, s1 # so. We thus have

ps ({s1}) < =25,

because s € U, and

ps, ({s0}) < pso({s0}) + B < =28+ =—-5.

In the next step we let

Uy ={s € U |ns({s1}) — s, ({s11)] < B} (C U).

Likewise, this is an open neighbourhood of sy, hence there is some so € Us, s9 # s1,
S9 # 89. We conclude, using that so € U, so € Uy and sq € Uy,

/.LS2({82}) < _257
pe,({s1}) < =B,
fsy({s0}) < —B.

Thus we inductively define a descending sequence of open sets U,, C U and distinct
points s, € U by

Uny1 = {5 € Uy: |.“8({5n}) - .Usn({sn}” < ﬂ}a

Snt1 € Unt1 \ {s0,---,5n}
yielding
ws, ({s;}) < =P forall j =0,...,n—1.
Consequently,
TN = s, | = s, | ({80, -y Sn—1}) = np for all n € N,
which furnishes a contradiction. ]

Lemmas 1.4.1 and 1.4.2 immediately yield the first main result of this section.

THEOREM 1.4.3. Suppose K is a compact Hausdorff space without isolated
points. If T: C(K) — C(K) is weakly compact, then

lTd+T||=1+]|T|-
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COROLLARY 1.4.4. If p is an atomless o-finite (or just localisable) measure and
T: Li(n) — Lq1(p) is weakly compact, then

IId+T| =1+ |T].
PrOOF. The argument is the same as the one leading to Corollary 1.3.6. O

REMARKS 1.4.5. (1) If T is compact, the proof of Lemma 1.4.2 can considerably
be simplified. In fact, if ps({s}) < —28 < 0 on an open nonvoid set U, let us pick
some s € U and consider the set

Ur={t € U: [lus — puell < B}

Since T is compact, this is an open neighbourhood of s, and for each t € U; we
deduce that

ps({t}) < pe({t}) + [pe({t}) — ps({t})] < =28 4 [|pe — ps|| < —5.

Since s is not isolated, there are infinitely many distinct points tq,ts, ... € Uy, and
we obtain |us|({t1,t2,...}) = 00, a contradiction.

(2) The proof of Theorem 1.4.3 shows that weakly compact operators on Cy(L),
L locally compact without isolated points, satisfy the Daugavet equation.

(3) We also see immediately that positive operators on C(K)-spaces (and like-
wise on (AL)- and (AM)-spaces) satisfy the Daugavet equation.

(4) For weakly compact operators T on C(K), represented by (us)sck, the
functions pa: s — ps(A), A C S a Borel set, are continuous; in fact, weakly compact
operators are characterised by this property [104, p. 493]. In Lemma 1.4.2 it is even
enough to assume that only the functions ¢y, t € K, are continuous, provided K
has no isolated points. Hence also such operators satisfy the Daugavet equation.
A special case of this situation (a trivial one, though) occurs if us({t}) = 0 for all
s,t € K; see also the following remark.

(5) A particular class of operators for which (1.4.1) of Lemma 1.4.1 is valid are
those for which

{t € K: us({t}) =0Vs € K} is dense in K. (1.4.3)

Since this class is seen to contain the almost diffuse operators of Foias and Singer
(Definition 1.3.1), we have obtained their result that almost diffuse operators satisfy
the Daugavet equation; see Theorem 1.3.2.

We shall apply the last remark in the next result. Recall that an operator 7"
X — Y factors through the space Z if there are operators Ty: X — Z and Ts:
Z — Y such that T = T5T3.

The following result is originally due to Holub [139] for [0, 1] and Ansari [24]
for general K.

THEOREM 1.4.6. If K is a compact Hausdorff space without isolated points and
T: C(K) — C(K) factors through cp, then

lTd+T||=1+]|T|-

PROOF. Let (us)scx be the representing kernel of T. By Remark 1.4.5(5) it is
enough to show that

K':={te K: ps;({t}) =0Vs e K}
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is dense in K. Let us write T' = T»T; with bounded linear operators T1: C'(K) — ¢y,
Ts: cg — C(K). We have

(T1f)(n) = /K fdp,  forallneN,
(To(an))(s) = Z vs(n)an, forall s € K

for a sequence of measures p, and a family (Vs(n))n of sequences in ¢;. Conse-
quently,

oo
Hs = ZVs(”)Pn
n=1
Now, K’ D N, {t € S: pn({t}) = 0}, which is a set whose complement is at most
countable. Since no point in K is isolated, countable sets are of the first category,
and Baire’s theorem implies that K’ is dense. (I

REMARKS 1.4.7. (6) The same proof applies to operators that factor through a
C(k)-space where & is a countable compact space, since on such spaces all regular
Borel measures are discrete. We recall that there are countable compact spaces
such that C'(k) is not isomorphic to ¢o [52].

(7) The Baire argument in Theorem 1.4.6 implies a very simple proof of The-
orem 1.4.3 if in addition K is supposed to be separable. In fact, let us show that
then (1.4.3) of Remark 1.4.5(5) holds. The complement of the set spelt out there
is {t € K: 3s € K us({t}) # 0}. Since s — us({t}) is continuous, this is, with
{s1, 52,...} denoting a countable dense subset of K, | J, {t € K: ps, ({t}) # 0} and
hence a countable union of countable sets, i.e., of the first category. Again, {t € S:
wus({t}) =0 Vs € K} must be dense.

We finally mention a property related to the Daugavet equation that is valid
for all operators on all C'(K)- or L (u)-spaces. It was first discovered by J. Duncan,
C. McGregor, J. Pryce, and A. White in 1970 [103] (with a different proof).

PROPOSITION 1.4.8. If K is a compact Hausdorff space and T: C(K) — C(K)
is a bounded linear operator, then

max{||Id + T, [[Id — T[} = 1+ [T
PROOF. Let (us)sck be the representing kernel of T. Then
max ||Id £ T'|| = max sup [|ds & us|
+ + sek
sup max (|6 £ pa({s}) + 16 £ pal (K \ {53))
sup max (|1 £ po({s})| + |usl (K \ {s}))
seK
Sél}lg(l + s ({sH] + s (K \ {s}))

sup (1 + [|s]l) = 1+ [T,
seK

as claimed. O
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COROLLARY 1.4.9. If E is an (AL)-space or an (AM)-space and T: E — E is
a bounded linear operator, then

max{|[|[Id + T, [[1d = T[} = 1+ || T1].

PRrROOF. An (AL)-space E is representable as Li(u) for some localisable mea-
sure p, hence E* is representable as Lo (1) = C(K). So the assertion follows from
Proposition 1.4.8 by passing to T*. If F is an (AM)-space, then E* is an (AL)-space,
and again we obtain the assertion by considering the adjoint operator. Il

REMARK 1.4.10. We finally wish to comment on the case of complex scalars.
All the results and proofs in this chapter remain valid — mutatis mutandis — in the
setting of complex Banach spaces. In Proposition 1.4.8 the proper formulation of
the conclusion is
max [1d + T = 1+ 1],

|w

and (1.4.1) in Lemma 1.4.1 should be replaced by
sup (|1 + ps({s})| = (1 + |us({s})])) = 0 for all nonvoid open sets U C K.
seU

1.5. Notes and remarks

This chapter has described some early results on the Daugavet equation using
a variety of methods and techniques. In the final section we would like to take the
chance to discuss a couple of more theorems.

Using the approach via narrow operators (to be discussed in Chapter 6) the
following extension of Corollary 1.3.4 was proved in [175]; incidentally, using the
approach of Section 1.4, the same theorem was proved in [297].

We say that an operator T: X — Y does not fix a copy of a Banach space E
(or is E-singular) if there is no subspace Z C X isomorphic to E on which T is
bounded below, i.e., acts as an isomorphism.

THEOREM 1.5.1. If K is a perfect compact Hausdorff space and T: C(K) —
C(K) does not fix a copy of C[0,1], then

|IId+T| =1+ |T].
The corresponding result in the context of Li-spaces reads as follows.

THEOREM 1.5.2. If p is atomless and T: L1(pn) — L1(u) does not fix a copy of
L4]0,1], then
IId+T||=1+|T|.

This theorem was first proved by Plichko and Popov in [252, Theorem 8, Sec-
tion 9] using narrow operators. Actually, it can also be traced back to a famous
representation theorem due to Nigel Kalton [180, Theorem 3.1]. It asserts that an
operator T: Li(p) — L1(p) can be represented by a random measure; namely, if
Q is a compact metric space equipped with its Borel-o-algebra and a probability
measure g and T: Ly () — Lq(p) is an operator, then there is a weak* measurable
map w — fi, into M () such that

) = [ F@dnls)  ene

Godefroy, Kalton and Li [123, p. 266] deduce Theorem 1.5.2 from this and Kalton’s
[180, Theorem 5.5].
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As yet, we haven’t said much (if anything) about operators on other spaces
apart from C(K) and L;. The first decisive step in this direction was taken in
[173] where it was shown by an adaption of Daugavet’s argument that the Daugavet
equation holds for compact operators on finite-codimensional subspaces of C[0, 1].
Also, the case of uniform algebras was discussed in [175] and [299] (in the former
reference rather implicitly), and Abramovich showed in [11] that L1 [0, 1]®s L1[0, 1]
and C[0,1] @1 C[0,1] are Banach spaces (in fact, Banach lattices) on which the
weakly compact operators satisfy the Daugavet equation. This was generalised to
infinite sums of general “Daugavet prone” spaces (that we shall soon call “Banach
spaces with the Daugavet property”) by Wojtaszczyk [302].

We finally provide a list of papers from the last millennium establishing the
Daugavet equation in a number of cases (the millennium threshold seems to be
aptly chosen since the subject appeared in a different light after the publication
of the papers [178] and [285] (see also the announcement [177]); some of them
have already been mentioned: Y. Abramovich [10], [11]; Y. Abramovich and C. D.
Aliprantis [12, Chap. 11], [13, Chap. 11]; Y. Abramovich, C. D. Aliprantis and
O. Burkinshaw [14]; S. I. Ansari [24]; V. F. Babenko and S. A. Pichugov [30];
P. Chauveheid [78]; I. K. Daugavet [88]; U. U. Diallo and P. P. Zabrejko [95];
C. Foiag and I. Singer [111]; J. R. Holub [137], [138], [139]; V. M. Kadets [173],
[174]; V. M. Kadets and M. M. Popov [175]; H. Kamowitz [185]; R. Khalil [187];
C.-S. Lin [204]; G. Ya. Lozanovskii [212]; A. M. Plichko and M. M. Popov [252];
K. D. Schmidt [283]; L. Weis [296]; L. Weis and D. Werner [297]; D. Werner [298],
[299]; P. Wojtaszczyk [302].

On the topic of Proposition 1.4.8 and Corollary 1.4.9 let us point out that there
is a close relation with the theory of numerical ranges, numerical radius, and the
numerical index that we will discuss in Section 12.3.



CHAPTER 2

Some results from Banach space theory and
topology that are used in the book

In this chapter we briefly recall terminology and results that go beyond a stan-
dard Functional Analysis course. Doing this we don’t pretend completeness: several
other results will be mentioned later in other chapters at the moment when we first
need them. An expert in Banach spaces could probably skip this chapter (or, at
least, most of it), but it is included here also to fix the terminology and notation.
Let us mention that our bedside books on Banach space theory are those of Albiac—
Kalton [108], Benyamini-Lindenstrauss [51], Bourgin [65], Carothers [74], Deville—
Godefroy—Zizler [94], Diestel [97], Fabian—Habala—Héajek—Montesinos—Zizler [109],
Kadets [156], and Lindenstrauss—Tzafriri [206]. Most of the results in this chapter
can be found there and most of the references in the chapter are to these books.

2.1. Duality in Banach spaces

The concepts and results listed in this section can be found in advanced text-
books in Functional Analysis like [156, Chapters 16-17] or in introductory parts of
Banach space theory books like [109, Chapter 3].

Let V., W be linear spaces over the same field K. A mapping that assigns to
each pair of elements (z,y) € V x W a number (z,y) € K is called a duality if: (1)
(z,y) — (z,y) is a bilinear form:

(a1 + agxa,y) = a1(x1,y) + az(w2,y);
(z,a1y1 + azy2) = a1{z,y1) + az(x,y2);

and (2) it satisfies the non-degeneracy condition

— for every x € V' \ {0} there exists some y € W such that (z,y) # 0, and
— for every y € W \ {0} there exists some x € V such that (z,y) # 0.

A pair of spaces V, W with a given duality on them is called a pair of spaces
in duality or a duality pair.

Let (V, W) be a pair of spaces in duality. For each element y € W we define its
action on the elements of the space V' by the rule y(z) = (z,y). With this definition
every element y € W becomes a linear functional on V. The weak topology o(V, W)
on V is defined as the weakest topology on V in which all elements y € W define
continuous functionals on V. A neighbourhood basis of zero in the topology o (V, W)
is given by the family of sets

Ui = {x € V: max|(z,)| < }

where € > 0 and G runs over all finite subsets of the space W.

13
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The roles of the spaces V', W in the above definitions may be exchanged, which
leads to the topology o(W, V) on W.

The polar of the A C V is the set A° C W, defined by the following rule:
y € A®if [{z,y)| < 1forall z € A. The polar A° C V of a set A C W is defined by
symmetry.

For A C V the set (A°)° C V is called the bipolar of A and is denoted by A°°.

The bipolar theorem. Let (V, W) be a pair of spaces in duality. The bipolar
A°° of a set A CV is equal to the o(V, W)-closed absolutely convex hull of the set
A. m|

Let X be a Banach space. We denote the action of a functional * € X* on
x € X either by z*(z) or by (x*,z). We identify the elements of X as usual with
the functionals on X* generated by them: for a given x € X, the corresponding
functional Z: X* — K acts by the rule (z*) = x*(z). If needed, we will use the
notation Jx: X — X** for the isometric embedding = — 2. The Hahn-Banach
theorem implies that ||Z|| = ||z||, and accordingly, we consider X as a subspace of
X

A subset A C Bx~ is said to be one-norming if for every x € X

sup{[(z", z)|: 2 € A} = [|z[.

A C X* is said to be total (over X) if for every z € X with x # 0 there is z* € A
with z*(z) # 0. A subspace Y C X* is said to be a one-norming subspace if its
unit sphere Sy is a one-norming subset.

A subset A C Sx- is said to be a boundary (or James-boundary) for X if for
every x € X there is z* € A, such that |x*(x)| = ||z||. Each boundary is evidently a
one-norming set, but the opposite is false (just consider the open unit ball of X*).

A pair (X,Y) where X is a Banach space and Y C X* is a total linear subspace
is a good example of a duality pair.

Let us remark an easy but important property of one-norming subspaces.

ProrosITION 2.1.1. Let X be a Banach space and'Y C X* be a one-norming
subspace. Then Bx is o(X,Y)-closed. Consequently, every ball xg + rBx is
o(X,Y)-closed as well.

PROOF. Let us demonstrate that X\ Bx is o(X,Y)-open. For every x € X\ Bx
we have
sup {|z*(z)|: z* € Sy} = ||z| > 1.
So, there is #* € Sy with |z*(z)| > 1. On the other hand, |z*(y)| < 1 for all
y € Bx. So, the set {y € X: |z*(y)| > 1} C X \ Bx is the desired o(X,Y)-open
neighbourhood of . O

In the special case of the duality pair (X, X*) the corresponding topology
o(X,X™) is simply called the weak topology of X and is denoted by w. The duality
pair (X*, X) leads to the topology o(X*, X), which is called the weak-star topology
of X* and is denoted by w*. Remark that Proposition 2.1.1 is applicable to both
w and w*.

The weak topology of X has many close connections to the norm topology, in
particular the following theorem is true.

THEOREM 2.1.2 (S. Mazur). Suppose the sequence (x,,) of elements of the Ba-
nach space X converges weakly to an element x € X. Then x lies in the strong
closure of the convex hull of the sequence (x,,). Moreover, there exists a sequence
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(yn) of convex combinations of the elements x,, that converges strongly to x, such
that y, € conv({xg: k=n}), n=1,2,....

The first statement in Theorem 2.1.3 below is evident, the remaining ones are
standard consequences of the bipolar theorem.

THEOREM 2.1.3.

1. A subspace Y C X* is total over X if and only if the pairing (x,y) — {(x,y)
on (X,Y) satisfies the non-degeneracy condition. In this case, the topology o(X,Y)
is Hausdorff.

2. A subspace Y C X* is total if and only if it is w*-dense in X*.

3. A subset A C Sx~ is one-norming if and only if its absolute convexr hull
aconv(A) is w*-dense in Bx~.

4. A subspace Y C X* is one-norming if and only if By is weak® dense in
Bx+.

5. For an infinite-dimensional Banach space X, a subspace Y C X* is one-
norming if and only if Sy is weak* dense in Bx~.

Due to the classical Banach-Alaoglu theorem, the unit ball of X™* is compact in
the w*-topology. At the same time, for some spaces X the unit ball Bx+ contains
sequences that do not have w*-convergent subsequences. In other words, (Bxx, w*)
is not necessarily sequentially compact. Such effects are not something “exotic”. For
example, the sequence of coordinate functionals (e})52; on £, €f (21, 2, . ..) i= Tk,
does not contain o ((€o)*, £oo )-convergent subsequences, although in the topological
sense it has incredibly many (more than continuum many) o((€eo)*, £oo)-cluster
points.

This means that the sequential language does not describe the w*-topology
adequately. This is one of the reasons why we need the language of filters and
ultrafilters.

A highly non-trivial sequential property of the weak topology, called “countable
tightness”, is described in the following theorem due to Kaplansky [191, page 312]
(we only present the particular case that we need).

THEOREM 2.1.4. Let A be a subset of a Banach space X, and let x € X belong
to the weak closure of A. Then there is a countable subset A C A such that x
belongs to the weak closure of A.

2.2. Filters, ultrafilters, ultrapowers

The results about filters and ultrafilters mentioned below can be found in [156,
Chapter 16]; for an introduction to ultraproducts and ultrapowers we refer to [134].

A family of subsets § of a set I' # ) is said to be a filter on I' if it possesses
the following properties:

Hres;

(i) 0 ¢ 5

(iii) if A,B € §, then AN B € §;

(iv)if Ae Fand AC B CT, then B € 3.

The definition implies the stability of § under finite intersections, so a finite
intersection of the form (;_,; Ay is not empty if all the Ay, are elements of §. A good
example of a filter is the system of neighbourhoods of a given point in a topological
space. An important example of a filter on N is the Fréchet filter, whose elements
are all sets of the form N\ A where A is finite.
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A non-empty family ® of subsets of I' is a filter base if

(a) 0 ¢ © and

(b) for all A, B € © there is C' € ® such that C C AN B.

Let © be a filter base. The filter generated by the base ® is the family Filt(D)
of all those sets which contain an element of © as a subset: A € Filt(®) if and only
if there exists B € © such that B C A.

Let §1 and §2 be filters on the same set I'. §; is said to dominate §o if F1 D Fo;
in other words, if each element of §s is at the same time an element of §;.

A filter on I' that is maximal by inclusion is called an ultrafilter. Zorn’s lemma
implies that for every filter § on I there is an ultrafilter that dominates §. The
only explicit examples of ultrafilters are the trivial ones, that is, the filters of the
form Filt({{z}: € T'}). The remaining nontrivial ultrafilters are called free. All
elements of a free ultrafilter are infinite sets.

Let T" be a set, X a Hausdorff topological space, § a filter on I'; and f: I' - X
a function. A point z € X is said to be the limit of f by (or along) § (the
corresponding notation is x = limg f or = §-lim; f(¢)) if for every neighbourhood
U of x there is A € § such that f(A) C U.

x € X is called a limiting point of f by § if each neighbourhood of = intersects
all elements of the form f(A4), A € §.

A large class of filters comes from directed sets.

DEFINITION 2.2.1. A set I" endowed with a binary relation > is called a directed
set if the following axioms are satisfied:
(a) g»gforall geT;
(b) if g2 = ¢1 and g3 > go, then g3 = g1;
(¢) for any two elements g1, 9o € I' there exists an element g3 € I" such that
g3 > g1 and g3 > ga.

The relation > is called a (non-strict) ordering. A strict ordering is a relation
on I' that satisfies (b) and (c), but (a) is substituted by (g1 > g2) = (92 ¥ 91)-
For every strict ordering > there is an induced non-strict ordering (that is usually
denoted by the same symbol if it does not lead to confusion): 41 > 72 non-strictly if
Y1 = 2 or 71 = 2. Remark that a non-strict ordering induced by a strict ordering
possesses the following additional property: (g1 > g2)A(g2 = 91) = (g1 = 92)-

DEFINITION 2.2.2. Let (T, =) be a directed set. The section filter on I" is the
filter §, a basis of which consists of all sets of the form {z € I': > a} with a € T".

DEFINITION 2.2.3. Let (I',>) be a directed set, X a topological space, and let
zg, g € I', be elements of X. The function g — x4 is called a net. The standard
notation for a net is (z4,g € T'). A limit (respectively, a limiting point) of a net
are defined to be a limit (respectively, a limiting point) of the function g — z,
with respect to the corresponding section filter. In other words, x € X is a limit
of (z4,g9 €T) if for every neighbourhood U of x there is g € I' such that f(h) € U
for all h > g. A point z € X is a limiting point of (x4,9 € I') (another name is
“cluster point”) if for each neighbourhood of  and each g € I" there is h > g such
that f(h) € U.

The following theorem is a good substitute for the Bolzano-Weierstrass theo-
rem, which is especially useful in non-metrisable spaces where the sequential lan-
guage does not work well.
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THEOREM 2.2.4. Let § be an ultrafilter on ', X be a Hausdorff topological
space, and let the range f(T) of f: T — X be a subset of a compact K C X. Then
the limit of f by § ewxists, and that limit lies in K.

If a function f has a compact range, then the limit by an ultrafilter selects
one of the limiting points of f. When the ultrafilter is fixed, this selection has
the following advantage, which makes it a useful technical tool even for real-valued
functions: if X is a Hausdorff topological vector space then the mapping f +— limx f
is linear in f on its domain.

DEFINITION 2.2.5. Let X be a Banach space and il be a free ultrafilter on N.
Denote by £ (X) the Banach spaces of all bounded X-valued sequences equipped
with the standard sup-norm. The ultrapower X* of X by 4 is the quotient of
{0 (X) by the subspace of those x = (x,,) for which -lim,, z, = 0.

The elements of the ultrapower X* are equivalence classes in the space of all
bounded sequences (z,), x, € X, under the equivalence relation (x,) ~ (yn) if
limg ||z, — yn|| = 0, equipped with the norm ||[(x,)]|| = limg ||z,||. If there is
a mnecessity to stress the fact that [(x,)] € X, the notation [(z,)]y is used. In
particular, such a necessity may appear when one speaks of an ultrapower of a
quotient space.

It is convenient to consider (and we sometimes do it this way) the ultrapower
X* as the space of all bounded sequences = = (z,,), z, € X, in the norm |z| =
limy( ||, || under the agreement that = = (x,) is equal to y = (y,,) in the sense of
X% if limg ||z, — vl = 0.

X is identified with a subspace of X* in the following canonical way: z —

[(z,2,...)].

DEFINITION 2.2.6. Let i be a nontrivial ultrafilter on N and let T" be an opera-
tor acting from a Banach space X to a Banach space E. We denote by T* the nat-
ural operator between the ultrapowers X* and E* defined by T%[(x,,)] = [(T'z,)]-

In infinite-dimensional spaces, where the unit ball is not compact and the ul-
trafilter limit of a bounded sequence does not always exist, the element z = (z,,)
of the ultrapower is a substitute for that non-existent limit. In many instances
the ultrapower language is a useful tool that helps to avoid boring -6 reasoning,
substituting approximate equality in X by exact ones in the ultrapower. An easy
example of this is the following proposition.

PROPOSITION 2.2.7. Under the conditions of Definition 2.2.6, |T*| = ||T|| and
T is norm-attaining. Moreover, if T is unbounded below, then T* is non-injective.

PROOF. For every n € N choose z,, € Sx such that ||Tz,| > |T|| — £. Then

[(z,)] € X* has norm one and || T%[(z,)]|| = limg || Tx,|| = ||T||. Analogously, if T
is unbounded below, choose y,, € Sx such that || Ty, | < 1. Then |/[(y,)]|| =1 and
1T [(yn)]]| = limy || Ty || = 0. O

This technique works especially smoothly for those Banach space properties
that are inherited by ultrapowers. That was one of the motivations for the ex-
tensive study of super-properties (i.e., the properties that are inherited by finite
representability and, consequently, by ultrapowers) in the 1970ies. Let us give the
corresponding definition.
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DEFINITION 2.2.8. Let ¢ > 0 be a positive real. Two Banach spaces E, F
are said to be (1 + €)-isometric if there exists an isomorphism T: F — F with
IT|IIT~Y < 1+e. A Banach space X is said to be finitely representable in a
Banach space Y if for every € > 0 and for every finite-dimensional subspace £ C X
there is a finite-dimensional subspace F' C Y such that E and F are (1+4¢)-isometric.

DEFINITION 2.2.9. Let P be a Banach space property. A Banach space Y is
said to possess the property super-P if for every Banach space X, if X is finitely
representable in Y, then X possesses P. In particular, a Banach space Y is said to
be superrefierive if every Banach space X finitely representable in Y is reflexive.

Key examples of superreflexive spaces are the Ly-spaces for 1 < p < oo.

It is easy to see that every ultrapower of a space is finitely representable in
that space. Moreover (this takes a little bit more work), if a separable space X is
finitely representable in Y, then X is isometric to a subspace of Y.

A good example of when superreflexivity plays an important role is the relation
between (X*)* and (X*)*. For every F = [(f,)] € (X*)*, f, € X*, one can define
the action on X* by the rule F([(x,)]) = limg f,(z,). This induces the canonical
embedding (X*)* C (X*)*. But every functional F' defined above attains its norm,
so the equality (X*)* = (X*)* can happen only if X* is reflexive (by James’s
theorem). The reflexivity of X* is equivalent to the superreflexivity of X. So, in
almost all examples that we are interested in, (X*)* C (X*)*. Nevertheless, it
is easy to see that (X*)* is always a one-norming subspace, as we will show in
Proposition 2.2.10 below.

One more piece of notation. Let I' C Sx-. We denote I'! the set of the linear
functionals F = [(fn)], fn € T, of the form F[(x,)] = limgy fp,(zn).

PROPOSITION 2.2.10. I' C Sx- is one-norming if and only if ' is a boundary,
and this happens if and only if T is one-norming. In particular, (X*)* is a one-
norming subspace of (X*)*, moreover, S(x+)yu is a boundary.

PROOF. Let I' C Sx~ be one-norming. For every [(z,)] € Sxu«, z, € X,
choose f, € ', n € N, such that |fn(z,)| > [|@a] — L. Then F := [(f,)] € T*
has norm 1 and |F[(z,,)]| = limy |frn(zn)| = ||[(z,)]|| = 1, which demonstrates that
I'" is a boundary. A boundary is one-norming, so it remains to prove that if T*
is one-norming, then I' is one-norming. To this end, fix x € Sx and ¢ > 0. For
the element [(z,x,...)] € Sxu take some F := [(f,)] € ' with f,, € T such that
|F([(x,z,...)])] > 1 —e. This means that

lim |fn(2)] > 1 ¢,
so for some n we have |f,(x)| > 1 — ¢, and the job is done. O

The ultrapower is a particular case of an ultraproduct. The ultraproduct of a
sequence (X, )nen of Banach spaces by the ultrafilter 4 on N, denoted (X,,)y, is the
space of all equivalence classes of x = (), , € X5, n =1,2,..., equipped by the
norm ||z|| = limg ||z, ||, where z = (x,), y = (y») are equivalent if limy ||, —yn|| =
0.

2.3. Bases, basic sequences, and Schauder decompositions

The concepts and results listed in this section can be found, for example, in
[206], where we refer the interested reader for more information and background.
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DEFINITION 2.3.1. A sequence of elements (e,)neny of a Banach space X is
called a Schauder basis (or just basis) of X if for any element z € X there exists a
unique sequence of scalar coefficients (a,,) such that the series > 7 | a,e, converges
to x.

An example of a basis is provided by any orthonormal basis in a separable
Hilbert space. Another standard example is the canonical basis in each of the
sequence spaces £, (1 < p < 00) or ¢y. That canonical basis is the system of vectors
(en)r,, where e; = (1,0,0,...), e2 = (0,1,0,...), .... One more example is the
trigonometric system {1, e", e~" e e=2 1 in L,[0,27] for 1 < p < cc.

An example of a basis in L]0, 1] that is important for us is the Haar system
(which, in fact forms a basis in all L,[0,1] for 1 < p < o). This system consists of
hg = 1 and the functions

hieg = Lyj-2)2-r,2j-12-%) — Lj2j-1)2-* 22-%),

where k € N, 1 < j < 271, In order to make a basis out of these functions, one
needs to write them in a sequence in the following natural order:

ho, h1 = h171, h2 = h271, h3 = h272, h4 = h371,

see Figure 2.1.

1 ) ] A—
ho ! hy
I 1
I 1
l 1
I 1
| l ‘
T 7 i
1 : 1
|
! |
! I
! I
! !
-1+ -1 —_—
] A 1 4 —
1 X 1 hs
1 | 1
1 | 1
: ha B
1 | 1
1 | 1
| ! ! .
T h 1 i
I | 1 I 1
| | ! 1
| | ! I
| | ! |
| | ! |
! 1 ! 1
-1 1 ! -1 4 !
FIGURE 2.1. The Haar system
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A generalisation of the Haar system, called Haar-like systems, will play a crucial
role in Section 5.4.1 below.

It is plain that a basis may exist only in a separable space. Banach’s question
whether every separable infinite-dimensional Banach space has a basis turned out
to be very difficult. A negative answer was provided in 1973 by P. Enflo (see [206,
Sect. 2.d]).

DEFINITION 2.3.2. Let (e,,)22; be a basis of the Banach space X, and let z € X.
Denote by e’ (x) the coefficients of the decomposition of z in the basis (e, )22, and

by S, (z) the n-th partial sum of the decomposition, i.e., S, (z) = >} _; e} (x)ex .

It is easy to see that ef(z) and S,(z) are linear in the variable z. Their
continuity is non-trivial and was first demonstrated by S. Banach:

THEOREM 2.3.3. Let ()52, be a basis of the Banach space X. Then the cor-
responding partial sum operators S, and coordinate functionals e}, are continuous
and sup,, ||Sn|| < oo.

We will refer to the partial sum operators .S, as the basis projections or the pro-
jections associated to the basis. The functionals e} are called coordinate functionals
associated to the basis.

The quantity C' = sup,,cy ||Sn|| is called the basis constant of the basis (ey,).

DEFINITION 2.3.4. A sequence of non-zero subspaces (X,),.; of a Banach
space X is called a Schauder decomposition of X if for any element x € X there
exists a unique sequence of elements (z,), z, € X, for every n € N, such that
x =", z,. The mappings x — z, are called coordinate projections, and x
> r_y @, are called partial sum projections.

Taking X, = line, for a basis (e,)22; one gets the easiest example of a
Schauder decomposition. The continuity and uniform boundedness of partial sums
projections extend to general Schauder decompositions.

DEFINITION 2.3.5. A sequence (e, )52 ; in a Banach space called a basic sequence
if it forms a basis of its closed linear span lin{e,: n € N}.

According to Mazur’s basic sequence selection principle every infinite-
dimensional Banach space contains a basic sequence, which makes basic sequences
an important tool of general Banach space theory. Of special importance for us
will be £1-sequences and, sometimes, cgo-sequences as defined below.

DEFINITION 2.3.6. Let X, Y be Banach spaces, (z,) € X", (y,) € YN be
two sequences. The sequences (x,), (y,) are said to be equivalent if there exist
constants C' > ¢ > 0 such that

n n n
> arae|| <[ aryk| < C | arax
k=1 k=1 k=1
for all n € N and every collection of scalars aq, ..., a,.

In particular, (z,) C X is equivalent to the canonical basis of ¢; if there are
C > ¢ > 0 such that

n
CZ lak| <

k=1

n
E ATk
k=1

<O axl (2.3.1)
k=1
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for all n € N and every collection of scalars a1, ..., a,.

A sequence which is equivalent to the canonical basis of ¢y is called an f;-
sequence for short. If (2.3.1) holds true with C' =1 and ¢ < 1, the sequence is said
to be c-equivalent to the canonical basis of ¢;.

Analogously, a co-sequence is a sequence (x,) C X which is equivalent to the
canonical basis of ¢y. In other words, (z,) C X is a cg-sequence if there are
C > ¢ > 0 such that for all n € N and every collection of scalars ay,...,a,

n
E AT
k=1

Every disjoint sequence of norm-one elements of C'(K) gives an example of a
co-sequence, and disjoint sequences of norm-one elements of L, are £1-sequences.

For a bounded sequence (x,) C X the right-hand inequality in (2.3.1) follows
automatically with C' = sup,, ||, ||. This simplifies the search for ¢;-sequences. A
good example of this effect is the following simple lemma.

¢ max |ag| <

2.3.2
1<k<n C'InaX|Gk| ( 3 )

1<k<n

LEMMA 2.3.7. Let E, X be Banach spaces, G € L(E,X) and (x,) C X be
an {1-sequence. Assume that the sequence (e,) C E is bounded and consists of
preimages of the corresponding x,’s: Ge, = x,, for each n € N. Then (e,) is an
{1 -sequence.

PRrROOF. Let ¢,C > 0 be the constants from (2.3.1). For n € N and every
collection of scalars ay,...,a,, we have

=HG(§%)

IIGH

<@l

Consequently,

n

c n
Zakek P 7Z|ak|a
2 P>

and the job is done (as the other inequality holds automatically by the boundedness
of the sequence (ey,)). O

The following corollary of Lemma 2.3.7 is called the lifting property of ¢1.

THEOREM 2.3.8. Let X be a quotient space of a Banach space E. If X contains
an isomorphic copy of {1, then E also contains an isomorphic copy of £1.

PROOF. The words “contains an isomorphic copy of 17 mean the same as
“contains an f1-sequence”. So, let X = E/Y, ¢: E — X be the corresponding
quotient map, (z,) C X be an ¢;-sequence. Then (z,) is bounded. For each n we
may select e, € ¢~!(z,) in such a way that ||e,|| < ||zn]| + 1. Then (e,) C X is
also bounded and it remains to apply Lemma 2.3.7 with G = q. O

A possible proof of Mazur’s basic sequence selection principle mentioned above
uses a simple lemma on e-orthogonal subspaces (see [155, Section 6.3]). Since we
are going to use that lemma in a somewhat modified form shortly, we present it
below with a detailed proof.
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DEFINITION 2.3.9. Let Y, Z be subspaces of a Banach space X and let € be a
positive number. Z is said to be e-orthogonal to Y if
ly + =2 = (1 —=e)llyll (2.3.3)
forallyeY, ze Z.
LEMMA 2.3.10. Let X be a Banach space F C X* be a one-norming subspace,

Y C X be a finite-dimensional subspace. Then, for every € > 0, there is a finite
collection of fr, € Sp, k € T,n :={1,...,n}, such that the subspace

ﬂ ker f
keln
is e-orthogonal to Y .
ProoF. Using the compactness of the unit sphere of the finite-dimensional
subspace Y we may select an £/2-net {yx: k € I,n} C Sy. After that, for each
yr we choose f € Sp in such a way that |fi(yx)| > 1 — /2. Let us demonstrate

that the collection {fx: k € 1,n} C Sr thus obtained is what we need. Indeed, let
y €Y, ze€ Z. Fory =0 the validity of (2.3.3) is evident, so we consider the case

of y # 0. In this case we may find some k € 1,n such that HHZ—H - ka < 5. Then

) )
()

(1 =e)llyll- O

ly+zll = frly+2) =

=1t (5 (n ||

> Iyl (|fk wo)l - s
> Il (= 2/2 - £/2)

2.4. Unconditional convergence of series and unconditional bases

A series ) | x, in a Banach space X is said to be unconditionally convergent
if it converges under every rearrangement of terms. The unconditional convergence
of a series is equivalent to the convergence of all series Eflozl 0.z, with 0, = +1.
According to Gelfand’s theorem, the set {> 7, 6,2, 6,, = £1} is compact and,
in particular, is bounded. All these well-known facts can be found, for example, in
[155, Chapter 1].

In finite-dimensional spaces unconditional convergence of >~ | z,, is equivalent
to absolute convergence, i.e., to the condition Y 7, ||z, | < co. Due to the famous
Dvoretzky-Rogers theorem (see [155, Chapter 4, §1]), this characterisation does
not extend to any infinite-dimensional Banach space.

Thanks to the equality

n

E ATk

max
(ar)C[—1,1] P

n
E Orx)
iig}
k=1

= max
0r==

(a convex continuous function on a compact convex set attains its maximum at
an extreme point), the unconditional convergence of a series y - | x,, implies the
convergence of Y7 | a,x, for every sequence of real coefficients a,, € [—1,1], and

§ AnTn

sup (2.4.1)

(an)C[=1,1]11,,

= Ssup nTn
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Observe that (2.4.1) implies the following result in which FIN(N) denotes the
family of finite subsets of N:

PROPOSITION 2.4.1. Let Y0 | @y, be an unconditionally convergent series in a
Banach space X. Then

sup {

DEFINITION 2.4.2. A series Y | @, in a Banach space X is said to be weakly
unconditionally Cauchy if for every z* € X*

>

neA

cAe FIN(N)} < 0. (2.4.2)

D 2 (@n)] < oo (2.4.3)
n=1

An occasionally used synonym for “weakly unconditionally Cauchy series” is
“weakly absolutely convergent series”. However, the first name stresses the fact
that such a series need not converge.

Since for an unconditionally convergent series Y | x,, the corresponding nu-
merical series Y~ | #*(x,) also converges for all rearrangements of terms and hence
is absolutely convergent, the unconditional convergence implies the weak absolute
one. The converse implication needs an additional condition.

THEOREM 2.4.3 (Bessaga-Pelczyniski Theorem, see [155, Theorem 6.4.3]).
For a Banach space X, the following assertions are equivalent:

(i) every weakly unconditionally Cauchy series in X is unconditionally con-
vergent;
(ii) X does not have subspaces isomorphic to cg.

Remark that the class of spaces without c¢g-subspaces includes in particular all
reflexive spaces, all weakly sequentially complete ones (like ¢y, Ly or C(K)*) and
all spaces with non-trivial cotype. The spaces C'(K) for infinite compact K contain
isomorphic copies of c¢g.

For the proof of Theorem 8.3.5 below we will need the following result.

PROPOSITION 2.4.4. Let X be a Banach space, Y C X* be a one-norming sub-
space and Y o, T, be a series in X. Then the following assertions are equivalent:

(1) The series Y ., @y, is weakly unconditionally Cauchy.
(2) For every x* € Y the condition (2.4.3) holds true.
(3) There is a constant C > 0 such that for every z* € Y

>l (@a)l < Clla”||
n=1

(4) sup max
neN Ox€T

Z kak

PrROOF. The implication (1) = (2) is evident. Let us demonstrate (2) = (3).
The proof will be a minor modification of that from [155, Lemma 6.4.1]. Denote
by (en)22; the canonical basis of /1. Consider the operators T,, € L(Y, ¢1) that act
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by the rule T),2* = Y, _, @*(x))ek. This set of operators is pointwise bounded on
Y:

sup||Tx||-supZ|x xk\—zm ()] < 0.
neN L k=1
Consequently, by the Uniform Boundedness Principle, C' := sup,,¢y || T%]] < 00, and

le zn)l = sup [ Tna™| < Clla”]

n=1

Before demonstrating the implication (3) = (4) let us remark that

n
sup E |x* (z)| = sup max E Opx™ (k)
o Esyk 1 2% €Sy 0T 1
n n
= max sup |z* g Orzr || = max E Orxr|l. (2.4.4)
Okl oy k=1 el

Now, it remains to estimate

Z@kxk

The remaining imphcatlon (4) = (1) follows from (2.4.4). Indeed, (2.4.4) has
been shown to hold for every one-norming subspace Y C X*, so it remains valid
for Y = X*. Then, for every 2* € Sx~ we have

o0 n
Z |z*(z,,)| = sup Z |z*(x)| < sup max
n=1 neN 1

=sup sup E |z* (z1)| < C < 0.
neN z* ESyk 1

sup max
neN k€T

O

Zekxk

DEFINITION 2.4.5. A sequence (e,,)22; in a Banach space X is called an un-
conditional basis if it forms a basis of X and for every z € X its expansion
r = fozl ane, converges unconditionally. A basis which is not unconditional
is called conditional.

neN Ok €T

The canonical bases of the sequence spaces £,, 1 < p < 00, or ¢y are uncon-
ditional. The Haar system in L,[0,1] for 1 < p < oo is unconditional, but the
same system (written in the natural order) is a conditional basis in L1[0,1]. Be-
low in Corollary 5.3.2 we demonstrate that spaces with the Daugavet property (in
particular C[0, 1] and L1[0, 1]) do not possess any unconditional basis.

The cop- and £1-subspaces of spaces with an unconditional basis determine many
properties of the space and of the basis. In particular, according to the classical
James theorem [206, Theorem 1.c.12(a)], a Banach space with an unconditional
basis is reflexive if and only if X does not contain isomorphic copies of neither ¢
nor ¢1. More results in this vein are formulated in the following two theorems that
in a more extended form are contained in [206, Sections 1.b and 1.c].

THEOREM 2.4.6. Let X be a Banach space with an unconditional basis (ey).
Then the following assertions are equivalent:

(1) X does not contain a copy of co.

(2) (en) is boundedly complete, that is, for every sequence (ay) of scalars such
that sup,, ey |>p—q axerl| < oo, the series > p-, axey converges.

(3) X is isomorphic to a dual space.
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(4) X is weakly sequentially complete.

THEOREM 2.4.7. Let X be a Banach space with an unconditional basis (ey).
Then the following assertions are equivalent:

(1) X does not contain a copy of £;.
(2) (en) is shrinking, that is, the coordinate functionals form a basis in X*.
(3) X™* is separable.

2.5. Spaces without £;-subspaces. The Schur property

Detailed expositions of the results listed in this section can be found in [97]
and [292].

The space £1 possesses a number of special properties, which makes a difference
compared to other classical spaces. It is separable but its dual is nonseparable, it
is weakly sequentially complete and the weak convergence of sequences in /¢; is the
same as the strong one (Schur’s lemma — actually a theorem). Consequently, none
of the elements z** € (¢1)** \ ¢1 can be represented as a limit of o((£1)**, (£1)*)-
convergent sequences () C ¢1. In this section we recall the statements of two deep
and extremely important Banach space theory results which demonstrate that the
¢q-subspaces (i.e., isomorphic copies of ¢; in the space X) are “responsible” for
possible bad sequential properties of the topology o(X™**, X*).

DEFINITION 2.5.1. A sequence (z,) in X is weakly Cauchy if the limit
lim,, 00 *(x,,) exists for every z* € X*.

It is easy to see from the uniform boundedness principle that (z,) € XN is a
weak Cauchy sequence if and only if it is o(X**, X*)-convergent in X** to some
x** G X**.

THEOREM 2.5.2 (Rosenthal’s Alternative or Rosenthal’s ¢; Theorem [261]).
Every bounded sequence in a Banach spaces contains a weak Cauchy subsequence
or an f1-subsequence.

The next result is a part of [292, Theorem 4.1]. In a little weaker form it can
be found in the original paper [239] by Odell and Rosenthal.

THEOREM 2.5.3. Let X be a separable Banach space that does not have sub-
spaces isomorphic to {1, and let A C X be bounded. Then every o(X™**, X*)-cluster
point £** € X** of A is a o(X™**, X*)-limit of a sequence (x,,) C A. In other words,
the o(X**, X*)-closure of A in X** is the same as its o(X**, X*)-sequential clo-
sure.

REMARK 2.5.4. The Kaplansky Theorem 2.1.4 implies that, if in the above
theorem x** € X, then the condition of separability of X can be waived. Indeed,
in this case there is a countable subset A C A such that z** belongs to the weak
closure of A, and it remains to apply the above theorem to A as a subset of the
separable space Iin A.

In fact, we shall need a generalisation of this result and first provide a lemma.

LEMMA 2.5.5. Let X be a separable Banach space without subspaces isomorphic
to £1, and let (Tpm)n.men C X be a bounded double sequence. Let z** € X** be a
o (X**, X*)-limit point of every column (Zn m)nen Of (Tn,m)n,men. Then there are
strictly increasing sequences (n(k)), (m(k)) of indices such that Ty mx) — =**
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in o(X**, X*). Moreover, if x** € X, then the condition of separability of X may
be omitted.

PRrROOF. Consider an auxiliary space ¥ = X X R and an auxiliary matrix
Yn.m)nmeN C Y, Ynm = (Tnm,1/n+ 1/m). Since Y contains no copies of ¢;
either and since (z**,0) is a o(Y™*,Y*)-limit point of (Y, m)n,men, there is, ac-
cording to Theorem 2.5.3 (combined with Remark 2.5.4 in the case of ** € X for
the “moreover” part without the separability assumption), a sequence of the form
(Un(k),m(k))ken Which converges to (z**,0) in o(Y**,Y ™). This means, in partic-
ular, that ) m@k) — ¢ in o(X**, X*) and 1/n+ 1/m — 0. So (n(k)) and
(m(k)) both tend to co which, after passing to a subsequence, provides the desired
sequence. O

The next result is a direct generalisation of Theorem 2.5.3. It is taken from
[179, Theorem 4.3].

THEOREM 2.5.6. Let X be a separable Banach space without {1-subspaces,
(T, <) be a directed set, and let F: T — X be a bounded function. Then for every
o (X**, X*)-limit point x** € X** of the function F, there is a strictly increasing se-
quence ¥(1) < v(2) < ... in T such that (F(y(n))) converges to x** in o(X**, X*).
Moreover, if x** € X, then the condition of separability of X may be omitted.

PRrOOF. Using inductively Theorem 2.5.3 (combined with Remark 2.5.4 for the
“moreover” part) to the sets of the form

{F(y): v =5}

we can select column-by-column a doubly indexed sequence (Vp,m)n,men in I' with
the following properties:
(1) for every m € N, z** € X** is a o(X**, X*)-limit point of every column
(F'(Yn,m))nen;
(2) for every m,n,k,l € N, if max{k,l} < m, then vi; < Ynm-
Applying Lemma 2.5.5 and passing to a subsequence if necessary, we obtain strictly
increasing sequences (n(k)), (m(k)) such that maxi<;{n(k),m(k)} < m(j) and
(F(Yn(k),m(k)) converges to z** in o(X**, X*). To finish the proof, put v(k) =
Vn(k)m(k)- O

The above theorem is going to find its application in Section 6.3. There are
other applications which are not related to the main subject of the book. As an
example let us prove the following selection theorem which was earlier established
by E. Behrends [49] under the more restrictive condition of separability of X*.

THEOREM 2.5.7 ([179, Theorem 4.14]). Let X be a Banach space without {1 -
subspaces and A, C X be bounded subsets with 0 € tonv(A,) for each n € N.
Then there exists a sequence (an) in X with a, € A, for every n such that 0 €

W({al,ag, “ee })

PROOF. In each A, there is a separable subset whose closed convex hull con-
tains 0. So, passing to the linear span of these separable subsets we may assume
that X is separable. Introduce a directed set (T', <) as follows: the elements of T’
are of the form

Y= (n7 m, (a'k)gl:n’ (/\k);?:n%
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where n,m € N, n < m, ap € Ag, A\ > 0, Z;n:n Ar = 1. Define < as follows: let
Y1 = (n1,ma, (ar) 2, (Ak)i2,, ), v2 = (n2,ma, (b)) 2, (uk)(2,,); then v < 72
if my < ng or 71 = 72. Define F: T' — X by the formula F(vy) =Y ;. Aras. Now,
0 is a weak limit point of F'; see the proof of [49, Th. 4.3]. So, by Theorem 2.5.6

there is a sequence of elements
Vi = (ng, my, (ak)km:jnja (Ak);ninj)

such that n1 < m; <ng <mg <nzg < ... and ZZZHJ Aiar tends weakly to zero.
To finish the proof one just needs to apply Mazur’s Theorem 2.1.2. O

DEFINITION 2.5.8. A Banach space E possesses the Schur property if every
weakly convergent sequence in E converges strongly.

The above definition is motivated by the Schur theorem: in ¢; the weak and
the strong convergence of sequences are the same. Clearly, apart from {7, there are
other spaces with the Schur property, for example all finite-dimensional spaces and
all subspaces of /1. On the other hand, Rosenthal’s alternative implies that each
infinite-dimensional Banach space E with the Schur property is ¢;-saturated in the
following sense: every infinite-dimensional subspace Z C FE in its turn contains a
subspace isomorphic to ¢;. In particular, a space with the Schur property has no
infinite-dimensional reflexive subspaces.

Another very commonly used property of ¢; is its quotient universality (see the
proof of [108, Theorem 2.3.1] for this version).

THEOREM 2.5.9. Let X be a separable Banach space. Then, there is an operator
T: {1 — X that maps the open unit ball of {1 onto the open unit ball of X :

T(Bgl) — By.

In particular, X is isometrically isomorphic to a quotient of ¢1.

2.6. Quasi-codirected vectors, extreme points, and slices

For vectors x,y € X in a normed space one has the following evident statement:
if z and y are codirected (meaning that y = Az or x = Ay with A > 0), then

2+ yll = [l]l + |yl (2.6.1)

The converse statement does not hold true in general, which motivates the following
definition.

DEFINITION 2.6.1. The elements z,y € X are said to be quasi-codirected if they
satisfy (2.6.1).

Thanks to the triangle inequality, the equality (2.6.1) is equivalent to the in-
equality ||z +y|| = ||z + [ly].-

Geometrically, for z,y € Sx the property of being quasi-codirected means that
the (straight line) segment that connects x and y lies in the unit sphere. (Recall
that a segment in a Banach space is the convex hull of two (distinct) points; for
x,y € X, we write [z,y] := {tz + (1 — t)y: t € [0,1]}, which is the segment that
connects = and y.)
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REMARK 2.6.2. For a,b > 0 and any quasi-codirected x,y € X, the vectors
ax, by are quasi-codirected as well. Indeed, without loss of generality we may assume
a>b. Then

llaz + byl = [la(z +y) — (a = b)y|
2 all(z +y)| — (a =)yl = allz|| + byl
which shows that
laz + by = all[| + blly|-

In the sequel we sometimes need the following “small perturbation” of the above
concept.

DEFINITION 2.6.3. Let X be a normed space, € > 0 and x,y € X. The elements
x,y are said to be e-quasi-codirected if ||z + y|| > ||z|| + ||ly]| — e

LEMMA 2.64. Let x,y € X be e-quasi-codirected. Then for every a,b > 0 the
elements ax, by are (¢ max{a,b})-quasi-codirected.

ProOF. Without loss of generality we may assume a > b. Then a = max{a,b}
and
laz +by| = lla(z +y) — (a = b)yl| = allz + yl| — (a = b) |y
> a(llz] + llyll =€) = (@ = D)yl = allz]| + bllyl| — ae. 0
Let A be a bounded subset of a topological vector space X (usually we consider

a Banach space X). A slice of A is a non-empty part S of A that is cut out by a
closed real hyperplane (see Figure 2.2).

FIGURE 2.2. A picture of a slice
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Given z* € X* and ¢ > 0, denote the corresponding slice as
Slice(A, z*,¢) := {zr € A: Rex*(x) > supRexz"(A) —¢}.

If A € X* and the functional defining the slice is taken in the predual, i.e., this
functional is some z € X C X**, then Slice(4, z, @) is called a weak-star slice (or
w*-slice) of A.
Taking into account that supRez*(Bx) = ||z*|, in the case of A = Bx and
r* € Sx~ the definition of slice simplifies to
Slice(Bx,z*,¢) = {z € Bx: Rez*(z) > 1—¢}.

Remark that a slice of A is a non-empty relatively weakly open subset of A,
and that every non-empty set of the form {x € A: Rez*(z) > a} is a slice of A.

As a rule, we consider slices of convex sets, most often slices of the unit ball
of a Banach space, but sometimes we need slices of nonconvex sets like the unit
sphere or the set of extreme points of a convex compact set. Observe that if A is
convex, given a slice S of A, A\ S is also convex.

PROPOSITION 2.6.5 (Slice preimage remark). Let X,Y be normed spaces, T €

L(X,Y), A C X. Then for every slice S of T(A) the set T~Y(S)N A is a slice of
A. The same is true for slices of T(A).

PROOF. Let y* € Y* and a > 0 be such that
S={yeT(A): Rey*(y) > a}.
Consider z* := T*y* and denote by S the following slice of A:
S={xec A Rez*(z) > a}.

First, T71(S) N A # () because S, being a relatively open subset of T'((4), intersects
T(A). Next, for x € X we have the following equivalences:

(zeT N9 NA) <= (r€ AN (Tz € S)) < ((x € A) A (Rey*(Tz) > a))
— ((z € A)A(Rez*(z) > ) <= (z € 9),

which proves that 7-'(S)N A = S and so it is a slice of A. The same argument
works for slices of T'(A). O

Remark that the image of a slice does not necessarily form a slice of the image.
This becomes clear from the following example in R? (see Figure 2.3). Let

A:{(x,y):Oéxél, l—argyéx—l},
x* be the first coordinate functional (i.e., z*((a,b)) := a), and T € L(R?) be the
projection onto the vertical axis: T'((a, b)) := (0,b). Then, for the slice
1
S := Slice(A4,z*,1/2) = {x € A: Rez™(z) > 2} )

we have T'(S) = {(0,b): —1/2 < b < 1/2}, which is not a slice in T'(A) = {(0,b):
—1<b< 1)
One more easy observation that we will use repeatedly:

PROPOSITION 2.6.6. Let X be a locally convex topological vector space and
A C X be a bounded subset. Then every slice of conv(A) intersects A.
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FIGURE 2.3. An image of a slice that is not
a slice

PROOF. Let S = Slice(conv(A), z*,¢) be an arbitrary slice. If SN A is empty,
then A C (conv(A)) \ S, which is a closed convex set and, therefore, conv(A) C
(conv(A)) \ S. This means that (conv(A)) NS = (). This contradiction completes
the proof. O

The following useful observation is a consequence of the Hahn-Banach separa-
tion theorem.

LEMMA 2.6.7. Let X be a locally convexr topological vector space, A, B be
bounded subsets of X, and suppose that B intersects all the slices of A. Then
conv(B) D A. In particular, if A C X is bounded, closed and convezx, then for
B C A the following assertions are equivalent:

(i) B intersects all slices of A;
(ii) conv(B) = A.

PROOF. Assume to the contrary the existence of ¢ € A\ conv(B). By the
Hahn-Banach separation theorem there are a continuous linear functional z* and
a € R such that Rex*(b) < « for b € conv(B) and Rez*(zg) > . Then S = {z €
A: Rex*(x) > a} is a slice of A and SN B = 0. O

There is a relationship between e-quasi-codirectedness and slices containing the
vectors in question.

LEMMA 2.6.8. Let X be a Banach space and let € € (0,1).

(a) If x,y € Sx are e-quasi-codirected, then there is x* € Sx« such that both x
and y belong to the slice Slice(Bx, z*,¢€).
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(b) If z* € Sx« and z,y € Slice(Bx, z*,¢), then .,y are 2e-quasi-codirected.
PRrROOF. (a) According to Lemma 2.6.4, for every ¢ € [0, 1] we have
Itz + (1 —=t)y|| > 1 —¢,

that is, the segment [z,y] := {tz+ (1 —¢t)y: t € [0,1]} does not intersect (1 —e)Bx.

By the Hahn-Banach separation theorem, there are * € Sx~ and a € R such that

supRez*((1 — €)Bx) < « and inf Rea*([x,y]) > a. From the first condition we

deduce that o > 1—¢, and the second condition implies that x,y € Slice(Bx,z*,¢).
(b) Conversely, for z,y € Slice(Bx,z*,e) we have

lz+yll = Rea™(z +y) > 2 —2e > ||zl + [lyl| - 2e. O

REMARK 2.6.9. Let X be a Banach space and Y C X* be a one-norming sub-
space. Then, according to Proposition 2.1.1, Bx is o(X,Y)-closed. Consequently,
in the proof of the statement (a) of the above lemma we may separate the o(X,Y)-
compact segment [z, y] from (1 —e)Bx by * € Sy. Consequently, 2* € Sx~ in the
statement (a) of Lemma 2.6.8 can be selected from any given one-norming subspace
of X*.

Some kind of stability of e-quasi-codirectedness is highlighted by the next
proposition.

PROPOSITION 2.6.10. Let X be a Banach space, Y C X* be a one-norming
subspace, z,y € X, a > 0 be such that ||z + y|| > «. Then, for every o(X,Y)-
neighbourhood U of x there is another o(X,Y)-neighbourhood V.C U of x such that
the inequality ||z + y|| > « is true for every z € V. In particular, for x,y € Sx,
a = 2 — g, intersecting weak neighbourhoods with the unit ball, we obtain that
for every € < g, and every pair of £-quasi-codirected vectors x,y € Sx and every
relative o(X,Y)-neighbourhood U of x in Bx, there is another relative o(X,Y)-
neighbourhood V. C U of x in Bx that contains only vectors that are e-quasi-
codirected with y.

PROOF. The set W := {z € X: ||z +y|| <2 — ¢} is equal to the ball of radius
a centred in —y. By Proposition 2.1.1, W is ¢(X,Y)-closed. So, we can just take
Vi=U\W. O

The concept of quasi-codirectedness from Definition 2.6.1 easily extends to n-
tuples of vectors.

DEFINITION 2.6.11. The elements 1, ..., x, of a normed space are said to form
a quasi-codirected n-tuple if

[+ -+ anll = [lzall + -+ [Jza]l-

In the sequel we shall simply say “quasi-codirected vectors” for “quasi-
codirected n-tuple”.
We will need a simple lemma.

LEMMA 2.6.12. Suppose that z1,...,x, are quasi-codirected. Then
(a) flarz1 + -+ anxy| = arl|z1]] + - - - + an||zn]|| for all nonnegative coefficients
Qg .
(b) If xp41 is quasi-codirected to x1 + -+ - + Xy, then all the vectors x1, ..., Tp41

are quasi-codirected.
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PROOF. (a) The function F: R} — R defined by
Flay,... an) = larzy + -+ + ananl| = (ar[|z1] 4 -+ + an[[2n]])
is convex, takes values < 0 and F(1,...,1) = 0. Hence F = 0.
(b) follows from (a) and Remark 2.6.2:

H r1+ -+,
n—emm—m

lzr + -+ 2 + Tpya || = +fcn+1H

n
Hxl_i_..._'_a';n
n

+ [ znal
= [lzall + -+ llzn |l + llzn ]l 0

LEMMA 2.6.13 (Diminishing of slices lemma, [144]). Let X be a Banach space,
x* € Sx+, ande > 0. Then, for every x € Slice(Bx,z*,e)NSx and every d € (0,¢),
there is y* € Sx+ such that

x € Slice(Bx, y*,d) C Slice(Bx,z*,€).

PROOF. In order to simplify the notation, we deal with real-linear functionals.
Without loss of generality, we may assume that ¢ € (0,2]. Indeed, if € > 2, then
the corresponding slice is the whole By, and there is nothing to do. Also notice
that the case of z*(z) = 1 is plain: we can simply take y* = z*. So, below we
assume —1 < z*(x) < 1. Fix a supporting functional f, of z, that is, || f,|| =1 and
fz(x) = 1. Remark that our additional assumptions imply that f, # +z*, so f,
and z* are linearly independent. Let ag > 0 be a root of the equation

tall=e) (2.6.2)
| fz + az*|]
Such a root exists because the left hand side of (2.6.2), call it F(«), is continuous
ina, F0O)=1>1-4¢and lim,_o F(a) =1 —e < 1-4§. Put
* f”ﬂ + O‘OI*
YT a0
Then

1 * 1 1-—
Y (x) = + apz*(x) +ap(l—¢) _1_4
[fz + coz*]] = || fa + oz
i.e., x € Slice(Sx,y*,0). To prove the inclusion Slice(Bx,y*,d) C Slice(Bx, z*,¢)
take an arbitrary y € Slice(Bx, y*, ). Then

L+ aoz™(y) = fo(y) + aor™(y) > (1 = 0)[|fe + coz™[| = 1+ (1 —¢).
So, z*(y) > 1 — ¢, which means that y € Slice(Bx, z*, ). O

Let C be a convex subset of a vector space X. A point x € C is called extreme
for C' if it is not the midpoint of any non-trivial segment whose endpoints belong to
C. We denote the set of all extreme points of C' by ext(C). In detail: z € ext(C')
if and only if for every z1,25 € C, if %2“"2 = z then x; = z2 (and, consequently,
x1,x9 are equal to x).

THEOREM 2.6.14 (Krein-Milman theorem).

(a) Ewvery convex compact subset K of a Hausdorff locally convex space E is equal
to the closure of the convexr hull of ext(K). (See [156, Section 18.1.2, Theo-
rem 3]). Moreover, (see [156, Section 18.1.2, Theorem 2]), every real-valued
continuous linear functional f: E — R attains its mazimum on K at some
extreme point of K.
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(b) In particular, for a Banach space X the unit ball of X* is equal to the w*-
closure of conv(ext(Bx+)), and for every v € X

lz]| = max{Rex"(x): 2* € ext(Bx+)}.

In the particular case of finite-dimensional spaces, the Krein-Milman theorem
has a nicer form, known as Carathéodory’s theorem, see [109, Proposition 3.70],
for instance.

THEOREM 2.6.15 (Carathéodory’s theorem). Let K be a compact convex subset
of a finite-dimensional Banach space X with dimg(X) = n. Then, every element
of K can be written as a convexr combination of at most n+ 1 extreme points of K.

The following result [84, Proposition 25.13] will be used mostly for the weak-
star topology of X* or of X**.

THEOREM 2.6.16 (Choquet lemma). For every extreme point x¢ of a compact
convex set K in a Hausdorff locally convex space E, the collection of those slices of
K that contain xo forms a base of neighbourhoods of xq in K.

Let us present an easy argument to get this nice and powerful result.

SKETCH OF THE PROOF. First, we observe that the compactness allows us to
suppose that the topology of E restricted to K is just the weak topology o(E, E*).
Then, we only have to deal with neighbourhoods of xg of the form V = 5,n---NS,,
for suitable open slices S1,...,.5,, of K. Now,

zo ¢ K\V =|JK\S;.

Jj=1

As x is extreme, we actually have that

xo ¢ conv UK\Sj = Conv UK\Sj
j=1

j=1

where the equality holds since all the sets K \ S; are convex and compact. Finally,
a call to the Hahn-Banach separation theorem allows to separate the point x¢ from
conv(K \ V), that is, to produce a slice containing xo which is contained in V. O

Figure 2.4 contains three pictures. The first one is a scheme of the geometric
idea of the proof of the Choquet lemma. The second shows that the result is not
valid when x5 is not an extreme point of the compact convex set K5, and the third
picture shows that the result is not valid when K3 is not compact, even though z3
is an extreme point.

We will occasionally use some more properties of the set of extreme points.

LEMMA 2.6.17. Let X be a Banach space and let A C X* be convex and weak-
star compact.

(a) (Milman’s Theorem) If D C A satisfies that conv® (D) D A, then DY >
ext(A).
(b) The topological space (ext(A),w*) is a Baire space, that is, the intersection of

every sequence of Gs dense subsets of ext(A) is again dense (and, of course,
a Gs), (see [84, p. 146, Theorem 27.9]).
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FIGURE 2.4. On the Choquet lemma

Nowadays, Milman’s theorem is usually deduced from the Choquet lemma with
the help of a Hahn-Banach separation argument.

A last result related to extreme points is the following sufficient condition for
a real Banach space to contain a copy of ¢y and ¢; which was obtained in the 1999
paper [208].

PROPOSITION 2.6.18 ([208, Proposition 2]). Let X be a real Banach space, and
assume that there is an infinite set A C Sx such that |x*(a)| = 1 for everya € A
and x* € ext(Bx~). Then X contains (an isomorphic copy of) co or 1.

We include a short sketch of the proof which is slightly different from the
original one from [208] and which appeared in the PhD dissertation [217].

Proor. If X does not contain ¢;, Rosenthal’s ¢;-theorem (Theorem 2.5.2)
provides a sequence (a,) of distinct elements of A which is weakly Cauchy. By
the hypothesis and using that ext(Bx«) separates the points of X (it is actually
one-norming!), it follows that ||a,+1 — a,|| = 2 for every n € N. Now, the Bessaga-
Petczyniski theorem (Theorem 2.4.3) gives us that X contains ¢y if the sequence
(an4+1 — @n)nen is weakly unconditionally Cauchy, that is, if we show that

Z|x* (ant1 — an)| < 00 (2.6.3)

n=1
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for every x* € X*. But a result by Elton [106] says that it is enough to check that
(2.6.3) holds just for x* € ext(Bx-). This latter fact is immediate, as the sequence
(z*(ans1 — a"))neN is eventually null for every z* € ext(Bx~). O

We now would like to introduce and give some useful results on convex com-
binations of slices. As as the name suggests, a convexr combination of slices of a
set A is a subset of the form > ;" Ax Sk, where A\ > 0, D7, A\ = 1, and Sy
are slices of A. The basic result here is Bourgain’s lemma (see [62, Lemma 5.3] or
[292, Lemma 7.3]):

LEMMA 2.6.19 (Bourgain’s lemma). Let A be a bounded closed conver subset
of a locally convex space X. Then each relatively weakly open subset of A contains
a convex combination of slices of A.

REMARK 2.6.20. The condition of closedness in the previous Lemma can be
omitted. Indeed, let A C X be bounded and convex, and let U C A be a relatively
weakly open subset. Denote by V a relatively weakly open subset of A such that
VNA=U. According to Bourgain’s lemma, there are slices S1,Ss,...,S5, of A
and convex combination coefficients A\, > 0 such that ZT AeSp C V. Then, SpNA
are slices of A, and > M\ (S NA)CVNA=U.

One may wonder whether, given a relative weakly open subset W of a bounded
closed convex subset A of a Banach space X and a point x € W, Bourgain’s lemma
gives a convex combination of slices C' of A contained in W and containing .
The answer is negative in general, but it is positive is x is* a preserved extreme

point of A (that is, Jx(z) is an extreme point of JX(A)w ) or, even, if x is a
convex combination of preserved extreme points of A, a result which can be found
in [224, Lemma 2.2 and Remark 2.3], where Bourgain’s lemma is proved just using
Choquet’s lemma and the Krein-Milman theorem on the convex and weak-star

*

compact set Jx (A)
The next result is a small improvement of Bourgain’s lemma above which we
will use in Chapter 6.

LEMMA 2.6.21. Let U C Bx be a relatively weakly open subset, x € U. Then for
every € > 0 there is a convex combination of slices of the unit sphere W, W, C U,
such that dist(z, W) < e.

ProoOF. Without loss of generality, we may assume that U is convex: otherwise
we substitute U by a smaller convex relatively weakly open neighbourhood of z.
Denote by W the collection of all those W C U that are convex combinations of
slices of the unit sphere. Further, denote by W the union of all W € W. Since W is
stable under convex combinations of its elements, the set W is convex. Bourgain’s
Lemma 2.6.19 implies that W is weakly dense in U, but, for a convex set, the
closure in norm is the same as the weak closure, so W is dense in U in norm
topology. Consequently, for every € > 0 there is y € W with ||z — y|| < e. By the
definition of W, there is W € W such that y € W. Take this W as W, and the
job is done. O

Remark that in the statement above we speak about slices of the unit sphere
because, at least formally, this version is stronger than that for slices of the ball:
for a convex relatively weakly open neighbourhood U of x, apply the lemma in
order to get the convex combination of slices W, W, C U, of the sphere and then
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substitute the corresponding slices of the sphere by their convex hulls, which are
slices of the ball.

2.7. Vector-valued integration and the Radon-Nikodym property

For a detailed exposition of the concepts and results listed below we refer to
the books [99] and [51, Chapter 5].
Let (2,2, A) be a measure space (with finite or o-finite measure \).

DEFINITION 2.7.1. Let X be a Banach space, f: 2 — X be a function. The
function f is said to be measurable if f~*(U) € ¥ for every Borel subset U C X.
f is said to be scalarly measurable if the composition of f with every z* € X* is
a measurable scalar function. A function f:  — X is called simple if it is of the
form f =" z,14, with z, € X, and 4, € .

In the scalar case, every measurable function can be approximated by simple
functions. In the general situation one needs a separability condition.

DEFINITION 2.7.2. A function f: Q — X is said to be strongly measurable if
there is a sequence of simple functions converging to f a.e. A function f is almost
separably valued if there is a set A € ¥ of zero measure for which f(Q2\ A) is
separable.

THEOREM 2.7.3. A function f: Q — X is strongly measurable if and only if it
is scalarly measurable and almost separably valued. O

DEFINITION 2.7.4. Let f: © — RT be a function. We call the value
/fd)\—inf{/ gdh:g>=f, g GLl(Q,Z,/\)}
Q Q

upper Lebesgue integral of f. In particular, Ef d\ = +oo if f has no Lebesgue
integrable majorant.

If the function is measurable and fQ fdX < +00, then f is Lebesgue integrable.
If the function is Lebesgue integrable, its upper Lebesgue integral coincides with
the usual Lebesgue integral.

Using the notion of the upper Lebesgue integral we introduce the upper-L;
space L.

DEFINITION 2.7.5. The space L1 (£, 3, \, X) is defined as the space of all func-
tions f: @ — X such that [, f(¢)]| d\(t) < +oc0. The norm on this space is given
by [IfII'= Jollf @) dA(®).

Under the usual agreement that a.e. equal functions are the same element of
Ly, it is easy to see that L; is a Banach space.

Denote by L; (2,3, A, X) the subspace of Li(, 3, \, X) formed by simple func-
tions and by L1 (2, %, \, X) (or by L1 (A, X) for short) the closure of Lj (2, X, A, X)
in Li1(Q,%,\, X). It is obvious how to define the integral for simple functions: if
f => zily,, then fQ fdx = > x;A(4;). The integral assigns to every function
feLi(2,%, A X) an element of X, and this correspondence is continuous. So there
is a natural way to define an integral for elements of L;(A, X): if f € L1(\, X),
select a sequence (f,) C L5(Q, X, A, X) such that ||f, — f|| = 0 and put

/fdA: lim [ f,d\
Q Q

n— oo
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Elements of L;(\, X) are called Bochner integrable functions and the integral de-
fined above is called the Bochner integral.

THEOREM 2.7.6. A function f: Q0 — X is Bochner integrable if and only if it is
strongly measurable and the mapping t — || f(¢)|| is a Lebesgue integrable function.

The properties of the Bochner integral are very close to those of the Lebesgue
integral, which makes the Bochner integral commonly used in the theory and appli-
cations of vector integration. In particular, if f € L1([0, 1], X), then its “antideriv-
ative” or “primitive function” F(t) = fot fdX is differentiable almost everywhere
and F' = f.

Let u: ¥ — X be a vector measure, i.e., a countably additive function on the
o-algebra X; and let A € 3.

DEFINITION 2.7.7. The quantity

|1l (A) = sup {Z ||N(Ak)} :
k=1

where supremum is taken over all finite measurable partitions of A, is said to be the
variation of p on A. u is said to be a measure of bounded variation if |p|(Q) < co.

A typical example of a vector measure of bounded variation comes from inte-
gration theory: for every f € L(\, X)

M) = [ fax

gives such an example. In this example the vector measure Ay is absolutely contin-
uous with respect to A, that is, if A\(A) = 0, then A\¢(A) = 0, too. For a Bochner
integrable f the variation of Ay can be calculated as follows:

(Afl(4) = /A £ ()1 dA) (2.7.1)

It follows easily from (2.7.1) that if Ay = 0 and f € Ly(\, X), then f = 0. Hence,
if fl;f2 S Ll()\7X) and )\f1 = )‘f27 then fl = fg.

DEFINITION 2.7.8. A vector measure p is said to be representable if ; = Ay for
some f € Li(A, X). Then f is said to be the Radon-Nikodym derivative of u with
respect to A (as in the scalar case). A space X is said to have the Radon-Nikodym
property (X € RNP) if for every (2,%,\) every X-valued measure of bounded
variation which is absolutely continuous with respect to A is representable.

More generally, a subset D C X is said to have the Radon-Nikodym property
(D € RNP) if for every bounded closed convex subset A C D and for every (€, X, \),
every X-valued measure of bounded variation u: 3 — X that satisfies the condition

w(A) € MA)A foral Ae X

is representable.
THEOREM 2.7.9. If 1 is representable, then its range pu(X) is precompact.

For an easy example of a space without the RNP consider L;[0,1]. Take as
(Q,%,)\) the segment [0, 1] with the standard Lebesgue measure. The measure pu:
¥ — L1]0,1] of bounded variation defined by u(A) = 14 is absolutely continuous
with respect to A, but its range is not precompact, so u is not representable.
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The Radon-Nikodym property of X* is related to the description of the dual
space of Li(\, X). Namely, for every F € Li(\, X)* and every A € ¥ one can
define the functional p(A) € X* by the rule (u(A),z) := F(z-1a), x € X. This
w: X — X* is a finitely-additive vector measure that satisfies the condition

w(A) € MA)||F||Bx+ for all A € X,

and for every A € ¥ of finite measure and every disjoint partition A = | |, . Ap
we have the equality u(A) = Y - #(Ay) in the sense of w*-convergence of func-
tionals. If X* does not contain copies of ¢y (this happens in particular when
X* € RNP), the above condition implies the countable additivity in the sense
of the norm-convergence (Bessaga-Pelczyriski theorem, Theorem 2.4.3), and if
X* € RNP this gives a bounded strongly measurable function ¢g: Q@ — X* such
that p(A) = [ A 9dA. With this g we obtain the representation of the functional
F e Li(A, X)* as an integration functional

F(f) = /Q<g<t>,f<t>>dx<t>,

which leads to the identification of L;(A, X)* with the space Loo(A, X™*). Recall
that the space Lo (A, X) consists of all equivalence classes (with respect to the -
almost everywhere equality) of bounded strongly measurable functions f: QO — X
equipped with the norm

1= 1fllzo = min{e > 0: [[f(#)]| < c a.e.}.

THEOREM 2.7.10 ([99, Theorem 1 on page 98] or [141, Theorem 1.3.10]). If
X* € RNP, then Li(A\, X)* = Loo (A, X*).

There are many characterisations of the RNP (in [99, Section VIIL.6] there is
a long list of them). Among the purely geometrical characterisations of the RNP,
we will mostly use the ones defined by strongly exposed points and denting points.
First we need some definitions and notation.

DEFINITION 2.7.11. Let A C X. An element e € A is said to be a strongly
exposed point of A if there is * € X* (called a strongly exposing functional) such
that diam{z € A: Rez*(x) > Rexz*(e) — ¢} tends to 0 as ¢ — 0 (equivalently,
Rez*(e) = maxReax*(A) and diam Slice(4,Rez*,e) — 0 as ¢ — 0). We write
stexp(A) for the set of strongly exposed points of A. If A is a subset of a dual
Banach space X = Z*, we write w*-stexp(A) to denote those points which are
strongly exposed by weak-star continuous functionals (i.e., functionals from Z),
which are called weak-star strongly exposed points. An element y € A is said to
be a denting point of A if for every € > 0 there is a slice S of A such that y € S
and diam S < €. We write dent(A) to denote the set of denting points of A. If A
is a subset of a dual Banach space X = Z*, y* € A is a weak-star denting point of
A if it belongs to weak-star open slices of A of arbitrarily small diameter. We say
that the set A is dentable if A = conv(dent(A)) (or, equivalently, if every slice A
contains slices of A or arbitrarily small diameter, see [117, Proposition IIL.3]).

Evidently, every strongly exposed point is denting, every denting point is ex-
treme, but the reverse implications do not hold in general. Indeed, in Figure 2.5
below, £ and x5 are strongly exposed while y is denting but not strongly exposed.
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FIGURE 2.5. Strongly exposed vs denting

On the other hand, extreme points of norm compact sets are denting (use,
for instance, Choquet’s lemma given in Theorem 2.6.16). However, the constant
function 1 in C[0,1] is an extreme point of the unit ball which is not denting.

THEOREM 2.7.12. For a Banach space X and a closed conver subset D C X
the following assertions are equivalent:
(i) D € RNP;
(ii) every closed convexr bounded subset A C D has a strongly exposed point;
(iii) every closed convex bounded subset A C D has a denting point;
)

(iv) every closed convex bounded subset A C D is dentable.

In particular, every space with the RNP has the Krein-Milman Property (KMP
in short): every closed convex bounded subset A C X has an extreme point. It
is still an open problem whether the KMP is equivalent to the RNP. A strong
partial result was proved by Schachermayer [279]: for a Banach space isomorphic
to its square, the Radon-Nikodym property and the Krein-Milman property are
equivalent. This is also so for dual Banach spaces [99, Corollary VIL.8, p. 198].

Since the closed unit balls of the spaces L1[0, 1] and ¢y do not have any extreme
points, these spaces fail to have the KMP, and hence, L1[0,1] and ¢y fail to have
the RNP. On the other hand, it is known that weakly compact convex sets possess
the RNP [65, Theorem 3.6.1].

For dual spaces there is a nice topological characterisation of the RNP: if X is
separable, then X* € RNP if and only if X* is separable. As a corollary one can
deduce that both L1[0,1] and ¢y are not isomorphic to a dual space.

There is another characterisation of sets with the RNP, formulated in terms
of vector-valued martingales, which easily implies the stability of the RNP with
respect to direct sums — a fact that we are going to use later.

Let 7 C X be a finite algebra generated by a partition Q = | [}_, Ag, with
A € ¥, M(Ag) > 0 for k =1,...,n. The conditional expectation of the function
f € Li(Q,%, )\, X) with respect to T is defined as

EX(f) = Z (A(lAk)/Akfd)‘) 1a,.

k=1

In other words, we obtain E7)§ (f) by substituting on each Ay the original function f
by its average on Ay. The conditional expectation operator EX: L1(Q, 3, A, X) —
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Li1(9,%, )\, X) is a linear projection of the whole L1 (2,3, A, X) onto the subspace
Li1(Q, T, X). Moreover, a direct calculation demonstrates that ||[Er| = 1.
Let 7; C ¥, 71 C T2 C --- be an increasing sequence of finite algebras, g; €

Li(,7;,A,X), 7 =1,2,..., be a sequence of X-valued simple functions. The
sequence of pairs (g;,7;)jen is called an X-valued martingale, subordinate to the
sequence of algebras Ty C Ty C -+ if E% (gj+1) = g; for all j € N.

THEOREM 2.7.13. For a closed convexr bounded subset W C X the following
assertions are equivalent:
(i) W € RNP;
(i) for every increasing sequence of finite algebras (T;)jen C X and every X-
valued martingale (g;, T;)jen such that g;(t) € W for all j € N and t € Q, the
sequence (g;) converges almost everywhere.

COROLLARY 2.7.14. Let X1, X2 be subspaces of a Banach space X such that
X =X, 6 Xo, Wi, C Xy be closed convexr bounded subsets with the RNP, k= 1,2.
Then W := W7 + W5 € RNP.

Proor. Let 7; C ¥, 71 C T2 C ... be an increasing sequence of finite alge-
bras and (g;,7;)jen be a W-valued martingale. Denote Py: X — Xj, the natu-
ral projections; then (Pyg;,7T;)jen is a Wy-valued martingale, £ = 1,2. By the
RNP of Wy, the sequence (Pyrg;) converges almost everywhere as j — oo, hence
(95) = (P1gj + P»gj) converges almost everywhere as well. O

Every “smallness” property of sets induces in a natural way a property of
operators: one just demands that the closure of the image of the unit ball has the
corresponding property. This way one defines the classical concepts of compact
operators and weakly compact operators. One may do the same with the Radon-
Nikodym property.

DEFINITION 2.7.15. Let X,Y be Banach spaces. An operator T € L(X,Y) is
called a strong Radon-Nikodym operator if T(Bx) € RNP.

Weakly compact operators are strong Radon-Nikodym operators.

2.8. f;-type sequences

In this section we will study how to obtain, given a Banach space X, an element
u € X**\ {0} so that the equality

[ 4wl = 1+ |||

holds for every x € X. These elements will play an important role in many char-
acterisations of the Daugavet property, Daugavet centers, and narrow operators in
Banach spaces with small density character. Let us start with the formal definitions.

DEFINITION 2.8.1. Let X be a Banach space.
(a) A norm-one element u € X** is said to be L-orthogonal if the equality

[ +ull =1+ [|z|

holds for every x € X.
(b) A sequence (z,) C Bx is an ¢;-type sequence if

|2+ znll = 1+ ||z|
for every z € X.
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This nomenclature is derived from the language of Krivine and Maurey [192]
who call a function of the form

T(x) = U-1im ||z + x|
a type on X; here (z,) is a bounded sequence and il is a free ultrafilter.

REMARK 2.8.2. From Lemma 2.6.4 it is easy to deduce that in order to verify
the condition ||x+x,| — 1+ ||z|| from (b) of Definition 2.8.1 it is sufficient to check
it only for x € Sx. Indeed, if z € Sx and a > 0, then the condition || + x| — 2
means that for every € > 0 and sufficiently large n, the vectors x and z,, are e-quasi-
codirected. But then, for every o > 0 the vectors ax and x,, are (¢ max{a,1})-
quasi-codirected, that is, |jaz + z,| > 1 + ||az|| — e max{a, 1} for large n, which
implies that ||az + z,| — 1+ [Jaz].

There is a general procedure that allows one to construct ¢;-type sequences in
several spaces, which will be of much use in our book.

LEMMA 2.8.3. Let X be a separable subspace of an infinite-dimensional Ba-
nach space Z, A C Sz be a subset with the following property: for every finite-
dimensional subspace E C X and every ¢ > 0 there is a € A which is e-quasi-
codirected to all elements of Sg. Then, A contains a sequence (ay) such that for
every x € X

|z + an]| —— 1+ ||z
n— o0

In particular, if Z is a separable infinite-dimensional Banach space and the subset
A C Sz has the above property, then A contains an £1-type sequence.

Proor. Fix a sequence (E,,),en of finite-dimensional subspaces of X so that

EiCEyC... and U E, =X. (2.8.1)
neN

Also select a sequence (g,) C RT such that lim e, = 0. By our assumption, for
n— oo

every n € N there is a,, € A such that |le + a,|| > 2 — ¢, for every e € Sg, . Let us

show that this (a,) is the requested sequence. Fix x € Sx and a § > 0. According

to (2.8.1), there are n € N and e € Sg, such that ||z — e|]| < §. Then, for every

m > n we still have e € Sg_, so
[+ amll = [(z —€) + (e + am)l| > lle +aml| =0 =22 —ep — 0.
Consequently, lim inf,, o || 4+ am|| = 2 — &, which by arbitrariness of § gives us

lim ||z +apn|=2=1+ |z|. O
m—0o0
In general, we will show a procedure to obtain, from a given ¢;-type sequence
(z,,) in a Banach space X, a subsequence (y,) of (z,) so that every w*-cluster
point of (y,,) is an L-orthogonal element. Let us observe, however, that we cannot
avoid the procedure of finding appropriate subsequences in the sense that there
are {1-type sequences satisfying that not all its w*-cluster points are L-orthogonal
elements, as the following example shows.

EXAMPLE 2.8.4. There exists an ¢1-type sequence (z,) in ¢; such that 0 €
{zn:n € N}w. In particular, there exists an ultrafilter  such that w-limg z,, = 0.
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PROOF. Define, for every n € N, A,, to be the set of elements x € By, such
that ||lz|| > 1 — 55 with coordinates z(i) € {&: z € Z} if 2" < i < 2" and
x(i) = 0 otherwise. Notice that A,, is finite for every n € N, so A :=J, cyy An is a
countable subset of Sy, .

Note that if we consider A as a sequence in Sy, , then A is an ¢1-type sequence.
This easily follows from the density of finitely-supported sequences in ¢; and from
the fact that, for every k € N, the set {z € A: supp(z) N{1,... .k} # 0} is finite
for every k € N.

Let us prove that 0 is a weak cluster point of A. To this end, pick a basic
weak neighbourhood O := {x € By,: |zf(z)| < € for every 1 < ¢ < p} of 0, with
x7,...,2, € Sp,, and € > 0, and let us prove that O N A # (). For this, pick n
large enough so that 2™ > p and 2% < e. By a dimension argument we can find an
element y € Sy, which is supported on the coordinates {2+ 1,...,2""1} and such
that 2} (y) = 0 holds for 1 < i < p. Let z € By, be supported on the coordinates
{2" +1,...,2""} such that (i) = % and |z(i) — y(i)] < 3. Note that hence
|z — yl| < 5=. This implies, on the one hand, that [[z| > 1 — 5=, from where
x € A, C A. On the other hand, z}(z) = 0 for every ¢ < p, which proves that
x € O as desired. O

Let us now show how to get L-orthogonal elements from an ¢;-type sequence.
Let us begin with the following auxiliary lemma.
DEFINITION 2.8.5. Let F' be subspace of a Banach space X and € > 0. An
element e € By is said to be (g, 1)-orthogonal to F if for every z € F and t € K
[z +tel = (1 —e)([l=]l + [t])- (2.8.2)

Remark that the above condition implies that ||e|| > 1—¢ and that every y € Sp
is a-quasi-codirected with e for every a > 2e¢. Indeed, we get the first condition
substituting z = 0 and t = 1. The second one is also plain: ||y +e|] > (1 —¢)2 =
2—2¢ > |ly|| + |le]| — . The next lemma is in some sense a converse to this remark.

LEMMA 2.8.6. Let X be a Banach space, F C X be a subspace, £, > 0 and
e € Bx with |le|| > 1—0. Then in order to demonstrate that e is (e+0, 1)-orthogonal
to F' it is sufficient to show that e is e-quasi-codirected with each of y € Sr.

PROOF. Since F is a linear subspace, it is sufficient to demonstrate (2.8.2) for
t = 1. We know that y := x/||z|| is e-quasi-codirected with e. According to Lemma
2.6.4, z and e are (e max{||z||, 1})-quasi-codirected, that is

[z +ell > [lz]| + [lel] — e max{[l«[|, 1}
> |zl +1 -6 — emax{||z||, 1}
> |l +1 =6 —e(flxll + 1)
= (1= (e+0) (] +1)
= (1= (e+0)(ll=]l + llel)- O
LEMMA 2.8.7. Let X be a Banach space, FF C X be a finite-dimensional sub-

space, {y1,...,yn} C Sr be an e-net of Sp, and let e € Bx with |le|]| > 1 — ¢ be
e-quasi-codirected with each of yr. Then e is (3¢, 1)-orthogonal to F.

PROOF. Let us apply the previous lemma. For y € S there is k € {1,..., N}
such that ||y — yx|| < e. Then ||y +e| = |lyx +el| —& > 1+ |le]| — 2¢, that is, e is
2e-quasi-codirected with y. O
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LEMMA 2.8.8. Let X be a Banach space with an £1-type sequence (x,). For
every finite-dimensional subspace F of X and every € > 0 there exists m € N so
that for every n = m the element x,, is (¢,1)-orthogonal to F.

PROOF. Since S is compact, we can find a finite $-net {y1,...,yn} C Sp
for it. Since (z,) is an ¢1-type sequence, find m € N so that n > m implies that
|zn]| > 1 —¢/3 and

lyr + xn|| > 2—% for every k € {1,...,N}.
It remains to apply Lemma 2.8.7. O

With the previous lemma in mind, we are able to prove the following result
which says that, if we have an /1-type sequence, we can get a subsequence so that,
roughly speaking, all the convex combinations of terms of the subsequence are
orthogonal elements. More precisely, we have the following result.

LEMMA 2.8.9. Let X be a Banach space with an £1-type sequence (x,). Take a
separable subspace Z of X and a sequence of positive real numbers (e,,). Write Z =
Unen Fn, where (Fy,)nen is an increasing sequence of finite dimensional subspaces
of X. Then, there exists a subsequence (y,) of (x,) such that the inequality

A=e)+lel) <ot 3 a
Jj=n-+1

holds for every n € N, x € F,, and every (a;) C RY with Z?in-u a; =1.
ProoF. Pick a sequence (d,,) of positive scalars so that
(1-e)< J] =4y
j=n-+1
By induction, we can construct a subsequence (y,,) of (z,) so that
1y + Aynll = (1 = ) ([lyll + |A])

holds for every y € lin(F,, U{y1,...,yn—1}) and every XA € R. Let us prove that the
sequence (y,) satisfies our requirements. To this end, pick n € N, € F,, and a
sequence of positive scalars ()52, with Z;‘;nH aj = 1. Then, for every k > n
it follows that

k—1
x4+ Z iyl = (1 =0k | ||z+ Z o,y ||+ ag
j=n+1 j=n+1
k—2
> (1—5;,@) (1—(5}.3,1) T+ Z ;Y| + ag—1 | +ag
Jj=n+1
k—2

2 (1=0p)(1=06k—1) | ||z + Z a;y;|| + op—1 + ag
Jj=n+1
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Continuing in this fashion, we get that

k k k
et Y oyl = ] a=6) e+ > o
j=n+1 1=n+1 Jj=n-+1
[e%S) k
> [T a=o)(llzl+ > o
i=n+1 Jj=n-+1
k
>(1—e) [l + D ay
Jj=n-+1

Note that (z + Z?Znﬂ ajy;)k converges in norm to x + 377 . ajy;. Since the
previous inequality holds for every n € N we get that

o0 o0
et Y agyl > —ea) [ llzll+ D ey,
j=n+1 Jj=n+1
as desired. O

Putting everything together, we are now able to describe how to obtain L-
orthogonal elements for separable Banach spaces.

THEOREM 2.8.10. Let X be a Banach space. Let Z be a separable subspace of
X and let (Fy,)nen be an increasing sequence of finite-dimensional subspaces of X
so that UneN F,, is dense in Z. Assume that there are a sequence (y,) in Bx and
a sequence of positive scalars () converging to zero satisfying that the inequality

o0
(I—en)A+ ) < |lz+ D ajy
j=n-+1
holds for every n € N, x € F,, and every (a;) C RY with Z;’im_l a; = 1.
Then, any u € (,cn comv®” ({yj: 7 > n}) C Bx« (in particular, any weak*-
cluster point of the sequence) satisfies that
[z +ull =1+ |||

for every x € Z.
In particular, if X is a separable Banach space with an {1-type sequence, then
there are L-orthogonal elements among the weak* cluster points of ().

PROOF. Given any z € Z we can assume, up to a density argument, that there
exists m € N so that = € F,, holds for every n > m. Given n > m, notice that the
condition on the sequence (y,,) implies that

(2 + conv({yy: j > n})) N (1= 22,)(1 + | Bx = 0.
By the Hahn-Banach separation theorem (see [109, Proposition 2.13], for instance),
there exist f,, € Sx« such that the inequality
Re fu(z +2) 2 (1 — 2e,) (1 + [|]])

holds for every z € conv({y;: j > n}). Note that the condition on f, also implies
that

(o + comv{fys > n})“’*) A (1= 26,)(1+ [[]) Bx-- = 0. (2.8.3)
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Finally, if u € ,,cy conv({y;: j > n})w then, for every n > m, (2.8.3) implies that
[+ ull = (1 = 2en)(1 + [J]]).
The final part is a direct consequence of Lemma 2.8.9. O

2.9. Summands and ideals in Banach spaces

In this section we discuss several special classes of subspaces of a Banach spaces
which will be used throughout the book.

2.9.1. Absolute sums of Banach spaces. Let E = (R", ||| g) be a normed
space, and denote e, k = 1,...,n, the elements of the canonical basis: the k-th
coordinate of e is equal to 1, and the remaining ones are zero. The norm || - ||z is
called absolute if it satisfies the following conditions:

() llexlle =1, k=1,...,n;
(ii) for every a = (a1,...,a,) the vector |a| := (|a1],...,|an|) has the same
norm as a:

lars s an)lle = lI(larl;- - an ))&

The above properties imply that the norm is monotone in the following sense: if
a = (a,...,a,) and b = (by,...,by,) satisfy 0 < ap < bg, k = 1,...,n, then
lallz < 1blle.

We identify the dual E* of E in the standard way with (R™, | - ||g~), where
a functional b = (by,...,b,) € E* acts on a = (ay,...,a,) € E by the formula
b(a) = biay + - - - + bpay,. Remark that the norm || - || g~ is also absolute.

Let Xi,...,X, be normed spaces, and £ = (R™,|| - ||g) be a space with an
absolute norm. The E-sum of the spaces X, is the vector space (@;_; X;) of all
n-tuples ¢ = (z1,...,%,), x € Xk, k=1,...,n, equipped with the norm

lzll = [|lzall, - - lal)]] - (2.9.1)

Recall that condition (ii) from the definition of an absolute norm guarantees that
the expression (2.9.1) satisfies the triangle inequality. It also gives the following
natural property: if X = R, k = 1,...,n, then (@}, X;), = E. The condi-
tion (i) is not so essential because it can easily be achieved by rescaling, but it
is usually assumed for the sake of convenience. In order to shorten the notation,
for # = (21,...,2n) € (@;_, Xi) we denote N(z) = (||z1]],...,[|zx]]). In this
notation, ||z = || N(x)||g. The dual space of (@, Xi) is (D, X;) ., where
f=(fi,--, fn) € (B, X]) . acts on @ = (21,...,2,) € (P;_; Xi) by the
rule f(.’L') = fl(ml) et fn(xn)

In the case of two terms we simplify our notation to X; &g Xo.

The above construction generalises to infinite sums in a natural way. Given a
sequence ((X,,] - ”"))n ¢y of Banach spaces, and a Banach space E of sequences
such that ((¢;) € E) < ((|t;|) € E) and whose norm satisfies

Itz = (tDle () € B),

we denote by (@neN X”)E the Banach space of all sequences (z,,) € [[7—, X, so
that (||zn]|») € E and equip it with the norm

1) = (|l -

In particular, E can be any sequence space whose unit vector basis is 1-
unconditional.
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The most important cases for us are £ = ¢; and E = {.,. In this case even
uncountable sums make sense, which we explain below on the example of ¢;-sums.

Let I be an index set, and X;, ¢ € I, be a fixed collection of Banach spaces.
We denote by (@iel Xi)el the £1-sum of the X;. This means that (@z‘el Xi)el
is the set of all points z = (z;);er, where z; € X; for all i« € I, with at most
countable support supp(z) := {i: z; # 0} and such that >, ;|zil/x, < co. The
space (®ie I Xi) ) 18 equipped with the natural norm

21l = lGaierll = Y llzillx. (2.9.2)

iel

i€l ‘

If I ={1,...,n}, we may use the self-explanatory notation (", Xi)el or X1 &1
@y X,

If T is infinite (countable or uncountable), the corresponding sum in (2.9.2)
reduces to an ordinary at most countable sum 3, [zl x;, which does not
depend on the order of its terms, so there is no need to introduce an ordering on I
and to appeal to any kind of definition for uncountable sum.

In the sequel we will regard each X; as a subspace of (@iel Xi)el in the

following natural way: X; = {z € (@,¢; Xi)z1 : supp(z) C {j}}.

2.9.2. L-summands and M-ideals. We compile in this section the results
of the theory of M-ideals, M-summands, and L-summands spaces that we will use
in the book. They are the most natural and most useful cases of absolute sums.
For a subspace J of a Banach space X, we write J* = {z* € X*: 2*|; = 0} C X*.
The basic reference here is the Lecture Notes volume of P. Harmand, D. Werner,
and W. Werner [133].

DEFINITION 2.9.1. Let X be a real or complex Banach space and let P € L(X)
be a projection (i.e. P?> = P).
(a) P is an M-projection if ||z|| = max{||Pz||, |z — Pxz|} for all z € X.
(b) P is an L-projection if ||z|| = || Pz|| + ||z — Pz|| for all z € X.
(¢) The range of an M-projection is called an M -summand; the range of an L-
projection is called an L-summand.
(d) A subspace J of X is an M-ideal of X if J* is an L-summand in X*.

Examples of M-ideals which are not M-summands are easy to get in Cy(L)
spaces.

EXAMPLE 2.9.2. Let L be a locally compact Hausdorff topological space. Then,
a subspace J of Cy(L) is an M-ideal of Cy(L) if and only if there is a closed subset
D C L such that

J={f€C(L): flp =0}

Moreover, such a J is an M-summand if and only if D is clopen in L.
The following result on L- and M- projections will be needed.

PROPOSITION 2.9.3 ([133, Theorem 1.1.10]). Let X be a Banach space.
(a) Two L- (respectively, M-) projections on X commute.
(b) The set of all L-projections on X forms a complete Boolean algebra under the
operations

PAQ=PQ, PVQ=P+Q-PQ, P°=1d— P.
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The following easy result on L-projections follows routinely from the above
proposition. We include a proof for the sake of completeness.

LEMMA 2.9.4. Let Z be a Banach space and z1,. .. ,z, € Sz be pairwise linearly
independent elements such that each Kzy is an L-summand of Z fork=1,...,n.
For each k € {1,...,n}, write Py for the L-projection with range Kzy, so Z =
Kz @1 ker P,. Then, PyP; =0 when k # j, P:= P14+ ---+ P, is an L-projection
with kernel (;_, ker Py, and P(Z) = eg") with Bp(zy = aconv({z1,...,2,}). In
particular, the points z1, ..., z, are linearly independent.

Proor. First, fix k,j with & # j and use that P,P; = P;P; by Proposi-
tion 2.9.3 to get that PkPj(Z) C Pk(Z) N Pj(Z) = (sz) N (KZ]) As 7z and Zj
are linearly independent, we get that P, P;(Z) = {0}, that is, P,P; = 0. Now, it
follows also from Proposition 2.9.3 that P = P, + --- + P, is an L-projection.
It is straightforward to show that ker P = (0;_, ker P, using that the projec-
tions are orthogonal. Finally, it is also immediate that P(Z) = Egn) and that
Bp(zy = aconv ({z1,...,2n}). O

If J is an M-ideal in a Banach space X then, by definition, X* =V &, J* for
some closed subspace V' of X*. Then {z*|;: * € V} is linearly isometric to J*,
and we shall write

X*=J @ J*t (2.9.3)
(see [133, Remark I1.1.13]). This formula allows us to consider the o(X,J*)-
topology on X. An application of the Hahn-Banach theorem gives the following
result which can be found in [133, Remark 1.1.13].

LEMMA 2.9.5. Let J be an M -ideal in a Banach space X. Then By is o(X, J*)-
dense in Bx.

Another property of M-ideals is the following one, known as the restricted
3-ball property of M-ideals (see [133, Theorem 1.2.2]).

LEMMA 2.9.6. Let J be a closed subspace of a Banach space X. Then, J is an
M-ideal in X if and only if for all y1,y2,ys € By, © € Bx, and € > 0, there is
y € J satisfying that

lz+y —yll <1+e

fori=1,23.

In the following definition, X is considered as canonically embedded into its
bidual X** via Jx.

DEFINITION 2.9.7. Let X be a Banach space.
(a) X is said to be L-embedded if X** = Jx(X) @1 X, for some closed subspace
X, of X**.
(b) X is said to be M-embedded if X is an M-ideal in X**  that is, X*** =
(Jx+ (X*))L @1 Z for some subspace Z of X***. It is known that, in this case,
Z = Jx~(X*) [133, Proposition III.1.2].

A list of examples of L- and M-embedded spaces is given below.

ExXAMPLE 2.9.8 ([133, Example IV.1.1]). The following classes of spaces are
L-embedded:
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(a) Li(u) spaces,

(b) preduals of von Neumann algebras,

(c) the Hardy space H{, the dual of the disk algebra A*, and L[0,1]/H} (the
predual of H).

ExXAMPLE 2.9.9 ([133, Example II1.1.4]). The following classes of spaces are
M-embedded:
(a) co,
(b) K(£p) for 1 <p < o0,
(c) the space C(T)/A,
(d) closed subspaces and quotients of the above spaces.

We next give an easy result on the behaviour of extreme points with respect to
L- and M-summand which will be useful later on.

REMARK 2.9.10. Let X be a Banach space and let Z,W be closed subspaces
of X.

(a) If X = Z @1 W, then
ext(Bx) = {(2,0): z € ext(Bz)} U {(0,w): w € ext(Bw)}.
(b) If X = Z @ W, then
ext(Bx) = {(z,w): z € ext(Bz), w € ext(Bw)}.
2.9.3. Almost isometric ideals.

DEFINITION 2.9.11. Let Z be a subspace of a Banach space X. We say that Z
is an almost isometric ideal (ai-ideal) in X if X is locally complemented in Z by
almost isometries. This means that for each ¢ > 0 and for each finite-dimensional

subspace E C X there exists a linear operator T: E — Z satisfying
(1) T(e) = e for each e € EN Z, and
(2) A =e)lell < [IT(e)ll < (L+¢)lle] for each e € E,

ie, T is a %fi—isometry fixing the elements of E. If T satisfies only (1) and the

right-hand side of (2), we get the well-known concept of Z being an ideal in X.

Almost isometric ideals were introduced in [8] as examples of a certain class of
subspaces which inherit diameter two properties (cf. Section 12.2) and the Daugavet
property, to be introduced shortly; see also [1]. It should be mentioned that, despite
their name, M-ideals need not be ai-ideals.

Note that the Principle of Local Reflexivity means that X is an ai-ideal in X**
for every Banach space X.

Throughout the text we will make use of the following two results, which we
include here for easy reference.

THEOREM 2.9.12. [8, Theorem 1.4] Let X be a Banach space and let Z be an
almost isometric ideal in X. Then there is a linear isometry p: Z* — X* such that

o(2")(2) = 2%(2)
holds for every z € Z and z* € Z* and satisfying that, for every € > 0, every
finite-dimensional subspace E of X and every finite-dimensional subspace F of Z*,

we can find an operator T: E — Z satisfying
(1) T(e) = e for everye € EN Z,
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(2) X =e)|lell < IT(e)|l < (1 +¢)lle|l holds for every e € E, and;
(3) f(T(e)) =w(f)(e) holds for every e € E and every f € F.

Following [1], we will refer to such an operator ¢ as an almost-isometric Hahn-
Banach extension operator. Notice that if ¢: Z* — X™* is an almost isometric
Hahn-Banach extension operator, then ¢*: X** — Z** is a norm-one projection
(see e.g. [181, Theorem 3.5]).

Another central result for our main theorems will be the following, coming from
[1, Theorem 1.5]

THEOREM 2.9.13. Let X be a Banach space, let Y be a separable subspace
of X and let W C X* be a separable subspace. Then there exists a separable
almost isometric ideal Z in X containing Y and an almost isometric Hahn-Banach
extension operator ¢: Z* — X* such that p(Z*) D W.

2.9.4. u-summands and u-ideals. We recall that according to [124], given
a Banach space X and a subspace Y, Y is a u-summand in X if there exists a
subspace Z of X such that X =Y & Z and such that the projection P: X — X
along Z such that P(X) C Y satisfies that ||Id — 2P| < 1 (in this case we say that
P is a u-projection). We say that Y is a u-ideal in X if there exists a u-projection
P: X* — Y* such that ker(P) = Y+, and we say that Y is a strict u-ideal in X if
P**(X***) is norming in X***.

2.9.5. Banach lattices. At some places we will have occasion to deal with
Banach lattices; see for instance Section 1.2. Here is a short review of the basic
definitions.

Let E be a real vector space equipped with a partial order <. The pair (E, <)
is called an ordered vector space if the order and the algebraic operations are com-
patible:

r<Ly, 2eFl = ax+z2<y+z
<y, s €R a>20 = ar<ay
An ordered vector space is called a Riesz space (or vector lattice) if, given
z,y € E, the supremum (= least upper bound) z V y and the infimum (= greatest

lower bound) z A y exist. It is called Dedekind complete if the supremum of any
nonvoid order bounded subset exists (then so does the infimum). In a vector lattice

one can form, for x € E, the elements 27 = 2V 0 and 2= = (—z) V 0; then
x =aT — 7. The vector |x| = 2T + 2~ is called the absolute value of x.
Finally, suppose E is a Riesz space equipped with a norm satisfying ||z|| = || |z] ||

for all x; then F is called a normed Riesz space. If this normed space is complete,
it is called a Banach lattice.

The spaces L,(p) are among the best known examples of Banach lattices; for
a function f € L,(p), the above notions f*, f~ and |f| have their traditional
meaning from real analysis. More general examples are the Kothe function spaces,
in particular rearrangement invariant spaces like Orlicz spaces (more on this in
Section 4.4).

Suppose FE is a Banach space with a 1-unconditional Schauder basis (e,). Let
T = 2211 arex be the expansion of x € E in this basis. Then defining

r>20 <= allay>0
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provides a partial order (of course x < y iff y — 2 > 0) that makes F a Banach
lattice.

Standard references on Banach lattices include the monographs [22], [233],
[282].

2.10. Geometric properties of norms and corresponding renormings

Recall that two norms || - ||; and || - |2 on a linear space X are said to be
equivalent if there are a,b € (0, +00) such that for every x € X

allzlly < flzll2 < bl

In this short section we collect some results on equivalent renormings that we
will use in our book.

THEOREM 2.10.1. Let X be a normed space, Y C X be a subspace. Then, every
equivalent norm || - ||1 on'Y can be extended to an equivalent norm defined on the
whole of X.

PROOF. Denote By = {y € Y: ||y|l1 < 1} the open unit ball of || - ||; in ¥ and
let Ux be the open unit ball of the original norm || - || in X. Let » > 0 be such that
rUx NY C B;. Denote W = rUx U By (geometrically W looks like the standard
picture of Saturn rUx with the disk By as one of its rings, see Figure 2.6). For
the required equivalent norm on X we may take the norm whose open unit ball is
equal to conv(WW). O

TUX

By

FIGURE 2.6. Renorming a space keeping the norm on
a subspace

DEFINITION 2.10.2. The norm || - || on a Banach space X is said to be LUR
at ©og € Sx (another name is zg is a LUR point of Sx) if lim, o0 ||Tn — 20l = 0
whenever (2, )neny C Bx is such that lim, o ||z, + 20| = 2. If the norm is LUR
at each point of Sx, we say that X is LUR (X € LUR for short).

The acronym LUR above is the abbreviation for Locally Uniformly Rotund.
Another standard name for the same property is Locally Uniformly Conver.

ProrosITION 2.10.3. Let X be a Banach space and xo € Sx. If the norm
is LUR at xq, then xg is a strongly exposed point of Bx; so, in particular, it is
denting. Consequently, if X € LUR then every point in Sx is denting and so Bx
is dentable.
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PROOF. Let z§ € Sx+ be a supporting functional at xo, that is, z{(zo) = 1.
Our goal is to demonstrate that xf is the strongly exposing functional that we need,
i.e., that diam Slice(Bx,xg,€) tends to 0 as € — 0 (see Definition 2.7.11). Let us
take x,, € Slice(Bx, zf,1/n) with

1
lzn — zo| > 1 diam Slice(Bx, z§, 1/n). (2.10.1)
Then 2 2> |z, + xo|| = @f(zn + 20) > 2 — L, s0 limyo0 || + x0]| = 2. By the
assumption that the norm is LUR at zg, we have that lim, . ||z, — 20| = 0.
Applying (2.10.1) we obtain that lim,_, diam Slice(Bx,z§,1/n) = 0, which, by
the monotonicity of diam Slice(Bx, z§,€) in €, gives what we need. O

THEOREM 2.10.4 (M. I. Kadets [154], see also [94, Theorem I1.2.6]).
Every separable Banach space X admits an equivalent LUR renorming, i.e., there
is an equivalent norm p on X such that (X, p) € LUR. This norm p may be selected
arbitrarily close to the original norm || - ||, that is, for given € > 0 the corresponding
p may be selected to satisfy the inequalities (1 —¢)||z|| < p(x) < ||z|| for allx € X.

We now deal with differentiability of the norm of a Banach space. Recall that
the norm of a Banach space X is Gdteaux differentiable at x € X \ {0} or that
x # 0 is a point of Gateaux differentiability (respectively, Fréchet differentiable or
a point of Fréchet differentiability) if

I |z 4 th|| + ||z — th| = 2|j=||
1m —
t—0 t

0 (2.10.2)

for every h € Sx (respectively, uniformly on h € Sx). A very well-known and
useful criterion for differentiability of the norm is given by Shmulyan’s test. We
refer to [94, Theorem 1.1.4] or to [109, Theorems 7.15 and 7.17] for a proof.

LEMMA 2.10.5 (Shmulyan’s test). Let X be a Banach space and let x € X \{0}.

(a) x is a point of Gateaux differentiability of X if there exists a unique functional
f € Sx= such that f(x) = ||z|| (we usually say that x is a smooth point or
that the norm is smooth at x);

(b) =z is a point of Fréchet differentiability of X if there exists a functional f € Sx-
such that for every sequence (fn) in Sx- with fn(x) — |z| one has that
fn — [ in nmorm, equivalently, if there is a strongly exposed point of Bxx
attaining its norm at x/||z||.

If X = Z* is a dual space and f € Z*\ {0}, then

(c) f is a point of Fréchet differentiability of Z* if there exists zyp € Sx~ such
that for every sequence (z,) in Sz with f(zn) — || f|l, one has that z, — zo in
norm, equivalently, if f attains its norm at a strongly exposed point zo € Sz.

A couple of consequences of the previous result deserve to be mentioned.

(1) If X is a Banach space such that X* is separable, then X admits an equiva-
lent norm which is Fréchet differentiable at every non zero element. Indeed,
X admits a norm |-| whose dual norm is LUR (this is an improvement of The-
orem 2.10.4 in the case of a dual space, see [94, Theorem I1.2.6]). By Propo-
sition 2.10.3, every point of Sx |.)« is strongly exposed, hence by item (b)
of Shmulyan’s test, the norm | - | is Fréchet differentiable at every non zero
element.
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(2) If the norm of the dual of a Banach space X is Fréchet differentiable at every
non zero element, then X is reflexive. Indeed, by item (c) of Shmulyan’s test,
every element of X* attains its norm (at a strongly exposed point, but this is
not important now). Hence, James’s theorem proves that X is reflexive.

The complete opposite of Fréchet differentiability for a Banach space X is given
by replacing the zero (uniform) limit in (2.10.2) by the existence of a constant p > 0
such that the following inequality holds

Y |z + hll + ||z — h|| — 2|z
1um sup =
[]|—0 Al

In such a case, we say that (the norm of) X is rough (or p-rough to be more precise).
In the extreme case that p = 2 works, we say that (the norm of) X is extremely
rough. It is easy to see that infinite-dimensional L;-spaces are always extremely
rough. Obviously, a rough norm has no point of Fréchet differentiability. We refer
the reader to [94] for more information and background. For instance, the following
result can be found in [94, Proposition 1.1.11].

LEMMA 2.10.6 (See [94, Proposition 1.1.11)). Let X be a Banach space and let
p > 0. Then, the norm of X is p-rough if and only if all weak-star slices of Bxx
have diameter greater than or equal to p.

(2.10.3)

Finally, recall that the modulus of uniform convezity of a Banach space X is
defined by

Tty

Jx(¢) = inf {1 -

2,y € Bx, ||lz— 25}.

The space X is said to be uniformly conver if dx(¢) > 0 for all € € (0,2]. A notion
dual to this is the one of uniform smoothness. The modulus of smoothness of a
Banach space X is defined by

|l 4+ 7h|| + ||z + Th|| — 2
px(7) = sup :

. el =tr=1} (>0,

We say that X is uniformly smooth if liHJI M = 0. These two notions are in
T T

duality as X is uniformly convex if and only if X* is uniformly smooth, and X is
uniformly smooth if and only if X* is uniformly convex. L, () spaces for 1 < p < oo
are both uniformly convex and uniformly smooth. Besides, a classical result by
Milman and Pettis shows that uniformly convex spaces are reflexive. Moreover, a
Banach space is superreflexive if and only if it admits an equivalent norm which
makes it uniformly convex.

2.11. Tensor product spaces

In this section we will provide an introduction to tensor product spaces. A
more detailed treatment of tensor products and proofs of the results of this sections
can be found in the books [91, 274].

Given two Banach spaces, we denote by X ® Y the algebraic tensor product
of X and Y. Given an element z € X ® Y, there are n € N, x1,...,x, € X and
Yls---,Yn €Y so that

2= 2,y (2.11.1)
i=1
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Notice that the previous expression is not unique. Our next aim is to define norms
in X ®Y in two different ways: the largest reasonable one (projective norm) and
the smallest reasonable one (injective norm).

2.11.1. Projective tensor product. Now, we want to define a norm on
X ® Y. What should we require from such a norm? It is natural to require that,
given x and y,
lz @yl < [lz[lly]-
Now, the triangle inequality implies that ||z]| < >0 [lz;||[ly:]|. Since this must
hold for every representation of z, we get that

n n
[I2]] < inf {Z lzilllyill: 2 =)@ ® y} ,
i=1 i=1

where the previous infimum runs over all the possible representations of z described
by (2.11.1). Now, if we take the biggest possible norm satisfying the previous
condition, we obtain the definition of the projective tensor product.

DEFINITION 2.11.1. Given two Banach spaces X and Y, we define the projective
norm of an element z € X ® Y as

n n
|2]lx := inf {Z lzilllly:ll: 2 =Y @ @ yi} ;
=1 =1

where the previous infimum runs over all the possible representations of z. Now,
the projective tensor product of X and Y, denoted by X ®, Y, is defined as the
completion of the normed space (X Y| - ||x)-

In the following result we will summarise the first properties of the projective
tensor product.

PrROPOSITION 2.11.2. Let X and Y be two Banach spaces.

1) |z @ yllx = ||lz|llly]l holds for every x € X and everyy € Y.

(2) Bxg,y = conv(Bx ® By).

(3) If V,W are Banach spaces and T: X —V and S: Y — W are operators,
then there is a unique operator T ® S: X @, Y — V &, W so that (T®
Sz ®y) =T(x) ® S(y) holds for every x € X andy € Y. Moreover,
IT @S| = |T|S]l. In addition, if T and S are quotient operators, T @ S
s also a quotient operator.

The last assertion in the previous proposition reveals why this space is known
as the “projective” tensor product. In contrast with what happens with quotient
spaces, projective tensor products do not behave well with respect to subspaces. To
be more precise, consider two Banach spaces X and Y and two subspaces V C X
and W C Y. Consider |- ||xy, the norm of X &, Y, and |- |v.w, the one of
V &, W. If we consider z € V@ W it is clear that, if we view z € X @, Y, there are
more representations of z in X ® Y than in V ® W. Because of the very definition
of the projective norms,

Izlxy < lzllvw,
and this inequality may be strict (see [274, Proposition 2.11]). There is, however,
equality when the subspaces satisfy extra assumptions. Indeed, let us show the
following result, which slightly generalises the well-known result that projective
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tensor products respect 1-complemented subspaces isometrically by making use of
the concept of ideal introduced in Definition 2.9.11. We include a proof for the sake
of completeness.

PROPOSITION 2.11.3. Let X and Y be two Banach spaces and let V C X and
W CY be two subspaces which are ideals. Then, V @, W is an isometric subspace

of X ®, Y.

PROOF. Take z = Zle v, @w; € V®W, and let us prove that ||z|ly,w =
lIz|lx,y. Of course, the inequality > is clear. For the reverse one, pick € > 0 and
take a representation z = Y. | x; ®y; so that > [|@;|||ys]| < ||z]|x,y +¢&. Define
E :=lin{vy,...,v5,21,...,2,} C X and F := lin{wq,...,wg,y1,...,Yn}. Let T:
E — V (respectively S: F' — W) be an operator of norm < 1+ ¢ and so that
T(x) =z for all z € ENV (respectively S(y) = y for every y € F N W). Define
T®S:EQ, F -V ®&; W to be the operator described in Proposition 2.11.2. It
is clear that | T ® S|| < (1 +¢)2. Moreover z = Zle v QW =Y 2 ®@Yy;. Now,

k

[T®S)(z) =[T®S] (Z v; ®wi)

i=1

Uv ®T’LU1 Zvy®w7*2

H'Mw

since T (respectively, S) fixes the elements of E NV (respectively, F NY). Then,
using the norm of the operator T'® S, we get

k

sz'@wi

=1

e s)(S o)

i=1

lzllv.w =

V.W

1+5 i @ w;

V,W E®,F

By the very definition of the projective norm and, using that Zz‘:l v @ w; =
Sz ®y; in E® F, we get that

k n
Z V; Q@ w; Z T ®Y;
i=1 i=1

Consequently, ||z|]lv,w < (1 + €)?(||z]lx,y +¢€). Since ¢ > 0 was arbitrary, we
conclude the desired equality of norms. [l

n
<D llillllysl < llzlxy +e

E®.F i=1

E®,F

Let us now describe the dual of a projective tensor product. Given two Banach
spaces X and Y, the space (X ®, Y)* is linearly isometric to L(X,Y™*). In order to
exhibit this identification, we associate to ® € (X ®,Y)* an operator T € L(X,Y™)
by means of

T(x)(y) = 2(z @ y).
This provides an isometric isomorphism between (X ®,Y)* and L(X,Y*). One can
likewise identify (X &, Y)* and L(Y, X*) via S(y)(z) = ®(x @ y) or (X &, Y)* =
Bil(X x Y), the space of bounded bilinear forms, via f(x,y) = ®(z ® y). This
justifies another construction of the projective tensor product as a free object which
linearises continuous bilinear mappings.
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2.11.2. Injective tensor product. In this subsection we will define an-
other tensor product space. Consider two Banach spaces X and Y, and take
z=3",7,Qy € X®Y. Note that z can be seen as a finite-rank operator
z: X* = Y acting as

z(x*) = Z ¥ (z;)y;.

Thus, from this point of view, we can visualise X®Y = FinRan(X*,Y) C L(X*,Y).
Now, the injective norm on X ® Y will be the operator norm inherited by the
previous inclusion, denoted by || - ||c. Finally, the injective tensor product, denoted
by X &. Y, will be the completion of the normed space (X ® Y, || - ||.).

By the very definition of the injective norm, given an element z = " | ; ®y;,

we get that
2l = SUP{ ZCE*(%)% cxt e BX*}
i=1
n
= sup { >t (za)y" (vi)
i=1
- sup{ Zy*(yz)xz ryt € BY*}
i=1

It is clear that, in the previous equalities, we can replace Bx~ (respectively By=)
with any norming subset A C Bx~ (respectively B C By+).

It is not difficult to prove that, in contrast to what happens with the projec-
tive tensor product, the injective tensor product always respects subspaces in the
following sense: if we consider a subspace V of X and a subspace W of Y, then
V ®. W is an isometric subspace of X @, Y.

This phenomenom allows us to describe the dual of an injective tensor product.
Given Banach spaces X and Y, there are linear isometric embeddings X < C(Bx~)
and Y < C(By+). Consequently,

X ®. Y — C(Bx+) ®: C(By+) = C(Bx~ x By-)

cax® € By, y* GBY*}

[274, Section 3.2]. This implies that the adjoint is a surjective mapping, in fact
a quotient mapping, C(Bx+ X By«)* — (X ®. Y)*. Taking into account the
description of the dual of C(Bx+ X By~) we get the following known result.

THEOREM 2.11.4. Let X and Y be two Banach spaces. A bilinear mapping
B € Bil(X x Y) is a continuous linear functional of X ®. Y if, and only if, there
exists a reqular Borel measure pn on Bx+ X By« so that

Bawi= [ pl)sw)dute)
Bx+ XByx
for every x € X and every y € Y. Moreover, we have that
HB”(X@EY)* = inf ||p],
where the previous infimum runs over all the measures representing B.

For this reason the bilinear forms appearing in Theorem 2.11.4 are called inte-
gral bilinear forms.
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One central topic in tensor product theory is the study of approximation prop-
erties. Recall that a Banach space X is said to have the approximation property
(AP) if there exists a net (T,,) of finite-rank operators on X such that T, (z) — =
uniformly on compact subsets of X. If the previous net satisfies sup,, ||To| < oo,
we say that X has the bounded approzimation property (BAP). More precisely, if
there exists A > 1 so that || T,|| < A holds for every «, we will say that X has the
A-bounded approzimation property (A-BAP). Finally, we will say that X has the
metric approzimation property (MAP) if X has the 1-BAP.

One application of the approximation property is the following result, which is
due to Grothendieck.

ProPoOSITION 2.11.5. Let X and Y be two Banach spaces. Assume that X* or
Y has the approzimation property. Then, K(X,Y) = X* ®.Y, i.e., every compact
operator from X to'Y can be approximated by finite-rank operators with respect to
the operator norm.

Another application of the AP for our purposes is based on the following result.

THEOREM 2.11.6. Let X and Y be two Banach spaces. Assume that X* or Y*
has the RNP. If X* or Y* has the AP, then (X ®. Y)* = X* ®, Y'*.

One of the reasons why the previous result is interesting is that, under the
assumptions of Theorem 2.11.6, we can completely describe (X ®. Y)**. Indeed,

2.12. Notes and remarks

Most of the results in this chapter belong to the core of modern Banach space
theory, and specific references can be found in the text above.

The results of Section 2.8 are more recent. They are presented in the same way
as in [29] (in that paper, the £;-type sequences went by the name of L-orthogonal
sequences). Example 2.8.4 is extended in [29, Theorem 7.4], where it is proved that
the following assertion

e There exists a Banach space X and an /;1-type sequence (z,) so that no w*-
cluster point is L-orthogonal.
is consistent with ZFC theory.

The techniques behind Theorem 2.8.10 and its preliminary results are based on
the results of [229, Section 1], where more general versions of them are obtained as
a tool to prove the following celebrated result: a separable Banach space X contains
an isomorphic copy of ¢; if, and only if, there exists an element u € X** \ {0} so
that

2 +ul = llz — ull
holds for every x € X.

Let us finally observe that non-separable versions of Theorem 2.8.10 have been
obtained in [29]. For instance, it is proved there that if X is a Banach space
with an ¢;-type sequence (x,) and whose density character dens(X) is at most
the pseudointersection number p, then there are L-orthogonal elements u in {x,:
n € N}, the set of weak* cluster points of (z,,) [29, Theorem 4.1]. Moreover, it is
proved in [29, Theorem 5.3] that the assertion

e Given a Banach space X and an ¢;-type sequence (x,) in X there exists
u € {x,: n € N} which is an L-orthogonal element.
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is consistent with ZFC theory (for instance, this occurs under the Continuum Hy-
pothesis).

We further remark that, taking into account the description of the dual of a
projective tensor product, Proposition 2.11.3 can be deduced from [181, Proposi-
tion 4.2]. A stronger version appeared in [258, Theorem 1], from where it can even
be obtained that X @,r Z is an ideal in X @,r Y if Z is an ideal in Y.






CHAPTER 3

The Daugavet property

We now formally introduce the Daugavet property of a Banach space by re-
quiring that all rank-one operators satisfy the Daugavet equation. The Daugavet
property will be characterised in terms of slices of the unit ball; this leads to transfer
theorems that assert the validity of the Daugavet equation for much larger classes
of operators, e.g., the weakly compact ones. In this way we obtain a new approach
to the results of Chapter 1, and we discuss many new examples. Also, we obtain
structural properties of Banach spaces with the Daugavet property: they contain
subspaces isomorphic to £1, but fail the RNP.

3.1. Definition and basic reformulations in terms of slices

Recall that the rank of a linear operator is the dimension of its range. An
operator T € L(X, E) is of rank one if and only if there are e € E and z* € X*,
both nonzero, such that Tz = z*(x)e for all € X. The standard abbreviation for
the above operator is T = z* ® e. Remark that ||z* @ e|| = ||=*]|| - ||e]-

DEFINITION 3.1.1. A Banach space X has the Daugavet property (X € DPr
for short) if for every rank-one operator 7' € L(X) the following Daugavet equation
holds true:

d+ 7| =1+ 7| (3.1.1)

REMARK 3.1.2. The Daugavet equation means that Id and T are quasi-
codirected elements of L(X), so all properties of quasi-codirected elements listed
at the beginning of Section 2.6 are applicable. In particular, if T satisfies (3.1.1),
then the same equation holds true for aT with a > 0. Consequently, it is sufficient
to consider in the above Definition 3.1.1 only operators of norm 1. So, X € DPr if
and only if every T € L(X) of rank one with ||T|| = 1 satisfies the identity

I1d + T = 2. (3.1.2)

Finally, the condition ||Id + T'|| < 2 follows from the triangle inequality; conse-
quently, in order to verify (3.1.2) it is enough to check that ||Id + T'|| > 2.

The following lemma allows us to reformulate the Daugavet equation and some
of its future generalisations in terms of the geometry of slices.

LEmMMA 3.1.3. Let Z, E be Banach spaces, G € Sy(z g), and consider elements
z* € Sz« and e € Sg. Then the following assertions are equivalent:

(i) [|G+2z"@ef =2
(ii) For all 0, > 0 there is y € Slice(Bz, z*, ) such that
|Gy +ell >2—e. (3.1.3)

59
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PROOF. (i) = (ii). Let &’ = min{d,e}. The definition of the operator norm
gives us the existence of yo € Sz such that ||(G + z* ® e)yo|| > 2 —£'/2, i.e,

1Gyo + 2" (yo)ell > 2 —€'/2. (3.1.4)

Since ||Gyo|l < 1 and |le|| = 1, we deduce from (3.1.4) that [z*(yo)| > 1 —&'/2.
Choose 0 € K with |#] = 1 in such a way that 2*(0yo) = |2*(yo)|, and put y := Oyp.
Then, Re z*(y) = z*(y) = |2*(yo0)| > 1—¢’/2 > 1-4. In particular, [1—2*(y)| < €’/2
and

1Gy +ell = |Gy + 2" (y)e + (1 = 2" (y))el > IGy + 2" (y)el| —€'/2>2—¢

(in the last step we used (3.1.4) once more).

(ii) = (i). Due to (ii), for every € > 0 there is y € Slice(Byz, 2*, ¢) satisfying
(3.1.3). Then |z*(y)] < |lyll < 1 and Rez*(y) > 1 — &, consequently we have
|1 — 2*(y)| < V2e. Finally,

G+ 2" @l > Gy +2"(y)e| 22 —e =1 = 27(y)| =2 2 - = V2,
which, by the arbitrariness of £, means that |G + 2z* Q@ ¢|| = 2. O

The proof shows that it is sufficient to consider § = ¢ in (ii).

REMARK 3.1.4. In the proof of (i) = (ii) above we obtained some y €
Slice(Bz, z*,0) that, in addition to the properties listed in (ii), satisfies ||y|| = 1.
This gives us one more equivalent reformulation (the point is that y is in the unit
sphere):

(iii) For all 6, > 0 there is y € Slice(Sz, z*,d) such that (3.1.3) holds true.

The next reformulation formalises the connection of the Daugavet property
with the geometry of slices of the unit ball, which is the cornerstone of the whole
theory. (Below it is understood that ||z*|| =1 and § > 0.)

THEOREM 3.1.5. For a Banach space X the following assertions are equivalent:
(i) X has the Daugavet property.

(ii) For every x € Sx, for every € > 0, and for every slice S = Slice(Bx,z*,9) of
Bx there is some y € S such that

|z 4yl > 2 —e. (3.1.5)

(iii) For every x € Sx, for every e > 0, and for every slice S = Slice(Bx, z*,0) of
Bx there is some y € S such that

|z -yl >2—e. (3.1.6)

Proor. For (i) = (ii) it is sufficient to remark that T := 2* @ x is a rank-one
operator, so the Daugavet property of X gives us ||Id + z* ® x|| = 2. It remains to
apply Lemma 3.1.3 with Z =FE =X, G=1d, z* =z*, and e = x.

For the converse implication (ii) = (i), according to Remark 3.1.2, for every
rank-one 7' € L(X) with |T|| = 1 we have to verify (3.1.2). This T is of the form
T =z*®x, where z € X, z* € X*. Since ||T|| = 1, the representation T' = z* ® x
can be taken in such a way that € Sx and z* € Sx-. So, again it remains to
apply Lemma 3.1.3.

That (ii) and (iii) are equivalent can be seen by replacing x with —z. O
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We remark that (iii) implies that in a Banach space with the Daugavet property,
every slice of the unit ball has diameter 2 (just take x € S); see Theorem 3.2.1 and
Section 12.2 for more on this circle of ideas.

Recall that every normed space X over the field C is at the same time a normed
space over the field R, which is denoted Xg. There is a bijective correspondence
between (X*)g and (Xg)*: each complex linear functional corresponds to its real
part [156, Subsection 9.1.1]. Since the definition of slices deals with real parts of
linear functionals, that is, with real continuous functionals, Theorem 3.1.5 leads to
the following corollary.

COROLLARY 3.1.6. A complex Banach space X has the Daugavet property if
and only if Xg € DPr.

The geometric property of an individual point x that appears in (ii) of Theo-
rem 3.1.5 is extracted for future reference in the definition below.

DEFINITION 3.1.7. Let X be a Banach space. An element z € Sx is said to
be a Daugavet point if for every € > 0 and every slice S of Bx there is some y € S
such that [z +y|| > 2 —e.

In view of Lemma 3.1.3, x € Sx is a Daugavet point if and only if
Id + z* @ z|| = 2

for every z* € Sx«.
In this terminology Theorem 3.1.5 can be reformulated as follows:

ProrosITION 3.1.8. X € DPr if and only if every point of Sx is a Daugavet
point.

Let us list some easy but useful reformulations; see Definition 2.6.3 for the
notion of e-quasi-codirected vectors. We introduce the following notation which
will be used all over the section: given z € Sx and € > 0, Q(z, ) is the set of those
y € Sx that are e-quasi-codirected with x, that is,

Q(z,e) ={y € Sx: ||lz+y|| >2—¢}.

LEMMA 3.1.9. Let X be a Banach space. For an element x € Sx the following
assertions are equivalent:
(i) z is a Daugavet point;
(ii) for everye > 0 and every slice S of Bx, there isy € S such that ||[x+y|| > 2—e
and [|y|| = 1;
(iii) for every e > 0 the set Q(z,¢€) intersects all slices of Bx;
(iv) conv(Q(z,e)) = Bx for every e > 0;
(v) foreverye > 0 and every slice S of Bx, there isy € S such that ||z—y| > 2—¢
and [|ly|| = 1;
(vi) for every e € (0,1) the set Sx \ (z + (2 — e¢)Bx) intersects all slices of Bx;
(vii) conv(Sx \ (z + (2 —¢€)Bx)) = Bx for every € € (0,1).

PROOF. (i) < (ii) follows from the symmetry (just change «* to —z* in the def-
inition). (iii) = (ii) is evident, and the converse implication (ii) = (iii) is contained
in Remark 3.1.4.

(iv) is just a rephrasing of (iii); and the equivalence (iv) < (v) follows from the
Hahn-Banach separation theorem, which was already remarked in a more general
setting in Lemma 2.6.7.
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Finally, (vi), (vii) and (viii) are symmetric reformulations of (iii), (iv) and (v),
respectively (sometimes it is more convenient to think about elements at almost
maximal possible distance from z than about e-quasi-codirected ones). O

The following lemma allows one to iterate Theorem 3.1.5: there is not only one
point y satisfying (3.1.5), but this is satisfied on a whole subslice.

LEMMA 3.1.10. Let z € Sx be a Daugavet point. Then, for every slice S of
Bx and every 6 € (0,1) there is another slice S of Bx such that S C S and
|z +z2|| >2—06 forall z€ S.

PRrROOF. Without loss of generality we may assume that S is of the form S =
Slice(Bx, z§,€0) with zfy € Sx+ and g9 € (0,1). Consider ¢ € (0, min{d/3,e0/2}).
Applying (iii) of the above Lemma to the smaller slice Slice(Bx, =, €), we obtain
xo € Sx with Rexf(z9) > 1 —¢ and ||zg + x| > 2 —e. Then z¢ and z are e-quasi-
codirected, so Lemma 2.6.8 gives us a functional z* € Sx« such that both xzy and
x belong to Slice(Bx,z*,¢). Take as S the slice

S = {z € Bx: Re(z}(2) + 2*(2)) > 2 — 2¢}.

Since S is an intersection of a half-space with the unit ball and is not empty (as
xzo € 5), we didn’t cheat the reader saying that S is a slice. Let us check that
S C S. Indeed, for every z € S

Rezj(z) >2—2e —Rex"(2) >1—2e > 1—¢.
It remains to check that all z € S satisty ||z 4 z|| > 2 — §. Indeed, for z € S
Rez*(z) = Re(zj(2) + 2%(2)) —Re(zj(2)) >2—2e —1=1— 2¢,
and consequently ||z + z|| > Rez*(x +2) >2 -3¢ > 2 - 4. O

Putting together the above results we obtain the following list of characterisa-
tions of the Daugavet property. Ounly (ii)* and (x)* are new. The first assertion
is clearly equivalent to the fact that ||Idx+ + 2 ® 2*||x~ = 2 for all z € Sx and
x* € Sx«. To prove (x)*, we may repeat the proof of Lemma 3.1.10 using weak*-
slices and replacing Lemma 3.1.9(iii) for the corresponding weak-star assertion using
(ii)*.

THEOREM 3.1.11. For a Banach space X the following assertions are equiva-
lent:

(i) X € DPr.
(ii) For every x € Sx, x* € Sx», and ¢ € (0,1), there is y € Bx such that
Rez*(y) 2 1—cand |z +y| =2 —c.
(il)* For every x € Sx, a* € Sx+, and ¢ € (0,1), there is y* € Bx« such that
Rey*(z) 21 —¢ and ||z* +y*|| > 2 —¢.
(iii) Ewery point of Sx is a Daugavet point.
(iv) For every x € Sx, every € > 0, and every slice S of Bx, there is y € S such
that |z +y[| > 2 —e.
(v) For every x € Sx, every € > 0, and every slice S of Bx, there is y € S such
that ||z +y|| >2—¢ and ||y = 1.
(vi) For every x € Sx and every e > 0, the set Q(x,e) of those y € Sx that are
e-quasi-codirected with x intersects all slices of Bx.
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(vii) For every x € Sx and every e > 0, the condition tonv(Q(z,¢)) = Bx holds
true.
(viii) For every xz € Sx and every € > 0, the set Q(—z,e) = Sx \ (x + (2 —€)Bx)
intersects all slices of Bx .
(ix) For every x € Sx and every € > 0, the condition
conv(Sx \ (z+ (2 —¢)Bx)) = Bx
holds true.
(x) For every x € Sx, every slice S of Bx and every ¢ € (0,1), there is another
slice S of Bx such that S C S and ||z +z|| >2—6 forall z € S.
(x)* For every x* € Sx~, every weak-star slice S* of Bx~, and every § € (0,1),
there is another weak-star slice S* of Bx« such that S* C S* and ||z* + 2*|| >
2—06 forall z* € S*.

Item (x)* will be extended in Section 9.1 to the Daugavet property with respect
to a one-norming subspace of its dual.

REMARK 3.1.12. In (ii) of Theorem 3.1.11 the condition y € Bx may be weak-
ened to |ly|| < 1+4¢. Indeed, in this case the condition Rez*(y) > 1 — e implies that
[lyll — 1| < €, and the auxiliary element v = y/||y|| € Sx will satisfy ||y — v|| < e.
Then Rez*(v) > 1 —2¢ and ||v+ x| > 2 — 2¢, i.e., v fits into (ii) of Theorem 3.1.11
with 2¢ instead of e, which is fine for us.

Analogously, item (vii) may be substituted by the following weaker condition:
for every x € Sx and & > 0 the closed convex hull of the set It (x,¢€) := {y € X:
lyll <1+e, |z +y| >2—¢} contains Bx.

The following immediate consequence of the above theorem shows the relation
of the Daugavet property with the roughness of norms.

COROLLARY 3.1.13. Let X be a Banach space with the Daugavet property.
Then, every weak-star slice of Bx~ has diameter two. Equivalently, the norm of
X is extremely rough. In particular, the norm of X is not Fréchet differentiable at
any point.

The equivalent reformulation at the end of the corollary is well known (see
Lemma 2.10.6).

The next lemma will be the main ingredient in the proof of existence of copies
of ¢1 in every X € DPr.

Recall that according to Definition 2.8.5, for a subspace E of a Banach space
X and € > 0, an element x € Bx is (g, 1)-orthogonal to F if for every y € E and
tekK

ly + ta|| = (1 — &) (llyll + [¢])- (3.1.7)
LEMMA 3.1.14. If X € DPr then, for every finite-dimensional subspace Xg C X

and for every e > 0, each slice S of Bx contains a smaller slice S C S of Bx such
that every x € SN Sx is (g,1)-orthogonal to Xj.

PROOF. For § = /3 we may select a finite d-net {v1,...,v,} C Sx, of the
unit sphere Sx,. Applying repeatedly item (x) of Theorem 3.1.11, we obtain a
decreasing chain S = Sy D 51 D ... D S, of slices of Bx such that

vk + 2| >2-4 (3.1.8)



64 3. THE DAUGAVET PROPERTY

for all z € S),. Take S := S,; then (3.1.8) will hold true for all z € S and all
k=1,...,n. It remains to apply Lemma 2.8.7. U

The following lemma will be used a number of times in this text, as it allows us
to shift our efforts from slices to weakly compact sets, via the technique of convex
combinations of slices.

LEMMA 3.1.15 (Shvydkoy’s lemma [285, Lemma 2.2]). Let X € DPr, U C Bx
be a subset that contains a convexr combination of slices of the ball, o € Sx and
e > 0. Then there is z € U such that ||zo + z|| > 2 —e. In particular, by Bourgain’s
lemma 2.6.19, the result is applicable for every relatively weakly open § # U C Bx.

PROOF. Let Z;::l ASke C U be a convex combination of slices of Bx that
exists according to the conditions of the Lemma, where A\ > 0, Z;’;l Ar = 1 and
Sy, are slices of Bx. Fix & > 0 small enough in order to have 2(1 — &)™ > 2 —e¢.
Applying Lemma 3.1.14 to X := lin{zo} and the slice S}, we obtain S; C S; such
that the inequality (3.1.7) holds true for all y € Xo, = € $;NSx and ¢t € K. Take an
arbitrary z; € S, and denote X; := lin{xg, z1}. Now, we can apply Lemma 3.1.14
once more, this time to X; and the slice Sa; we obtain Sy C S5 such that (3.1.7)
holds for all y € X, z € S3 N Sx and t € K. Doing this step-by-step, we obtain a
collection of slices S, C Sy and elements x3, € S, k = 1,...,m, such that (3.1.7)
holds for all y € X1 = lin{zg,...,zx-1}, z € S’k NSx and t € K.

Let us show that z = Y ;" | Agzg € D po; A\ Sk C U is the promised element.

Indeed, by construction, for every j =1,2,...,m we have
j i1
xo + Z )\kxk = ||xg + Z )\kxk + )\jl’j
k=1 k=1
j—1
> (1 g)( To+ Y Aewk|| + |Aj|).
k=1

Putting these m inequalities in one chain we get the desired one:

||x0+z||>(1—§)m(1+2)\k):2(1—§)m>2—5. O
k=1

An immediate consequence of Shvydkoy’s lemma is the weak denseness of
Q(zo, ), strengthening assertion (vii) of Theorem 3.1.11.

COROLLARY 3.1.16. Let X € DPr. Then, for every xo € Sx and every e > 0,
the set

Q(wo,¢) ={y € Sx: [[xo +yll >2—¢}

is weakly dense in Bx.

Going to the bidual space, as a consequence of the Baire category theorem, we
may get the following two interesting corollaries.

COROLLARY 3.1.17. Let X be a Banach space with the Daugavet property.
Then, for every xg € Sx and every € > 0, the set
Q" (xg,e) :={a™ € Bx==: ||lxg + ™| > 2 —¢}

is weak-star relatively open and weak-star dense in Bx««. As a consequence, given
rg € Sx, the set
{z™ € Bxs=: ||xg + ™| = 2}
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is weak-star Gs dense.

PROOF. The weak-star openness of the sets Q**(x,¢) is consequence of the
weak-star lower semicontinuity of the norm of X**. The weak-star denseness is a
consequence of Corollary 3.1.16 and Goldstine’s theorem. Now, the Baire category
theorem implies that

{2 € Bx-+: o+ ™| =2} = () Q" (w0,1/n)
neN

is weak-star dense in Bx««, and it is clearly a G subset. O
For separable Banach spaces X, the result can even be strengthened.

COROLLARY 3.1.18. Let X be a separable Banach space with the Daugavet
property. Then, there is a weak-star Gs dense subset A of Bxs« such that

e+ 2 = [lzf + 1
for every x € X and every x** € A.

PRrOOF. By separability, consider a set {x,: n € N} which is norm dense in
Sx. For each n € N, the set

An = {2 € Byt |Jzn + 2™ = 2}

is weak-star G dense in Bx«+ by Corollary 3.1.17. Applying the Baire category
theorem once again, we get that A := [, Ay is also weak-star dense in By,
and it is clearly Gs. But it readily follows that ||z 4 z**|| = 2 for every x € Sx and
every z** € A. O

We will provide a sharper version of this result in Section 4.3.

It is immediate from the weak-star density of Bx in Bx++ and the weak-star
lower semicontinuity of the bidual norm that Corollary 3.1.17 actually characterises
the Daugavet property. Actually, the following result provides a weaker property
which is sufficient to get Daugavet points.

LEMMA 3.1.19. Let X be a Banach space and let x € Sx. Then, x is a Daugavet
point provided that for every y € Bx and every € > 0, there is a net (z3)xen in
Bx o weak-star converging to y and satisfying that

limsup ||z + 23| = 2 —e.

3.2. The very first circle of surprising results

We first note that, although the Daugavet property is of isometric nature, it
has strong isomorphic consequences.

THEOREM 3.2.1. Let X € DPr, then every convexr combination of slices of the
unit ball of X has diameter 2. In particular, every relatively weak open subset of
Bx and every slice of Bx has diameter 2.

Consequently, X fails the Radon-Nikodym property; indeed, X is not even
strongly regular and so fails the CPCP as well.

Strong regularity and the convex point of continuity property CPCP are gen-
eralisations of the RNP; one can find the definitions on page 283 below.
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PROOF. Let C be a convex combination of slices of Bx. A first application
of Lemma 3.1.15 shows that C' contains elements of norm arbitrarily closed to 1.
Fix € > 0 and consider z € C with ||z|| > 1 —e. Applying Lemma 3.1.15 again,
there is w € C such that ||z — u|| > 2 — €, hence the diameter of C' is greater than
2 —e. The arbitrariness of € > 0 provides the result. As every slice is also a convex
combination of slices and every relatively weakly open subset contains a convex
combination of slices by Bourgain’s lemma (see 2.6.19), the two particular cases
also follow. O

Most particularly, this theorem implies that every space with the Daugavet
property is infinite-dimensional and that reflexive spaces do not possess the Dau-
gavet property.

The next theorem is the very first sample result about the relationship between
the Daugavet property and its connection with £;-subspaces. It implies, in partic-
ular, that the dual space of a separable space X € DPr must be non-separable. We
refer to Definition 2.8.1 for the notion of an ¢;-type sequence.

THEOREM 3.2.2. FEvery separable X € DPr contains an ¢1-type sequence, so it
has a subspace isomorphic to {1.

PrOOF. Lemma 3.1.14 implies that Z = X and A = Sx satisfy the conditions
of Lemma 2.8.3. Consequently, Sx contains an ¢;-type sequence. Then, Lemma
2.8.9 gives us a subsequence equivalent to the canonical basis of ;. O

Let us remark that it will be demonstrated in Theorem 4.1.7 that every X €
DPr contains a separable subspace Y with the Daugavet property. This Y has
{1-subspaces, which means that the presence of /1-subspaces in all spaces with the
Daugavet property remains true without the separability assumption:

THEOREM 3.2.3. Every X € DPr has a subspace isomorphic to {1.

Let us mention that this result can be proved directly, without relying on the
separable determination of the Daugavet property (as it is done in [178, Theo-
rem 2.9]). Using Lemma 3.1.14 inductively, it is easy to construct a sequence of
vectors (en)nen and a sequence of slices S, := Slice(Bx,x},4™") with «} € Sx-
(n € N), satisfying that for every n € N, e, € S, and that every element of
Snt+1 N Sx is (47", 1)-orthogonal to lin{ey,...,e,}. The sequence (e,) is then
equivalent to the unit vector basis in ¢;.

Let us now provide a related result: the dual of a Banach space with the
Daugavet property contains isometric copies of ¢;. We first need a version of
Lemma 3.1.14 valid in the dual of a Banach space with the Daugavet property,
which is of interest by itself.

LEMMA 3.2.4. Let X be a Banach space with the Daugavet property, V a sep-
arable subspace of X*, and S* a weak-star slice of Bx«. Then, there is an element
x* € S*NSx~ which is quasi-codirected to all the elements of V', that is, the equality

% +v*]| =1+ [l
holds for all v* € V.

*

PROOF. Take a dense sequence (v}) in Sy and use repeatedly assertion (x)
of Theorem 3.1.11 to get a sequence (S};) of weak-star slices of Bx«, which we can
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consider weak-star closed and hence weak-star compact, satisfying that

1
2_ =
lz* + ol > 2 = —~

for all z* € S and k = 1,...,n. Clearly, any z* € [,y S;; (which is non-empty
by weak-star compactness) Works. (I

Now, an isometric copy of 1 can be produced in the dual of a Banach space
with the Daugavet property by an obvious inductive procedure (similar to the one
that we indicate in the paragraph after Theorem 3.2.3). We state the result for
future reference.

COROLLARY 3.2.5. Let X be a Banach space with the Daugavet property. Then
X* contains an isometric copy of £1. In particular, X* is neither strictly convex
nor smooth.

The next result reveals the most surprising feature of the Daugavet property.
Although the definition requires the validity of the Daugavet equation only for
operators of rank one, this equation is then automatically satisfied by all compact
operators (as in the original Daugavet theorem) and many other operators as well.
We will return to such kind of results many times at proper instances, but now
we are ready for the very first sample result of this type. Recall that the strong
Radon-Nikodym property of operators and corresponding geometric properties of
sets were addressed in Section 2.7 (see Theorem 2.7.12 and Definition 2.7.15).

THEOREM 3.2.6. Let X € DPr. Then, every strong Radon-Nikodym operator
T € L(X) (in particular, every compact or weakly compact operator) satisfies the
Daugavet equation.

PRrROOF. As we have already remarked, it is sufficient to consider the case of
|IT|| = 1. According to the definition of strong Radon-Nikodym operators, K :=
T(Bx) possesses the Radon-Nikodym property. Consequently, K is equal to the
closed convex hull of the set dent(K) of its denting points. Hence, for every € > 0
there is yo € dent K such that

lyoll > sup{llyll: y € K} —e =1—e.
By the definition of denting point, there is a slice S of K such that yg € S and
diam(95) < e.
By Proposition 2.6.5, the set S := T—1(S) N Bx is a slice of Bx. Then, for
every x € S, we have Tz € S and, consequently, |Tz — yo|| < &
Applying (iv) of Theorem 3.1.11 to z = % € Sx and to the slice S, we obtain

some g € S such that

o+ tll 2
1yl

Then ||zo + yol| = 2 — 0 — e > 2 — 2¢, and we have that
[1d +T|| = [[zo + Txoll = [lz0 + yoll = ITz0 — yol > 2 — 3.

It follows that ||Id 4+ T'|| = 2, since € > 0 was arbitrary. O
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3.3. Basic examples. The Daugavet property and duality

As we have already mentioned in the Preface and proved in Chapter 1, two basic
examples of spaces with the Daugavet property are C[0,1] and L1[0, 1]. Below we
shall prove these results in a somewhat more general form using the methods from
the present chapter.

We start with spaces of continuous functions. Given a locally compact Haus-
dorff topological space L, we write Cy(L) for the Banach space of those continuous
functions from L to K vanishing at infinity (i.e., they are uniform limits of contin-
uous functions with compact support). Observe that when L is actually compact,
Co(L) =2 C(L). Recall that a Hausdorff topological space is perfect if it does not
contain isolated points.

THEOREM 3.3.1. Let L be a locally compact Hausdorff topological space.
(a) If L is a perfect, then Co(L) € DPr.
(b) If L has an isolated point, then Cy(L) does not have the Daugavet property.

PROOF. (a) Let x € S¢,(z) and 2 € S¢,(r)-. Then there is a regular Borel
(signed or complex) measure p on L such that z*(z) = [, zdpu for all z € Cy(L).
Let to € L be a point at which |z(to)| = ||z|| = 1. For € > 0, find a non-empty open
set B C {t € L: |z(tg) —x(t)| < £/2} with |u|(B) < /4. (Indeed, by the absence of
isolated points and the Hausdorff condition, there is a disjoint sequence of non-void
open subsets By, of {t € L: |z(ty) —z(t)| < £/2}. By the countable additivity of the
measure ||, limy, o0 [4|(Bp) = 0, so B,, with n large enough can be taken as B.)

Take z € Cy(L) such that Rex*(z) = Re [, zdu > 1 — ¢/4, select t; € B and
define y € Bg,(r) in such a way that y(t1) = z(t1) and y|;\ 5 = 2|\ p (Tietze
extension theorem). Then

') =" () < [ o= ldu<er,
consequently Rex*(y) > 1 —e. Also,
[z 4+ yll = |o(t) +y(t)] = 2|x(t1)] = 2|x(to)| — 2[x(tr) — x(to)] > 2 —e.

By (ii) of Theorem 3.1.11, this completes the proof.
(b) Let t € L be an isolated point. Then 1y € Co(L). Consider the operator
T that maps each z € Co(L) to T(z) = 2(t)1y. This T is a rank-one projector
with || T|| = 1, but
Md=T|=1#14||T|. (]

It is now time to deal with spaces of integrable functions. Recall that an atom
of a measure space (2,%, 1) is a subset A € ¥ with u(A) > 0 such that whenever
A= BU(A\ B) with B € X, then u(B) =0 or u(A\ B) = 0. If the measure space
is o-finite, then it is immediate that atoms have finite measure. The measure space
(Q, %, 1) is non-atomic or atomless if there are no atoms.

THEOREM 3.3.2. Let (Q,%, 1) be a measure space.

(a) If (2,3, u) is non-atomic and finite or o-finite, then Li(u) € DPr.

(b) If (Q,%, 1) has an atom of finite measure, then Li(u) does not have the Dau-
gavet property.
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PROOF. (a) Let x € Sp,(,y and z* € S, (,y~. Recall that Li(u)* = Loo(u),
so x* can be considered as a measurable function ¢ € Loo(u) with |¢|lL., = 1.
For € > 0, find B € ¥ with u(B) > 0 such |o(w)| > 1 —¢/2 for almost all w € B
(here we use the definition of the norm in Le(p)) and find a smaller B C B with

w(B) > 0 such that / |z| du < /2 (here we use the non-atomicity of p). Pick
B

y € SL,(u) so that the support of y lies in B and Rexz*(y) > 1 — . Since, clearly,

||év+y||—/|x+y|du /\ ledu+/\x+y|du

/ledu**+/ \yldu**

the condition (ii) of Theorem 3.1.11 is fulfilled.

(b) Let A € ¥ be an atom of finite measure. Then, the restriction of any
z € Ly(p) on A is a constant function (a.e.). Consequently, the operator T' that
maps each z € Li(u) to T(z) = 214 is well-defined and a rank-one projector. For
this T, we clearly have ||T|| = 1, but

[Id=T||=1#1+|T]. O
Now, we are ready to approach the duality questions for the Daugavet property.

THEOREM 3.3.3.
(a) Let X be a Banach space such that X* € DPr. Then, X € DPr.

(b) C[0,1]* ¢ DPr. Consequently, there exists a Banach space X € DPr such that
X* ¢ DPr (namely, X = C[0,1]).

PRrOOF. (a) Let T' € L(X) be a rank-one operator, then T* € L(X™) is also
of rank one, so our assumption gives ||[Idx- + T™*|| = 1 + ||T*||. Consequently,
Idx + 7| = |[Idx~ + T*|| = 1+ ||T*|| = 1+ ||T||, which proves the Daugavet
property of X. (Cf. Lemma 1.3.5.)

(b) By the Riesz representation theorem, C[0, 1]* = M0, 1] (the space of regular
Borel (signed or complex) measures). Consider dp, the norm-one purely atomic
positive measure that is concentrated at the point 0. For every p € M|0, 1] denote
Tu = p({0})do. This T € L(M]0,1]) is a rank-one projector of norm ||T|| = 1, and
Id — T is a norm-one projector onto the subspace of those measures that do not
have an atom at 0, so

Md =T = 1# 1+ |T]|.
This demonstrates that M[0, 1] = C[0, 1]* ¢ DPr. O

Remark that there are also spaces X € DPr for which X* € DPr as well, so the
first statement of Theorem 3.3.3 does not deal with a void collection of spaces. A
good example is X = L0, 1]. Indeed, L1[0,1]* = L[0, 1], but L [0, 1] is isometric
to some C'(K) on a perfect compact K, so it possesses the Daugavet property. It
was Pelczynski who first remarked this fact and noticed that Theorem 3.3.2 may
be deduced from Theorem 3.3.1 using the duality argument; cf. Theorem 1.1.2 and
Corollary 1.3.4.

In connection with the above paragraph, the existence of a bidual space with
the Daugavet property remains open (see question (3.1) in Section 3.7).
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3.4. More examples. Li-Dispersed and L,-dispersed spaces

In this section we introduce two large classes of Banach spaces with the Dau-
gavet property, viz. the Li-dispersed and L..-dispersed spaces, which extend the
classes of non-atomic Li- and C(K)-spaces.

DEFINITION 3.4.1. Let X be a Banach space. A finite collection of subspaces
(Zr)}_, C X is said to be e-equivalent to their £, -sum if for every collection (zj)}_;,
2k € Zk,

n

(L =) D llall < |[D 2] < D M=l (3.4.1)
k=1 k=1 k=1

A Banach space X is said to be Lq-dispersed if for every x,g € Sx and € > 0 there
is a finite collection of subspaces (Zj)7_, C X which is e-equivalent to their ¢;-sum
such that z, g € lin(UZ:1 Zk) and in the corresponding representation z =y ;_, zj,
with zy € Zg, we have that ||zgx|| <efork=1,...,n

THEOREM 3.4.2. Every Li-dispersed Banach space X possesses the Daugavet
property.

PrROOF. Let us begin by fixing € Sy, * € Sx+ and § > 0. According
to condition (ii) of Theorem 3.1.11, our goal is to find some y € Bx such that
Rez*(y) >1—4d and ||z +y| >2— 4.

Choose some ¢ € (0,1) in such a way that 2(1 —€)? > 2 — ¢ and hence also
(1—e)?>1-34.

Let g € Sx be an element at which Rez*(g) > 1 —e. Let the subspaces
(Zi)p_; C X be taken from the above Definition 3.4.1 for these x,¢ and ¢, and
let @ = >0, ak, o € Zy with ||zx]| < &, and g = Y7, gk, 9k € Zk, be the
corresponding representations.

Then 1 = [lgll > (1 — &) 30—, llgel] and

Z llgx|| Re z* (”gk”> =Rez"(g) >1—c¢.

Consequently, there is j € 1,n such that Rez* (II H) > (1 —¢)? > 1—4. Denote

y = 2. Theny € Sx, Rez*(y) > 1 - § and, denoting A :=T,n\ {j}, we obtain
the following chain of inequalities:

T lletyll> Z lze +yell = llzj +yll + Y Il

keA
> lyll = Il 1+ > Nl
keA
Z lyll + 2] = 2llz;l > 2 — 2,
so |lz+yll >2 9. .

The next definition and the subsequent theorem provide a wide range of Dau-
gavet spaces that are similar to L;.

DEFINITION 3.4.3. A Banach space X is said to be ¢;-dispersed if for every
r € Sx and € > 0 there is a representation of X in the form of a finite £;-sum
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X = (D_; Xr) ¢, of its subspaces such that in the corresponding representation
x =Y ,_, Tk, where z € X}, we have that ||a)| < e for k=1,...,n.

We are now able to present the main examples of L;-dispersed spaces. The
spaces of type L1 were introduced in Definition 2.7.5.

THEOREM 3.4.4.

(a) Ewvery ¢-dispersed Banach space is Ly-dispersed, and consequently possesses
the Daugavet property.

(b) Let X be a Banach space, (2,3, 1) be a non-atomic measure space, then the
spaces Ly (i), L1(Q,%, 1), L1(u, X) and L1 (Q, %, u, X) are £1-dispersed and,
consequently, have the Daugavet property.

PROOF. The first statement is evident. For the second one, it is enough to
remark that as (2, X, 1) is non-atomic, for every f € L1(2, X%, u) and every € > 0
there is a finite partition Q = | |;_; Ay into measurable sets of non-zero measure in
such a way that fAk |f(®)|du(t) < e for all k. With this partition in hand, we can
write a representation Li (1) = (P _, Xk),,, where X}, consists of all Ag-supported
elements of Lq(p). The other spaces Y from the list can be dealt in a similar way,
taking for y € Y a positive f € L1(Q,3, u) that dominates y: ||y(¢)| < f(¢) for
almost all ¢ € Q. (]

Let us now deal with the L., counterpart of the above results.

DEFINITION 3.4.5. Let X be a Banach space. A finite collection of subspaces
(Zi)p_; C X is said to be e-equivalent to their {-sum if for every collection
(2k)j=1> 2k € Zk,

(14 ¢) max ||zl (3.4.2)
keT,n

X is said to be Loo—dz'spersed if for every z,g € Sx, every m € N and € > 0,
there is a finite collection of subspaces (Z;)7_; C X which is e-equivalent to their
Koo—sum such that z,g9 € lin(UZ:1 Zk) and Ehe corresponding representation
T =Y )_ Tk T € Zi, the set D := {k € I,n: ||zx]| > 1 — ¢} has at least m
elements.

LEMMA 3.4.6. Let (Zy)}_, C X be a collection of subspaces which is e-
equivalent to their {o-sum. Then for every collection (z){_,, zx € Zy fork € 1,n,

sz

in particular, (Zy)7_, is a linearly independent collection of subspaces.

(1 —¢) max ||zx], (3.4.3)

kel,n

PROOF. Pick j € T,n such that |z;|| = max; 7 [[2x]|. Denote Z, = 2 for
k # jand Z; = —z;. Then ||Z;|| = ||zx| for all k € 1,n, so

n
PIL

k=1

< (1+¢) max ||2]| = (1 +¢)]|2]-
kel,n
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Now,
n n n
>z = (D0 2+ 22| = 20zl - D] &
k=1 k=1 k=1
2%%H—ﬂ+fW%H=O—fN%H=O—EHg%WML O

THEOREM 3.4.7. Every L -dispersed Banach space X possesses the Daugavet
property.

PRrROOF. As before, for given x € Sx, z* € Sx« and § > 0, our goal is to find
y € X such that ||y|| <146, Rez*(y) > 1—¢ and ||z +y| > 2 — 0 (here we use
Remark 3.1.12).

Choose € € (0,1) and m € N in such a way that

1 21
1+ <140 and e+ —-1F
— &

ml—e
Let g € Sx be an element at which Rez*(g) > 1—¢ and let subspaces 71, ..., 2, C
X be taken from the above Definition 3.4.5 for these x,g, m and €. Let x =
Sor_ixk, and g =Y 1 Gks Thy Gk € Zj, be the corresponding representations, and
so that the corresponding D = {k € 1,n: ||xg|| > 1 — £} has at least m elements.
Taking into account that, thanks to Lemma 3.4.6,

2(1—¢)?>>2—4, <.

1 1
— — 3.4.4
ol < 7= llgell < T— (3.44)

and consequently |gr — x| < {2 for all k € T,n, we have the following estimate:

Z [Rez*(gr — xzx)| = meRex* (Z +(gx — mk)>

keD keD

> H(gr — 1)

keD

1+¢

2 .
< 1—c¢

< miax

Hence, there is j € D such that

N 21+¢
[Rea™(g; —aj)l < — 31—

Denote y = g + (z; — g;). In other words, if y = >}_, yk, yx € Z, is the
corresponding representation, then y; = x; and y, = gy for k # j.

Let us check that this y is what we need. The /s-equivalence condition (3.4.2)
and inequalities (3.4.4) imply that

1+e¢
Iyl < (1 + &) max [ye]| < <1+4.
kel,n 1-—
Next,
21
Rez*(y) = Rex™(g9) + Rea™(z; —g;) > 1—¢ — —1+€ >1-29.
ml—e

Finally, taking into account that j € D, we deduce that

T eyl = Nl + y5ll = 2yl > 201 —e),

so |lz+yll >2-6. O
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A straightforward application of the above theorem is the Daugavet property
of non-atomic L, spaces (in both the scalar- and vector-valued case).

DEFINITION 3.4.8. A Banach space X is said to be (. -dispersed if for every
x € Sx, every m € N and € > 0 there is a representation of X in the form of a

finite foo-sum X = (@Z:l X k) , of some subspaces such that in the corresponding

representation = Y ;_, xy, zx € Xy, the set D := {k € 1,n: ||lzx| > 1 — ¢} has
at least m elements.

REMARK 3.4.9. Evidently, every {,-dispersed space is L,-dispersed, and con-
sequently possesses the Daugavet property. Also, in the above definition one may
always take n = m. Indeed, take some distinct k; € D, j € 1,m, and denote

X, = (eakeﬁ\{kz,kg,...,k,,L}Xk>£ , put X; = Xy, for j € 2,m and write a new

representation X = (@;":1 X j)e . The possibility of n being greater than m is left
in the definition because this Wayoowe have a bit more flexibility when demonstrating

this property for concrete spaces.

THEOREM 3.4.10. Let X be a Banach space, and let (Q,%, 1) be a non-atomic
measure space. Then the space Lo (, X) is Loo-dispersed and consequently has the
Daugavet property. In particular, Lo (1) € DPr.

PROOF. Fix x € Sp_(u,x), m € N and € > 0. Then, there is a set A € X of
positive measure such that ||z(t)|| > 1 —«¢ for all t € A. By the non-atomicity, there
is a finite partition A = | |]* ; Ay into measurable sets of non-zero measure. Denote
Apy1 = Q\ A. Take n = m+ 1 and Zj, consisting of all Agx-supported elements of
Loo(pt, X), k=1,...,n. Then Loo (11, X) = (Dj—, Zk),_, and all the conditions of
Definition 3.4.8 are satisfied. (]

A little bit more work is needed in order to deduce the Daugavet property of
spaces of continuous functions from Theorem 3.4.7. This is so because not even
C[0,1] is ¢oo-dispersed; hence we need to work with the technically less convenient
L.-dispersity.

Recall that a topological space € is said to be completely reqular if for every
closed subset C' C 2 and every point ¢ € Q\ C, there is a continuous function ¢:
Q — [0,1] such that ¢(t) = 1 and ¢(C) = {0}. Every compact or locally compact
Hausdorff topological space is completely regular.

The next result extends the original Daugavet theorem about the Daugavet
property of C[0, 1] and of C(K) on perfect compact spaces K (i.e., compact Haus-
dorff topological spaces without isolated points) to a wide range of spaces of vector-
valued functions. The first step in this direction was taken in [173, Theorem 4.4].
We need some notation. Given a Banach space X and a completely regular topologi-
cal space Q, Cp (€2, X) denotes the Banach space of all bounded continuous functions
acting from 2 to X equipped with the standard sup-norm. If L is a Hausdorff lo-
cally compact topological space, Cy(L, X) denotes the closure in Cy(£2, X) of the
space of those functions with compact support (recall that a locally compact Haus-
dorff space is completely regular by virtue of Urysohn’s lemma). If K is a compact
Hausdorff topological space, then we write C(K, X) = Cy(K, X) = Cp(K, X).

THEOREM 3.4.11. Let X be a Banach space,  be a completely reqular Haus-
dorff topological space without isolated points. Then, Cy(, X) is Lo -dispersed and
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consequently has the Daugavet property. Besides, the same happens with Cy(L, X)
if L is a locally compact Hausdorff topological space without isolated points. In par-
ticular, if K is a perfect Hausdorff compact topological space, then C(K,X) € DPr.

PRrOOF. We first deal with the case of Cy(Q2, X). Fix x,9 € S¢,,x), m € N
and € > 0. Choose € € (0,¢) in such a way that 1; < 1+4e¢. Denote Y :=lin{z, g}.

By the standard argument that uses finite d-nets in Sy (for example, one may apply
Theorem 1 of [156, Section 17.2.4] with G := {y* 0 0;: y* € Sy~, t € Q}), there is
a finite subset A C 2 such that for every f € Y

max [[f(#)] = (1 = &)1 (3.4.5)

Select a finite set {tx: k = 1,...,m} of distinct elements in Q \ A in such a way
that ||z(tg)]] > 1 —&, k € 1,m (here we use the absence of isolated points), disjoint
open neighbourhoods U C 2\ A of t, and finite subsets Ay C Uy with t; € Ay,
in such a way that for every f € Y

max [|f()]] > (1 —€) sup £ @I (3.4.6)

Using complete regularity, select continuous functions ¢p: Q@ — [0, 1] such that
or(Ar) = {1} and pp(Q\ Ux) = {0}, k € 1,m. Denote @pmi1 = 1 — > 1o, ¢k,
Upnt1 = Q\ Up_, Ax and define n = m + 1. With this definition, 377, ¢; = 1,
¢; =0 for all j € I,n. The requested Zy, k € 1,n, are defined as follows:

Zk = {(pkfi f S Y}

It remains to verify the conditions of Definition 3.4.5.

Let us start with the e-equivalence of (Zy)7_, to their . -sum. For every
collection (zx)7_,, zx € Z, we may write them in the form of zp = 4 fr with
fr € Y. By our construction, for k € 1, m we have

2]l = sup wr (t)] fx(t)]] = sup @k( )Lfx(@)]

teUy

= sup [|fx(@)] = (1 = 5) sup [|.f()]-
teUy

teAy

Analogously,
Izl = Sup en@fn @Ol = (L =) full = (1 —2) sup [ @)]-

Consequently,

n
>z SUPZQ% sup || fi(t)]|
k=1

teQ k=1 teUy

= sup

> on(t) filt)
k=1

< max sup | fr(?)[| < (1 +¢) max [|z].
kel,nteUy keln

With this, the e-equivalence of (Zj)7_, to their £, -sum is demonstrated.

For each f € Y we have f = 2?21 Yy € lin(UZ:1 Zk) so, in particular,
z,9 € lin(Uy_, Zx). Finally, in the representation = Y_;'_, 4, z) € Z, we have
xr = o, s0 ||zk|| = @k (tr)||z(te)|| > 1 — ¢ for k € 1,m, so the set D :={k € 1,n:
lzkl] > 1 — e} contains 1, m.

Observe that the previous proof can be adapted to the case of Cy(L,X) as
Urysohn’s lemma allows one to find the functions ¢, k¥ € 1,m, with compact
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support, and this assures that when starting with z, g € Cy(L, X), all the functions
involved in the proof are also in Co(L, X). O

Although the above demonstration is ideologically valuable, ironically, a direct
proof of the Daugavet property for C,(Q, X) and Cy(L, X) can be given in a much
shorter way. Let us present it as well.

AN ALTERNATIVE PROOF. Fix y € Sy, y* € S¢,(k,x)- and ¢ > 0. Select
z € Sc,(k,x) With Rey*(2) > 1—¢. Let to € K be a point at which [y (to)|| > 1 —e¢,
and let U C K be an open set such that ||z(¢) —2(to)|| < € and ||y(t) —y(to)| < € for
all ¢ € U. Using the absence of isolated points and the complete regularity, we may
pick a sequence of nonnegative functions (f,) C Sc(x) whose supports are disjoint
and lie in U and points ¢, € U with f,(t,) = 1. It is plain that for any selection
of w, € X, the sequence (w, f,) in Cy(K, X) is equivalent to the canonical basis of
co and, in particular, it tends weakly to 0.

Then, the sequence v, = (y(to) — 2(to))fn tend weakly to 0 as n — oo, so
y*(vn) — 0. Consequently, Rey*(z + v,) > 1 — € when n is big enough.

Let us remark that ||z + v,]| < 1+ e. Indeed, for t € K \ suppwv, we have
|(z 4+ vn)(t)] = |2(t)|] < 1, and for t € supp v, we know that ||z(t) — z(to)]| < ¢, so

1z + )OI < [[2(t0) + vn (Bl + €
= [ly(to) fu(t) + 2(to) (1 = fu(®))[| + e <1 +e.
Also,
1((z +vn) + ) (tn)|
[2(t0) + y(to) + vn(tn)ll — 2¢
12y (to)|| — 2 = 2 — 4e.

1z +vn) +yll =
>

Hence, denoting h = 2z + v, with n big enough, for given y € S¢,(x x), ¥* €
Sc,(k,x)+, and € > 0, we obtain the existence of h € Cy(K, X) that satisfies the
conditions Rey*(h) > 1—e¢, ||h|| < 1+¢€ and ||h+y| > 2—4e. According to Remark
3.1.12, this ensures the Daugavet property of Y.

Again, the case of Cy(L,X) follows in the same way as we may choose the
functions f,, n € N, with compact support (by Urysohn’s lemma). O

Remark that it is easy to verify that the classes of ¢;- and L;-dispersed spaces
are stable with respect to £1-sums, and {.- and L..-dispersed spaces are stable
with respect to f.-sums. Later, we will demonstrate that the Daugavet prop-
erty itself is stable with respect to both ¢1- and ¢..-sums (see Corollary 7.4.6 and
Corollary 7.2.5).

We conclude the section with a duality result which gives a hint at “why”
the dual of L]0, 1] has the Daugavet property, although in general the Daugavet
property does not pass to the dual space.

THEOREM 3.4.12. Let X be an ¢1-dispersed Banach space. Then, X* is lyo-
dispersed and hence has the Daugavet property.

PrROOF. Fix z* € Sx+, m € N and ¢ > 0. Select § € (0,¢) so small that
(e = 8)/6 = m and choose © € Sx such that 2*(x) € (1 — 4,1]. According to the
definition of ¢;-dispersity, there are n € N and a representation of X in the form
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of X = (P;_, Xk),, such that, in the corresponding representation, x = Y heq Tk
where z, € X}, with ||zx]| < dfor k=1,...,n

Then, by a standard duality argument, X* identifies with (P} _, X}) ¢ Our
goal is to check that, in the corresponding representation, x* = ZZ:1 x5, x5 € X;,
and the set D := {k € I,n: ||z}|| > 1 — ¢} has at least m elements.

Indeed, denote by |D| the number of elements in D. Since ||zx| < ¢ and
Y oketm okl = llzll = 1, we have

1— z":x;; (z1)
k=1
<Y )+ Y |k ()]

keD kel,n\D
<D+ (L—e) >
kel,n\D
<O|D|+ (1 —¢).
This means that |D| > (¢ — §)/d = m, and the job is done. O

3.5. Further examples of Banach spaces with the Daugavet property

Our aim in this section is to provide many examples of Banach spaces with
the Daugavet property which complement those of Sections 3.3 and 3.4. Actually,
we will characterise the Daugavet property in some natural families. We divide
this section into three subsections devoted, respectively, to C*-algebras and von
Neumann preduals, to uniform algebras and preduals of L;(u) spaces and, finally,
to representable Banach spaces.

3.5.1. C*-algebras and von Neumann preduals. We start with a useful
sufficient condition for the Daugavet property which will be the key to characterise
the property for C*-algebras and von Neumann preduals.

THEOREM 3.5.1. Let X be a Banach space such that there are two one-norming
subspaces Y and Z of X* such that X* =Y &1 Z. Then, X has the Daugavet
property.

PrROOF. We fix g € Sx, fo € Sx~ and € > 0. We write fo = yg§ + 2§ such
that y§ € Y, 25 € Z, ||foll = llvdll + llz5]l. Take z* € Bz N Slice(Bx+,xg,€/2)
(which is not empty since By is weak-star dense in Bx~). Clearly, ||z*| > 1 —¢/2.
As By is also weak-star dense in Bx+ and z* € Slice(Bx+,xg,£/2), we may find
a net (y3)aea in By N Slice(Bx+,xo,¢) for which z* is its weak-star limit. Now,
since (y% + y5)ren weak-star converges to z* + y§ and the norm is weak-star-lower
semi-continuous, we get that

lminf{lyx +woll = 2" +yoll = [12°] + llgoll > 1+ llwoll — /2.
Therefore, we may find g such that

Iy +woll = 1+ llygll — /2.

Finally,

1o+ w5l = 15 +93) + =51 = llyé + vl + N3]
>1+ |yl —e/2+ ||lzgll =2 —e.
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As we already have that Reyy,(z9) > 1 — € since y;, € Slice(Bx~, o, ¢), X has the
Daugavet property by item (ii)* in Theorem 3.1.11. O

Just using the Goldstine and Krein-Milman Theorems, we obtain the following
useful particular case. We refer to Subsection 2.9.2 for the basics on L-embedded
spaces.

COROLLARY 3.5.2. Let X be a non-null L-embedded Banach space without ez-
treme points. Then, X* (and hence X ) has the Daugavet property.

PrROOF. By definition, X** = X ®; X, for some subspace X;. On the one
hand, since Bx has no extreme points and ext(Bx«~) = ext(Bx) Uext(Bx,) (see
Remark 2.9.10), we have ext(Bx++) = ext(Bx,), and the Krein-Milman Theorem
gives us that Bx, is weak-star dense in Bx«~. On the other hand, Goldstine’s
Theorem gives us that Bx is weak-star dense in Bx««, and then the result follows
from Theorem 3.5.1. O

Let us present some immediate consequences of the above result.

COROLLARY 3.5.3. If X is a non-null L-embedded space with ext(Bx) = 0
andY C X is also an L-embedded space, then (X/Y)* (and hence X/Y ) has the
Daugavet property.

PROOF. On the one hand, X/Y is a non-null L-embedded space by [133, Corol-
lary IV.1.3]. On the other hand, [133, Propositions IV.1.12 and IV.1.14] give us
that ext(By,y) = (). Therefore, Corollary 3.5.2 applies. O

As a particular case of the above corollary we have the following result.

COROLLARY 3.5.4. If Y is an L-embedded space which is a subspace of L1 :=
L1[0,1], then (L1/Y)* has the Daugavet property. In particular, (L1/Y)* has the
Daugavet property for every reflexive subspace Y of L1 and so do H*> and its
predual Ly /H{.

PROOF. The space L is an L-embedded space with ext(Br,) = 0, so the result
follows from Corollary 3.5.3. For the particular cases, reflexive spaces are trivially L-
embedded and the space H} C L; is an L-embedded space (see Example 2.9.8). O

Let us now apply the results of this section to C*-algebras and von Neumann
preduals. Recall that a C*-algebra is a complex Banach algebra A with an in-
volution, *, satisfying that ||z*z| = ||z||? for every 2 € A (hence, in particular,
lz*]] = ||z|| for every x € A). A projection in A is an element p € A such that
p* = p and p?> = p. A projection is said to be atomic or minimal if p # 0 and
pAp = Cp. When no minimal projections exist, we say that the C*-algebra A is
diffuse or non-atomic. A von Neumann algebra is a C*-algebra which is (isometri-
cally isomorphic to) a dual Banach space. The unique predual of a von Neumann
algebra A is denoted by A,.

Let us start by characterising the Daugavet property for preduals of von Neu-
mann algebras, which is a consequence of Corollary 3.5.2 and some known results
on the geometry of von Neumann algebras and their preduals.

THEOREM 3.5.5. Let A be a von Neumann algebra and let A, be its unique
predual. Then, the following assertions are equivalent:
(i) A€ DPr.
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(ii) A, € DPr.
(iii) Ewery nonvoid relatively weakly open subset of Ba, has diameter two.
(iv) The norm of A is not Fréchet differentiable at any point.
(v) The norm of A is not smooth at any point.
(vi) Ba, has no strongly exposed points.
(vil) Ba, has no extreme points.
)

A is diffuse.

PROOF. (i) = (ii) is clear. (ii) = (iii) is a consequence of Lemma 3.1.15. (iii)
= (iv) is clear by Shmulyan’s test (Lemma 2.10.5). (iv) < (v) is a consequence of
[289, Theorem]|. (iv) < (vi) is again Shmulyan’s test. (vi) < (vii) is a consequence
of [290, Theorem on p. 342]. (iv) < (viii) is a consequence of [289, Theorem].

Finally, (vii) = (i) follows from Corollary 3.5.2 as von Neumann preduals are
L-embedded, see Example 2.9.8. O

The Lo (u) spaces are examples of commutative von Neumann algebras, so
the previous theorem applies to their preduals Li(u). We can view then Theo-
rem 3.5.5 as a non-commutative generalisation to Lozanovskii’s Theorem 1.2.1 and
its generalisations to L (p) when p is atomless (see Theorems 3.3.2 and 3.4.4).

The characterisation of the Daugavet property for C*-algebras is a little harder
to get.

THEOREM 3.5.6. Let A be a C*-algebra. Then, the following assertions are

equivalent:

(i) AeDPr.

(ii) The norm of A is not Fréchet differentiable at any point.
(iii) A s diffuse.

PRrROOF. (i) = (ii) follows from Corollary 3.1.13.

By [290, Theorem 4.1], A has minimal projections if and only if the norm of A
is Fréchet differentiable at some element of A. This shows (ii) < (iii).

Let us finally prove that (iii) = (i). By the general theory of C*-algebras,
A** is a von Neumann algebra with (unique) predual A*. Write Z for the norm
closed linear span of the extreme points of By«. It is known that there is a closed
subspace W of A* such that By has no extreme points and A* = Z &, W (it is a
consequence of the “splitting into atomic and non-atomic parts” of the state space
of a JBW-algebra, see [20, Corollary 5.8] where it is claimed that the result is well
known for C*-algebras; an explicit formulation can be found in [113, Theorem 1 on
p. 84] in the setting of JB*-triples). Then, A** = Z @, W, where Z = W+ = Z*
and W = Z+ = W* are von Neumann algebras which are actually ideals of A**
(that is, ZA*™ C Z and WA*™ C W and the same when multiplying from the
right). Write 7z: A** — Z and mp: A** — W for the natural projections, which
are algebra homomorphism. Observe that Z is one-norming for A as it contains
ext(Bax). We claim that W is also one-norming for X and this will give (i) by
using Theorem 3.5.1. Indeed, write Y = AN Z which is a closed ideal of A, so it
has no minimal projections (since minimal projections of an ideal lift to the whole
of A which is diffuse). Next, it is routine to show that Y** is contained in Z, hence
Y™* is the predual of an atomic von Neumann algebra, so Y* has the RNP [70,
Proposition 3.7], and Y is Asplund. But then, if Y # {0}, the norm of Y is Fréchet
differentiable on a dense (hence nonempty) subset and this would imply that Y has
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minimal projections by [290, Theorem 4.1], a contradiction. Therefore, Y = {0}
and so myy o J4 is injective. Being an algebra homomorphism, it is actually an
isometric embedding, so for every x € A,

]l = lmw (Ja(@))ll = sup{ [(mw (Jx (z)),2")|: =" € Bx-}
and, as W = Z1, we have
= sup{|(mw(Jx (x)), z*)|: 2* € By } = sup{|z*(z)|: 2* € Bw }.

This proves that W is one-norming for A, as desired. (]

Commutative C*-algebras are just Co(L) spaces for locally compact Hausdorff
spaces L, hence the above theorem reproves the known fact that Co(L) has the
Daugavet property if and only if L has no isolated points; cf. Remark 1.4.5.(2)
or Theorem 3.3.1. Also, it is immediate from the above theorem that neither
L(H) nor K(H) have the Daugavet property when H is a Hilbert space, since
both C*-algebras are atomic, hence not diffuse. As all minimal projections in
L(H) actually belong to K(H), it is reasonable to think that the Calkin algebra
Q(H) = L(H)/K(H) has the Daugavet property: this is the case, as Q(H) even
lacks abelian elements (i.e., positive elements a such that aQ(H)a is commutative),
see [245, pp. 191-192].

COROLLARY 3.5.7. For every infinite dimensional Hilbert space H, the Calkin
algebra over H, Q(H) := L(H)/K(H), has the Daugavet property.

3.5.2. Norming #£;-structures: L;-predual spaces and uniform alge-
bras. Our aim is to characterise the Daugavet property in a wide class of Banach
spaces which includes isometric preduals of L;-spaces and uniform algebras.

DEFINITION 3.5.8. A Banach space X has a norming ¢1 -structure if there exists
a subset A of Sy« which is one-norming for X such that Ka* is an L-summand of
X* for every a* € A.

Some remarks on this definition need to be mentioned and will be useful in the
sequel. Item (e) below justifies the name “norming ¢;-structure.”

REMARKS 3.5.9. Let X be a Banach space with norming ¢, -structure witnessed
by A C Sx=.
(a) Given a* € A, since Ka* is an L-summand of X*, it follows that there is
an L-projection Py«: X* — X* such that P,«(X*) = Ka*. Hence, X* =
Ka* @1 ker Py«
(b) It is immediate from (a) that a* € ext(Bx~) for every a* € A (see Re-
mark 2.9.10). On the other hand, the fact that A is one-norming means that

ext(By-) ¢ TAY withT = {\ e K: || = 1}.

(¢) Given aj,...,a} € A pairwise linearly independent and Ay,..., A, € K, one
h
as n n
S heai = 3
k=1 k=1

In particular, {a},...,a}} is linearly independent.

(d) We may always suppose, modifying the set A if needed, that the elements
in A are pairwise linearly independent (which is equivalent to being linearly
independent by (c) above).
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(e) If A is taken pairwise linearly independent, then writing Y = lin(A), we have
that Y = ¢1(A) and X* =Y @, Z for some subspace Z of X*.

PROOF. (a) is just the definition of an L-summand and (b) follows from Re-
mark 2.9.10. (c) follows from Lemma 2.9.4.

(d) An easy way is the following: fix a{* € ext(Bx~) and observe that
|z§*(a*)] = 1 for every a* € A. For each a* € A, pick 0, € T such that
25" (0a+a*) = 1. Now, the set

A =A{l,-a": a* € A}

is pairwise linearly independent and TA’ = TA, hence A’ is one-norming and
Kf,+a* = Ka* is an L-summand for every 6,-a* € A’.

(e) That Y = ¢1(A) follows from item (c). By Proposition 2.9.3, the set of
L-projections on X* forms a complete Boolean algebra; so, in particular,

P :=sup{P,-: a* € A}

is an L-projection. As it is shown in Lemma 2.9.4, P« Py« = 0if a*,0* € A, a* # b*,
so it is routine to show that P = }_ ._, Py~ pointwise, hence P(X*) C Y. On
the other hand, P(a*) = a* for every a* € A, hence Y C P(X*). It is enough to

consider Z = ker P to get that X* =Y & Z. O

The following result gives some equivalent reformulations of the previous con-
cept.

PRrROPOSITION 3.5.10. Let X be a Banach space. Then, the following are equiv-
alent:

(i) X has a norming {1-structure.
(il) X* XY @1 Z such that Y = ¢1(T") for some set T and is one-norming for X.

(iii) X s nicely embedded into a Cy(S)-space, that is, there is a Hausdorff topo-
logical space S and an isometric embedding J: X — Cy(S) such that for all
s € S the following properties are satisfied:
(N1) for ps := J*(ds) € X* we have ||ps]| =1,
(N2) Kps is an L-summand in X*.

PROOF. (i) = (ii) is just item (e) of Remark 3.5.9.

(ii) = (i) is immediate, as the composition of two L-projections is again an
L-projection.

(i) = (iii). Suppose that X has norming ¢;-structure witnessed by a set A C
Sx«. Let S be the set A endowed with the restriction of the weak-star topology
and define J: X — Cp(S) by [J(z)](a*) = a*(z) for every a* € S and every
x € X. As A is one-norming, it follows that J is an isometric embedding. Moreover,
Par = J*(dq+) = a* € X* has norm one and Kp,» = Ka* is an L-summand by
definition of a norming ¢;-structure. Hence, (N1) and (N2) hold.

(iii) = (i). Consider A = {ps: s € S}. Observe that A C Sx» by (N1) and
that Ka* is an L-summand in X* by (N2). Besides, A is one-norming since J is an
isometry. O

Let us present the main examples of Banach spaces with a norming ¢;-structure.
The first family of examples is the one of isometric preduals of L;(u) spaces, also
known as isometric Ly -preduals.
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EXAMPLE 3.5.11. Isometric preduals of L;(u) spaces have norming ¢;-
structure.

PROOF. Let X be a Banach space such that X* = L;(u) and let A = ext(Bx~),
which is one-norming by the Krein-Milman Theorem. Recall that the extreme
points of the unit ball of an L; () space are of the form 9;&;‘1) where § € T and A
is an atom of p with 0 < p(A) < oco. It readily follows that when fo € ext(Br, (u)),
then Kfy is an L-summand of Ly (). Actually, Lq(u) = Kfy &1 Z where Z is just
the subspace of those functions of Lq(u) whose supports do not intersect A, and

the projection is given by P(f) = ﬁ [ f14 for every f € Ly(p). O

The second family of spaces having a norming ¢;-structure is the one of uniform
algebras. Recall that a unital uniform algebra is a closed subalgebra X of C'(K) for
a compact Hausdorff topological space K that separates the points of K (that is,
if t # s in K, there exists f € X such that f(¢) # f(s)) and contains the constant
functions. The Choquet boundary of X is

0X :={s € K: d4|x € ext(Bx~)}
endowed with the topology induced by K.

REMARK 3.5.12. By the Hahn-Banach and Krein-Milman theorems, and the
well-known description of the extreme points of Bo (), it is immediate that

ext({z* € Bx+: 2"(1) = 1}) = {&|x: s € 90X}

and that
ext(Bx~) = T{0s]|x: s € 0X}.

We refer the reader to [249, Chapter 6] for background. Consider the operator
J: X = Cuo(0X) by J(f) = flox for every f € X and let us see that X is
nicely embedded into C,(0X) by means of the map J. It is well known that
for every f € X there is s € 90X such that |f(s)| = ||f|| [249, Proposition 6.3]
(that is, that the Choquet boundary is a boundary in the sense introduced on
page 14). In particular, J is an isometric embedding. Besides, for every s € 0X,
ps := J*(0s) = ds|x has norm one, so (N1) holds. Moreover, it is also known that
Kds is an L-summand in X* [136], [133, Th. V.4.2]. Therefore, the following result
follows.

EXAMPLE 3.5.13. Every unital uniform algebra X has a norming ¢;-structure.
Moreover, X is nicely embedded into Cp,(0X) by means of the isometric embedding
J: X — Cy(0X) defined by J(f) = flox for every f € X and p, := J*(ds) = ds|x
for every s € 0X.

Our next result describes Daugavet points of a space with a norming /;-
structure. We need some notation. Given a Banach space X and x € Sx, we
write

ext! (Bx+) := {z* € ext(Bx+): Rex*(z) = |z*(x)|}.
Observe that Text} (Bx+) = ext(Bx«). We write
D(X,z) :={z" € Sx+: 2" (x) =1} = {a" € Sx~: Rez"(z) =1}
for the set of states of the point x € X.

THEOREM 3.5.14. Let X be a Banach space with norming {1 -structure witnessed
by A C Sx«. Then, the following assertions about a point x € Sx are equivalent:
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(1) = is a Daugavet point.
(2) For every e > 0, the set

{a* € A: |a*(z)| > 1 —¢€}
contains infinitely many (pairwise) linearly independent elements.
(3) D(X,z) N (extf (Bx-),w*) # 0, that is, D(X,z) contains a weak-star

cluster point of ext} (Bx~).
(4) For every y € Bx, there exists a sequence (") C Bx«~ satisfying that

limsup,, ||z — z*|| = 2 and that
> Az —y)|| < 2max{ |\, A}
k=1

for every m € N and all \q, ...,
from co to X** defined by T(e,)
with | T < 2).

(5) For every y € Bx there exists a sequence (z3*) C Bx»~ satisfying that
limsup || — 25| = 2 and that () — y weakly.

(6) For every y € Bx there exists a sequence (z3*) C Bxs~ satisfying that
limsup || — || = 2 and that () — y in the weak-star topology.

Am € K (that is, the linear operator T
= —y for all n € N is continuous

PROOF. (1) = (2). Suppose that (2) does not hold. This means that there is
0 < gp < 1 such that the set

B={a"€ A |a"(z)| >1—¢eo}
is finite up to rotations. By taking a smaller ¢y if needed, we actually have that
there are a},...,af € A and 6,,...,0; € T such that §;af(x) =1fori=1,...,k

and
la*(z)| <1—¢eog fora” e A\T{aj,...,a;}.

Define z* = %Zle 0;aF € X* and observe that ||z*|| = 1 since z*(x) = 1. We
claim that ||z — y|| < 2 — & for every y € Slice(Bx,z*, £2), which shows that (1)
fails by the definition of Daugavet point. Indeed, a convexity argument shows that
Re®;a;(y) > 1— % for every i = 1,...,k, so, in particular,

|ai (z — y)| = [0iai (x — y)| = |1 = Oiaj (y)| < Veo.
For a* € A\ T{aj,...,a}}, we have that
la*(z —y)| < [a" (@) + |a*(y)| S L -0 +1=2— <.
As A is one-norming, we deduce that
|z — y|| < max{\/e0,2 — &0} =2 — ep,

as desired.
(2) = (3). Pick a sequence (a}) of (pairwise) linearly independent elements of
A and a sequence (0,,) in T such that

Oty (@) = |a(@)| > 1 - L.
Then, 0,a}, € ext} (Bx+) for every n € N. The set {0,,a}: n € N} being infinite,
0 # {0pa’: n € N} Cext!(Bx-).
Clearly, any element in {0,a%: n € N}’ belongs to D(X, x).
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(3) = (4). Since D(X,x) Next; (Bx+)" # 0, we may find a sequence (a}) of

n
pairwise linearly independent elements of A and a sequence (6,,) in T such that

* * 1
Onar(z) = lay(z)] > 1— e
For every n € N, consider the L-projection P, such that X* = Ka; ®; ker P, of
Remark 3.5.9(a). Define the linear functional z3*: X* = Ka? @1 ker P, — K by

2" (Aay, +27) = =0 + 27 (1)
Clearly,
27" (Aag, +27) [ < [AL+ [27(W)] < AL+ (127 = [[Aag + 271,
hence z;* is continuous and, actually, z;* € Bx«+. Let us show that the sequence
(22*) fulfills our requirements. On the one hand,

1
o= 2371 > [6ns () — 25 (Onas)] = [Ipsn (2)] +1 > 2= —.

It follows that lim sup || —x*|| = 2, as desired. On the other hand, pick m € N and
Ay oy Am € Ko We consider P = Py + - -+ + P, and use Lemma 2.9.4 to get that
P is an L-projection, that X* = P(X*) @, ker P, that ker P = (", ker P, and
that Bp(z) = aconv({psl, .. 7psn}). With this in mind, and taking into account
that x7*(2*) — 2*(y) = 0 whenever 2* € ker P C ker P, for k = 1,...,m, we have
that

= sup
j=1,..;m

> Az - ) > M(@h (ps,) = ps, ()| -
k=1 k=1

But now, as z;*(ps,) — ps, (y) = 0 whenever k,j € {1,...,m} with k # j, it follows
that

m

S Aelait — )

= maXmP\J (x;*(pSJ> - ij (y>) ‘
k=1 ,

Jj=1,..

< max [ (|57 (b)) + ps, (9)])| < 2 max [
(4) = (b) is immediate since the basis (e,) of ¢y converges weakly to 0, hence
(T(en) +y) = (z*) converges weakly to y.

(5) = (6) is obvious.
Finally, (6) = (1) follows from Lemma 3.1.19. O

An interesting consequence of the above theorem is the following characterisa-
tion of the Daugavet property for nicely embedded spaces. We need the following
definition.

DEFINITION 3.5.15. Given a Banach space X, we define an equivalence relation
in ext(Bx~) by f ~ g if and only if f and g are linearly dependent. We write Ex to
denote the quotient space ext(Bx~)/~ endowed with the quotient topology of the
weak-star topology. Write m: ext(Bx~) — Ex to denote the quotient projection,
which is onto, continuous and open when ext(Bx-) is endowed with the weak-star
topology.

COROLLARY 3.5.16. Let X be a Banach space with a norming {1-structure.
Then, the following assertions are equivalent:
(i) X has the Daugavet property.
(ii) The norm of X is not Fréchet differentiable at any point.
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(ili) FEx does not contain isolated points.

We will use the following sufficient condition to get weak-star strongly exposed
points.

PROPOSITION 3.5.17. Let X be a Banach space and let A C ext(Bx+) be a
one-norming set for X. If x* € A satisfies that w(z*) is isolated in w(A) C Ex,
then x* is a weak-star strongly exposed point.

PROOF. As 7 is continuous and onto and TA is weak-star dense in ext(Bx~) by
the converse of the Krein-Milman theorem, w(A) = 7n(TA) is dense in Ex. Hence,
if w(z*) is isolated in 7(A), it is a fortiori isolated in Ex. Therefore, we may find
a weak-star neighbourhood U of z* in Bx~ such that whenever z* € ext(Bx~)
belongs to U, then z* ~ z*. By Choquet’s Lemma (see Theorem 2.6.16), we may
certainly suppose that U is a weak-star open slice of Bx«; i.e., there are x € Sx
and 0 < ap < 1 such that

2" € ext(Bx-), 2" € Slice(Bx~,z,q0) = 2" ~a™. (3.5.1)

We claim that, for 0 < o < ag and y € Sx satisfying ||y — x| < «, there exists
wy € T such that D(X,y) reduces to the singleton {w, z*} and

lwy * — wy z¥|| < V20

Let us observe that this claim finishes the proof since it implies that every selector
of the duality mapping is norm to norm continuous at x, which gives that the norm
of X is Fréchet-smooth at x (see [96, Theorem I1.2.1]) and then w, x* (and hence
x*) is weak-star strongly exposed (by Shmulyan’s test, Lemma 2.10.5).

Let us prove the claim. If ||y — z|| < «, then every y* € D(X,y) satisfies

Rey*(z) = Rey*(y) — (Rey*(y) —Rey*(z)) 21—z —y|>1—a, (35.2)

and so D(X,y) is contained in Slice(Bx~,x,a) C Slice(Bx~,z,ap). Then, every
extreme point of the weak-star closed face D(X,y) (remaining extreme in By~) is
a multiple of z* by Eq. (3.5.1). Since only one multiple of 2* can be in the face
D(X,y) and, being weak-star compact, D(X,y) is the weak-star closed convex hull
of its extreme points, we get D(X,y) = {w, 2*} for a suitable modulus-one scalar
wy. Finally, on the one hand, since |z*(x)| = 1, we have that

lwe 2™ — wy 2" = lwe — wy| = we 2" (2) — wy 2™ (2)] = L — wy f(2)].

On the other hand, Eq. (3.5.2) says that Rew, *(z) > 1 — « and so, a straightfor-
ward computation gives that

[1—wy,z"(x)| < V2.

Finally, if 7=!(7(2*)) N A is finite for every z*, then 7(z*) is isolated in 7(A) if and
only if x* is isolated in A. O

We are now ready to provide the pending proof.

PROOF OF COROLLARY 3.5.16. By Remark 3.5.9(d), we may consider a one-
norming subset A C Sy« such that its elements are pairwise linearly independent
and such that Ka* is an L-summand in X* for every a* € A.

(i) = (ii) is immediate since a point # € Sx at which the norm is Fréchet
differentiable produces weak-star strongly exposed points in Bx« and hence, weak-
star slices of Bx« with arbitrarily small diameter.
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(ii) = (iii). This is Proposition 3.5.17.

(i) = (i). For every z € Sy and ¢ > 0, consider the weak-star open set
U={z*e X* |z*(x)] >1—¢} and let V = U Next(Bx~=). Then, 7(V) is open
in Ex, hence infinite as E'x has no isolated points. Since A is weak-star dense in
ext(Bx~) and 7 is open, w(A) is dense in Fx. Hence,

m(A)Nn(V)={la"] € Ex: a* € A, |z*(z)] > 1—¢},
is also infinite. It follows that the set
{a* € A: |a*(z)] > 1 —¢}

contains infinitely many pairwise linearly independent elements. Now, Theo-
rem 3.5.14 shows that x is a Daugavet point. (]

The following result gives a useful sufficient condition to get the Daugavet
property of a Banach space with a norming ¢;-structure. It is written in terms of
nice embeddings with the notation from Proposition 3.5.10.

COROLLARY 3.5.18. Let S be Hausdorff topological space without isolated points
and let X be a Banach space nicely embedded into Cy(S) such that the set {ps: s € S}
is pairwise linearly independent. Then, X € DPr.

Proor. Let J: X — Cy(S) be the corresponding isometric embedding and
write A := {ps: s € S} C X*. Consider the map ¥: S — A given by ¥(s) = ps; =
J*(ds) for every s € S. Observe that ¥ is continuous when A is endowed with the
weak-star topology (as it is the composition of J* with the weak-star continuous
map s +— 0s). Therefore, for every x € X and every € > 0, the set

V={seS |ps(z)]>1—e} =V ({ps € A: ps(z)| > 1 —¢})

is open in S, hence infinite. As the set A is pairwise linearly independent, it follows
that the set {ps € A: |ps(x)] > 1 — €} contains infinitely many pairwise linearly
independent elements. Now, Theorem 3.5.14 gives the result. O

Some remarks are pertinent.

REMARKS 3.5.19.

(a) Corollary 3.5.18 does not hold if we do not require the set {ps: s € S} to be
pairwise linearly independent. Indeed, consider any compact Hausdorff topo-
logical space K (with or without isolated points) and consider the mapping J:
C(K) — C(K x[0,1]) given by [J(f)](k,t) = f(k) for every (k,t) € K x [0, 1]
and every f € C(K). Then, J embeds C(K) nicely into C(K x [0,1]) and
K x [0,1] has no isolated points.

(b) A Banach space X that is nicely embedded in Cy(S) for some Hausdorff
topological space S with isolated points and such that the set {ps: s € S} is
pairwise linearly independent may still have the Daugavet property. Indeed,
let S ={-1}U(0,1] C R and consider the embedding J: C[0,1] — Cy(S)
given by [J(f)](—1) = f(0) and [J(f)](s) = f(s) for s € (0,1]. It is immediate
that J is an isometric embedding. Observe that J*(6_1) = &) € C[0,1]* and
J*(ds) = 9, € C[0,1]* for s € (0,1]. It follows that C[0,1] is nicely embedded
in Cy(S) and that {ps: s € S} is pairwise linearly independent.

Let us particularise the results of the subsection to the cases of isometric pred-

uals of Ly (u) spaces and of unital uniform algebras. The following is a special case
of Corollary 3.5.16.
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COROLLARY 3.5.20. Let X be an isometric predual of an Li(u) space or a
unital uniform algebra. Then, the following assertions are equivalent:
(i) X has the Daugavet property.
(ii) The norm of X is not Fréchet differentiable at any point.
(iii) Ex does not contain isolated points.

In the case of a unital uniform algebra X, we may give a characterisation of
the Daugavet property in terms of the Choquet boundary X which complements
Corollary 3.5.16.

COROLLARY 3.5.21. Let X be a unital uniform algebra with Chogquet boundary

0X. Then, the following are equivalent:
(i) X has the Daugavet property.

(ii) The norm of X is not Fréchet differentiable at any point.
(iii) Fx does not contain isolated points.
(iv) 90X does not contain isolated points.
PROOF. The equivalence between (i), (ii), and (iii) is given in Corollary 3.5.16.
(iif) = (iv). Suppose that sp € X is isolated in 9X. Then, there is an open
set U of K such that UNJX = {sp}. It is well known that the elements in 90X are
strong boundary points [86, Theorem 4.3.4], so thereis f € X with || f|| = f(s0) =1
such that |f(s)] < 1/2 for s € K\ U (an alternative direct proof of this fact is given
in [76, Lemma 2.1]). This implies that the set

W = {z* € ext(Bx~): |z*(f)| > 3/4}
={00s|x: s € 0X, |f(s)| > 3/4,0 € T}

reduces to T{ds,|x }. It clearly follows that m(ds,|x) is isolated in Fx.

Finally, to get (iv) = (i), first observe that (using the notation given in Ex-
ample 3.5.13) for s,t € 0X C K with s # t, as X separates the points of K,
ps = J*(0s) = ds|x and py = J*(§;) = d¢|x are linearly independent. Therefore,
Corollary 3.5.18 gives the implication. O

A paradigmatic example of a unital uniform algebra is the disk algebra A,
the space of those functions in C(D) which are holomorphic in D, endowed with
the supremum norm. The Choquet boundary of A is T (see for instance Exam-
ple I.1.4(b) in [133]), so Corollary 3.5.21 shows that A has the Daugavet property.

3.5.3. Representable Banach spaces. Our aim in this section is to present
a class of Banach spaces having the Daugavet property which is stable by passing
to some spaces of operators and to injective tensor products, so getting a number
of new examples.

Let us present the needed notation to give the proper definition of the new
class. Let K be a compact Hausdorff topological space and let {Xy: k € K} be a
family of Banach spaces. We write

(@)

for the Banach space of all bounded families (2 )rex with z € X, for every k € K,
endowed with the supremum norm. This space is a C'(K)-module in the sense that
given f € C(K) and (zx)kek, the family (f(k)xk)kex still belongs to the space.
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DEFINITION 3.5.22. Let K be a compact Hausdorff topological space and let X
be a Banach space. We say that X is K -representable if there is a family of Banach
spaces {Xi: k € K} such that X is isometrically isomorphic to a closed C(K)-
submodule of (@keK Xk)foo satisfying that for every x € Sx and every € > 0, the
set

(ke K: |lz(k)]| >1—¢)

is infinite. When the compact set K is not relevant, we just say that X is repre-
sentable.

It is immediate to check that the only compact Hausdorff topological spaces
K for which there are K-representable spaces are the perfect ones. Indeed, if X is
K-representable and if there is an isolated point ty € K then, for fixed x € Sx, the
element 14,32 belongs to X and, clearly, the set {t € K: [|x(t)| > 0} is finite.

The main result here is that representable Banach spaces have the Daugavet

property.

THEOREM 3.5.23. Let X be a representable Banach space. Then, X has the
Daugavet property.

We need a folklore result on compact Hausdorff topological spaces. (Part (b)
will be used in Chapter 11.)

LEMMA 3.5.24.

(a) Let K be a compact Hausdorff topological space and let S be an infinite subset
of K. Then, there are a sequence (kn)nen in S and a sequence (Uy)nen of
pairwise disjoint nonempty open subsets of K such that k, € U, for every
n € N.

(b) Let (M,d) be a metric space let S be an infinite subset of M. Then, there are a
sequence (kn)nen in S and a sequence (Up)nen of pairwise disjoint nonempty
balls in M with centre k,, for everyn € N.

PROOF. (a) Let w € K be a cluster point of S. Choose k1 € S\ {w} arbitrarily.
By the Hausdorff condition, we may choose disjoint open sets Uy, W7 C K in such
a way that k;y € U; and w € Wi. So ki and U; are already constructed. By
the construction, S N Wi is infinite. Choose ke € (S N W) \ {w} arbitrarily. By
the Hausdorff condition, we may choose disjoint open sets Us, Wo C Wy such that
ko € Uy and w € Wy, Then Uy NU; = ). Proceeding this way, we obtain the
desired sequences (kp)nen and (Uy)nen-

(b) It is enough to apply part (a) to the Stone-Cech compactification K = SM
of M. (Admittedly, a direct proof would be possible, t0o0.) O

PrROOF OF THEOREM 3.5.23. Let K and {X;: ¥ € K} be as in Defini-
tion 3.5.22. Fix ¢ € Sx, 2z € Bx, and ¢ > 0. As the set S = {k € K:
lz(k)|| > 1 —e/2} is infinite, the above lemma provides a sequence (ky)nen in
S and a sequence (U, )nen of pairwise disjoint nonempty open subsets of K such
that k, € U, for every n € N. For each n € N, Urysohn’s lemma allows us to
find f, € C(K) such that 0 < f, < 1, fn(k,) = 1 and supp(f,) C U,. The
elements of the sequence (f,,)nen have pairwise disjoint supports by construction,
so the operator from ¢y to X given by e, — f,(x — z) is well-defined and continu-
ous, hence the sequence (f,(z — 2))nen weakly converges to 0. Therefore, writing
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Zn = fnx + (1 — f)z for every n € N, we have that
[znll = sup [lzn(K)[| = sup [|fn(k)z + (1 — fu(k))z]l < 1,
keK keK

that the sequence (z,)nen weakly converges to z (as the f/ s have disjoint support),
and that

2+ 2n || 2 lz(kn) + 2n(kn) [l = [122(kn)|| 2 2 — €.
Now, Lemma 3.1.19 shows that X € DPr. O

The main advantage of the previous result is that we can identify spaces of
operators with the Daugavet property with its help.

ProPOSITION 3.5.25. Let X be a Banach space and let Y be a representable
space. Then every closed subspace M of L(X,Y) such that L(Y) o M C M is
representable.

PRrROOF. Let K and {Yj: k € K} be as in Definition 3.5.22 for Y and define
M, == L(X,Y;). We claim that M is K-representable in (,¢x Mk)e . Indeed,

given T € M, we denote by 7' the element of (Brex M’“)ém defined by [f(k‘)](m) =
[Tx](k) for every k € K and every z € X. It is immediate that the mapping
T — T is an isometric embedding from M onto the subspace M = {T TeM }
of (Dyer Mr), - As L(Y) oM C M and multiplication by elements of C'(K)

belongs to L(Y), it is straightforward to show that M is a C(K)-submodule of
(®k€K Mk)é . Finally, fix T € Sy and € > 0. There is x € Sx such that

[Tz|| > 1 — € and, since Y is representable, the set
{k e K: ||[Tz](R)|| > 1 ¢}
is infinite. Hence, the set
(ke K: [T > 1—<)
is infinite. O

In particular, this applies to injective tensor products; X ® Y should be iden-
tified with the weak-star continuous finite-rank operators from X* to Y.

COROLLARY 3.5.26. Let X be a Banach space and let Y be a representable
space. Then, X ®.Y is representable.

It is immediate that the space C(K) is K-representable if K is perfect. Actually,
the same is true for C'(K,Y") for every Banach space Y. Our next aim is to extend
this latter result to continuous functions from K to Y with other topologies. Fix a
perfect compact Hausdorff topological space K and a Banach space Y, consider a
one-norming subspace Z of Y* and let 7 be a vector topology on Y satisfying that
o(Y,Z) < 7 < n (where n stands for the norm topology). We write C(K, (Y, 7)) for
the space of those functions from K to Y which are continuous when Y is endowed
with the topology 7. For every element f € C(K, (Y, 7)), f(K) is compact in (Y, 7),
hence compact in (Y,0(Y,Z)) and therefore norm bounded in Y by the uniform
boundedness principle (as Z is one-norming). Therefore, we can view C(K, (Y, 1))
as a subspace of (@keK Y)zm' As T < n, C(K, (Y, 1)) is actually a closed subspace.
Applying again that Z is one-norming, it follows that for every f € Sc(x (v,r)), the
function & — || f(k)|| is lower semicontinuous from K into R. Therefore, for every
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e > 0, the set {k: || f(k)|| > 1 — e} is open, hence infinite as K is perfect. We have
shown the following.

ExXaMPLE 3.5.27. Let K be a perfect Hausdorff topological space, let Y be a
Banach space, let Z be a subspace of Y* which is one-norming for Y, and let 7
be a vector topology on Y such that o(Y,Z) < 7 < n. Then, the Banach space
C(K, (Y, 7)) is representable and hence has the Daugavet property.

3.6. Notes and remarks

Section 3.1. The “modern” approach to the Daugavet equation started with
the paper [178] (see also [177]) that rephrased the problem in terms of slices of
the unit ball and thus made it susceptible for geometric methods of Banach space
theory. Shortly afterwards, Roman Shvidkoy (Shvydkoy in the transliteration of the
Ukrainian spelling of the name), solved in [285] a number of problems left open in
[178]. In the process, he rediscovered Bourgain’s lemma 2.6.19 from [62] that was
unbeknownst to him and which proved to be invaluable in many follow-up papers
on the subject.

The notion of Daugavet point of Definition 3.1.7 is considered in [4] as a point-
wise version of the characterisation of the Daugavet property in terms of the be-
haviour of slices. Let us mention that in a similar way two new notions appeared
in [224, Definition 2.5] in order to crystallise a pointwise version of the characteri-
sation of the Daugavet property in terms of the behaviour of weakly open sets and
convex combinations of slices (ccs for short).

Let X be a Banach space and let x € Sx. We say that

(1) z is a Daugavet point if sup ¢ ||z — y|| = 2 for every slice S of Bx [4],

(2) z is a super Daugavet point if sup,cy ||z —y|| = 2 for every non-empty
relatively weakly open subset V' of Bx [224],

(3) z is a ces Daugavet point if supycc [|x —y| = 2 for every ccs C of Bx
[224].

Observe that Lemma 3.1.15 implies that a Banach space X has the Daugavet
property if, and only if, every point of Sx is a Daugavet point (respectively a super
Daugavet point, a ccs Daugavet point). However, it turns out that these notions,
which are equivalent when all the points of Sx are considered, are different from
each other in the pointwise versions. We refer the interested reader to [224, Sub-
section 4.7] for counterexamples and further background. In Section 12.2 we shall
report on the various diameter 2 properties that have their origin in Lemma 3.1.15.

Section 3.2 builds on the results of [178] where the existence of ¢1-subspaces
was proved without explicit recourse to ¢1-type sequences. The paper also contains
the first example of a space with the Daugavet property without L1 [0, 1]-subspaces.
Theorem 3.2.1 vastly generalises Wojtaszczyk’s [302] observation that the unit ball
of a space with the Daugavet property doesn’t contain strongly exposed points, and
it has been the starting point for the study of diameter 2 properties that will be
surveyed in Section 12.2.

Section 3.3 reproves the Daugavet property for the classical C(K)- and L1 (u)-
spaces; see Chapter 1 for references to the original works.

Section 3.4. The concept of ¢i-dispersed space and Theorem 3.4.4 in the
part that concerns L; are, to the best of our knowledge, new. The concepts of L1-
dispersed and L.-dispersed spaces and their applications to the Daugavet property



90 3. THE DAUGAVET PROPERTY

are new as well. The notion of Li- and ¢;-dispersedness appears custom-made to
deal with Bochner L;-spaces and their generalisations. The first proof of the Dau-
gavet property of Lj(u, X) was given by I. Nazarenko in his unpublished Master
diploma thesis (V. N. Karazin National University Kharkiv, 1999) and was pub-
lished in [178].

Section 3.5. The Daugavet property for C*- and von Neumann algebras was
investigated in [240] and [44]; the first reference contains a proof that Daugavet
property and diffuseness are equivalent for C*-algebras which is completely alge-
braic. It is the latter paper’s approach making use of the L-structure of the duals
that is reproduced here. Actually, [44] even deals with a vast generalisation of
C*-algebras, the JB*-triples, and we refer to that paper for details including the
somewhat technical definition of a JB*-triple; besides, this paper deals with both
complex and real C*-algebras and JB*-triples. In many senses, JB*-triples are a
nice setting to study geometric properties of C'*-algebras: the absence of nice alge-
braic structures forces one to look for other weaker algebraic notions (such as the
one of “tripotent”) which have an important geometric meaning. This is specially
the case when dealing with the real case, for which even the theory of C*-algebras is
not so nice as in the complex case. We refer the reader to [34, 70, 105, 113, 248]
as a sample of papers on geometric properties of JB*-triples which may give a taste
of them. The paper [226] contains further results on the geometry of preduals
of von Neumman algebras with the Daugavet property (i.e., preduals of diffuse
von Neumann algebras, Theorem 3.5.5). Indeed, the characterisation given in the
aforementioned theorem, showing that the predual M, of a von Neumann algebra
M has the Daugavet property if and only if By, fails to contain extreme points,
is carried further. In fact, if M is diffuse, there is a dense subset of elements of
Snr, which are the starting point of a girth curve (that is, a simple curve lying in
Sn, connecting an element and its opposite and with length two); this set is the
whole Sy, if M does not contain any type I1I; factor as a direct summand, and
it is strictly contained in Sy, at least when M is the unique hyperfinite type 11Ty
factor.

The idea of norming ¢;-structure is implicit in [299], while the name only
appears in this book. The proof of the fundamental Theorem 3.5.14 is taken from
[225], where it is proved for L;-preduals first and extended to nicely embedded
spaces. The global characterisation of the Daugavet property for spaces with a
norming ¢;-structure given in Corollary 3.5.16 (the absence of Fréchet differentiable
points is equivalent to the Daugavet property) appeared in [45] for L;-preduals,
based on the results of [299], but seems to be new for uniform algebras. The same
kind of ideas have also been used in [151] to show that some algebras of holomorphic
functions defined on a bounded open balanced convex subset of a Banach space have
the Daugavet property.

Finally, the notion of a representable Banach space and its relation to the
Daugavet property are discussed in [46]; see also [47].

3.7. Open questions

In this subsection we collect different open questions and possible future re-
search lines derived from the results of this chapter.
The following problem formulated more than two decades ago remains open:
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(3.1) Does there exist a bidual space with the Daugavet property, i.e., does
there exist a Banach space X such that X** € DPr?

The following question has to do with the existence of a minimal subspace that
Daugavet spaces must contain.

(3.2) Let us call a Banach space X a universal Daugavet subspace if it em-
beds isomorphically in every space with the Daugavet property. We know
that ¢; and, consequently, the subspaces of £; are universal Daugavet sub-
spaces. Is it true that every universal Daugavet subspace is isomorphic to
a subspace of £17

Even though it seems that a Banach space with the Daugavet property has to
be very far from being strictly convex or smooth, we do not know if this is really
the case.

(3.3) Is there a strictly convex Banach space with the Daugavet property?

(3.4) Is there a smooth Banach space with the Daugavet property?

Let us give some comments on the previous two questions. First, in absence of
completeness, the answer to question (3.3) is positive: in [173, §5] a non-complete
strictly convex normed space with the Daugavet property is constructed. A similar
construction is done in [161, §3] to get a (non-complete) strictly convex normed
space which is lush and so it has the alternative Daugavet property (see Section 12.3
for the definition and background of these properties), and the same proof actually
shows that the constructed space has the Daugavet property. In fact, the construc-
tion in [161, §3] gives a strictly convex normed space with the Daugavet property
containing an arbitrary fixed Banach space; the completion of this second example
is a predual of an Li-space, hence very far away from being strictly convex. On the
other hand, it is shown in Corollary 3.2.5 that the dual of a Banach space with the
Daugavet property can neither be smooth nor strictly convex.

Finally, we do not even know if it is possible to construct a non-complete smooth
normed space with the Daugavet property.

(3.5) Is there a smooth (non-complete) normed space with the Daugavet prop-

erty?






CHAPTER 4

Further results on the Daugavet property

The present chapter contains more specialised or advanced topics: separable
determination of the Daugavet property, tensor products, L-orthogonal elements,
L-embedded spaces, rearrangement invariant spaces, and the polynomial Daugavet
property are studied.

4.1. Separable determination

Roughly speaking, in this section we are going to demonstrate that a non-
separable Banach space possesses the Daugavet property if and only if it has “a lot
of” separable subspaces with the same property.

We start with a small perturbation of Proposition 3.1.8.

PROPOSITION 4.1.1. X € DPr if and only if the set of Daugavet points of Sx
is dense in Sx.

PRrROOF. In one direction there is nothing to prove: if X € DPr, then the set of
Daugavet points of Sx is equal to Sx. So, we have to concentrate on the converse
implication. Assume that the set of Daugavet points of Sx is dense. Let x € Sx
be an arbitrary element. We are going to demonstrate, using (iii) of Lemma 3.1.9,
that = is a Daugavet point. Fix € > 0 and select a Daugavet point v € Sx with
lx —v|| < e/2. For every slice S of By thereis y € SNSx with ||[v—y| > 2—¢/2;
then [z —y[| > |lv —yl| = lo — 0] > 2 —e. O

Combining this with (viii) of Lemma 3.1.9, we obtain one more reformulation.

PROPOSITION 4.1.2. X € DPr if and only if there is a dense subset A of Sx
such that for every v € A and every 6 € (0,1)

conv(A\ (v+(2—-9)Bx)) D A. (4.1.1)

PROOF. Let us start with the “if” part. By the density of A in Sy and convexity
and closedness of the left hand side of (4.1.1), the inclusion (4.1.1) is equivalent to

conv(A\ (v+(2—-96)Bx)) D Bx. (4.1.2)
Since A C Sx, (4.1.1) implies that
W(SX \ (U + (2 — (5)Bx)) D By,

which, thanks to (viii) of Lemma 3.1.9, means that v is a Daugavet point. Therefore,
our condition implies that the set of Daugavet points of Sx contains A and so, it
is dense. By the previous Proposition, X € DPr.

Conversely, let X € DPr. In this case A = Sx satisfies (4.1.1) for all v € A
and every § € (0,1) (item (ix) of Theorem 3.1.11). O

93
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DEFINITION 4.1.3. A family G of subsets of a given set X is said to be upward
filtering if for every pair E1, Fs € G there is E3 € G such that F3 D E; U Es.

LEMMA 4.1.4. Let G be an upward filtering family of linear subspaces of a
Banach space X, and let Y = Uveg V. Let G possess the following property: for
every 0 > 0 and E € G there is Z € G such that for every z € Sg

conv(Sz \ (24 (2—0)Bx)) D Sg. (4.1.3)
Then 'Y € DPr.

PROOF. The upward filtering of G implies that Y is a subspace. In order
to demonstrate the Daugavet property of Y, let us apply Proposition 4.1.2 with
A = Uyeg Sv. The density of A in Sy is evident. Next, for arbitrary v,z € A
choose E' € G that contains both elements v and z. By assumption on G, for this
E and every § > 0 there is Z € G for which (4.1.3) holds true. Then,

conv(A\ (z+ (2—-0)Bx)) Dconv(Sz \ (2 + (2 - 96)Bx)) D Sg D {v}.
By the arbitrariness of v € A we obtain the desired inclusion
conv(A\ (z 4+ (2—-0)By)) D A. O

COROLLARY 4.1.5. Let X1 C X5 C X3 C ... be an increasing chain of linear
subspaces of a Banach space X such that for every n € N and z € Sx,

o (sn (4 () 2)) o

Then X, € DPr.

neN

PRrOOF. It is sufficient to apply Lemma 4.1.4 with G = (X, )nen. In order to
verify (4.1.3), for given 6 > 0 and E = X,,, € G, as the needed Z € G one should

take X,, with n > m so large that 1/n < . O
COROLLARY 4.1.6. Let X1 C X5 C X3 C ... be an increasing chain of subspaces
of a Banach space X such that all X, have the Daugavet property and |, cy Xn is

dense in X. Then X € DPr.

PRrROOF. This follows from the previous Corollary. The validity of (4.1.4) fol-
lows from item (ix) of Theorem 3.1.11. O

THEOREM 4.1.7. For a Banach space X the following assertions are equivalent:
(i) X € DPr.
(ii) FEwery separable subspace of X is contained in another separable subspace with
the Daugavet property.

PRrROOF. (ii) = (i). The condition (ii) means that the family G of separable
subspaces of X that possess the Daugavet property is upward filtering and its union
is the whole space X. It remains to apply Lemma 4.1.4: the corresponding condition
4.1.3 holds true even with Z = E (item (ix) of Theorem 3.1.11 for E € DPr).

(i) = (ii). Let E C X be a separable subspace. Denoting X; := E, our goal
is to construct inductively a sequence X; C Xy C X3 C ... of linear subspaces
that fulfills the conditions of Corollary 4.1.5. If we succeed, Y = J, oy Xn will
be the needed separable subspace with the Daugavet property that contains FE.
In order to perform the construction, we have to demonstrate that, for the given

separable X,,, there is a separable X,y fulfilling the condition (4.1.4) for every
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z € Sx, . Indeed, take a sequence (z)keny C Sx, that is dense in Sx, . Applying
the Daugavet property of X in the form from (ix) of Theorem 3.1.11, for each pair
(k,7) € N x N select a sequence

(Vk,j,m)men C Sx \ (zx + (2 — 5 ) Bx) ,

in such a way that z; € conv({vk7j7m: m € N}) Put X1 = lin{og jm: k,j,m €
N}. The separability of X,,1; is evident; let us check (4.1.4). For a given z € Sx,
choose ko € N such that ||z — 24, || < 5. Then for every j,m € N

Vko,j,m € Sx \ (Z + (2 — %) Bx) s
and z; € m({vko,j’m: m € N}), j=1,2,.... Consequently,

W(an+l\(z+(2—%)Bx))D{Zj:jEN}DSXn. O

4.2. The Daugavet property in tensor product spaces

In this section we address the question of when the Daugavet property is pre-
served by taking injective or projective tensor products. Here is an example where
this is so; indeed, the identification C(K) ®. Y = C(K,Y) together with the
results of Section 3.4 show that sometimes X ®. Y has the Daugavet property
whenever X or Y has the Daugavet property. Similarly, the natural identification
Li() ®x Y = Ly(p,Y) shows the same about the projective tensor product, again
thanks to the results of Section 3.4.

However, the tensor product does not inherit the Daugavet property from one
of its factors, in general.

THEOREM 4.2.1. Let 1 < p < 2, 1/p+1/p* =1, and n = 3. Then, neither
L1 ®. ﬁz(gn) nor Los ®x El(ff) enjoys the Daugavet property.

We need the following result. For the concept of finite representability, we refer
to Definition 2.2.8.

LEMMA 4.2.2. Let X andY be Banach spaces and assume that Y* is uniformly
conver. Assume also that there exists a closed subspace H of L(Y™*,X) such that
X®Y C H and H has the Daugavet property. Then, Y* is finitely representable
in X.

PROOF. Recall that the modulus of uniform convexity of Y* is given by
. +
sv-0) = int {1 | 132 pg e By 17 - g2 <.

Note that if f,g € By~ satisfy Re f(y) > 1 — dy«(¢) and Reg(y) > 1 — dy=(¢), for
some y € Sy, then ||f —g|| <e.

Let € > 0 and choose v > 0 so small that (1 +v)(1 —3v)~! < 1+¢. Pick
0 < 1 < v/2 such that dy«(n) < v/2.

Let F C Y* be a finite-dimensional subspace. Pick a v-net (f;)7, for Sp.
Choose y; € Sy such that f;(y;) =1fori e 1,n.

Let x € Sx. Since H has the Daugavet property, by Lemma 3.1.14 there exists
T € Sy such that

lys @+ T > 2 — dy-(n)
holds for every i € {1,...,n}.
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We want to show that F is (1 + &)-isometric to a subspace of X. On the
one hand, we have ||T(f)|| < ||f]| since T has norm one. Conversely, for every
i€{1,...,n} we choose @; € Sy~ such that

lpi(yi)z + T(pa)|| > 2 = Gy ().
By the triangle inequality |¢;(yi)| > 1 — dy=(n) and | T(¢;)]] > 1 — dy=(n). We
may assume that @;(y;) > 1 — dy«(n). Since f;i(y;) = 1 we get from the uniform
convexity of Y* that ||f; — @il <n <v/2. We also get

1T = NT (@)l = TS = @ill > 1 = dy=(n) = g >1-v

We then get that T restricted to F' is a (1+¢)-isometry using [108, Lemma 12.1.11].
(|

PROOF OR THEOREM 4.2.1. Notice that (£5")* = Ez(fi) and 2 < p* < co. Ob-
serve that [101, Corollary] implies that (E,(,"))* does not embed isometrically in Lq;
hence (¢£5)* is not finitely representable in L;. Indeed, if (£{")* were finitely rep-
resentable in L, then it would be an isometric subspace of the ultrapower (L)%
for some free ultrafilter U by virtue of [108, Proposition 12.1.12]. But (L;)¥ is
isometric to Li(v) for some measure v by [134, Theorem 3.3(ii)]. Since (ﬂén))*
is separable, we can assume that L;(v) is separable by [303, Proposition I111.A.2]
and, consequently, L (v) is isometric to a subspace of L0, 1] by [150, pp. 14-15],
obtaining that (6,(,"))* is isometric to a subspace of L;]0, 1], a contradiction.

Consequently, (81(0"))* is not finitely representable in L;. This means that
Ly ®. E,()n) = K(éz(;f),Ll) does not have the Daugavet property by Lemma 4.2.2.

Consequently, its dual space, which is Lo @ E;@ by virtue of Theorem 2.11.6, also
fails the Daugavet property by Theorem 3.3.3. O

In view of Theorem 4.2.1, the only possibility to obtain a stability result of the
Daugavet property by taking tensor product spaces is to require that both spaces
have the Daugavet property. More precisely, given two Banach spaces X and Y,
we wonder the following:

(1) If X and Y have the Daugavet property, does X ®» Y have the Daugavet
property?

(2) If X and Y have the Daugavet property, does X &, Y have the Daugavet
property?

As far as we know, the previous questions have remained open (see Ques-
tion (4.1) and (4.3) in Section 4.7). We will, however, obtain partial positive answers
in the case of concrete Banach spaces, which cover the classical cases of C'(K') and
L, spaces. In order to do so, we need to introduce a strengthening of the Daugavet
property.

DEFINITION 4.2.3. Let X be a Banach space. We say that X has the weak
operator Daugavet property (WODP for short) if, given x1,...,2, € Sx, e >0, a
slice S of Bx and 2/ € Bx, we can find x € S and T: X — X with ||T] < 1+,
IT(z;) — ;|| < e forevery i € {1,...,n} and |T(z) — 2’| <e.

REMARK 4.2.4. If X is a Banach space with the WODP, then X has the
Daugavet property. Indeed, given x1 = £ € Sx, a slice S of Bx, and € > 0, taking
2z’ = —& we can find, by the definition of WODP, an element z € S and an operator
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T: X — X with ||T|| < 1+ ¢ and such that max{||T(§) = &||, |T(z) + ||} <e. It is

not difficult to prove that || + z|| > 21;2;.

Our first interest in the WODP is that it is stable by taking projective tensor
products; so, in particular, WODP is a sufficient condition on X and Y in order to
guarantee that X ®, Y enjoys the Daugavet property.

THEOREM 4.2.5. Let X and Y be two Banach spaces with the WODP. Then,
X ®: Y has the WODP.

We need the following technical lemma.

LEMMA 4.2.6. Let X be a Banach space with the WODP. Then, for all
x1,...,Zn € Sx, for all yi,...,y, € Bx, all slices Si,...,S; of Bx, and ev-
ery € > 0, we can find y; € S;, 1 < j < k, and an operator T: X — X with
IT)] < 1+ ¢ satisfying that

|T(x;) — ]| <e for1<i<n and [T(y;) =il <e for1<j<k.

PROOF. Let us prove the result by induction on k. The case k = 1 follows from
the definition of the WODP. Now, assume by induction hypothesis that the result
holds for k, and let us prove the case k + 1. To this end, pick z1,...,x, € Sx,
€ > 0, slices S1,...,Sky1 of Bx and y1,...,¥;,, € Bx, and let us find an operator
¢ witnessing the thesis of the lemma.

To this end, by the induction hypothesis, we can find y; € S; for 1 < i < k and
an operator T: X — X with ||T|| < 1+ ¢ and such that

(1) [|T(zs) — || < e for every 1 <i <nand [|T(y;41) — Yy ll <&,
(2) 1T (yi) — yill < € holds for every 1 < i < k.

Now, by the definition of the WODP we can find yx1 € Sk41 and an operator
G: X — X with ||G|| < 1+ ¢ and such that

(3) [|G(z;) — x| <efor 1 <i<mand ||G(y;) —y,l| <eforl1<j<k,

(4) 1GWr+1) = Y|l <e.
Define ¢ :== T o G: X — X and let us prove that ¢ meets our purposes. First,
6]l < (1 +¢)?. Next, given 1 < i < n, we have

[¢(zi) — @il = [ T(G(2:)) — T() + T(2:) — 4]
< T(G () — z)l| + 1T (i) — 4|
<|ITING(z;) —xi|| +e< (14+e)e+e=(24¢)e
by combining (1) and (3). Moreover, given i € {1,...,k}, we obtain
16(yi) — il = IT(G(yi)) — T(yi) + T(ws) — will
<NT(G(yi) — vl + 1T (vi) — il
<ITNG@:) —will +e < (I 4e)e+e=(2+e)e
by combining (2) and (3). Finally,
é(yrt1) = Ysrll = 1T(G(Wr41) = TWhs1) + T Whs1) = Yiral
<NT(G(Yr+1) = Yer ) + 1T Whs1) — Yl
<TG (rr1) = Yl +& < A+ e)e+e=(2+€)e

by combining (1) and (4). This proves, up to making a choice of a smaller e, that
¢ is our desired operator. O
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We are now ready to give the pending proof.

PROOF OF THEOREM 4.2.5. Let Z := X @, Y. Fix 21,...,2, € Bz, ¢ > 0,
z' € By, and a slice S = Slice(Bz, B, a) for a certain norm-one bilinear form B:
XxY =K, ie, Be Z*

By a density argument, we can assume with no loss of generality that

zl:Z)\ijaij@)bij GCODV(Sx®Sy), ie{l,...,n}
j=1
and, in a similar way, that 2’ = 2221 ), Q@ yp. € conv(Sx ® Sy).

Take ug®vg € S with ug € Bx and vy € By, which means Re B(ug,v9) > 1—«
or, equivalently, that ug € S’ := {z € Bx: Re B(z,v9) > 1 — a}, which is a slice of
Bx. By Lemma 4.2.6, for every 1 < k < t we can find an element x; € S’ (which
implies that z; ® vo € S) and an operator T: X — X with ||T]| < 1+ ¢, satisfying
that

|T(a;;) — a;j]| <e forevery i,j and ||T(zg)— 2| <e for every k.

Notice that vy € S := {z € By: ReB(zy,2) > 1 — «} for every k € {1,...,t}.
Again, by the previous lemma, for every k € {1,...,¢} we can find y, € Sy (which
means that z; ® yi, € S) and an operator U: Y — Y with ||U| < 1+ ¢ satisfying
that

|U(bij) — bijll <e foreveryi,j and |U(yx)—yill <eforl<k<t.

Now, define z := 2221 wreTr @ yk. Notice that z € S since

t
Re B(z ZukReB(xk,yk (1—a)Zuk:1—a.
k=1

Finally define ¢ := T ® U: Z — Z. By item 3 in Proposition 2.11.2, ||¢| =
ITINU| < (1 +¢)2. On the other hand, given 1 < i < n, we get

[¢(2i) — 2| = Z)\m (aij) ® T'(bij) — ai; ® byj)

< Z Aij T (aij) @ T(bi;) — T(aij) @ by + T(ai;) ® bij — aij @ bij|

j=1

<Y X (IT (@i T (big) = bisll + 1T (aiz) = aigll1bi;)
j*l

<Z)\U (1+e)e+e)=(2+¢) ZAU: (24¢)
Jj=1

Similar estimates prove that ||¢(z) — 2| < (2 + E)E. O

We do not know whether the Daugavet property implies the WODP (see Ques-
tion (4.2) in Section 4.7). We can, however, point out classes of Banach spaces with
the Daugavet property which even enjoy the WODP. The first class is provided by
L1-preduals.
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PROPOSITION 4.2.7. If X is an Lq-predual with the Daugavet property, then X
has the WODP.

Proor. Fix z1,...,2, € Sx, 2’ € Bx, ¢ > 0, a > 0, and a slice
S = Slice(Bx,z*,«). Hence, by Lemma 3.1.14 there exists an element y € S
such that, denoting F :=lin{xy,...,2,}, we have that

le+ Ayl > (1 —e)([lell + [A])
holds for every e € E and every A € K. Define T: E @ Ky — X by
T(e+ A\y) :=e+ A\z'.
Notice that

1
A
T—zlle+Ayll,

so ||T|| € L. Since X is an L;-predual, T can be extended to the whole of X (still
denoted by T') with norm || T[] < 1££ (the real case follows from [205, Theorem 6.1]
and the complex case from [140], see [203, p. 3]). O

1T (e + Ay)ll = lle + A2'|| < flell + Al <

Another family of examples is given by vector-valued Li-spaces.

PROPOSITION 4.2.8. Let i be an atomless o-finite positive measure and let Y
be a Banach space. Then, Ly(11,Y) has the WODP.

For the proof we need the following technical lemma.

LEMMA 4.2.9. Let u be an atomless o-finite positive measure and let Y be a
Banach space. Let S be a slice of By, (.y)- Then, for every e > 0 there exists
g € S with u(supp(g)) < e.

Proor. Take fo € SN S, (uy). Since S is relatively open and p is o-finite
we can assume that A = supp(fp) has finite measure. Let n € N so that @ < e.

Since p is atomless, we can find subsets Ap,..., A, C A so that u(4;) = %A) for
every ¢ € {1,...,n} and so that u(A4; N A;) = 0 whenever ¢ # j. Consequently,

™ A; is a subset of A of total measure u(A). Define f; := Jolas - and et
i=1 K TFoTa, 1l
Ai = ||fola,||. Observe that A; > 0 for every ¢ and that

ZA - Z/A I dn= [

i=1

1o®)] = / Vo)l dye = [l foll = 1.
A; Q

where the third equality holds since |JI; 4; is a set of total measure in A =
supp(fo). It is immediate that fo equals Y., A\;f; almost everywhere, so they
are equal in Li(u,Y). It is plain that p(supp(f;)) = # < e. Finally, since
Br,(uyy \ S is convex and )" | Aif; € S, there is ¢ € {1,...,n} so that f; € S,

and the lemma is proved. O

PROOF OF PROPOSITION 4.2.8. Fix x1,...,%, € Sr,(uy), ' € Br,(uy), € >
0 and a slice S of By, (,,y). From the finiteness of {z1,...,2,} and the fact that 4
is atomless, we may find § > 0 satisfying that
€

AT, u(d)<s = /Hﬂ:illdu<2
A
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By Lemma 4.2.9 there is g € SN Sp,(,,y) satisfying

p(supp(g)) < 4.

Write B := supp(g). As Loo(p,Y™) is norming for Ly (p,Y) (because Li(u)* =
Lo (1) and simple functions are dense in L (u,Y')), we can find h € Sp_(,,,y+) such
that

supp(h) C B and Re(h,g) = Re/ (h(t),g(t))du(t) > 1 —e.
B
By using again the denseness of simple functions, and taking into account that

fB |zs| dp < 5, we can find pairwise disjoint sets C1, ... ,‘C’t € ¥ with positive

and finite measure, all of them included in Q@ \ B, and o] € Y, i € {1,...,n},
j€{1,...,t}, such that 2} := 3" _, aFl¢, satisfies

s — @4l < 5

7 i 9 .

Define now T Lq(p,Y) — L1(i, Y') by the equation

()= Y (e L ) ren+ ([ o s aney ) o

k=1
It is not difficult to see that ||T|| < 1 and that T'(z}) = , so
1T () — il < 1 T(zi — 2| + |l — @il <e.
Also, since C; N B = §) and supp(g) = B, we get

IT(9) = 2|l < ’1 - /B<h(t),g(t)>du(t) l2']] < V2e.

This concludes the proof. O

We should mention that the ®,-stability of the Daugavet property is clear when
one of the spaces involved is a Bochner Li-space, which has the Daugavet property
by Theorem 3.4.4; indeed Ly (11, Y) ®x Z = Ly (1, Y @ Z).

We finish the section with the following result for the injective tensor product.

THEOREM 4.2.10. Let (21,31, 1) and (Q2, Yo, p2) be atomless measure spaces.
Then, the space L1 (1) ®e L1(u2) has the Daugavet property.

PROOF. For brevity, let X = Ly (1) R Li(us2). Let @ € X and ¢ € X* with
lallx =1 =l¢llx*, and let ¢ ® o denote, as usual, the rank-one operator given by
[v ® a)(z) = p(x)a for z € X. We will show that

Md+e@al =1+[p@af =2

To this end fix € > 0. Since simple functions are dense in any L; space, we can,
up to perturbation, assume without loss of generality that there are two collections
of pairwise disjoint sets of finite positive measure (A;);; C ¥ and (B;)7_; C X,
and scalars (a;;)7'j—1, (bij)'j—1 such that

n
o= Z aij]]_Ai ®:U.BJ.,
i,j=1
and the element

5 = Z b’LjIlA,L ®]]~Bj7

ij=1
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satisfies
€
181 =1, 1-% <Rep(s) <1

Also note that it follows immediately from the definition of the injective norm that
the set

N = {hl ® ho: h; € eXt(BLoo(M)) for i = 1,2}
= {hl ® ha: h; € Loo(ﬂz)a |hz| =1 a.e.}

is norming for X (cf. [274, p. 46]).
We will need the following;:
Claim: For every ¢ > 0 there exist (A})7_; C X1, (B})}-; C g such that

(1) A; C Ay, pa(A]) <6, for 1 <i<n.
(2) B C Bj, p2(B) <9, for 1 < j < n.
(3) If we denote

’_ & “MI(Ai)/Q(Bj)
5= 2 b (B

i,j=1

then we have
|8x =1 and Rep(f)>1-c.
Indeed, fix 1 <i < n. Let r; = Z”_ bijo(1a, ® 1p,). Note that

€
E # 1—-.
Re ) r; =Rep(B) > 3

For f S L1(Q1,Z1,M1) let
szgm o(fla, ®1p,).
Clearly, ¢; is linear and

loi(H) < llpllxs > [bislua (A (B £z, < ClIfllL,s
=1

for some finite C'. Since ¢;(f) = 0 whenever f1,4, = 0, we have that ¢;(f) =
©i(f1a,). Thus, as f1a, € L1(p1|a,) and p1(4;) < oo, there is g; € Ly (u1]a,)* =
Loo(p1]4,) such that

il f) = / gif dps.

i

Since

1 14
— i dpy = @ — ) =1,
1 (A7) /Aig =y (m(Az-))

it follows that Re g; > Rer; —e/2n on a subset of A; with positive measure. Let A}
be such a set satisfying the additional requirement that pi(A%) < 0 (we are using
the absence of atoms of u1). We have that

1y 1
Regoi( A ) n /Regldu1>Rerl

3
p (A7) (47) 0’
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Let now

Z bzy Ml ]lA' ®]1B

1,0=1
It follows that

Rey(B)) = Re wa”lgj) (1a ®1p,)

!
1,7=1 )

-y ren (i)
>Z(Ren )>1—€

Moreover, we have

1Bollx = sup |(h1 @ ha, Bp)|
h1®haEN

sup Zb”m , . hldm/ ha dps

hi®ha €N |54 i 4 B

ij=1

ap |3 by / ha dpus / ha dpiz| = 161 x-

h1®h2EN ij=1

Finally, if we perform the same argument starting with 3) and interchanging the

role of ¢ and j, then the claim follows.
Now, let A1 ® ho € N be such that

Re(hy ® ha,a) > 1 —e.

Take
£
0<d<
4 (1gggnu1(A )+ o ol >) z jass]

and let (A}, C %1, (B})7_; C X2, and §’ as given in the claim.

h} ® by € N be such that
Re(hf @ hy, B') > 1 —e.
Now, let us define

ni(z) for z e U], A}

hi(x) elsewhere,
hy(y)  fory € Uj_, Bj

ha(y) elsewhere.

(4.2.1)

(4.2.2)

Let also

(4.2.3)
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First, note that by our choice of d, we have

n

S ay ({0~ 1) ® B, gy © 15, + (hy © (B — ha), L, @ 1))

ij=1
< 3 ol f, il b | ol
J

3,J=1

Wl [ (614 ) )

L. (422)
< Z laj| - 2(pu1 (A7) p2(Bj) + i (Ai)pa(Bj)) < e
Q=1
Analogously,
S iy ({00 = 1)@ (ha = by), Lag @ ) + (a @ (B — ha), s, @ 15|
i,j=1
< - lal( [ 01+ b [ (ol + 050 d

ij=1 AL B;

< Y agl - 4pa (A pa(B)) < e

3,j=1

From the above two estimates, calling z1 := (h] ® b}, 8'), 22 := @(f'), 23 =

(hi®ho,a) = 3 aij(h1®h2,14,®1p,), and taking into account that Rez; > 1—¢
ij=1

by (4.2.3), that Re zo > 1 —¢ by (3) in the claim, and that Rezo > 1 —¢ by (4.2.1),

it follows that

[Td+ ¢ ®all >[I +¢(8)alx > Relhs ® ha, 8 + ¢(8'))
= Re Z (b'l]%<hl ® h‘2’]lA’ ® ]lB/>
i,7=1
+ ¢(B)ai;(h @ ha, 14, ® ﬂBj>)

n

= Re(h'l X h/Q, 6I> + Re (,0(5/)( Z al-j(<h1 (024] hg, ]].Ai X ]13].>
i,j=1

+ <(h/1 - hl) 02y h2a ILA'L & ]lBj> + <h1 29 (h/2 - h2)a ]lAi & ]lB;>

+((hy = h1) @ (hy — h2), 14, ® ]13;>)>

> Rez; + Re(za23) — 2¢
>l—e+(1—e—V2)—2=2—4e — V2.

Since € > 0 was arbitrary, we get that ||Id + ¢ ® af| > 2 as claimed. O
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4.3. L-orthogonal elements in Daugavet spaces

In this section we will show that there exists a strong relation between the
Daugavet property and the abundance of L-orthogonal elements (see Section 2.8
for the formal definition) in Banach spaces with small density character.

Let us start by commenting that it clearly follows from Lemma 3.1.19 that the
weak-star density of L-orthogonal elements in the bidual ball implies the Daugavet
property. Actually, the following result shows that a little less is needed.

LEMMA 4.3.1. Let X be a Banach space satisfying that for every non-empty
weak-star slice S’ of Bxs«, there exists u € Sx+ NS’ such that the equality

[+ ull =1+ ||z|
holds for every x € X. Then, X has the Daugavet property.

PRrOOF. To show that X has the Daugavet property we will apply Lemma 3.1.9.
In order to do so, pick x € Sx, € > 0 and consider a slice S of By, and let us find
y € S with ||z 4+ y|| > 2 — . Let S** be the slice of Bx«~ such that S** N Bx = S
and consider u € S** N Sx«» as in the assumption. Pick a net {z,} in Bx which
is weak-star convergent to u in Bx=~. On the one hand, because of the weak-star
convergence condition, we can find sy such that s > sg implies z5 € 5**, and hence
xs € S*™ N Bx = 5. On the other hand, by the weak-star lower semicontinuity of
the norm of X**  we get

2 = ||z + u|| < liminf ||zs + ||,
S

so we can find s > sg such that |zs + x| > 2 — ¢, and taking y = x5 finishes the
proof. O

REMARK 4.3.2. Observe that the hypotheses of the previous result are clearly
satisfied if the set of L-orthogonal elements is weak-star dense. But, in this case,
X € DPr also follows from Lemma 3.1.19 as previously commented.

Our goal now is to provide L-orthogonal elements for Banach spaces with the
Daugavet property. The first result deals with the separable case and it is slightly
stronger than Corollary 3.1.18.

LEMMA 4.3.3. Let X be a separable Banach space with the Daugavet property.
Let w € Bx«« and {gn: n € N} C X*. Then, there exists an element v € Sx«=
satisfying that:
(1) the equality ||z + v|| = 1 + ||z|| holds for every x € X (in other words, v
is an L-orthogonal element).
(2) v(gn) = ul(gn) holds for every n € N.

PROOF. Let {x,: n € N} C Sx be a dense subset of Sx and, for every n € N,
define )
Vo= {w € Bx: lgi() — ulg)| < ~ (1<i< n ).
Note that V,, is a weakly open subset of Bx which is non-empty because of the

w*-denseness of By in Bx««. Since X has the Daugavet property, by Lemma 3.1.14
there exists y,, € Vi, so that

1
i + ynll > 2 =~
n
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holds for every i € {1,...,n}. From the above condition and the density of {x,:

n € N} in Sy, it is not difficult to prove that (y,)nen is an ¢1-type sequence. By

Lemma 2.8.9 and Theorem 2.8.10 there exists v € {y,: n € N}, i.e., a w*-cluster

point of {y,: n € N}, which is an L-orthogonal element. It remains to prove that

v satisfies condition (2). To this end, pick n € N. Given k € N we can find, since v

is a w*-cluster point of {y,}, a natural number p > k so that |g,(y,) — v(gn)| < 7.
1

Note also that, since y, € V,, then |g,(yp) — u(gn)| < % < 3. Consequently,

[v(gn) — u(gn)| < 2. Since k € N was arbitrary we conclude that u(g,) = v(gn), as
desired. ]

The main result deals with non-separable spaces with a small density character.

THEOREM 4.3.4. Let X be a Banach space with the Daugavet property and
dens(X) < wy. Let w € Bxs« and {g,: n € N} C X*. Then, there exists an
element v € Sx=~ satisfying that:

(1) the equality ||z + v|| = 1 + ||z|| holds for every x € X (in other words, v
is an L-orthogonal element).
(2) v(gn) = ulgn) holds for every n € N.

PrROOF. In order to construct v, pick {zg: f < w1} C Sx to be a dense
subset of Sx. Let us construct by transfinite induction on wg < 8 < wy a family
{(Zs, 8. { [~ 7 < B},v8): wo < < w} satisfying the following assertions:

(a) Zp is a separable almost isometric ideal in X containing (J,, <, <5 2+ U {zs}
and {z,: n € N} U{xy,} C Zu,- (Almost isometric ideals were introduced in
Definition 2.9.11.)

(b) ¢p: Z5 — X is an almost isometric Hahn-Banach extension operator such
that {f,,5: 0 <7 < B, wo <7} U{gn: n € N} C pp(Zj).

(c) vg € Sx«- satisfies that

12+ vall = 1+ |zl

for every z € Zg, and {fg4: v < B} C Sx~ is norming for Zg ® Rug.
(d) For every § < v < 8 < w; and wy < 7 it follows that

v(fy,6) = vy(fy,8),
and that the equality
v5(gn) = u(gn)

holds for every n € N.

The construction of the family will be completed by transfinite induction on 5. To
this end, in the case 8 = wq define, using Theorem 2.9.13, a separable almost isomet-
ric ideal Z,,, of X containing {z,: n € N} U {z,,} and an almost isometric Hahn-
Banach extension operator ¢.,: Z5 — X* such that {g,: n € N} C @u,(Zu,)-
Now, find an element v,,, satisfying the conclusion of Lemma 4.3.3. Finally, defin-
ing {fu,.n: n € N} C Sx~ to be a norming subset for Z,,, we get the initial step
proved.

Next assume that (Z,, ¢, {fy,s: § < v}, vy) has already been constructed for
every wo < v < f3, and let us construct (Zg, ¢s,{fs,,: v < B},vs). Pick w to be
a w*-cluster point of the net {vy: wy < v < B} (where the order in [0, 8) is the
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classical order). Notice that, by induction hypothesis, for every wy < v9 < v < 8
and §p < 9 we have that

’U"/(f%,fso) = Uy (f’Yo,(So)'

Then, since w is a w*-cluster point of {vy: wy < v < B}, we get that

W( fro,80) = Voo (fro,80)- (4.3.1)
Because of the same reason, given n € N, we obtain that
w(gn) = Vwy (gn) = u(gn) (432)

Now, notice that the set

{fr.5: 0 <y < B,wo <7} U{gn: n €N}

is countable because [ is a countable ordinal. Also, Uwo<7 <B Z. is separable.
Then, by Theorem 2.9.13, there exist an almost isometric ideal Z3 in X containing
Uwo<y<p Z+ YU {zs} and an almost isometric Hahn-Banach extension operator ¢g:
Zj — X~ such that

0(Z5) D {fys: 0 <7< B,wo <Y} U{gn: n € N}.
Let us construct vg. To this end, since Z3 is separable, Lemma 4.3.3 applies for
w € Bx=«~. Consequently, we can find vg € Sx«~ such that
(a) |lz+wvgll =1+ ||z| for every € Zg, and

(b) va(fy,5) = w(fy,s) for 6 <~ < B, and vg(gn) = w(gy,) for every n € N.
Take {f3,4: v < B} C Sx~ to be a norming set for Zg @ Ruvg. It follows as before
that {(Zy, ¢y, {fy,s: 6 <7}, vy): wo < v < B} satisfies our purposes. This settles
the transfinite induction.

Now, consider a w*-cluster point v of {vg: wy < S < wyi}. Let us prove that v

satisfies the thesis of the theorem.
(1) Given z € Sz we show that

|l + v| = 2.
To this end, pick € > 0. Since {zg: § < w1} is dense in Sz find wy < f < wy such
that ||z — 2g]| < §. Since |2 + vg]| = 2, find v < 8 such that

(x5 +vpl(fa) > 2~ g

Now, given any 8’ > 8 we have that

[zs +va](f5,y) = [z +vs](fp,y) >2— g

Since v is a w*-cluster point of {vg: wy < B < w1} we obtain that
€ €
2= 5 <l +0l(f3) < s + ol < o+ o+ 5,

so ||z +v|| > 2 —e. Since € > 0 was arbitrary, we also conclude that ||z + v|| = 2.
Finally, since € Sz was arbitrary, one in fact has

lz + ol = 1+ ]
for every x € Z (cf. Remark 2.6.2).
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(2) Let us prove that v(g,) = u(g,) for every n € N. To this end, pick € > 0,
n € N, and find v > wp so that |[v — v,](gn)| < €. Since v5(gn) = u(gn) holds for
every d > wy, it follows that

v = ul(gn)] = |lv = vy](gn)| <

Since € > 0 was arbitrary, we are done. O
As a direct consequence of the previous theorem we get the following corollary.

COROLLARY 4.3.5. Let X be a Banach space with the Daugavet property and
dens(X) < wy. Then the set

{ue X™: |z +ul| = [z + ||ul| V2 € X}
is weak-star dense in X**.

A natural question here is whether Theorem 4.3.4 holds without any restriction
on the density character of the space. We will see that the answer is negative and,
in fact, we will prove that the restriction dens(X) < wy is sharp under some set-
theoretic assumptions. To begin with, let us obtain a necessary condition for an
injective tensor product to have L-orthogonal elements.

PROPOSITION 4.3.6. Let X be a uniformly smooth Banach space and let Y be
a Banach space. Assume that either X* or Y* has the approximation property and

that there exists an element T € (X ®. Y )™ = (X* &, Y*)* = L(X*,Y*™) with
IT] =1 and satisfying that the equality

[T+ 5] =1+5]
holds for every S € X ®.Y = X* ®.Y = K(X*,Y). Then, T is an isometric
embedding.

Compare this proposition (and its proof) with Lemma 4.2.2.

PROOF. Recall that a uniformly smooth space is reflexive and that its dual
space is uniformly convex. Fix 2* € Sx« and let us prove that |7'(z*)| = 1. To
this end, take z € Sx with *(z) = 1 and y € Sy arbitrary, and define S :=z®y €
X ®. Y. By the assumption, IT + S|| = 2. Consequently, for every n € N, there
exists x;, € Sx~ such that

1 * * * * * *
2= — <|[T(a7) + S(an)ll < [Tl + 1S@)Il = 1T @) + lar ()]
The previous estimate implies that ||7(z})|| — 1 and |2 (x)] — 1. This implies
that there is a sequence (6,,) in T such that Re 6, (x) — 1. Therefore
10,2 + || = Re Oz, (x) + 2™ (x) — 2.

Then, the uniform convexity of X* implies that [|0,z} — 2*|| = 0. As T'(0,z}) —
T(z*) by continuity, we have that || T(z})| — ||T(z*)||, hence | T(z*)| = 1. O

We are now able to exhibit the announced example.

ExAMPLE 4.3.7. Let T' be a set with cardinality 2°. Consider the space
X = £5(T) & C[0,1] = C(]0,1],£(T)). Notice that, by Theorem 3.4.11, X has
the Daugavet property. However, X** does not contain any element which is L-
orthogonal on X.
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Indeed, assume for contradiction that there exists an L-orthogonal T' € X** =
L(¢5(T)), C[0,1]**). By Proposition 4.3.6, T' is an isometric embedding. Moreover,
notice that 7" is an adjoint operator (say T = S*) because ¢2(I") is reflexive. Now,
S: C[0,1]* — £5(T") is surjective because S* is an isometry. However, this is a
contradiction because

card(C[0,1]*) = ¢ < 2° = card(T") = card (¢(T")).

If we asume the CH, then the example above shows that Theorem 4.3.4 cannot
be extended to larger cardinals.

We end this section with some applications to L-embedded Banach spaces with
the Daugavet property. We already know from Theorem 3.4.4 that for an atomless
measure, L1 (u,Y) = L1() ®, Y has the Daugavet property regardless of Y. Our
aim is to show a similar result with L (i) replaced with certain L-embedded Banach
spaces. First, we state a preliminary result which is interesting by itself.

THEOREM 4.3.8. Let X be an L-embedded Banach space with dens(X) < wy.
Assume that X** = X @1 Z. Then, the following are equivalent:

(1) X* has the Daugavet property.
(2) X has the Daugavet property.
(3) Bz is w* dense in Bx«.

PROOF. (1) = (2) is clear.
(2) = (3). Let W be a non-empty w* open subset of Bx«~ and let us prove
that Bz N W # (). By Theorem 4.3.4, we can find u € W N Sy« such that

[ +ull =1+ ||
for every z € X. Write u € X™* as u = x + z for suitable z € X and z € Z. Now,

12 [z = [z + (z+2)[ = 1+ [|l=].
This implies that = 0 and, consequently, © € Bz. So W N Bz # 0, as desired.
(3) = 1 follows from Theorem 3.5.1 and Goldstine’s Theorem. O

This result generalises, for spaces with small density character, Theorem 3.5.5
where it is shown that a von Neumann algebra X has the Daugavet property if,
and only if, its predual X, (which is an L-embedded Banach space) does. We do
not know Theorem 4.3.8 holds without the assumption than dens(X) < wp (see
Question (4.5) in Section 4.7).

Moreover, Theorem 4.3.8 allows us to provide another result about the Dau-
gavet property for projective tensor products.

THEOREM 4.3.9. Let X be an L-embedded Banach space with the Daugavet
property and dens(X) < wi, and let Y be a non-zero Banach space. If either
X** or'Y has the metric approzimation property, then X &, Y has the Daugavet
property.

Before beginning the proof, we refer the reader to the paragraph after Proposi-
tion 2.11.3 for background about the natural identification (X ®, Y)* = L(X,Y*).

PROOF. Write X** = X @, Z. In order to prove that X ®, Y has the Daugavet
property it is enough to show, by Lemma 4.3.1, that every w*-slice of B(X(gﬂy)**

contains an element which is L-orthogonal to X ®, Y. To this end, pick G €
Spxy+) = S(X@)ﬂy)* and a > 0, and it suffices to find elements u € Sx«+ and
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y € Sy such that Reu(y o G) > 1 — « (in other words, the element u ® y €
S(B(xg, v G, a) and

Iz +u@yllxe, vy~ =1+l (4.3.3)

for every z € X ®; Y). To do so, by the assumption that either X** or Y has the
MAP, it follows that X** ®, Y is an isometric subspace of (X ®, Y)** by [197,
Proposition 2.3], so it suffices to prove that

Iz +u@ylxeg,y =1+l

for every z € X &, Y (in other words, it suffices to prove (4.3.3) in the space
X** ®, Y instead of in (X &, Y)**).
So let us find w and y. Find © € Sx and y € Sy such that ReG(z)(y) > 1 —a.
This means that
z € S(Bx,yoG,a).

Since S(Bx++,y o G,«) is a non-empty w* open subset of Bx- and X is an L-
embedded Banach space with the Daugavet property, Theorem 4.3.8 gives us some
u € Sz such that Reu(y o G) > 1 — . Let us prove that

Iz +u@ylxeg,y =1+l

for every z € X &, Y. To this end, pick 2z € X ®, Y and ¢ > 0. By a den-
sity argument, let us assume with no loss of generality that z is a finite sum of
basic tensors, that is, z = Z?:l r; ® y;. By the Hahn-Banach theorem, take
T € Spxy+) = Sixa,y)- such that T(z) = 37 ReT(2;)(y:) = 2] Since
[lu]l = 1 choose z* € Sx« such that Reu(z*) > 1 —e. Pick y* € Sy+ such that
y*(y) = 1 and define T: X** = X @, Z — Y* by the equation

A

T(@+2)=T() + z2(z")y".
Observe that T € L(X**,Y*) = (X** @, Y)*, |T|| = 1 and T(z) = T(z) holds for
every x € X (in particular, T'(z) = Y i, ReT'(z;)(y;) = ||2||). Hence
|z +u@ylx--z.y = ReT(z +u®y) = Re(T(2) + ulz*)y" (y))
= |lzll + u(z®) > 1+ |[z]| — €.

Since € > 0 was arbitrary, we conclude the proof of the theorem. 1

We do not know whether the above theorem holds without the assumption that
dens(X) < w; (see Question (4.4) in Section 4.7).

We finish the section with some consequences about u-structure in Banach

spaces with the Daugavet property, see Subsection 2.9.4 for the needed definitions.
We have the following consequence of Theorem 4.3.4.

PRrOPOSITION 4.3.10. Let X be a Banach space with the Daugavet property and
dens(X) < wy. Assume that X is a u-summand in its bidual, say X** = X ¢ Z.
Then, Bz is w*-dense in Bx .

PROOF. By Theorem 4.3.4, it is enough to prove that every element u € Sy«
such that the norm equality

[ +ull =1+ |||
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holds for every x € X belong to Z. To this end, pick such an element u € Sx .
By the decomposition X** = X @ Z we get that there exist (unique) z € X and
z € Z such that u = x + z. Let us prove that x = 0. Notice that

1+ 2] = flu = 22| = lu = 2P(u)[| < [1d = 2P| < 1.

By the above inequality, we obtain = = 0 or, equivalently, that u = z € Z. O

4.4. The Daugavet property in separable r.i. function spaces

The following section is devoted to a study of the Daugavet property in certain
function spaces.

We first recall some basic definitions and facts about real or complex rearrange-
ment invariant spaces and the properties we are going to investigate. For back-
ground on rearrangement invariant spaces (and on Kéthe spaces in general) we
refer the reader to the classical book by J. Lindenstrauss and L. Tzafriri [207]
for the real case, and to [242] for the complex case. In the sequel we follow the
notation of [207]. Let (2, %, 1) be a complete o-finite measure space. A real or
complex Banach space X consisting of equivalence classes, modulo equality almost
everywhere, of locally integrable scalar valued functions on €2 is a Kothe function
space if the following conditions hold.

(1) X is solid, i.e., if |f] < |g| a.e. on Q with f measurable and g € X, then
fe X and [[f[| < |lgl

(2) For every A € ¥ with u(A) < oo the characteristic function 14 of A
belongs to X.

Let us comment that the definition of a Koéthe space is usually given in the real
case (this is the case of [207]), but it extends to the complex case in an obvious
way. Most of the basic properties we are going to use are known in the real case
but their proofs extend without many problems to the complex case.

If X is a Kothe function space, then every measurable function g on €2 so that
gf € Li(p) for every f € X defines an element zj in X* by z(f) = fQ fgdu.
Any functional on X of the form z} is called an integral functional and the linear
space of all integral functionals is denoted by X’; X’ is called the associate space
of X. In the norm induced on X’ by X*, this space is also a Kothe function space
on (Q,%,u). The space X is order continuous if whenever (f,) is a decreasing
sequence of positive functions which converges to 0 a.e., then (f,) converges to
0 in norm. (We note that for general Banach lattices, the above defines o-order
continuity, which is weaker than order continuity in this more general context.) If
X is order continuous, then every continuous linear functional on X is an integral
functional, i.e., X* = X',

From now on, we will consider (2, %, 1) to be the interval [0, 1] equipped with
the Lebesgue measure. A Kéthe function space on [0, 1] is a rearrangement invariant
space (r.i. space) or symmetric space if the following conditions hold.

(1) If7:]0,1] — [0, 1] is an automorphism, i.e., a measure-preserving bijection,
and f is a measurable function on [0, 1], then f € X if and only if for € X
and in this case ||f|| = ||f o 7|

(2) X' is a norming subspace of X* and thus X is isometric to a subspace of
X", As a subspace of X", either X = X", or X is the closed linear span
of the simple integrable functions of X”'.
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(3) As sets,
Lo[0,1] € X C L4]0,1]

and the inclusion maps are of norm one, i.e., if f € L[0,1] then ||f|lx <
[fllo, and if f € X then [|f[ly < [If]lx-

An r.i. space X is order continuous if and only if it is separable (cf. [207,
p. 118]). In this case, all bounded linear functionals on X are integrals (i.e., X* =
X').

In this section we show that, in the real case, the only separable r.i. function
space on [0,1] with the Daugavet property is L]0, 1] endowed with its canonical
norm; the nonseparable situation will be discussed in the Notes and Remarks section
(Section 4.6).

Below X is a separable (hence order continuous) real r.i. function space on
[0,1]. We remark that order continuity implies that both the subspace of simple
functions and the subspace of continuous functions are dense in X. Denote by ¢
the fundamental function of X, that is, ¢(t) = ||Lj4l|x. Let us list here some
known properties of ¢:

(a) ¢is non—decreausimg7
(b) t<o(t) <
(c) ¢t +7) <¢()+¢(T),
(d) lim;—0 ¢(t) = 0 (see [50, Chapter 2, Theorem 5.5], for instance).

We need several preliminary results. The first one is certainly known, but we
haven’t been able to locate a reference. It characterises L1[0, 1] among separable
r.i. function spaces on [0, 1].

LEMMA 4.4.1. Let X be a separable r.i. function space on [0,1] and let ¢ be its
fundamental function. If liminf,_,oé(7)/7 = 1, then X = L1[0,1] endowed with
its canonical norm.

ProoF. It is sufficient to prove that ¢(¢) = ¢ for all ¢ € [0,1). Indeed, in this
case for every simple function f =3, _; ayla, we have that

n

1z < UFlx < D laxlé(n = £z, -

k=1

So fix t € [0,1) and select a sequence (7,) C RT converging to 0 such that
&(Tn)/Tn — 1. Denote m(n) the smallest positive integer such that m(n)r, > ¢
and observe that t < m(n)7, <t -+ 7,. Then

t < o(t) < ¢(m(n)mn) < m(n)d(Tn) = Tam(n)d(7n) /T — t

as n — oo. O

The following lemma prepares an elementary proof of Corollary 4.4.3, which
also follows from the contractivity of conditional expectations in r.i. spaces [207,
Theorem 2.a.4].

LEMMA 4.4.2. Let A = [0,a] C [0,1] be a subinterval. Define for every T € A
the A-circling shift operator Ty by [Ty f](t) = f(t) fort > a, [T f](t) = f(t+7T) for
0<t<a—7,and [T fl(t) = f(t—a+7) fora—7 <t < a. Then, for every f € X
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the map T — Ty f is continuous in the norm topology of X and hence is Riemann
integrable. Moreover,

1 [ [
o[ rsar= (5[ s d) s+ s

PROOF. The fact is evident when f is continuous and fulfills f(0) = f(a). Since,
as remarked above, such functions form a dense subset of X, we are done. O

COROLLARY 4.4.3. Let [0,1] be split into a disjoint union of measurable subsets
Ay and Ay, Then for every g € X

HglllAl - (M(ZQ) /A g(t) dt) 1a,

PROOF. We can assume without loss of generality Ay = [0,a] and apply the
previous lemma. O

< lgllx-
b'e

COROLLARY 4.4.4. Let g € X. Then for every t > p(supp g)

1
79@lgll < llgllx

PROOF. We may assume without loss of generality that A, := [0,¢] D suppyg
and apply the previous corollary. [l

LEMMA 4.4.5. Let g € Loo[0,1]. Then for every o > 0

lgllx < o+ llgleesla™ llglh)-

In particular, if fn € Lso[0,1], sup, |[fnllee < 00 and lim, o0 ||frlli = 0, then

PROOF. Remark that

19| < @+ l9llcoL{ref0,1: g(r)>a}s
and that p({r € [0,1]: |g(7)| > a}) < a7 gl O

THEOREM 4.4.6. Let X be a separable real r.i. space on [0, 1] with the following
property: for every e > 0 there is f = f. € X such that

(a) Ifllx =1
(b) fy f(t)dt < —1+4¢
© If+1x >2—e.

Then X = L1]0,1] (endowed with its canonical norm).

Before giving the proof, we first record the main result of this section as an
immediate consequence.

COROLLARY 4.4.7. The only separable real r.i. function space on [0,1] with the
Daugavet property is L1]0,1] in its canonical norm.

Indeed, the characterisation of the Daugavet property in terms of slices (Theo-
rem 3.1.5) allows us to deduce this corollary from Theorem 4.4.6 by putting x = 1,

* —

x* = —1 and taking as f the corresponding y.
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PRrROOF OF THEOREM 4.4.6. Fix ¢ > 0 and f = f. € X with the properties
(a), (b) and (c). Consider the following partition:

[0,1]:AUB=A1UA2U31UBQ,

where
A={tel0,1]: f(t) <0}, B={te[0,1]: f(t) > 0},
A ={te A |f(t)] <2}, Ay ={t € A: |f(t)] > 2},
B; ={te B:|f(t)] <2}, By, ={t e B: |f(t)] > 2}

(all these sets depend on ). Remark first that (a) and (b) imply

/ fdp <e, (4.4.1)
B
otherwise g = f14 — f1p would be a norm-one function with |f01 g(t)dt| > 1. In
particular,
| tan<e
B,
and Lemma 4.4.5 says that
u(e) == ||flp]lx =0 (4.4.2)
as € — 0. Since also f32 fdu <eand f > 2 on By we have
€
w(Bs) < 7 (4.4.3)
From || f|l < ||fllx = 1 we deduce
1
w(As U Bg) < 3 (4.4.4)

Now, using the facts |14, + f1a,| < 1a, and |14, + f14,| < |f|14,, it is easy to
check that

‘]l + f| < :U-Al + |f‘]lA2 + ]]'Bl + |f|]lB2 + |f‘]lBl + ]132
and, therefore, one can write
2—e <+ Fll < Ta, + 14, + 1, + [, [l + /15, ]| + 15,
< Hlf|]lA2UB2 +14,uB, H + U(E) + ¢(5)
by (4.4.2) and (4.4.3). An application of Corollary 4.4.3 with Ay = Az U Bo,

AQ = A1 UBl, and
1
g=1f +<1—/ fdﬂ>]lA7
1 (1 gy o 1) 1
implies that

2—¢e < |gllx + ule) + o(e)

<1+ 0(u(Aa) (1 -

) /A i du) tule) +ée).  (445)

Since we have by (4.4.4) pu(As) > 1 for all values of ¢, the last inequality implies
limeo [y, |fldp = 0. Together with (4.4.1), this means that

e—=0

lim |fldp = 1. (4.4.6)
Az
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Condition (4.4.5) also implies that
tim 6(u(A2) = 1. (44.7)

Since p(Az2) < p(A1) < p(Az), we can apply Corollary 4.4.4 for g = |f|14, and
t = p(As). Then,

1
1> o) [ Afldn (4.4.8)

By (4.4.6), (4.4.7), and (4.4.8), this implies u(As) — 1 and, consequently, u(As) —
0 as € — 0. Now, we can apply again the same Corollary 4.4.4 but for ¢t = u(As)
and g = | f|1 4,. This gives us that liminf._,o ¢(t)/t = 1, and since t — 0 as £ — 0,
an application of Lemma 4.4.1 completes the proof. O

REMARK 4.4.8. Theorem 4.4.6 also implies that L1[0,1] is the only separa-
ble real r.i. space on [0,1] with “bad projections” (defined in [144] to mean that
|Id — PJ| > 2 for every rank-one projection) and the only separable real r.i. space
on [0,1] with the property that |Id + T|| = ||Id — T'|| for every rank-one operator
T (the last property, the plus-minus property, appears in Chapter 12, cf. Defini-
tion 12.1.7). This is so since the latter property is stronger than the former one,
and since spaces with “bad projections” fit the conditions of Theorem 4.4.6 by us-
ing a characterisation of this property in terms of slices from [144]: X is a space
with “bad projections” if and only if for every z* € Sx«, every ¢ > 0 and every
x € Sx with Rez*(z) > 1 — ¢, there is y € Sx such that ||z — y|| > 2 — ¢ and
Rez*(y) > 1 —e. For more background on this phenomenon we refer the reader to
Subsection 12.2.1.

4.5. The polynomial Daugavet property

The norm ||T'|| of a bounded linear operator T can be interpreted from a broader
perspective in (at least) two different ways:

(1) ||| is the sup norm of the bounded function x +— T'(x) on the unit ball,
(2) ||T]| is the optimal Lipschitz constant of the Lipschitz map T.

While we shall adopt the second point of view later, in Chapter 11, we are now going
to explore the approach in (1) for certain nonlinear maps, viz., for the polynomials.

Let us start by defining this class of maps. First we define homogeneous
polynomials. Let m € N. A mapping P: X — Y between Banach spaces is
called a (continuous) m-homogeneous polynomial, P € Pol(™X,Y), if there ex-
ists an m-linear continuous mapping L: X™ = X X --- x X — Y such that
P(z) = L(x,...,x) for x € X. Since L is continuous, which is equivalent to
an estimate |L(z1,...,2m)|| < C|lz1| - - ||zm|| for some constant C, we know that

sup ||P(x)] < oo.
llzll<1
Note that 1-homogeneous polynomials are just linear operators, and constant maps
can be considered as 0-homogeneous polynomials.
A (continuous) polynomial P: X — Y is, by definition, a finite sum of homo-
geneous polynomials

M
P= Z P, P, € Pol(™X,Y).
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The set Pol(X,Y") of all polynomials has the structure of a vector space, and the
sup norm
[P]| := sup [[P(z)]
l=l<1

is well-defined on Pol(X,Y’) making it a normed space. An introduction to the
theory of polynomials on Banach spaces can for instance be found in [100].

We say that P € Pol(X,Y) is weakly compact if P(Bx) is a relatively weakly
compact subset of Y.

Since polynomials are bounded when restricted to the unit ball, they are
amenable to (1) above; thus it makes sense to study polynomials P € Pol(X, X)
that satisfy the polynomial Daugavet equation

IId+ P| =1+ ||P| (4.5.1)

and Banach spaces where this is so for all weakly compact polynomials. We are
going to develop the corresponding theory in parallel with the linear case. So the
following definition and lemma shouldn’t come as a surprise.

For py € Pol(X,K) and xy € X denote by py ® o the rank-one polynomial
= po(x)zo; note that [|po @ zo|l = [[polll|oll-

DEFINITION 4.5.1. A Banach space X has the polynomial Daugavet property
if all rank-one polynomials P = py ® xg (pp € Pol(X,K), xg € X) satisfy the
polynomial Daugavet equation (4.5.1).

As before (cf. Remark 3.1.2) it is enough to check this in the case ||P|| = 1.

Since linear operators are polynomials, the polynomial Daugavet property im-
plies the Daugavet property.

The next lemma is the analogue of Lemma 3.1.3 and Theorem 3.1.5.

LEMMA 4.5.2. Let po € Pol(X,K), zg € X, |[poll = |lzoll = 1. Then the
following are euivalent:
(i) [1d+ poll =1+ [Ipol|-
(ii) For alle >0 and § > 0 there exist y € Bx and w € T such that

Rewpo(y) >1 -9 and |zo+wy| >2—c¢.
PRrROOF. (i) = (ii). Let ¢’ = min{d,e}. By (i), there exists y € Bx such that

5/

ly 4 po(y)zol > 2 — 3

Then |po(y)| > 1 —€’/2 and for a suitable w € T, viz., w = |po(y)|/po(y), we have
Rewpo(y) >1—¢"/2>1—46. On the other hand,

[0 +wyll = llwpo(y)zo +wyll — llxo — wpo(y)zoll
5./ E/
2 7) _Ss0
> (2-5) -5 ©
since |1 —wpo(y)| =1 — Rewpo(y) < &'/2.
(ii) = (i). Let e = 0 > 0 and pick w and y according to (ii). Then

I1d + pol| = lly + po(y)zol|
|0 + wyl| — |lxo — wpo(y)zo|

>
>(2—¢)— |1 —wpo(y) =2 —e— V2.
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(For a complex number w, if 1 —e < Rew < |w| < 1, then |1 — Rew| < v/2¢.) This
proves (i), since € > 0 was arbitrary. |

The next proposition is the polynomial analogue of Theorem 3.2.6.

ProprosiTION 4.5.3. If X has the polynomial Daugavet property and P €
Pol(X, X) is weakly compact, then

ITd+ P|| =1+ || P

PROOF. The proof is almost the same as the one for Theorem 3.2.6. We may
assume that ||P|| = 1.

Let ¢ > 0. Since P(Bx) is relatively weakly compact, so is its absolutely
convex hull (Krein’s theorem; [109, Theorem 3.133]). The weakly compact set K =
aconv(P(Bx)) is the closed convex hull of its denting points (cf. Theorem 2.7.12);
therefore, there exists a denting point yo of K with [jyo|]] > 1 — & (recall that
[IP|| = 1). Consequently, there is a slice S of K of diameter less than ¢ containing yo.
Let us write

S={yeK: Reyj(y) >1-4}
for some y§ € X™* such that supReyg(K) = sup|ys(K)| = 1 and some 6 > 0. By
the diameter condition,

ze€ K, Reyj(z) >1-0 = J|z—wl <e. (4.5.2)
Now, let pg = yg o P and observe that

[poll = sup |yg(P(x))] = sup |yg(2)| = 1.
rx€EBx zeK

Also, let zg = yo/||yol|- By the polynomial Daugavet property (cf. Lemma 4.5.2)
there exist y € Bx and w € T such that

Rewpo(y) >1—06 and |zo+wyl >2—c¢.

We observe that
Reyg(wP(y)) = Rewpo(y) > 1 -9,
so |wP(y) — yoll < € by (4.5.2). On the other hand,

lyo +wyll = llzo +wyll — llzo — yoll
22— =1 —lyl) >2-2s
finally
ITd + Pl = [lw(y + Py)|| = llyo + wyll — [[wP(y) — yoll > 2 — 3e.
This completes the proof. [l

Next, we shall discuss a number of classes of Banach spaces with the polynomial
Daugavet property. Several of the forthcoming arguments rely on a weak continuity
property of polynomials on certain Banach spaces that we isolate first.

PROPOSITION 4.5.4. If X = ¢y or X = Li(u), then every polynomial p €
Pol(X,K) is weakly sequentially continuous, that is,

T — x weakly = p(x,) — p(z).

More generally, this is so whenever X has the Dunford-Pettis property.
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This result is due to Ryan [273]; for the proof see also [100, Prop. 2.34 (or
Prop. 1.59 for ¢g)]. For the Dunford-Pettis property we refer to e.g. [109, Sec-
tion 13.7].

We shall first address the class of Banach spaces with a norming ¢;-structure,
cf. Definition 3.5.8 in Subsection 3.5.2. We need the following variant of part (6)
of Theorem 3.5.14.

LEMMA 4.5.5. Let X be a Banach space with the following property:

o Forallx € Sx, y € Bx, and w € T there exists a sequence (z}*) in Bx»
such that
limsup ||z 4+ wz)*|| = 2
n—oo
and such that there is a bounded linear operator from cq to X** mapping e,
to x}* —y.
Then X has the polynomial Daugavet property.

PRrROOF. We shall verify the condition of Lemma 4.5.2. Let z € Sx, d,& > 0,
and let p € Pol(X, K) be a norm-one polynomial; we have to produce some z € Bx
and w € T such that

Rewp(z) >1—¢ and |z+wz|]|>2—c¢.

To this end we use some sophisticated tools from the theory of polynomials on
Banach spaces including Proposition 4.5.4.
Since ||p|| = 1, we can find y € Bx and w € T with

Rewp(y) > 1 — 0.

Apply the assumptions of the lemma to these z,y,w to obtain (z}*) in Bx«+ with

limsup ||z 4+ wz)*|| = 2
n—oo

and such that the mapping e; — vy, ept1 — ¥ — y extends to a bounded linear
operator T: ¢g — X**. Now, we employ the Aron-Berner extension p of p, p €
Pol(X**,K); see [100, Prop. 1.51] for this topic. Let ¢ = po T € Pol(cp, K). Since
en + €1 — e weakly in ¢, Proposition 4.5.4 implies that

*%

P(@;1) = qlen + 1) = qler) = p(y);
hence
Rewp(x;) — Rewp(y) (> 1-19).
Therefore, for some N € N,
Rewp(zy) >1—-¢6 and |z4wzy| >2—-c.

The final step is to use a result due to Davie and Gamelin [89] that produces a
net (zq) in Bx such that r(zq) — 7(ay) for all polynomials 7, in particular, z, —
xy weakly-star. Since the norm is weak-star lower-semicontinuous, we conclude
for some sufficiently large a that

Rewp(zq) >1—06 and ||z 4 wzs| >2—-¢,
completing the proof. O
Thus we obtain:

THEOREM 4.5.6. Let X be a Banach space with a norming {1-structure having
the Daugavet property. Then X also has the polynomial Daugavet property.
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PROOF. In order to verify the conditions of Lemma 4.5.5 we just apply (6) of
Theorem 3.5.14 with —wz in place of x; since X has the Daugavet property, this is
a Daugavet point. O

COROLLARY 4.5.7. The following classes of Banach spaces have the polynomial
Daugavet property.
(a) Spaces Co(L) if the locally compact space L doesn’t have isolated points;

(b) Lq-preduals for which Ex (see Definition 3.5.15) doesn’t have isolated points;
that is, those for which the norm is not Fréchet differentiable at any point.

(¢) wunital uniform algebras whose Choquet boundaries don’t have isolated points.

PRrROOF. Combine Theorem 4.5.6 with the results in Subsection 3.5.2. O

We now resume the discussion of representable Banach spaces; see Defini-
tion 3.5.22 in Subsection 3.5.3. By a variant of the proof of Theorem 3.5.23 we
are going to establish the polynomial Daugavet property for these spaces as well.

THEOREM 4.5.8. Fuvery representable Banach space has the polynomial Dau-
gavet property.

PrOOF. Let X C [],cx Xr be K-representable. In order to apply
Lemma 4.5.2, suppose xg, po, 9, and ¢ are given as described in that lemma. Let us
fix an auxiliary vector z € Bx and some w € T such that Rewpg(z) > 1 — 0.

By definition, the set S = {k € K: ||xo(k)|| > 1 — £/2} is infinite. Pick a
sequence (ky) in S together with pairwise disjoint open sets U,, C K containing
kpn (cf. Lemma 3.5.24). Further, define Urysohn functions f,: K — [0, 1] with
fn(kyn) =1 and supp(f,) C U,. Put

Zn = fn . (W_le - Z)a
which is an element of X by its module property. Since the supports of the f, are
pairwise disjoint, it is clear that (z,) is equivalent to the unit vector basis of ¢q, and
the closed linear span of {z, 21, 29,... } is isomorphic to ¢g. In particular, z, — 0

weakly.
For k € K we can estimate

1z + za)(B)| = (1 = fu(k))2(k) + falk)w™ 2o ()]
S (L= fa(B)2(R) + fu(B)[zo(R)|| < 1
and so ||z + z,|| < 1. Therefore

Ilzo +w(z + 2n)](kn) |

[0 +w(z + 2n)l| =
= 2l|zo(kn)|| > 2 ¢

since k,, € S. Finally, we again make use of Proposition 4.5.4 (since lin{z, 21, 2o, ...}
is isomorphic to ¢p) and deduce from z, — 0 weakly that Rewpo(z + 2,) —
Rewpp(z) > 1 —4.

Consequently, for large enough n, the vector y = z + z, and the scalar w
determined above meet the requirements of Lemma 4.5.2. O

‘We mention in particular that, as a special case of the examples of representable
spaces from Subsection 3.5.3, the space of vector-valued functions C(K, E) has the
polynomial Daugavet property if K is perfect; cf. Example 3.5.27.
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We will now deal with Li-spaces over nonatomic measure spaces and their
vector-valued cousins, the Bochner spaces Ly (u, E). We begin with two technical
lemmas; the norms appearing there are the Li-norms.

LEMMA 4.5.9. Let (,%,u) be a nonatomic measure space, and let p €
Pol(Ly(p),K). If w € Li(p) is a step function satisfying |p(u)| > o for some
a > 0, then there is another step function v € Ly (p) with ||v|| = |lul|, p(supp(v)) =
2u(supp(u)) that satisfies |p(v)| > o as well.

PROOF. Let us first pretend that w is an indicator function, u = 1 4. Since
1 is nonatomic, A supports a Rademacher sequence (ry), that is, a sequence of
independent random variables on the probability space (4,34, ﬁ) with

p{rn =1}) = p({rn = =1}) = u(A)/2.

By Khinchin’s inequality, the r, span a copy of ¢, and it follows that r, — 0
weakly in Ly (u). (Here is an indication of how to construct such functions. Since p
is nonatomic, we can find two disjoint subsets A;, A_ C A with u(A+) = Fu(A);
define r; = 14, — 14_. Then split Ay and A_ in the same way, producing
Ay, Ar_and A_ A _;definero =14, ua_, —1a, ua__. Etc.)

Let v, = (1 + r,)1a. Then v, — u weakly and by Proposition 4.5.4,
p(vy) — p(u). Since obviously [[v,| = [lul| and p(supp(v,)) = Fu(supp(u)) for
all n, choosing n large enough will yield some v = v,, as required in the lemma.

In the general case, u can be represented as a finite series

N
u=Y apla, (4.5.3)
k=1
with pairwise disjoint A1, ..., Ay. Choose Rademacher sequences (n(lk)) supported

on Ay, for k=1,...,N. Then again

N
vV =vp 1= Zak(l + N1,
k=1

will be the required step function if n is large enough; note that v,, — u weakly. [

The point of the following lemma is to guarantee that one can find a function
as below of norm one.

LEMMA 4.5.10. Let (Q,%, 1) be a nonatomic measure space, p € Pol(L1(p), K)
be a polynomial and § > 0. Then there exists a step function z € Ly (p) with ||z]| =1
and [p(z)| > [|pl| = 9.

PRrROOF. Without loss of generality we assume that ||p|| = 1. Since the step
functions are dense, we can find a step function u € By, (,) such that [p(u)| > 1—0.
If necessary, we will now modify u to obtain a step function v not having full
support, still satisfying this inequality, as follows.

Take any sequence (By) of subsets of the support of u with pu(By) > 0 and
u(By) — 0; this is possible because p is nonatomic. Let vy = 1o\, u. These are
step functions converging to u, which implies p(vg) — p(u). Choosing k big enough,
we obtain a step function v = vy, with |p(v)| > 1—46 and a set B of positive measure
disjoint from the support of v.
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We next consider a Rademacher sequence (r,,) supported on B, we define 3 =
1—|lv]l

and let z, = v+ fr,. By choice of § we have ||z,| = 1. Now, z, — v weakly,

wu(B)
and by Proposition 4.5.4, p(z,) — p(v). Again choosing n big enough, z = z,, will
be the required step function. O

We remark that the previous lemma remains valid in all complex Banach spaces,
but may fail in real spaces (e.g., for p(x) = 1 — ||2||? on a real Hilbert space). To
see the former, let p € Pol(X,C) be a polynomial on a complex Banach space, and
let § > 0. Choose ¢ € Bx \ {0} such that |p(¢)| > ||p|| — ¢ and let £ = {/||C]|. Let
g: C — C be the polynomial defined by g(A) = p(A\); note that

Ipll =0 < [p(O)] = [pUICION = la(lI<IDI < llgll < [lpll-

By the maximum modulus principle, we have ||g|| = |¢(A\o)| for some |Ag] = 1; so
& = Mo€ is a norm-one element with [p(&)| > ||p|| — 9.

The following theorem establishes the polynomial Daugavet property for L;-
spaces over nonatomic measure spaces.

THEOREM 4.5.11. If i is a nonatomic measure, then Li(u) has the polynomial
Daugavet property.

PROOF. Let zg,pg,d, and ¢ be given as in Lemma 4.5.2. With the help of
Lemma 4.5.10 we can find a step function z of norm 1 such that
lpo(2)] > 1—4.
Let n > 0 be such that
€
Aes py<n — [ jmldu<?,
A

pick m € N such that 2=™u(supp(z)) < n and apply Lemma 4.5.9 m times to
obtain a step function y with

lyll = llzl =1, p(supp(y)) <n, Ipo(y)| >1 4.
Then there is some w € T such that

Rewpo(y) = [po(y)| > 1 4.

It remains to estimate ||z + wyl|; for this let us write S = supp(y). It follows

oo+ wpll = [ leoldu+ [ oo +wyldu
o\5 s

> [ Jaolducs [ lylda= [ feoldn
o\5 s s
:2—2/|x0|du>2—5
s
since ||zo]| = |lyll = 1 and p(S) < 7. O

We finally extend this theorem to the vector-valued setting.

THEOREM 4.5.12. If i is a nonatomic measure and E is a Banach space, then
Li(u, E) has the polynomial Daugavet property.
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PROOF. The proof is virtually the same as before, with one caveat. Although
Li(p, E) need not have the Dunford-Pettis property, the application of Proposi-
tion 4.5.4 in the variant of Lemma 4.5.9 and Lemma 4.5.10 for L;(u, E) is still
possible. To see this, the crucial point is the representation (4.5.3) in which
now as,...,ay € E. So the whole argument is set in the space Li(u,F') with
F =lin{ay,...,an}, a finite-dimensional subspace of E, say dim(F) = d. Now,
Li(u, F) is isomorphic to Ll(,u,fgd)), which is isometric to another L (v)-space;
hence it has the Dunford-Pettis property.

The argument for the previous theorem now carries over verbatim. O

4.6. Notes and remarks

Section 4.1. Let us comment that we cannot relax the hypothesis of norm
denseness of Daugavet points in Proposition 4.1.1 to weak denseness, as there is a
Banach space with a 1-unconditional basis (hence failing the Daugavet property,
see Section 5.3) and containing a weakly dense subset of Daugavet points in its unit
ball [6].

Theorem 4.1.7, saying that the Daugavet property is separably determined in
the wide sense, was first established in [179]. (We are saying “in the wide sense”
since the classical version that a property P is separably determined means that a
Banach space has P if and only if every separable subspace has P, which fails in
the case of the Daugavet property.)

Observe that an alternative proof of Theorem 4.1.7 can be provided by making
use of the notion of almost isometric ideal. Indeed, thanks to Theorem 2.9.13, given
any Banach space X with the Daugavet property and any subspace Y C X, we can
find an almost isometric ideal Z in X with the properties Y C Z and dens(Z) =
dens(Y'). Since ai-ideals inherit the Daugavet property [8, Proposition 3.8], Z has
the Daugavet property. This is an alternative proof to Theorem 4.1.7 which shows
that this result still holds if we replace a separable Y with any Y.

Among the heredity properties of the Daugavet property we would like to men-
tion that M-ideals and L-summands inherit the Daugavet property; conversely, the
Daugavet property passes to £1-, £so-, and cg-sums, and if an M-ideal Y C X and
the quotient space X/Y have the Daugavet property, then so does X [178]. See
Section 7.2, Section 7.3 and Section 7.5 for these matters and generalisations.

Section 4.2. In [158, Section 4] an example is given of a complex finite-
dimensional Banach space F so that L$[0,1] &. F and LE[0,1] ®, F* fail the
Daugavet property. The example given in Theorem 4.2.1 is taken from [197]. The
reason why we included the latter example is that it fails weaker requirements than
the Daugavet property as octahedrality (see Definition 12.2.10 for the definition of
octahedral norm).

The rest of the section is based on [225]. Observe that the definition of the
WODP is motivated by the stronger property defined in [272], the Operator Dau-
gavet Property (ODP). Using the ODP, it was proved in [272] that the projec-
tive tensor product of two Li-predual spaces with the Daugavet property has the
Daugavet property. The big goal of the WODP is that it is stable under taking
projective tensor products, which makes it a promising tool for giving a possible
positive answer to the (open) question whether the Daugavet property is inherited
by projective tensor products.

Theorem 4.2.10 is taken from [272].
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Section 4.3. The connection between the Daugavet property and the abun-
dance of L-orthogonal elements was probably initiated in [265], where it was proved
that in separable Banach spaces with the Daugavet property the set of L-orthogonal
elements is weakly dense. The main motivation in this paper was to obtain Theorem
4.3.9 in the separable case.

The extension of the above results to spaces with density character less than
or equal to w; was obtained in [211], together with the Example 4.3.7. The main
aim of this paper was, however, to obtain a counterexample for [121, Lemma 9.1],
that is, to find a Banach space X without non-zero L-orthogonal elements but with
the following property: for every finite subset F' C Sx and every € > 0 there exists
x € Sx so that ||y + z|| > 2 — € holds for every y € F. In particular, Example 4.3.7
is one such example since it does not have any non-trival L-orthogonal element but
enjoys the Daugavet property.

Let us notice that the way in which the separable case is obtained in both results
(by making use of the ball topology) differs from our approach (using techniques of
Maurey types).

Moreover, see Theorem 5.5.1 for results about L-orthogonal elements and Dau-
gavet centres. See also Theorems 6.7.1 and 6.7.2 for the connection between L-
orthogonal elements and narrow operators.

Let us also mention that, in analogy with L-embedded spaces whose density
character is < wq, it is true for the class of Lipschitz-free spaces that the Daugavet
property of F(M) passes to F(M) @, X for every non-zero Banach space X. We
refer the reader to Chapter 11 for notation and to Section 11.3 for the proof.

Section 4.4. Corollary 4.4.7, on separable rearrangement invariant spaces,
is the main theorem of this section; it was proved in [163], improving results in
the previous paper [18]. The nonseparable case was tackled in [19]. Among the
nonseparable rearrangement invariant spaces with the DP is the space L., so the
statement of Corollary 4.4.7 does not extend verbatim to the general case; rather,
the conjecture is that a rearrangement invariant space with the Daugavet property
must be isometric to an Li- or an L.-space.

The authors of [19] make important steps toward the solution of that problem.
They demonstrate the correctness of this conjecture for every non-separable r.i.
space F on a finite measure space, under the assumption of the weak Fatou property
of E, i.e., under the assumption that for every increasing sequence (f,) C E of
non-negative functions and for every f € E the condition f,, — f a.e. implies that
Ifnll = |If]l. (Note that in the framework of [207] the axioms of an r.i. space imply
the weak Fatou property.)

They also prove that a uniformly monotone rearrangement invariant space over
an infinite atomless measure space with the Daugavet property is isometric to L.
As an application, they obtain that an Orlicz space over an atomless measure space
has the Daugavet property if and only if it is isometrically isomorphic to L.

Another contribution in this direction is the paper [183]. There, it is shown that
among Musielak-Orlicz function spaces on a o-finite non-atomic complete measure
space equipped with either the Luxemburg norm or the Orlicz norm, the only ex-
amples with the Daugavet property are of the form Ly, Lo, L1 ®1 Loo Or L1 Boo Loo-
In particular, this leads to complete characterisations of the Daugavet property in
the weighted interpolation spaces, the variable exponent Lebesgue spaces (Nakano
spaces) and the Orlicz spaces.
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Other papers dealing with the Daugavet property of certain function spaces are
[184] and [216].

Section 4.5. The Daugavet equation for polynomials was first studied in [81];
indeed the point of view of item (1) from the beginning of Section 4.5 was taken up
there, and many results were obtained in this context. Other papers dealing with
the Daugavet equation for bounded functions on the unit ball include [82], [275],
[69]; see [87] for a comprehensive survey on the nonlinear Daugavet theory.

In [81], the polynomial Daugavet property for spaces like C(K) or Cy(L), in-
cluding their vector-valued counterparts, was obtained whereas [80] did this for
uniform algebras. In this section, we have deduced these results from the general
approach to the polynomial Daugavet property in Banach spaces with a norm-
ing ¢1-structure ([225]; our Theorem 4.5.6), respectively, in representable Banach
spaces ([61]; our Theorem 4.5.8). The case of scalar or Bochner L;-spaces (Theo-
rems 4.5.11 and 4.5.12) comes from [221]; we have taken this opportunity to correct
an oversight there. Related papers are [201] and [278].

In Subsection 3.5.1, we have discussed the Daugavet property for the class
of C*-algebras. After a first attempt by Santos in [277], the general result that
C*-algebras with the Daugavet property actually have the polynomial Daugavet
property was achieved in [72]; indeed, that paper even covers the case of JB*-triples.
Since the techniques in this proof are rather different from those in Subsection 3.5.1,
we refer the interested reader directly to [72] for details; suffice it to say that the
arguments there provide a new proof of the (classical) Daugavet property for diffuse
C*-algebras and non-atomic JB*-triples.

By now, no example of a space with the Daugavet property failing the polyno-
mial Daugavet property is known. This leads us to ask in Question (4.7) whether
the two properties are actually equivalent.

Let us finally point out that an operator version of the polynomial Daugavet
property, the so-called polynomial weak operator Daugavet property, is consid-
ered in [225, Definition 5.7] in order to obtain a sufficient condition for projective
symmetric tensor product spaces to enjoy the Daugavet property. (The m-fold
projective symmetric tensor product is a predual of the space of m-homogeneous
polynomials.) We refer the interested reader to [225].

4.7. Open questions

In this section we collect different open questions and possible future research

lines derived from the results of this chapter.

(4.1) If X and Y have the Daugavet property, does X ®» Y have the Daugavet
property?

(4.2) Does the Daugavet property imply the WODP? (see Definition 4.2.3).

Observe that a positive answer to this question would give a positive solution

to the above one thanks to Theorem 4.2.5.

(4.3) If X and Y have the Daugavet property, does X ®. Y have the Daugavet
property?

(4.4) Given an L—e/r\nbedded Banach space X with the Daugavet property, is it
true that X ®, Y has the Daugavet property for every non-zero Banach
space Y7

Observe that the answer is yes if dens(X) < wy by Theorem 4.3.9.
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(4.5) If X is an L-embedded Banach space, say X** = X @, Z, is it true that
X has the Daugavet property if, and only if, Bz is w*-dense in Bx««?
Observe that the answer is yes if dens(X) < w; by Theorem 4.3.8. Observe
also that an affirmative answer to this question would imply a positive solution to
the above one by repeating the proof of Theorem 4.3.9.
(4.6) Does Theorem 4.4.6 hold true in the complex case?
In order to get this extension, one would have to replace (b) of Theorem 4.4.6
with fol Re f(t)dt < —1 + . Unfortunately we haven’t succeeded in proving this.
(4.7) Does every Banach space with the Daugavet property have the polynomial
Daugavet property?



CHAPTER 5

Daugavet centres and unconditional
decompositions

This section is devoted to an extension of the idea of the Daugavet property,
namely that of Daugavet centres. We also find a connection to certain unconditional
expansions, respectively, the impossibility of these. This leads to the corollary that
a Banach space with the Daugavet property does not embed isomorphically into a
space with an unconditional basis, extending the classical result by Pelczynski for
L1[0,1] (and hence for C[0,1]). Finally, we take a look at PP-narrow operators.

5.1. Daugavet centres and Daugavet pairs of spaces

We shall now look at the Daugavet property from a broader perspective, con-
sidering it as a property of Id x rather than of X. Therefore we present the following
definition.

DEFINITION 5.1.1. Let X, Y be Banach spaces. An operator G € L(X,Y) is
said to be a Daugavet centre if the norm equality

IG+ T =Gl + [T (5.1.1)
holds for every rank-one T' € L(X,Y).

The condition (5.1.1) is a direct extension of the Daugavet equation: the iden-
tity operator is just substituted by a general G € L(X,Y). With a little abuse of
notation, when G is fixed, we use the name Daugavet equation for (5.1.1) as well.
By the same reason as with the original Daugavet equation it is sufficient to deal
with the case of |T|| = ||G|| = 1 (for quasi-codirected G and T the operators aG
and bT remain quasi-codirected for all a,b € [0, +00), see Remark 2.6.2).

Let us start with an extension of Theorem 3.1.5 and of a part of Theorem 3.1.11
to the case of Daugavet centres.

THEOREM 5.1.2. Let X, Y be Banach spaces, G € L(X,Y), |G|| = 1. Then
the following assertions are equivalent:
(i) G is a Daugavet centre.
(ii) For everyy € Sy, x* € Sx«, and € > 0, there is x € Sx such that Rex*(z) >
1—cand |Gz +y|| >2—c.
(iii) For every y € Sy, x* € Sx+, and ¢ > 0, there is x € Slice(Bx,x*, &) such
that
Gz +yl >2—e. (5.1.2)
(iv) For everyy € Sy, 6 € (0,1), and every slice Sy of Bx, there is a smaller slice
S1 C Sy such that all x € Sy satisfy the condition |Gz + y|| > 2 — 4.
(v) For every e >0 and every y € Sy

conv({z € Bx: |ly + Gz|| > 2 — ¢}) = Bx.

125
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PrROOF. First, remark that (v) is just a Hahn-Banach style reformulation of
(iii), and the implications (iv) = (iii) and (ii) = (iii) are evident (in the last one
we just substitute the condition = € Sx by the weaker condition « € Byx). In order
to complete the proof, we will demonstrate the implications (i) = (ii), (iii) = (iv),
and (iii) = (i).

(i) = (ii) is included in Lemma 3.1.3 together with Remark 3.1.4.

The implication (iii) = (iv) is almost a copy of Lemma 3.1.10. Indeed, let
So = Slice(Bx, z§,€0), x5 € Sx- and €9 € (0,1). Then, applying (iii) to the slice
Slice(Bx, x§,€) with e € (0,min{d/3,£0/2}), we obtain zy € Sx with Rez{(z¢) >
1—¢cand ||Gzo+y|| = 2—¢. Then, Gz and y are e-quasi-codirected and so Lemma
2.6.8 gives us a functional y* € Sy- such that both Gxg,y € Slice(By,y*,¢).
Denote z* := G*y* and

S1:={z € Bx: Re(z{(2) + 2%(2)) > 2 — 2¢}.

S is an intersection of a half-space with the unit ball and is not empty (as z¢ € S1),
S0 Sp is a slice of By . Let us check that S; C Sp. Indeed, for every z € Sy

Rezj(z) >2—2e —Rex"(2) >1—2e > 1—¢.
It remains to check that all z € S satisfy |Gz + z|| = 2 — 0. Indeed, for z € S;
Rey*(Gz) = Rez"(z) = Re(zj(2) + z%(2)) —Re(z5(2)) >2—2e —1=1—2¢

and, consequently, |Gz + y|| = Rey*(Gz +y) >2—3e > 2 —4.

For the last implication (iii) = (i) consider an operator T' = z* ® y, where
yeY, a* € X*, and ||T| = 1. The representation ' = z* ® y can be taken in such
a way that y € Sy and 2* € Sx~. It remains to apply Lemma 3.1.3. O

Analogously to Corollary 3.1.6 the above characterisation in terms of slices
permits, when it is convenient, to reduce the study to the real case.

COROLLARY 5.1.3. A complez-linear operator G between complex Banach
spaces X,Y is a Daugavet centre if and only if the same operator G is a Dau-
gavet centre when considered as a real-linear operator between the underlying real
spaces Xr and Yg.

The next two lemmas are complete analogues of Lemmas 3.1.14 and 3.1.15,
so we permit ourselves to omit the details, which an interested reader can easily
check. The detailed demonstrations can be found in [58, Lemma 2.11]) and [60,
Lemma 2.1]).

LEMMA 5.1.4. Let G: X — Y be a Daugavet centre with ||G|| = 1. Then, for
every finite-dimensional subspace Yo C'Y and for every € > 0, every slice S of Bx
contains a smaller slice S C S of Bx such that the inequality

ly +tGz|| = (1 —eo)([lyll + It]) (5.1.3)
holds for all y € Yy, x € S and t € K.

LEMMA 5.1.5. For an operator G € Spx,y) the following assertions are equiv-
alent:

(i) G is a Daugavet centre.

(ii) For every e > 0, y € Sy, and every subset U of Bx that contains a convex
combination of slices of the ball, there exists x € U such that ||Gx+y| > 2—e¢.
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(iii) For everye > 0, y € Sy and every nonvoid relatively weakly open subset U of
Bx there exists some x € U such that |Gz +y|| > 2 —¢.

In order to give one more geometric description of Daugavet centres, let us
introduce more notation. For a bounded subset A C Y, its (outer) radius at the
point y € Y is r,(A) = sup{|ly — a|: a € A} (see Figure 5.1).

O

<Y

FIGURE 5.1. Outer radius

Clearly, ry(A) = ry(conv(A)) for every y € X and every bounded set A. Re-
mark that, by the triangle inequality,

ry(A) < [lyll + sup{llall: @ € A} = [ly[| + ro(A) (5.1.4)

and the reciprocal inequality holds if A is a ball centred at 0 or even if conv(A) is
a ball centred at 0. This observation leads to the following definition.

DEFINITION 5.1.6. A bounded subset A C Y is said to be a quasiball if for
every y € Y

ry(A) = |lyl| + ro(A). (5.1.5)

By the comment before the definition, every subset whose closed convex hull
is a ball centred at 0 is a quasiball, but the converse result is false, as Figure 5.2
shows. (We caution the reader that the notion of a quasiball with an entirely
different meaning has appeared elsewhere, cf. [133, page 79].)

DEFINITION 5.1.7. A bounded subset A C Y is said to be antidentable if for
each y € Y and every r € [0,7,(A))
conv (A \ By (y,r)) D A. (5.1.6)

Our goal is to characterise Daugavet centres by means of quasiballs and anti-
dentable sets. The first result in this line is the following necessary condition.

THEOREM 5.1.8. If G € Sp(x,y) s a Daugavet centre, then A := G(Bx) is a
quasiball.

PROOF. Lemma 5.1.4 applied to the one-dimensional subspace Yy = lin{y} and
t = 1 implies, in particular, that for every y € Y and € > 0 there is x € Bx with
ly — Gz[| > [lyl| +1 —&. Consequently, r,(A) > [yl +1—¢ = [yl +ro(A) —e. O
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FI1GURE 5.2. Closed convex quasiball
in (R?,] - ||oo) which is not a ball

The second result is another necessary condition for Daugavet centres.

THEOREM 5.1.9. If G € Sp(xy) i a Daugavet centre, then for every y € Y
and every r € [0,7,(G(Bx))),

V= W(BX \ Gil(By(y,T))) D By. (517)

PRrROOF. Let us assume to the contrary the existence of y € Y and r €
[0,7,(G(Bx))) for which V from (5.1.7) does not contain the whole unit ball Bx.
By the Hahn-Banach theorem in the form of Lemma 2.6.7, there is a slice Sy of
By disjoint from V. For that slice we have Sy C G~!(By (y,r)). Since, according
to (5.1.4), r < ry(G(Bx)) < |lyll + 1, we may choose some Jy > 0 so small that
lyll + 1 — dp > r. With the help of Lemma 5.1.4 applied to the one-dimensional
subspace Yy = lin{y} and ¢t = 1, we obtain some x € Sy C G~'(By(y,r)) with
|Gz —y|l > |ly|]| +1—dp > r. But then, Gz ¢ By (y,r), that is, z ¢ G~ (By (y,r)).
This contradiction concludes the proof. (I

In particular, we get this necessary condition in terms of antidentability.

COROLLARY 5.1.10. For a Daugavet centre G € Spx,y) the corresponding set
A = G(Bx) is antidentable.

PROOF. By the previous theorem, for each y € Y and every r € [0,7,(A)), the
inclusion (5.1.7) holds true. Consequently,

ACG(V)creonv (G(Bx \G ' (By(y,r)))) =conv (A\ By (y,r)). O

Next, we are going to demonstrate that the properties from Theorems 5.1.8
and 5.1.9 together give a characterisation of Daugavet centres. We also extend to
Daugavet centres the effect remarked previously in Theorem 3.2.6.

THEOREM 5.1.11. An operator G € Sp(x.y) is a Daugavet centre if and only if
it simultaneously satisfies the following two conditions:

(A) A:=G(Bx) is a quasiball;

(B) the inclusion (5.1.7) holds true for ally € Y and all r € [0,7,(G(Bx))).
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Moreover, if G is a Daugavet centre, then the identity (5.1.1) remains valid for all
strong Radon-Nikodym operators T € L(X,Y), in particular, for all compact and
all weakly compact T

PROOF. A part of the job is already done in Theorems 5.1.8 and 5.1.9. It
remains to show that (A) and (B) together imply (5.1.1) for all strong Radon-
Nikodym operators T' € L(X,Y). It will be a little bit more convenient for us to
demonstrate the Daugavet equation (5.1.1) in the form of

IG =TI =1+T],

that is, with —7 instead of T. Fix € > 0. By the definition of a strong Radon-
Nikodym operator, K = T'(Bx) is a set with the Radon-Nikodym property. So, K
is equal to the closed convex hull of its denting points. Hence, there is a denting
point u of K with ||ul| > ||T|| — e. Select a slice S of K that contains u and has
diam S < e. Denote

r=r,(G(Bx)) —e.
Remark that 7-*(S) N By is a slice of Bx (Proposition 2.6.5). By this reason, (B)
implies that
(T7'(S)NBx) N (Bx \ G~'(By (u,r))) # 0.
This means the existence of some zg € Bx such that Txzg € S (and, consequently,
|ITxo — u|| <€), but Txy ¢ By (u,7), that is, ||Gzg — u|| > r. Then,

|G —T| = ||Gxg — Txo|| = ||Gxo —u|| —e >r —e =r,(G(Bx)) — 2.
Applying (A), we may proceed as follows:
IG =T 2 |lull + ro(G(Bx)) — 2¢ = [Jull + |G| = 2¢ = [T + [|G]| = 3e. DO
The next result is an extension of Theorem 4.1.7.

THEOREM 5.1.12 ([147, Theorem 1]). For G € Spx,y), the following asser-
tions are equivalent:

(i) G is a Daugavet centre;

(ii) for all separable subspaces X1 C X and Y1 C Y there exist separable
subspaces Xo C X and Yo CY such that X1 C Xo, Y1 C Vs, G(X2) C Yo
and the restriction G|x,: Xo — Y of G is a norm-one Daugavet centre.

PRrROOF. (i) = (ii). In order to construct the subspaces X5 and Y, we will
inductively select two countable sets: {z,,m: n,m € N} C Bx such that the set of
all linear combinations of its elements with rational coeflicients is dense in X5 (i.e.,
X, will be the closed linear span of the x,, . ), and {yn m: n,m € N} C Sy such that
{Yn,m: n,m € N} = Sy,. As the starting point, we take a countable dense subset
of Bx,, say {x1,,: m € N}, and a countable dense sequence in the unit sphere of
lin (Y1 U{Gz1,m: m € N}), say (y1,m)men-

Assume that, for some natural k, we have constructed all the sequences
(Zn,m)men and (Yn,m)men for every n = 1,..., k. Now, we construct the sequences
(Zk+1,m)men and (Yg+1,m)men. Take a sequence of positive numbers (g;) which
converges to zero. Consider the Cartesian product

k k
Ay = {(x,y): x € U {Zpnm: meN}, ye U {Ynm: m € N}}

n=1 n=1
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Using (v) of Theorem 5.1.2, for every ¢ € N and every (z,y) € Ay we find a finite
convex combination Y \;;&;;, where &;; € By, such that ||z — > A\;;Z;|| < &; and
for every &#;; the inequality ||y + GZ;j| > 2 — ¢; holds true.

Let the symbol Dj, denote the set of all £;; that we have chosen in this way for
all i € N and all (z,y) € Ax. Note that Dy is a countable subset of Bx. Let us
extend Dy, to a countable dense subset of the unit ball of the space lin Dj, and take
the set obtained this way as (Tx+1,m)men. AS (Yk+1,m)men We take a countable
dense subset of the unit sphere of the space

_ k+1
lin {Yl U U _1{GSL‘n’mZ m € N}} .

Now, let us show that these sets {zy, m: n,m € N} and {y, m: n, m € N} satisfy our
requirements. Consider Xy := lin {z,, m: n,m € N} and Ya := lin{y,, ;m: n,m € N}
which are clearly separable subspaces of X and Y respectively. It is easy to see
that X, C Xs, Y1 C Y, and G(XQ) CYs.

Let us prove that G|x,: X2 — Y3 is a Daugavet centre. By (v) of Theorem 5.1.2
it is sufficient to show that for every € > 0 and every y € Sy,

By, C tov ({z € Bx,: |ly + Gz| > 2 —¢}).

Take z € By, and 6 > 0. There is & € {z, ,m: n,m € N} with |z — Z| < §/2,
and there is § € {ynm: n,m € N} with |ly — §|| < £/3. Let k € N be such that
ze UZ:1{$n,m5 m € N} and § € UI:L=1{yn,m: m € N}. Then there exists a convex
combination Y \;&; with &; € Uf;ll{xnm m € N} such that || — > \;&;]| < §/2

and for every #; the inequality ||§ + G%;|| > 2 — /3 holds true. Then
ly + G2l > |§ + G2l —e/3>2—2¢/3>2—¢

and ||z — Y \;&;| < 4. Hence z € conv({z € Bx,: ||y — Gz|| > 1+ |ly|| — £}).

(ii) = (i). Let e > 0, T € L(X,Y) be a rank-one operator of norm 1, x € Bx be
such that [|[Tz|| > 1—¢ and z € Bx be such that |Gz|| > 1—¢. For X; :=lin{z, z}
and Y; := T(X) pick separable subspaces Xs and Y, as in (ii). Consider the
restriction T|x,: X2 — Ya. Since z,z € X3, we have

IT]x, | = 1T x| = | Txl| 21 ¢
and by the analogous argument ||G|x,|| > 1 —e. By (ii) G|x,: X2 — Y2 is a
Daugavet centre, hence
IG+T| = [1Glx, + Tlxo | = 1G] x. 1 + 1T x, 11 > 2 — 2¢.
Since the above inequality holds true for an arbitrary € > 0, G is a Daugavet

centre. 0

REMARK 5.1.13. From the definition it follows immediately that if G € Sp(x y)
is a Daugavet centre, E C Y is a subspace such that G(X) C E, then G considered
as an operator acting from X to E remains a Daugavet centre.

This remark implies that for a Daugavet centre G € Sp,x y) the statement (ii)

of the previous theorem remains valid if one demands additionally that
Y2 = lin(Y; U G(X>)) (5.1.8)
This helps to understand why the difficult part of Theorem 4.1.7 (the implication

(i) = (ii) of that theorem) follows from Theorem 5.1.12: for X € DPr and for
a separable subspace X7 C X apply Theorem 5.1.12 with ¥ = X, G = Id and
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Y; = X;. One obtains an X3 D X; and Y> = lin(Y; UId(X3)) = X, and that is
all. Why the implication (ii) = (i) of Theorem 4.1.7 follows from Theorem 5.1.12
is left as an exercise for the interested reader.

The most important examples of Daugavet centres for us are of course the
identity operators in spaces with the Daugavet property. Another important class
can be formalised with the help of the following definition.

DEFINITION 5.1.14. Let a Banach space X be a subspace of a Banach space Y.
The pair (X,Y) is said to be a Daugavet pair if the natural embedding operator J:
X — Y is a Daugavet centre.

A number of examples of Daugavet pairs can be found in [170, 174, 178].
Popov in [255] demonstrated that every isometric embedding of L4]0, 1] into itself
is a Daugavet centre. Several examples of Daugavet centres that are not embedding
operators are described in [58, 92], viz., certain composition operators and weighted
composition operators on C(K) and the disk algebra.

5.2. The renorming theorem

In this section we are dealing the following situation. G: X — Y is a Daugavet
centre, Y is a subspace of some Banach space F, and J: Y — F is the corresponding
natural embedding. We want to know whether the operator J o G: X — F is a
Daugavet centre. In general, the answer is negative. This happens, for example,
if E is of the form F = Y @, Z for some non-zero subspace Z. On the other
hand, if £ =Y @ Z, then the answer is positive. Moreover, taking into account
that in the case of complemented Y C E, E can be equivalently renormed to be
equal to Y @; Z, in this case we see that there exists an equivalent norm ||| - |
on F that extends the original norm of Y and such that in this new norm the
operator J o G: X — (E,|| - ||) is a Daugavet centre. The aim of this section
is to demonstrate that this renorming result remains true without the additional
assumption of complementability of Y in E. The result is not easy, and requires
some preparatory work.

DEFINITION 5.2.1. Let E be a linear space equipped with a seminorm || - ||
(seminormed space), A C Bg, U be a free ultrafilter on a set T and f: ' — A be a
function. The triple (T, 4, f) is said to be an A-valued E-atom if for every w € E

lim || f + wl| = 1+ [Jw]. (5.2.1)

It is clear that for A C B C Bg each A-valued E-atom is at the same time a
B-valued E-atom. We will call Bg-valued E-atoms just E-atoms.

The following characterisation of Daugavet centres in terms of F-atoms is a
consequence of Theorem 5.1.2 and Lemma 5.1.4.

THEOREM 5.2.2. Let X,Y be Banach spaces. An operator G € Sp(xy) is a
Daugavet centre if and only if for every slice S of Bx there exists a G(S)-valued
Y -atom.

PRrROOF. Let us start with the “if” part. Assume that for every slice S of Bx
there is a G(S)-valued Y-atom. Our goal is to demonstrate that G is a Daugavet
centre. For this, let us verify the condition (iii) of Theorem 5.1.2. Fix y € Sy,
x* € Sx« and € > 0. Denote S = Slice(Bx, z§,¢). Our assumption produces a
G(9)-valued Y-atom (T4, f). Substituting w = y in (5.2.1), we obtain that in
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particular || f(¢) + y|| > 2 — ¢ for some ¢t € T'. Since f(t) € G(S5), there is x € S
such that f(t) = Gx. This z fulfills (iii) of Theorem 5.1.2: Rex*(x) > 1 — ¢ and
|Gz 4+ y|| > 2 —e. So, the “if” part is done.

Let us demonstrate the “only if” part. Assume that G is a Daugavet centre
and S is a slice of Bx. Put I' = FIN(Y), the family of finite subsets of Y, and
denote by § the natural filter on I' induced by the ordering by inclusion, that is,
the filter whose base is formed by the family {A C FIN(Y): A € FIN(Y)}, where
A :={B € FIN(Y): A C B}. By Lemma 5.1.4, for every A € FIN(Y) there is
2(A) € S such that for ally € A

v+ Gla(A))] > (1 - A|) (lyl +1)-

Let us define the mapping f: I' — G(S) by the formula f(A) := G(x(A)). Then,
for every ultrafilter ${ that dominates §, the triple (T',4l, f) will be the desired
G(S)-valued Y-atom. O

The next few lemmata include some preparatory work for the renorming theo-
rem promised in the title of this section.

LEMMA 5.2.3. Let (E,p) be a seminormed space, Y be a subspace of E and
(T, 4L f) be a Y-atom. Define for each x € E and r > 0 the quantity

pr(x) = U- li{np(:v +rf(t)) —
Then, p, possesses the following properties:
) 0< pr(x) <p(z) forallx € E,

+(y) =p(y) for ally €Y,
the function x — p.(x) is convex for every fized r > 0,

(a
(b) p
(c)
(d) the functwn r — p(x) is convex for every fized x € E,
(e) pr(tw) = tp, () for allt > 0.

PRrOOF. The property (b) follows from (5.2.1) with w = Z. Indeed,

pr(y)=r (11- lim p (% + f(t)) - 1) =7p (%) = p(y).

Among the remaining properties the only non-evident one is the inequality p, > 0.
Let us demonstrate it. Substituting w = 0 in (5.2.1) we obtain in particular that
$-limg p(f(t)) = 1. Fix € > 0 and select ¢t € " in such a way that p(f(t:)) > 1—¢
and

plx+rfte)) < U li{np(x +rf(t) +e

Then
U-limp(z +rf(t) = U limp(—rf(t) +rf(t) — plz +rf(te))
=rp(f(ts)) +r—plz+rf(t))
>2r —re —u—li%np(x +rf(t) —
Consequently,

(2r—e—re)

L\:\H

- liltmp(ac +rf(t) =
and, by the arbitrariness of ¢, p,.(z) > 0. O
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LEMMA 5.2.4. Under the conditions of Lemma 5.2.3, the function r — p.(x)
is monotonically non-increasing for each x. The quantity

p(z) := lim p,(x) = inf p,.(x)
T—>00 s

possesses the following properties:
(a) 0<p(x)<p(z) foralzecE,
(b) ply) =p(y) forally €Y,
(c) the function x — p(x) is convez,
and, moreover,
p(tx) =tp(x) forall t>0, x € E. (5.2.2)

PROOF. Due to (a) and (d) of Lemma 5.2.3, the function r — p,.(x) is non-
negative, convex and bounded, hence it is monotonically non-increasing. This ex-
plains the correctness of the definition of p. The items (a)—(c) of the current lemma
follow from the corresponding items of Lemma 5.2.3, and the condition (5.2.2)
follows from (e) of Lemma 5.2.3. O

DEFINITION 5.2.5. Let (E, || - ||) be a Banach space, Y be a subspace of E. An
equivalent norm ||| - || on E is said to have the Y -atomic property if it satisfies the
following two conditions:

(1) Myl = llyll for each y € Y
(2) every Y-atom is at the same time an (E, || - |||)-atom.

The construction of the renorming and its basic properties are gathered in the
next lemma.

LEMMA 5.2.6. LetY be a subspace of a Banach space E. Then, there exists an
equivalent norm on E that possesses the Y -atomic property.

PROOF. Denote P the family of all those seminorms ¢ on E such that ¢(z) <
lz|| for all z € E and ¢(y) = ||ly|| for all y € Y. By Zorn’s lemma, P possesses a
minimal element p. Let us demonstrate first that every Y-atom (T, 4L, f) is at the
same time an (E,p)-atom, that is, that for every z € F

liinp(f +z)=1+p(x). (5.2.3)

Indeed, consider the quantity p from Lemma 5.2.4 that is built on the seminorm p
and the Y-atom (T',4( f). Recall that 0 < p < p, p(y) = p(y) = ||y|| for all y € Y,
but p is not necessarily a seminorm. Nevertheless, the expression

px) +p(—2
o) = PP
already defines a seminorm. Moreover, ¢ € P and ¢ < p. The minimality of p
implies that

q(z) = p(z) Vr € E. (5.2.4)
Further, taking into account that p(x) > p(z) and p(z) = p(—z) > p(—=x), the
equality (5.2.4) means that p(z) = p(x). Finally, from (a) of Lemma 5.2.3 and from
the definition of p follows that p(z) = p,-(z) for all * > 0; in particular, p(z) = p1 (),
and this is exactly the desired (5.2.3).
Now, let us define the requested norm on E by the formula

]l == p(z) + 2]l z/v
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and let us show that it fulfills the conditions of our lemma. First of all,

il < 2[|]].
Let us demonstrate that 1
2l = 3l
By the homogeneity, it is sufficient to verify the above condition for |z| = 1. If

2]l z/y > 3, everything is clear. In the opposite case, we may select y € Y in
such a way that ||z — y|| < 3. Then p(y) = |ly| > % and
2 1

Izl = p(z) 2 p(y) = plz —y) > 5 = llo =yl > 3.
We have already demonstrated that || - || and || - || are equivalent norms. Also, for
allyeY

il = p(y) = llyll-

So, it remains to demonstrate that in this new norm each Y-atom (T, 4, f) is also
an F-atom. Indeed, for every x € E

lim [|f + [l = Y (p(f +2) + [|[f + 2]llz/v)
= timp(f + ) + el
=1+p(@) + [2lle/y =1+ ll=ll,
which completes the proof. ([
Now, we are ready for the main renorming theorem.

THEOREM 5.2.7. Let G: X — Y be a Daugavet centre, Y be a subspace of a
Banach space E, and J:'Y — E be the corresponding natural embedding. Then
there exists an equivalent norm || - || on E that extends the original norm of Y and
such that in this new norm the operator JoG: X — (E, || - ||) ¢s a Daugavet centre.
In the role of this norm, one can take any equivalent norm on E that possesses the
Y -atomic property (Lemma 5.2.6).

PROOF. Take any equivalent norm || -|| on E that possesses the Y-atomic
property as the requested norm (which exists thanks to Lemma 5.2.6). We already
know that it is an equivalent norm on E that extends the original norm of Y. So,
it remains to prove that J o G: X — FE is a Daugavet centre. We are going to
do this with the help of Theorem 5.2.2. Indeed, let S be an arbitrary slice of Bx.
According to Theorem 5.2.2, it is sufficient to find a G(S)-valued (E, || - |||)-atom.

Since G: X — Y is a Daugavet centre, the same Theorem 5.2.2 gives the
existence of a G(S5)-valued Y-atom (T',4, f). Then, according to Lemma 5.2.6,
(T, 4, f) is at the same time a G(S)-valued (E, ||| - ||)-atom, and the job is done. O

5.3. Pointwise unconditional convergence of operator series and the
Daugavet equation

An operator series EZO:1 T, T, € L(X,Y), is said to be pointwise uncondition-
ally convergent if for every x € X the series ) - | T}z converges unconditionally.
The uniform boundedness principle and Proposition 2.4.1 imply the validity of

condition
sup { Z T,

neA

tAe FIN(N)} < 00 (5.3.1)
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for every pointwise unconditionally convergent operator series Y | T),.
Now, we are ready for the main result of the section.

THEOREM 5.3.1. Let X, Y be Banach spaces, G € L(X,Y), and M C L(X,Y)
be a linear space of operators such that the identity

IG=T|=1+|T| (5.3.2)

(that we still call the Daugavet equation) holds true for every T € M. Assume that
an operator V. € L(X,Y) can be represented as the sum of a pointwise uncondi-
tionally convergent series of elements of M. Then |G — V|| = 1. In particular, G
cannot be expanded into a pointwise unconditionally convergent series of operators
T, e M.

PrOOF. Let V =3 "7 . T, be an expansion of V as a pointwise unconditionally

n=1
convergent series of operators Tn € M. Denote

a:sup{ ZTn

ncA
According to (5.3.1), a < co. Also, for every B C N we have

A€ FIN(N)}.

> T, <sup{ > T||: A€ FIN(N), ACB} <o (5.3.3)
neB neA
For a given & > 0 choose A. € FIN(N) in such a way that [|>° 4 Tul > a —e.
Then
6-viz[e- ¥ n|- | S nz14| £ n)-az1--
neA. ng¢A. neAe
by (5.3.2) and (5.3.3). By the arbitrariness of ¢ this gives what we need. O

Remark that in [58, Theorem 2.9] one can find that the above theorem extends
to uncountable pointwise unconditionally convergent summable families with the
same proof, and moreover, if the condition (5.3.2) is replaced by the following one:
there is C' > 0 such that |G —T|| > C + ||T|| for all T € M, then the conclusion
modifies to |G — V| = C.

COROLLARY 5.3.2. Let X,Y be Banach spaces, G € Sp(xy) be a Daugavet
centre. Then neither X norY has an unconditional basis. In particular, a Banach
space with an unconditional basis cannot possess the Daugavet property.

PROOF. Case 1: Assume X has an unconditional basis. Let (e,)32; be an
unconditional basis of X, (e%)>2; be the corresponding coordinate functionals.
Then Idy = Y07 | € ® e, where the series converges pointwise unconditionally,
so the formula

(o]
G=> Gol(e@en) (5.3.4)
n=1
gives a representation of G as a pointwise unconditionally convergent series of com-
pact operators. Since compact operators form a linear space and satisfy the equa-
tion (5.3.2) (Theorem 5.1.11), this leads to a contradiction with Theorem 5.3.1.
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Case 2: Assume Y has an unconditional basis (¢,,)024, and let (¢;;)02, C Y*
be the corresponding coordinate functionals. Then the formula

G=3 (g, ®gn) oG
n=1

leads to a contradiction in the same way as (5.3.4) in the Case 1. g

Corollary 5.3.2 demonstrates that the Daugavet property is the common reason
for the absence of an unconditional basis in the classical spaces C[0,1] and L;[0, 1].
The next result shows that every basis in a space with the Daugavet property stays
in some sense as far as possible from an unconditional one. Let us recall some
definitions.

Let (e,)$2; be a basis of a Banach space X, (ef)>2; be the corresponding
coordinate functionals. As we mentioned in Section 2.3, the partial sum operators
Sn =Y 1_; €; @ ey are uniformly bounded, and the quantity C' = sup,,cy ||Sn || is
called the basis constant of the basis (e, ).

For each A € FIN(N), denote v(A) the variation of 14 (in other words, v(A)
is the number of jumps from 1 to 0 and back). For example, v({1,2,3}) = 1,
v({2,3,4}) =2, v({1,3,4,5}) = 3, etc. Let us introduce

Ze,ﬁ@ek

keA

Q, = an((ek)zo:l) = sup{

: A e FIN(N), v(4) < n} .

These quantities have an easy estimate from above: «a, < Cn, where C is the
basis constant of (e,). In order to be unconditional, the basis needs to satisfy
sup,, a, < 0o. The next theorem demonstrates that the Daugavet property of the
space implies a linear growth (that is, the maximal possible one) of «, as n — oo
for every basis of the space.

THEOREM 5.3.3. Let (ex)32, be a basis of a Banach space X € DPr. Then,
the above quantities o, = an((ek)i‘;l) satisfy the inequality a1 = o + 1 for all
n € N.

PRrOOF. For a given € > 0 choose A € FIN(N) with v(4) < n in such a way
that || >°,c4er ® exl| = ap —e. Then the Daugavet inequality implies that

Z e ekl = Id—ZeZ@ek

EeEN\A keA

>1+a, —c¢.

Since the sequence of operators ZkG(N\A)m{1127___’m} e, ® e, converges pointwise to
2_rena € ® e as m — 0o and, since v((N\A)N{1,2,...,m}) < n+1, we obtain
that

Qp41 = SUP Z ep ®ekl| = Z e ekl =1+ a, —e.
ke(N\A)N{1,2,...,m} kEN\A
By the arbitrariness of ¢, this completes the proof. (]

Corollary 5.3.2 may be developed further in several directions, and for that
the renorming theorem from the previous section is an invaluable tool. We give a
sample result in Theorem 5.3.6 below.
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Let Y be a Banach space. Consider the dual unit ball By« and the Banach
space

baclBy-) = { £ Br- 5 Rl = sup 17(5)] < o0,
SEBy
Every y € Y gives rise, via f,(y*) = y*(y), to a bounded function on By« with
I fyllo = llyll; so, in a standard sense, Y C loo(By-). (Indeed, Y C C(By~) if the
dual unit ball is equipped with the weak* topology.)

Let us fix an equivalent norm || - ||| on £ (By+) possessing the Y-atomic prop-
erty (use Lemma 5.2.6), and denote ly := ({oo(By+), || - ||)- Recall that the point-
wise application of the Hahn-Banach extension theorem generalises this theorem to
operators acting to (renormings of) £, (I')-spaces; this property is called injectivity
of the space. For future reference we formulate this as a remark.

REMARK 5.3.4. Let Y, E' be Banach spaces and Z be a subspace of E. Then,
for every V € L(Z,Y) there is an extension V € L(E,ly), that is, Vz = Vz for
every z € Z.

LEMMA 5.3.5. Let Z, E be Banach spaces, and'V: Z — E be an isomorphic em-
bedding. Then, there is an equivalent norm || - |1 on E such that V: Z — (E, || - ||1)
is an isometric embedding.

PROOF. It is sufficient to define |jy[; = |[V~1(y)|| for y € V(Z) and extend
[l |l1 to the whole of E using Theorem 2.10.1. O

Here is the main consequence of our study of Daugavet centres.

THEOREM 5.3.6. If G € Sp(x,y) i a Daugavet centre, then neither X nor
Y can be isomorphically embedded into a space E in which the identity operator
Idg has a representation as a pointwise unconditionally convergent series of weakly
compact operators.

PRrROOF. Thanks to Lemma 5.3.5, an isomorphic embedding in our assumptions
may be substituted by an isometric one. This way we reduce our problem to the
case of Z C E, with V being the natural embedding operator V: Z — FE of the
subspace Z into the bigger space E.

Let Idg = >, .y T, where the series is pointwise unconditionally convergent,
and all the T,: F — FE are weakly compact. At first assume Y C E, and denote J €
L(Y, E) the natural embedding operator. Equip E with the equivalent norm making
J o G a Daugavet centre, given by Theorem 5.2.7. Then JoG =) yTnoJ oG,
the series is pointwise unconditionally convergent, and all the operators T,, 0 J o G
are weakly compact. Since weakly compact operators form a linear space whose
elements enjoy the Daugavet equation, this contradicts Theorem 5.3.1.

Now, assume X C F. Consider the isometric embedding J: Y — ly described
above. According to Remark 5.3.4, there is an operator U: E — ly such that
Ulx = JoG. Then

JoG=(Uoldg)|x =Y UoTx.
neN

This representation leads to a contradiction in the same way as in the previous
case. U
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From the previous theorem, we can largely extend Pelczynski’s result on the
non-embedability of L1[0, 1] into a Banach space with unconditional basis. We need
some definition.

DEFINITION 5.3.7. The space E is an unconditional direct sum @, , E, of
spaces E,, provided that E, C E, n € N, each z € E has a unique expansion
T = Zzozl x, with z,, € F,, and the series Zflozl x, converges unconditionally.

The next result is the extension of Pelczynski’s result.

COROLLARY 5.3.8. If G € Sp(x,y) is a Daugavet centre, then neither X nor
Y can be embedded into a space E having an unconditional basis or having a rep-
resentation as an unconditional direct sum of reflexive subspaces. In particular, a
Banach space with the Daugavet property cannot be isomorphically embedded in a
space with an unconditional basis.

PRrROOF. Assume on the contrary that either X or Y embeds isomorphically
into an unconditional direct sum of reflexive spaces £ = @20:1 X,. Denote by
P, the natural projections of the space E on X,. By the reflexivity of X,, all
the P, are weakly compact. According to Definition 5.3.7, > | P, is pointwise
unconditionally convergent to Idy. It remains to apply Theorem 5.3.6. O

REMARK 5.3.9. In the sequel, for some important spaces and operator classes
M we will demonstrate that, under the conditions of Theorem 5.3.1, the corre-
sponding V satisfies the Daugavet equation |G — V|| = 1+ ||V| and not only
IG = V]| > 1. We don’t know whether such a result is true in general (see Ques-
tion (5.1) in Section 5.6). The above claim can be confirmed if, for every € > 0,
there is an expansion V = 220:1 T,, T, € M, with the following property:

i +7,

n=1

i > — ¢ for every choice of % . (5.3.5)

(This property holds true, in particular, if the original expansion is 1-unconditional,
that is, if | V|| = || Yoo, £T5,|| for every choice of +.) Indeed, let o and A, be as in
the proof of Theorem 5.3.1, and let \,, = —1 forn € A, and \,, =1 for n € N\ A..
Then we have under the condition (5.3.5)

IG=V[={G-2> T.= > \Tn
neA. neN
>1+2 ZTn - Z)\nTn
neEA. neN

>142a—¢e)—||V||—e=214+||V] — 3e.
One more way to apply the ideas exposed in this section is shown below.

THEOREM 5.3.10. Let X,Y be Banach spaces, X € DPr, and suppose V €
L(X,Y) has an expansion V =3 _>" | T, as a sum of a pointwise unconditionally
convergent series of weakly compact operators T,, € L(X,Y). Then V is not an
isomorphic embedding (i.e., V is not bounded below).

PROOF. Assume on the contrary that V' is an isomorphic embedding. Without
loss of generality we may suppose that V' is an isometric embedding (Lemma 5.3.5).
Then X is isometric to V' (X) and we may reduce our problem to the case of X C Y,
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with V' being the natural embedding operator V: X — Y of the subspace X into the
bigger space Y. Since X € DPr, Idx: X — X is a Daugavet centre, and according
to Theorem 5.2.7, we may introduce another equivalent norm on Y in such a way
that V: X — Y will be a Daugavet centre as well. Then, due to Theorem 5.1.11,
in the new norm every weakly compact operator T: X — Y satisfies the Daugavet
equation |V =T = 14||T||. Consequently, by Theorem 5.3.1, V is not representable
as a pointwise unconditionally convergent series of weakly compact operators, as
opposed to our assumption. O

5.4. PP-narrow operators, hereditarily PP-narrow operators, and
pointwise unconditional convergence

In the previous section we looked at pointwise unconditionally convergent series
of operators; now we are going to iterate this idea and will first introduce a suitable
notation for this.

DEFINITION 5.4.1. Let E,Y be Banach spaces, M C L(E,Y) be a linear sub-
space. By unc(M) we denote the bigger linear subspace consisting of all operators
T: E — Y that can be represented as a sum of a pointwise unconditionally conver-
gent series of some operators T,, € M.

In this notation, Theorem 5.3.10 says, in particular, that for £ € DPr and Y
arbitrary, the corresponding subspace unc(K (E,Y')) does not contain any bounded
below operator.

Iterating the operation “unc”, we may introduce the classes

unce (K (E,Y)) = unc(unc(K(E,Y))),
uncy (K (E,Y)) = unc(uncy (K (E,Y))),

and so on. We are interested in analysing whether it is true that, given two Banach
spaces E,Y with E € DPr, none of the classes unc, (K(E,Y)), n € N, contains
a bounded below operator (it is indeed an open question, see Question (5.2) in
Section 5.6).

A natural approach to the above problem consists in finding, for given E and
Y, a “convenient” class M C L(E,Y) that is stable under the operation “unc”,
contains all compact operators, and does not contain any bounded below operator.

Although we are not able to solve the above problem for a general £ € DPr, for
the spaces C[0,1] and L1[0,1] a positive answer can be found with the help of the
idea that is described above. In Chapter 8 we will demonstrate that for E = C[0, 1]
and E = C(K, X), such a “convenient” class is formed by the C-narrow operators
(Theorem 8.3.5).

In this section we are going to construct a “convenient” class for £ = L]0, 1].
This class consists of the hereditarily PP-narrow operators introduced in [159],
and a big part of the section literally repeats the exposition from [159]. A similar
problem for pointwise absolute convergent expansions was approached in [153].

In 1990 Plichko and Popov [252] introduced the important notion of a narrow
operator. We prefer to call such operators PP-narrow, that is, “narrow in the sense
of Plichko and Popov”. Nowadays the theory of PP-narrow operators is deeply
developed in many directions. A good account of it can be found in the monograph
[254]. In the sequel, we will refer to PP-narrow operators many times, because the
analogy with this class gave rise to the extremely important concept of a narrow
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operator on a space with the Daugavet property, to be discussed in Chapter 6. Let
us introduce the necessary notation and definitions.

In this section (£,%, i) is a finite or o-finite nonatomic measure space. We
denote by X1 the collection of those A € ¥ for which 0 < u(A4) < co. For 1 <p <
00, L, means L,(Q,%, p), and LY(€, %, ) C Ly, is the subspace of all f € L, with

Jo fdu=0.

DEFINITION 5.4.2. Let A € ¥T. A measurable function f: Q — R is said to be
a sign on A if it is of the form f = 1p, — 1p,, where B; and By form a partition
of A into two measurable subsets with u(B1) = u(Bz2).

An operator T' € L(L,, X) is said to be PP-narrow if for every A € ¥ and
€ > 0 there is a sign f on A such that [|Tf|| < e.

For the space Ly the complement of this class of operators was studied under
the name “sign-preserving operators” in papers by Ghoussoub and Rosenthal [118],
[262] and [263].

From the definition it follows that a PP-narrow operator cannot be bounded
below. Also, every compact operator T € L(L,, X), 1 < p < oo, is PP-narrow
[252]. Indeed, for A € X1 consider a Rademacher sequence (r,,) on A, that is, a
sequence of independent random variables on the probability space ( A, Y| 4, ﬁA)
with pu({r, =1}) = p({r, = —1}) = u(A)/2. (Cf. page 119.) All r,, are signs on
A, r,, = 0 weakly in Ly, so ||T'ry,|| — 0 by compactness of T.

It is known [176, 286] that the class of PP-narrow operators in L(L4), is stable
under the operation unc. Unfortunately, this result does not extend to those PP-
narrow operators that act from L, into another space. Moreover, Mykhaylyuk and
Popov [236] constructed a space Y and a couple of PP-narrow operators T4, T €
L(L4[0,1],Y) whose sum is not PP-narrow; so in general it does not make sense to
speak about infinite sums of PP-narrow operators. In order to solve this problem,
we introduce a subclass of PP-narrow of operators, called hereditarily PP-narrow
(HPP-narrow for short).

In this section we consider only real spaces. Since the question about operator
classes that we study is of isomorphic character, and complex L, considered as a
real space, is isomorphic to the real L, we don’t lose any generality excluding the
complex case from our consideration.

Although below we are speaking about a general fixed non-atomic measure
space (§,%, ) (finite or o-finite), taking into account that L; on a non-atomic
countably generated measure space is isometric to L1[0, 1], for our main task the
reader doesn’t lose anything considering only Q = [0, 1] equipped with the o-algebra
3 of Lebesgue measurable subsets and the Lebesgue measure.

5.4.1. Haar-like systems and hereditarily PP-narrow operators. De-
note Ay = {0}, A, = {-1,1}", A = U,_;An. The elements of A, are n-
tuples of the form (aq,...,a,) with oy = +£1. For o = (ay,...,a,) € A, and
ant1 € {—1,1} denote by a, a1 the (n+ 1)-tuple (aq,...,an, @py1) € Aptr; let
us agree also that (), a; = (1) (observe that this operation is nothing but the con-
catenation of finite sequences). The elements of A, can be written as a sequence
in the following natural ordering:

ma 71, 17 (71771)7 (*131)7 (1771)3 (171)7 (*13717*1),
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DEFINITION 5.4.3. Let A € . A family {A,: @ € Ay} of measurable
subsets of A is said to be a tree of subsets on A if Ay = A, and for every a € A,
the corresponding couple of sets Aq, 1, Aq,—1 form a partition of A, in two subsets
of equal measure. The family of functions {h,: @ € A}, defined by the formula

ha=14,,—14

a,—17

is said to be a Haar-like system on A (relative to the tree {Ay: a € Ax}).

Remark that after deleting the constant function, the classical Haar system on
[0,1] gives an example of a Haar-like system. Moreover, each Haar-like system is
equivalent to the one just mentioned.

REMARK 5.4.4. (a) Let {ho: @ € Ax} be a Haar-like system on A, relative
to the tree {Ay: o € Ax}, and let 1 < p < oco. Then ||hy| = (2_”M(A))1/p for
a € A,. Denote by ¥ the o-algebra on A generated by the sets A,. Then the
system {hq: a € Ao} in its natural order forms a monotone basis for L) (A, X1, ).

(b) Consequently, if ¢ > 0 and {e4: o € Ax} is a family of positive numbers
with ) ea/||hall < €/2, and if {x4: o € A} are elements of a Banach space X
with ||z4|| < €4, then the mapping h,, — x, uniquely extends to a linear bounded
operator U: L)(A, %1, u) — X of norm ||U]| < e.

LEMMA 5.4.5. Let1 < p < oo and let T: L, —+ X be a PP-narrow operator.
Then,

(a) For every A € 1 and every family {eo: o € A} of positive numbers, there
is a Haar-like system {hqo: o € Ao} on A such that |The| < €4 for o € Ax.

(b) For every e > 0 and every A € X7 there is a o-algebra . C ¥ on A such
<e.

that (A, Y., p) is a nonatomic measure space and HT|L0<A So)
P ) £

PRrROOF. To construct a tree of subsets and the corresponding Haar-like system
for (a) we repeatedly apply the definition of a PP-narrow operator. Namely, let
hg be a sign supported on A with [|[Thy| < eg. Put, using the standard notation
{h=2}={we N hw) =z},

A1 ={hg=-1}, Ay ={hy=1}.
Let h_1 and hy be signs supported on A_; and A; respectively with ||Thyq|| < e41;
put
A 1={hy=-1}, A1 ={h_1 =1},
A1 ={h=-1}, Ai1={h=1}

and continue in the above fashion. This yields part (a).
Part (b) follows from (a) and Remark 5.4.4. O

For 1 < p < oo the class of PP-narrow operators on L, is not stable under
taking sums (see [252, p. 59] for the case of 1 < p < 0o and [236] for p = 1); this
is why we have to consider a smaller class of operators that we introduce next.

DEFINITION 5.4.6. An operator T' € L(L,,X) is said to be hereditarily PP-
narrow (HPP-narrow for short) if for every A € ¥+ and every nonatomic sub-o-
algebra 31 C ¥ on A the restriction of T to L,(A, X1, 1) is PP-narrow.
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Since every compact operator on L,, is PP-narrow and compactness is inherited
by restrictions, compact operators on L, are HPP-narrow. On the other hand, the
following example shows that a PP-narrow operator need not be HPP-narrow.

EXAMPLE 5.4.7. The averaging operator

1
T Ly([0,12) = L,f0.1], (Tf)(s) = / F(s.t)dt

is PP-narrow operator but not HPP-narrow.

Indeed, for A = [0, 1]? and for the sub-o-algebra 1 of those measurable subsets
B C [0,1]? that do not depend on the second coordinate (i.e., if (s,7) € B for some
7 € [0,1], then (s,t) € B for all t € [0,1]), the corresponding T'| 45, ) is an
isometry, so it is not PP-narrow. This shows that T is not HPP-narrow. On the
other hand, T' is PP-narrow because for each A C [0, 1] of positive measure we may
divide each vertical section of A into two subsets of equal linear Lebesgue measure,
thus generating a partition A = By U By such that T (1, — 1g,) = 0 (see [254,
Lemma 4.11] for the details).

We now show that the set of HPP-narrow operators forms a subspace of
L(L,, X).

PROPOSITION 5.4.8. Let 1 < p < oo and let U,V: L, — X. Then
(a) if U is PP-narrow and V is HPP-narrow, then U +V is PP-narrow;
(b) if U and V are both HPP-narrow, then U + V is HPP-narrow as well.

PROOF. (a) Let A € ¥T and € > 0. By (b) of Lemma 5.4.5, there is a sub-o-
algebra ¥, C 3 on A such that (A, X, ) is a nonatomic measure space and the
restriction of U to LS(A, 3¢, 1) has norm < e. Since V' is HPP-narrow, there is a
Y.-measurable sign f supported on A for which ||V f|| < e. Then ||(U+V)f| <
(AP e < 2.

(b) follows from (a). O

5.4.2. Unconditionally convergent series of HPP-narrow operators.
We begin with a factorisation lemma for unconditional sums of HPP-narrow oper-
ators.

LEMMA 5.4.9. Let 1 < p < o0, X be a Banach space, T,,: L, — X be HPP-
. oo . . . oy
narrow operators with -, T, converging pointwise unconditionally to an operator
T and let M =supy || Y .2 £T,||. Given 0 < e < 1/2, there exist a Banach space
Y and a factorisation

L, T - X

T w

Y

with |T|| < M, |W| < 1, and there are a nonatomic sub-o-algebra ¥, C %,
a Haar-like system (ho) forming a basis for LY(:, X1, ), and operators U,V:
LY(Q,%1,u) = Y withU+V = T on LY(Q, %1, 1) such that U maps (ha) to
a 1-unconditional basic sequence and ||V]| < e.
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PROOF. Define Y as the space of all sequences y = (y,) € X" such that
220:1 yn converges unconditionally in X. Equip Y with the natural norm

E=
n=1

Put Tf = (T1f, Tof,...) and Wy = S°°  y,. Then Y, T, and W satisfy the
desired factorisation scheme.

Our main task is now to define for this 7' a Haar-like system (h,,) and operators
U,V as claimed in the lemma. To do this, one uses a standard blocking technique
and the stability of HPP-narrow operators under summation (Proposition 5.4.8).
Namely, for every 1 < n < m < oo define a projection operator P, ,,: Y — Y as
follows:

lyll = sup
+

Pn,m(ylay%"') = (an,"'aO,ynayn+17"'aym—laoaow")'

Let (¢,) be positive numbers. Select an arbitrary sign hy supported on 2 and find
ng € N for which

”an,ooThV)” < €.

Put

Uhg = Py, Thy, Vhg = Py ocThy.
The sign hy generates a partition of €2, i.e.,

Ay ={hg=-1}, Ay ={hy=1}.
Since the operator Pl,n@T is PP-narrow by Proposition 5.4.8, there is a sign h_;
supported on A_; for which

~ 1
1PLng Th-1]] < Se-1.

Find n_; > ny such that

||Pn_1,OOTh—1H < —e_1.

| —

Put
Uh—1=Pyyn ,Tho1, Vhoy=(Pin,+Pu  00)Th_1.

Continuing in this fashion, we obtain a Haar-like system (h,,) and operators U, V:
lin{hg: a € Aso} = Y such that U +V = T on lin{h,: @ € A}, U maps (hy)
to disjoint elements of the sequence space Y and hence to a 1-unconditional basic
sequence, and V maps (h,) to elements whose norms are controlled by the numbers
€q; therefore |V < & by Remark 5.4.4(b) if e, — 0 sufficiently fast. O

Remark that the above factorisation lemma was one of the key ingredients of
the following result [159, Theorem 3.3]: there is a Banach space X for which

Id € uncy (K(X, X)) \ unc(K (X, X)).

From now on we concentrate on the space L and go in the direction of the
announced main result that the sum of a pointwise unconditionally convergent series
of HPP-narrow operators on L is again an HPP-narrow operator. The first lemma
on this way implies that the operator U from Lemma 5.4.9 factors through cy.
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LEMMA 5.4.10. Let (hy) be a Haar-like system in Ly, U: Ly — X be an operator
which maps (ha) into an unconditional basic sequence. Then, there is a constant
C such that for every element of the form f ="  aqshs one has

IUF| < Csup|aa|- (5.4.1)

ProoFr. Without loss of generality we can assume that ||U|| = 1, ||hy|| = 1 and
that the unconditional constant of (Uh,) also equals 1 (one can achieve all these
goals by an equivalent renorming of X and by multiplication of u by a constant).

Let us first remark that for every a = (aq, aa,...,a,) € A,

||041h(2) + 2a2ho¢1 + 4a3ha17o¢2 + -+ 2n_1anho¢1,.,.,o¢n,1 || < 27

indeed, it is easy to check by induction over n that this sum equals
Hence
la1Uhg + 200Uhg, + -+ 2" aUhay a2 || < 2,
and, since (Uh,) is a 1-unconditional basic sequence,
”Uh@ + 2Uha1 +oeee 2n_1UhOt1,-~7Otnf1 ” <2

Passing from n — 1 to n in the last inequality and averaging over o € A,, we obtain

that
1 n
2> ‘ o > (Uhy+2Uhg, + -+ 2" 'Uha,....a,) ’ =ID° > Uhd|.
acA, k=0 a€ Ay
Again by l-unconditionality of (Uh,,), the last inequality implies that for all a, €
[_17 1]
S 5 ahe <2
k=0 a€ Ay
which gives (5.4.1)) with C' = 2. O

An inspection of the proof of Lemma 5.4.10 shows that
IUf1l < 2I|U15% sup |aal,
[e3
where § denotes the unconditional constant of the basic sequence (Uh,,).

In the proof of the next lemma, a reader experienced in probability theory will
recognise the “stopping time” technique from martingale theory.

LEMMA 5.4.11. For every Haar-like system (hy) in Ly supported on A and

every 6 > 0, there is a sign
oo
F=Y3 aoha (5.4.2)
k=0 acAy
supported on A with sup,, |aq| < 0.

Proor. Fix m € N such that 1/m < § and define

fk = Z aaha

ac Ay

as follows: fo = Lhg, and for every o € A,, put a, = 1/m if \ZZ;& frl < 1on
supp hq and a, = 0 if | ZZ;& fx| = 1 on supp h,. Under this construction all the
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partial sums of the series Y ;- , fi are bounded by 1 in modulus. Since (f)52, is
an orthogonal system, the series Y .-, fi converges in Lo (and hence in L;) to a
function f supported on A that can be represented as in (5.4.2) with sup,, |aq| < 6.
We shall prove that f is a sign.

Obviously [, fdu = 0. Consider B = {t € A: |f(t)| # 1}. By our construction
we have for each n € N

BC{te A fu(t) £0} = {t € A: |fu(t)| = %}

so p(B) < m||fnll, and since || f,|| = 0, we conclude that p(B) = 0. Therefore f is
a sign. O

We are now ready for the main result of this section.

THEOREM 5.4.12. Let T,,: L1 — X be HPP-narrow operators, and suppose
that >, T,, converges pointwise unconditionally to some operator T. Then T is
HPP-narrow.

PROOF. Let A € ¥, and let ¥ be a nonatomic sub-o-algebra of Y| 4. We have
to show that for every € > 0 there is a sign f € L1(A,%, i) supported on A with
ITfll <e. )

Applying Lemma 5.4.9 to the restrictions of T,, and T to L1(A4,%, u) we get a
Haar-like system (h,) forming a basis for some LY (A, 1, 1) and we obtain operators
UV: LY(A, %, n) = Y, W: Y — X such that |[W| <1, T = WU + V) on
LY(A, 21, 1), |[V]| < /2 and U maps (h,) to a 1-unconditional basic sequence. Let
C be the constant from (5.4.1). Taking a sign

F=2_ 2 taha
k=0 ac Ay
supported on A with sup, |aq| < €/(2C) (Lemma 5.4.11) we obtain from (5.4.1)
that |U f|| < e/2. Therefore | Tf|| < [Uf|I+ VSl <e. O

COROLLARY 5.4.13. For any Banach space X, no embedding operator is con-
tained in unc, (K (X, X)) for any n € N.

PROOF. This follows from the fact that compact operators are HPP-narrow.
O

The next corollary is due to Rosenthal [260].

COROLLARY 5.4.14. FEwvery operator T from Ly into a Banach space X with an
unconditional basis is HPP-narrow; in particular it is PP-narrow.

ProOF. If e,,er, n = 1,2,..., are the elements of an unconditional basis of
X and the corresponding coordinate functionals, then T = Y77 | (e ® e,)T is a
pointwise unconditionally convergent series of rank one operators. Il

Rosenthal deduces from this corollary that L; does not even sign-embed into a
space with an unconditional basis.
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5.5. Notes and remarks

Section 5.1. The content of this section comes mainly from [58]. The sepa-
rable determination theorem 5.1.12 is due to Ivashyna [147, Theorem 1].

In [268, Section 3], a strong relation between L-orthogonal elements and Dau-
gavet centres for small density characters was exhibited, as a consequence of the
techniques used in Lemma 4.3.3 and Theorem 4.3.4. The result is the following:

THEOREM 5.5.1 ([268, Theorems 3.5 and 3.6]). Let X and Y be two Banach
spaces. Let G: X —'Y be a Daugavet centre and assume that G(X) is separable. If
dens(Y) < wy then, for every u € Bx«+ and every sequence (gn)nen C Sx=, there
exists v € Bx«+ so that

(1) u(gn) = v(gn) holds for every n € N;
(2) |G**(v) +y|| = 1+ |ly|| holds for every y € Y; in other words, G**(v) is
a non-zero L-orthogonal element in Y**.
In particular, the set of those v € Bx«« satisfying (2) is weak-star dense in Bx.

The existence of Daugavet spaces without L-orthogonal elements (Exam-
ple 4.3.7) reveals that we cannot remove the assumption on the density character
of Y.

Section 5.2. The main renorming theorem is taken from [58, Theorem 1.3].
The idea of the construction appeared first in [169].

The direct predecessor of [58, Theorem 1.3] was the following result that was
later extended to non-separable spaces by Shvydkoy [285]; see Definition 5.1.14 for
the notion of a Daugavet pair.

THEOREM 5.5.2 ([178, Theorem 2.5]). Let X C'Y be separable Banach spaces,
X € DPr. Then there is an equivalent norm p on Y which extends the original
norm of X in such a way that (X, (Y,p)) is a Daugavet pair.

Comparing with [58, Theorem 1.3], the original demonstration of Theorem 5.5.2
was based on a completely different technique originating in [174] and developed
further in [170]. Namely, for a Daugavet pair (X,Y) denote by J: X — Y the
natural embedding. Introduce the compact topological space K formed by the w *-
closure in Y* of the set ext(By~) and equipped with the weak-star topology. Then
Y embeds into C(K) by means of the operator Jy: Y — C(K) that acts by the
formula (Joy)(y*) = y*(y).

Denote by £, (K) the space of all bounded scalar functions on K, equipped
with the sup-norm, and let m(K) be the closed subspace of (. (K), consisting of
those f € l(K) for which the support {¢: f(¢) # 0} is a meagre subset of K. For
the quotient space

mo(K) = loo(K) /m(K),
the fact that compact spaces are Baire spaces implies for the quotient map Q:
loo (K) = mo(K) that its restriction Qo = Q| (x): C(K) — mo(K) is an isometric
embedding.

Consequently, X embeds into mo(K) with the corresponding embedding op-
erator being J = QoJoJ. Then, in the above notation, one can demonstrate that
(X, mo(K)) is a Daugavet pair.

Further, one can construct an isomorphic embedding U: ¥ — m(K) in such
a way that U|yx = J. Finally, the requested new norm p on Y may be defined as

p(y) = U]l
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Section 5.3. The main Theorem 5.3.1 of the section is essentially contained in
[173], although formally it was demonstrated there only for the identity operator
and without the estimation of ||Id — V'||; its extension to Daugavet pairs [178] and
Daugavet centres [58] does not require much effort. Theorem 5.3.3 is taken from
[178]. Remark that it was new even for the classical spaces C|0,1] and L;[0,1].

Section 5.4. We have already mentioned that this section follows [159] and
that what we call PP-narrow operators was first introduced by Plichko and Popov
in [252] under the name narrow operators. Rosenthal’s Corollary 5.4.14 is from his
unpublished, though occasionally cited paper [260]; actually, not only is this paper
unpublished, as a matter of fact it has never been written up, as Rosenthal pointed
out to the authors of [158]. A recent important paper along these lines is [228].

Previously, operators on L, that are not PP-narrow were studied by Ghoussoub
and Rosenthal [118], [262] and [263], and Popov and Randrianantoanina have
published a monograph on the topic of PP-narrow operators [254].

5.6. Open questions

In this section we collect different open questions and possible future research

lines derived from the results of this chapter.

(5.1) Is it true that if G: X — Y is a Daugavet centre, ||G|| =1, M C L(X,Y)
is a linear space of operators such that the Daugavet equation |G —T|| =
1+ ||T|| holds true for every T' € M, then the Daugavet equation remains
valid for every operator that can be represented as the sum of a pointwise
unconditionally convergent series of elements of the space M?

Thanks to Remark 5.3.9, a positive solution may be possible if, in the above
context, one can try for every V € L(X,Y’) that can be is represented as a sum of
pointwise unconditionally convergent series of operators from M and every € > 0
to search for another representation that satisfies (5.3.5). We do not know whether
this is possible, for example, for M being the set of all finite-rank operators.

(5.2) Let E,Y be Banach spaces, E € DPr. Is it true that none of the classes
unc, (K(FE,Y)), n € N, may contain a bounded below operator?

(5.3) Can one describe unc(K (L1, X)) for general X7 What about X = L7

(5.4) Describe the smallest class of operators M C L(L1, X) that contains the
compact operators and is stable under pointwise unconditional sums. In
particular, is unc(K (L1, L1)) = uncy(K (L1, L1))?

Note that X does not embed into a space with an unconditional basis if M #

L(L, X).

(5.5) Can one develop a similar theory for operators on the James space or

other spaces that do not embed into spaces with unconditional bases?

(5.6) Is there a space X € DPr such that Idx € unc,(K(X,X)) for some
n € N?

Question (5.6) makes sense for “infinite” n: one can define unc, (K (X, X)) for
arbitrary ordinals using transfinite induction. In this generalised form, the question
reformulates as follows:

(5.7) Is it true that for every Banach space X € DPr there is a linear space of

operators M C L(X, X) that contains the compact operators, is stable
under pointwise unconditional sums and such that Idx ¢ M?






CHAPTER 6

Narrow operators and rich subspaces

This section is devoted to the study of a class of operators that are very well
suited to investigate the Daugavet property and the Daugavet equation; these are
the narrow operators on a space with the Daugavet property. (We have met a
variant of this idea, viz. the PP-narrow operators, in Definition 5.4.2.) They form
a large class of operators satisfying the Daugavet equation and arguably the largest
sensible one. Dual to this notion is the one of a rich subspace; it turns out that
rich subspaces inherit the Daugavet property.

The definition of narrow operators is somewhat technical, and we take a lit-
tle detour and introduce the semigroup OP(X) first. Section 6.1 will study this
semigroup in algebraic terms.

6.1. The semigroup OP(X)

In this section we introduce a formalism that helps to deal with those properties
of an operator which depend only on the norms of the images of elements. We define
corresponding equivalence classes and their formal sums and differences, which is
reminiscent of certain procedures in the theory of operator ideals.

DEFINITION 6.1.1. We say that two operators 77 and T» are equivalent (in
symbols Ty ~ Ty) if ||Thz| = ||Tax|| for every x € X. A class M of operators is
said to be admissible if for every T' € M all the members of the equivalence class
of T also belong to M.

In other words, the operators T} and Ty are equivalent if there is an isometry
U: T1(X) = To(X) such that 7o = UT;. For example, the classes of finite-rank
operators, compact operators, weakly compact operators, operators bounded from
below are admissible; surjections, isomorphisms, projections are examples of non-
admissible operator classes.

DEFINITION 6.1.2. We say that Ty < Ty if ||Thz|| < ||Tx| for every z € X.
A class M of operators forms an order ideal if for every T € M every operator
Ty < T also belongs to M.

In other words, T} < T3 if there is a bounded operator U: T5(X) — T1(X) of
norm < 1 such that 77 = UT5. Order ideals are clearly admissible. The classes
of finite-rank operators, compact operators, weakly compact operators are order
ideals.

DEFINITION 6.1.3. A sequence (T),) of operators is said to be ~convergent to
an operator T if |T,,z| — ||Tz|| uniformly on Bx. In terms of ~convergence we
define the notions of a ~closed set of operators, ~closure, etc. in a natural way.
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Of course, the ~limit of a sequence is not unique, but it is unique up to equiv-
alence of operators.

For example, the class FinRan(X) of finite-rank operators on an infinite-
dimensional space X is not ~closed: its ~closure contains all compact operators.
Indeed, let T: X — Y be compact. Then, for the canonical isometry U from Y
into C(By~), Ty := UT is compact, too, and by definition 77 ~ T. Since C(By~)
has the approximation property, 77 can be approximated by finite-rank operators
in the above sense (up to equivalence of operators).

In fact, the ~closure of FinRan(X) coincides with the class K (X) of all compact
operators since K (X) is ~closed. To see this suppose that (73,) is a ~convergent
sequence of compact operators on X with limit 7. Let (z,) be a bounded sequence
in X; using a diagonal procedure one can find a subsequence () such that (Tyz.,),,
is convergent for each k. But ||Tiz| — || T«|| uniformly on bounded sets as k — oc;
hence (T'z]) is a Cauchy sequence and thus convergent.

DEFINITION 6.1.4. Let N be a collection of subsets in X. We define a class of
operators N~ as follows: T' € N™ if for every A € N/, T is unbounded from below
on A;i.e.,

Ve>03z e A: ||Tz| <e.

Remark that if ) € N then N~ = (). In the case of § ¢ N we have 0 € N, so
N~ £,

Evidently, N~ is a ~closed order ideal, and it is homogeneous in the sense
that A\T' € N~ whenever A € K and T € N~. For example, if N' = {Sx}, then
N~ =UBx, the class of operators that are unbounded from below which is defined
by

T eUBx < inf{||Tz|: ||z|| =1} =0.

A significant example for us is the class of all C-narrow operators on the space
C(K) that was introduced in [175]. We are going to speak a lot about this class
in Chapter 8. Here is the definition.

DEFINITION 6.1.5. An operators T: C(K) — Y is said to be C-narrow if for

every proper closed subset F' of K, T is unbounded from below on the unit sphere
of the subspace Jp := {f € C(K): f|F =0}.

Taking N to be the collection of these unit spheres Sj,., we see that the class
of C-narrow operators is just N*™.

Another important example is the class of all PP-narrow operators on the space
L1 = L1(9, %, 1), see Definition 5.4.2. For every A € % denote by Sign 4 the set
of all signs on A, and by SIGN the collection of these sets Sign,, A € ¥T. Then
the class of PP-narrow operators on L; is again SIGN™.

We now define OP(X) as the class of all operators on X with the convention
that equivalent operators will be identified. Hence OP(X) is actually a collection
of equivalence classes, and in fact it is a set. Namely, for an operator T on X its
equivalent class can be identified with the seminorm x +— ||Tz||, and the collection
of seminorms on X is clearly a set. Thus, admissible families of operators can
be identified with subsets of OP(X), and it makes sense to write T € OP(X) or
M C OP(X).

We now introduce addition and subtraction on OP(X). If T1: X — Y7 and Tb:
X — Y5 are two operators, define

Tl _T'TZZ X—>5/1@1 }/23 T = (TlxaTQx);
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ie.,
I(Ty + To)x|| = [[Toz|| + || Tox]

DEFINITION 6.1.6. If M;, My C OP(X) are non-empty, then their ~sum is
defined by M+ My = {T1+To: Ty € My, To € Ms}. Their ~difference is defined
by My = My ={T € OP(X): T + T € My whenever Ty € M }.

The operation + is a commutative and associative operation on OP(X), and
we have 0 € My = M, if and only if M; C Ma.
Let us give some examples.

EXAMPLE 6.1.7. Let K be a compact Hausdorff space and let MUB(C(K))
denote the class of operators equivalent to some multiplication operator My: f +—
hf on C(K) which is unbounded from below; i.e., where h has a zero. Then
UB(C(K)) = MUB(C(K)) consists exactly of the C-narrow operators described
above.

PRrROOF. Let T: C(K) — Y be C-narrow. If h has a zero, we have to show that,
given € > 0, there is some f € S¢ (k) such that both ||[Tf| < e and [|hf]le < e.
Now, if F' = {|h| > €}, which is a proper subset of K, and f € S(Jr) such that
ITf]] < e, then ||hf]lco < € as well.

Conversely, if a closed proper subset F' C K is given, pick some h € S¢ (k) such
that h =1 on F, h = 0 off a neighbourhood V of F. Use that T+ M}, is unbounded
below to find f € Sck) with | Tf|| + ||hf|lec < e. Since |[flloo <1, |Tf|| < € and
[Ihflleo < €, then in particular |f| < € on F. Hence it is possible to replace f by a
function g € S(Jr) such that || Tg|| < 2¢, which proves that T is C-narrow. O

More examples can be found in [179, Example 2.7]: the class UB(X) =
FinRan(X) consists of all operators that are not left semi-Fredholm operators; and
the class UB(X) = (UB(X) = FinRan(X)) consists of all strictly singular operators.

Let us list some elementary properties of the operation = that follow directly
from the definition.

PROPOSITION 6.1.8. Suppose that My, My C OP(X) contain the zero opera-
tor.
(a) Mgy = My is an order ideal, respectively, ~closed, whenever My is.
(b) If My and My are order ideals, then My = My is homogeneous whenever
Mg 8.

Of particular relevance are subsets of OP(X) that are semigroups with respect
to the operation .

PROPOSITION 6.1.9. Suppose that M1, My C OP(X) contain the zero opera-

(a) My is a subsemigroup of OP(X) if and only if My = My D My, in which
case My = My = M;.

(b) Let M be a subsemigroup of OP(X), and let My C Ma. Then My = (Mg =
M) is again a subsemigroup.

(c) Mo = My is always a subsemigroup of OP(X).

PROOF. (a) is clear from the definition.
For (b) we note first that

My = (M2 = (MQ = M1)) = My = M;. (6.1.1)
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Indeed, by definition of = we have
My = (Ms = Mq) D My, (6.1.2)

whence
Moy = (M2 = (Mz = ./\/11)) C My = Mj.

On the other hand, an application of (6.1.2) with M; replaced with My = M;
gives “D” in (6.1.1). Now, by elementary arithmetic involving + and = we have,
writing D = My = M for short,

(My =D) = (Mz=D)=Ms=(D+ (Mz=D))
=My = ((My=D)+D)
=(My=(My=D)=D=D=-D (by (6.1.1))

=My = M1)=D=My=(M;+D).
Because M is a semigroup, one can easily deduce that M; + D C D; indeed,

Ml ‘T"D:(le./\/h)q—/\/h
=Mz = My + M) + M,
:((MQLMl):Ml)erl C Mgy = Mj.

Therefore
(MQLD);(MQLID) DMy =D,

completing the proof that My = (My = M;) is a semigroup.
Finally, (c) is the special case My = {0} of (b). O

Some operator classes that are important for us are not stable with respect to
addition (neither the usual one, nor the + addition). This motivates us to introduce
the following concept.

DEFINITION 6.1.10. Let M C OP(X), and let M; C M be a subsemigroup
of OP(X). M; is called a mazimal subsemigroup of M if every subsemigroup
My C M which includes M coincides with M;. We call the intersection of all
maximal subsemigroups of M the central part of M and denote it by cp(M).

Here is a characterisation of the central part of M.

THEOREM 6.1.11. Let M C OP(X) have the following properties: 0 € M and
every element of M is contained in a subsemigroup of M (this happens for example

if M is homogeneous). Then cp(M) =M = M.

PRrROOF. Let M be a maximal subsemigroup of M. Put My = M = M. We
have proved above in Proposition 6.1.9(c) that M, is a subsemigroup, so My + M;
is a subsemigroup, too. By definition of My we have My + M; C M. So the
maximality of M; implies that My D M. This proves the inclusion cp(M) D
M= M.

Let us now prove the inverse inclusion. Let T' € ¢cp(M)\ (M = M). Then there
is some T} € M such that T} + T does not belong to M. Consider the maximal
subsemigroup M3 of M which contains T7. Then M3 cannot contain 7', so cp(M)
cannot contain T either. O
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For every operator T and € > 0 we define the tube
Ur. ={z € X: ||Tz| < e}
Let M C OP(X). Put
Mo ={Ur.NSx: T eM, >0}
Then (M)~ =UB(X) = M.

PROPOSITION 6.1.12. Let M C OP(X) and let N be a collection of subsets
in X. Then N~ = M = N1~ where N1 consists of all intersections of the form
Ur.NA, TeM,AcN,e>0. In particular, if N~ = M is non-empty, then all
the intersections Ur . N A are non-empty and N~ D M.

PRrooOF. Let T} € N~ = M. Then for every T € M we have T} +T € N™.
This means that for every A € A/ and € > 0 there is an element z € A such that
I(Ty + T)z|| < e. This in turn implies that z € AN Ur. and ||Tiz|| < . So
T, € NlN.

Now, let T3 € M1~. Then for every T € M, every A € N and € > 0 there is
an element x € AN Uy /o such that || T1z| < €/2. But by the definition of tubes,
Tz <e/2. So ||[(Ty + T)z|| < e and Ty € N~ = M. O

6.2. Strong Daugavet and narrow operators

In this section we define the class of narrow operators on a Banach space
with the Daugavet property, and, more generally of G-narrow operators, which
are narrow with respect to a Daugavet centre GG. But first we need to introduce a
closely related class of operators.

DEFINITION 6.2.1. Let G € Sp(x,y). An operator T € OP(X) is said to be
a G-strong Daugavet operator if for every x € Sx, y € Sy and € > 0 there is an
element z € (x + Ur) N Bx such that |Gz + y|| > 2 —e. We denote the class of
all G-strong Daugavet operators by SDg(X).

In particular, T is said to be a strong Daugavet operator if T € SD14, (X), that
is, for every two elements z,y € Sx and for every € > 0 there is z € (x+Ur )N Bx
such that ||z 4+ y|| > 2 — . We denote for short SD(X) := SDiq, (X).

Analogously to Remark 3.1.12, the condition on ||z|| in the above definition can
be modified a little without affecting the result, which makes it more flexible.

REMARK 6.2.2. Let G € Sp(xy), T € OP(X). Then the following assertions
are equivalent:
(i) T € SD¢(X).
(ii) For every x € Sx,y € Sy and € > 0 there is z € (x + Ur.) N (1 +€)Bx such
that |Gz +y|| > 2 —e.
(ili) For every x € Sx, y € Sy and € > 0 there is z € (x + Ur ) N Sx such that
Gz +yl| >2—e.

PRrROOF. The implications (i) = (ii) and (iii) = (i) are evident, so it remains
to demonstrate that (ii) = (ili). Fix ¢ > 0 and take 6 € (0,¢/2) so small that
ST +6 < ¢ and apply (ii) with ¢ instead of e. We obtain zp € X such that
ITz0 — Tx|| <6, ||20]] < 14§ and ||Gzo + y|| > 2 — 5. The last inequality implies
that

[zl = G20l = |Gz0 + 9yl —1>1—4.
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Denoting z = Hz—g we have z € Sy and ||z — z|| < 6. Consequently, ||Tz —
Tx|| < |Tz — Tzl + || T2 — Tx|| < d||T|| +0 <e,s0z € (z+Upe)NSx. Also,
Gz 4+ yll = |Gz +y|| — 6 > 2 — 20 > 2 — &, as desired. O

It follows from Lemma 5.1.5 for a Daugavet centre G € Sp(xy) that every
finite-rank operator on X is G-strongly Daugavet (indeed, in this case Ur . is weakly
open), and conversely, if every rank-one operator on X is G-strongly Daugavet, then
G is a Daugavet centre.

There is an obvious connection between strong Daugavet operators and the
Daugavet equation.

LEMMA 6.2.3. Let G € Sp(x,y)- If T: X — Y is a G-strong Daugavet operator,
then |G +T| =1+ |T.

PROOF. We assume without loss of generality that ||T'|| = 1. Given € > 0 pick
x € Sx such that ||Tz| > 1 —e. If y = Ta/|Tz| and z is chosen according to
Definition 6.2.1, then

2—e<||Gz+y|| < ||Gz+ Tz|| + e < |Gz + Tz| + 2¢,

hence
IG+T| > |Gz +Tz| > 2 — 3e,

which proves the lemma. O

We now relate the G-strong Daugavet property to a collection of subsets of X.

DEFINITION 6.2.4. Let G € Sp(x,y). For every x € Sx, every y € Sy, and
every € > 0, let us define the set

Dg(z,y,e) ={2 € X: |Gz + Gz +y||>2—c & |z +z| <1+¢}

By Dg(X) we denote the collection of all sets Dg(z,y,¢), where 2 € Sx, y € Sy
and € > 0. In the case of G = Idx we simplify D(z,y,e) := Dia,(x,y,&) and
D(X) = Dldx (X)

PROPOSITION 6.2.5. SDg(X) = Dg(X)™.

PROOF. T € Dg(X)™ if and only if for every x € Sx, y € Sy and € > 0 there
is an element z € Dg(z,y,€) such that ||Tz|| < e. This in turn is equivalent to the
following condition: for every x € Sx, y € Sy and € > 0 there is an element v such
that [[v]] < 1+e¢, ||Gv+y|| > 2 — ¢ and v belongs to the tube z + Up. (just put
v=2z+x). Then T is a G-strong Daugavet operator by Remark 6.2.2. O

For general G it may happen that some of Dg(z,y,€) is empty and SDg(X) =
(). In the case of G = Idx this, fortunately, is impossible.

REMARK 6.2.6. If G maps the open unit ball of X surjectively onto the open
unit ball of Y (i.e., G is a quotient map), then all Dg(x,y, ) are nonempty. Indeed,
in this case there is v € X with ||v|| < 1+ ¢ such that Gv =y. Then z :=v —z €
Dg(z,y,e). Consequently, in this case SDg(X) # 0: at least, the zero operator
belongs to SD(X). In particular, for every Banach space X all D(z,y,¢) # 0 and
0 € SD(X).

Actually, a somewhat smaller class of operators turns out to be crucial.
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DEFINITION 6.2.7. Let G € Sp(x,y). Define the class of G-narrow operators
by NARG(X) = SDg(X) = X*. An Idx-narrow operator is called narrow, and
the corresponding class of narrow operators on X is NAR(X) := NAR(Idx, X) =
SD(X) = X*.

In other words, an operator T' is said to be G-narrow if, for every z* € X*|
T F z* is a G-strong Daugavet operator; and T is said to be narrow if, for every
x* € X* T ¥+ z* is a strong Daugavet operator.

Decoding the definition of G-strong Daugavet operator we see that T is G-
narrow if for every € > 0, every z € Sx, every y € Sy and every 2* € X*
there exists z € Bx satisfying the inequalities ||T'(x — 2)|| + |z*(z — 2)| < € and
ly+Gz|| >2 —e.

It is easy to see that if G is a Daugavet centre then all sets Dg(z,y,e) are
nonempty, so the zero operator is G-narrow.

REMARK 6.2.8. Since ||G|| = 1, for every small ¢ > 0 there are z € Sx and
y € Sy such that ||y — Gz| < e. Then, for all elements z € Dg(z, -y, €),

Izl Z [Gz]| = |Gz + Gz — yl| — |Gz — y|| > 2 — 2e.

Taking into account that every G-strong Daugavet operator is unbounded from
below on this D(z, —y,¢), we deduce that every G-strong Daugavet operator is
unbounded from below. Also, NARG(X) C SDg(X), so every G-narrow operator
is unbounded below. Finally, Proposition 6.2.5 and Proposition 6.1.8 imply that
NARG(X) is a ~closed homogeneous order ideal and hence, cp(NARg(X)) is a
~closed homogeneous order ideal, which is a 1-semigroup.

REMARK 6.2.9. Let G € Sp(x,y) be a Daugavet centre, Z be an arbitrary
Banach space. Denote cp(NARG(X,Z)) the subset of L(X,Z) consisting of all
those T € L(X, Z) that belong to cp(NARG(X)). Then cp(NARG(X, Z)) forms a
linear subspace of L(X, 7).

PRrROOF. The homogeneity of cp(MNARG(X, Z)) is evident, so we only have to
show that for all Ty, T € cp(NARg(X, Z)) their sum belongs to cp(NARG(X, Z)).
Indeed, since cp(NARG(X)) is a +-semigroup, Ty + T € cp(NARG(X)). At the
same time Ty + T» < Ty + T, and it remains to use the fact that cp(MARG(X)) is
an order ideal. 0

The above remark combined with Theorem 5.3.1 clarify the importance of
cp(NARG(X, Z)) for unconditional representations: each time when we discover
a class of operators that lies in cp(NARg(X,Y)), we deduce as a corollary that
the Daugavet centre G is not representable as a pointwise unconditional sum of
operators from that class. This, for us, is a good motivation for the deep study of
narrow operators in general and in concrete spaces, which we will perform in the
sequel.

Since in general NARg(X) itself is not a +-semigroup, the following simple
observation is sometimes of use.

REMARK 6.2.10. Let G € Sp(x,y) be a Daugavet centre, and suppose T1, Ty €
L(X,Y) are G-narrow. Then Ty + T # G.

PROOF. Suppose that, on the contrary, T3 + 7o = G. According to
Lemma 6.2.3, |G — T;|| = 1 4 ||T;||. Then with

T =G —Tol| = 1+ |Ta]| = 1 + |G =T = 2+ || T3 |
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we arrive at a contradiction. O

In Chapter 8 we will study in detail strong Daugavet and narrow operators
in concrete spaces with the Daugavet property, and will demonstrate that in some
basic spaces like C(K) these classes are +-semigroups, although in general this is
not true. We will show (cf. Proposition 8.4.1) that if K is a perfect compact and
T is an operator on X = C(K), then the following assertions are equivalent:

(1) T € SD(X).
(2) T € NAR(X).
(3) T is C-narrow.

Also, we will show below that for general X € DPr it may happen that SD(X) #
NAR(X). Although in general NAR(X) is not a subsemigroup of OP(X), we will
show that its central part cp(NMAR(X)) is always large. It contains, in particular,
all strong Radon-Nikodym operators and all operators which do not fix copies of
£1. Hence all the operators which are majorised by linear combinations of strong
Radon-Nikodym operators and operators not fixing copies of £, as well as ~limits
of sequences of such operators belong to cp(NAR(X)).

LeEMMA 6.2.11. Let G € Sp(x,y) and T € NARq(X). Then for every x € Sx,
y € Sy, € > 0 and every slice S = Slice(Bx,z*,«), with * € Sx«, containing
x there is an element v € S with ||v|]| = 1, such that ||Gv +y|| > 2 — ¢ and
IT(z—v)| <e.

PROOF. Since z € S then there is ¢; > 0 such that Rez*(z) > 1 —a +¢1. By
Proposition 6.1.12, for every 0 < ¢ < ¢ there is an element u € U+ s N Dg(z,y,6)
such that ||Tu|| < §. This means that |z*(u)| < 0, ||Tu| < 0, [z +ul| <1+
and |Gz + Gu + y|| > 2 — §. From the last inequality, ||z + u|| > 1 — 4. Put
v = (x 4+ u)/||z + ull; then

1
Rex*(’u)>m( —a+e —0),

o H_H =l

[llz + ull — 1[I Ta]l + | Tull _ (I 7] +1)

= |z + | 1-6 7
and
Gz +u
|Gv+y| > |Gz + Gu+y| — HG(Jc+u) _ Gty ‘ > 2 — 20.
[+ ul|
If ¢ is small enough, then v satisfies our requirements. O

Using the previous lemma and Theorem 5.1.2 one can easily prove the following
fact.

COROLLARY 6.2.12. If for an operator G there exists at least one G-narrow
operator, then G is a Daugavet centre.

A result for strong Daugavet operators analogous to the above does not hold
true.

EXAMPLE 6.2.13. The formula z}(z) := > ", opx(n) defines a strong Dau-
gavet functional on {1 whenever o is a sequence of signs, i.e., if |op| = 1 for all n.
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Indeed, let = € Sy,, y € Sp, and € > 0. Pick N such that 22;1 |z(n)] >1—¢
and define u € Sy, by u(n) =0 forn < N and u(n) = o,—ny(n—N) /oy, forn > N.
Then |ul] =1, z}(u) = 2 (y) and ||z + u|| > 2 —¢; hence z := u —y € D(z,y,¢)
and z*(z) = 0.

In the next theorem we collect various geometrical descriptions of G-narrow op-
erators. The reader may notice that some of the reformulations are almost identical
and are listed here just for the sake of convenience, but others are essential.

THEOREM 6.2.14. Let G € Sp(xy) be a Daugavet centre and T € OP(X).

Then the following assertions are equivalent:

(i) T e NARG(X).

(ii) For every x € Sx, y € Sy, € > 0 and every slice S = Slice(Bx,z*, a),
x* € Sx~, with x € S, there is v € S such that ||Gv+y|| > 2 — ¢ and
IT(z —v)|| <e.

(iii) For every x € Sx, y € Sy, € > 0 and every slice S = Slice(Bx,z*,a), x* €
Sx«, with x € S, there is v € S such that ||Gv+y| > 2 —¢, |T(z —v)| <e,
and, additionally to (ii), v € Sx.

In other words, for every y € Sy, € > 0, every slice Sy of Sx, and every
x € Sy there is v € Sy such that ||Gv +y|| > 2 —¢ and ||T(z — v)|| < e.

(iv) For every e > 0, every W C Bx that is a conver combination of slices of
the unit sphere, every y; € Sy and every w € W there is u € W such that
|Gu+y1]] >2—¢ and ||T(w —u)|| <e.

(v) For every e > 0, every relatively weakly open subset U C Bx, every y; € Sy
and every w € U there isu € U such that ||Gu+y1|| > 2—¢ and | T(w—u)|| <
€.

(v)! For every e > 0, every relatively weakly open subset U C Bx, every y; € Sy
and everyw € U there isw € U such that ||Gu+y1 || > 2—¢ and | T(w—u)| < €
and, additionally to (v), uw € Sx.

(vi) For every x € Bx, y € Sy, € > 0 and every slice S = Slice(Bx,z*,a),
x* € Sx«, containing x there is v € S such that |Gv + y|| > 2 — ¢ and
I7(z — v <.

PROOF. The implications (iii) = (ii), (v) = (vi), (v)’ = (vi) = (ii) are evident,
(i) = (iii) was proved in Lemma 6.2.11. So, it is sufficient to prove that (ii) =
(iii) = (iv) = (v) = (i) and (v) = (v)’. Without loss of generality, in all those
implications we may and do assume ||T'|| = 1.

(ii) = (ii). Fix y € Sy, ¢ € Sx, € > 0 and a slice S = Slice(Bx,z*, «)
generated by z* € Sx« with z € S. Our goal is to find v € S such that ||Gv+yl|| >
2—cand |[T(x —v)|| <e, and v € Sx.

Select 6 € (0, min{e/2, ,1}). By the Diminishing of slices lemma 2.6.13, there
is a slice S = Slice(Bx, &*,0), &* € Sx~, such that z € S C S. Let us apply (ii) to
these x, 4, S and §. We obtain @ € S such that ||Go+y|| > 2—¢ and | T(z—2)| < 6.
Then 1 > ||9]] =2 Re&*(0) > 1 — 4, so for v := 0/||0]] € Sx we have ||[v — 3] < 4.
For this v we also have that

1
Rei*(v) = mRei”*(ﬁ) > ReZ"(0) >1—0.

Sov € § C S. Further, |[Gv +y| > |Go+yl| -6 > 225 > 2— ¢ and
IT(z—v)|| < ||[T(x—2)||+ 6 <e.
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(iii) = (iv). Since W C By from item (iv) is a convex combination of slices,
there are slices of the unit sphere Si,...,S, C Sx, and there are \, > 0, k =
1,...,n, ZZ:1 A = 1, such that \{S1 +---+ A\,S,, = W. Take x € Sj such that
Mz 44 Ay, = w. Also fix ; > 0, j € I,n, with >°}_, ex < £/2. Applying
consecutively the condition (iii) with €; to the slice S, element x; € S; and the

element
Y <y1 + Z )\kavk) / ’

we select v; € S; such that HT(wj —vj)| <e je Ln, and forevery j=1,...,n

Y1+ Z MG

)

ly; + Gojll > 2 —¢;.
Then, due to the Lemma 2.6.4,

J j—1
‘ v+ Y MG = ‘ yi+ > MeGug||y; + NG
k=1 k=1
j—1
y1 + Z)\kak + |\ —2¢
k=1

Under this inductive construction,

‘y1+z>\kvk >1+Z/\k*225k>2*5,
k=1 k=1 k=1

SO U = A1v1 + Agva + - - - + A\, v, Will be the desired element.

(iv) = (v). This follows from Lemma 2.6.21.

(v) = (i). Let us demonstrate that for every z* € X* the corresponding 7T+x*
is G-strongly Daugavet. For arbitrary fixed z € Sx, y € Sy and £ > 0 apply (v)
with parameter /2 to the weak neighbourhood of

U:={z€ Bx: |z"(z —z)| <e/2}.
This gives us u € U such that ||Gu +y|| > 2~ § and ||T'(u — z)|| < 5. Then
(T+2*)(u — z)|| < e. Due to Definition 6.2.1, T+x{ € SD¢(X).

(v) = (v). Find in U a subset (w + U) N By, where U is a convex balanced
weak neighbourhood of 0. Fix r € (0,1) such that rU + rBx C U and apply
(v) to Uy = (w+rU) N Bx and & := min{e/2,7}. We obtain u; € U; such that
|Gur+31]| > 2—¢ and | T(w —u1)|| < €. Then |lur| = ||Guill = |Gus + 1| — 1 >
1—¢, so for u:=wuy/||u1|| € Sx we have ||u; —u|| < &, which ensures all the required
properties. U

REMARK 6.2.15. Analogously to Corollaries 3.1.6 and 5.1.3, the reformulation
(ii) of the last theorem implies that a complex-linear T: X — E between complex
spaces is G-narrow if and only if the same operator between Xy and Eg is G-narrow.

REMARK 6.2.16. The Diminishing of Slices Lemma 2.6.13 gives additional flex-
ibility to the usage of items (ii) and (iii) of Theorem 6.2.14: each of these items
just has to be verified for small values of «, for example, for a« < e. This agrees
with the picture of “thin” slices that we usually have in mind. Also, thanks to the
quantifier “for every € > 07, these statements with o < ¢ may be deduced from
analogous statements with @ = £, so sometimes we use the following equivalent
reformulations (ii)’ and (iii)’: For every x € Sx, y € Sy, € > 0 and x* € Sx+ such
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that Rex*(z) > 1 — ¢, there is v € Sx (v € Bx in the version of (iii)’) such that
Rez*(v) >1—¢, |[Guv+y| >2—¢ and |[T(x —v)| <e.

Recall that T' € L(X, F) is a strong Radon-Nikodym operator if T'(Bx) € RNP,
see Definition 2.7.15. Remark that in this case, for every * € X™* the image of Bx
under Ty :=z* +T: X - K@ E lies in Bx ®T(Bx) € RNP (see Corollary 2.7.14),
so 17 is a strong Radon-Nikodym operator as well.

Let G € Sp(x,y) be a Daugavet centre and 7' € OP(X) be a strong Radon-
Nikodym operator. Our goal is to show that such an operator is G-narrow, and
even more, that it belongs to the central part of the class of G-narrow operators.

For ¢ > 0, consider the subset A(T,e) C Bx defined by y € A(T,¢) if there
exists a convex combination U of slices of Bx such that y € U and U C y + Urp ..

LEMMA 6.2.17. Let T € L(X, E) be a strong Radon-Nikodym operator. Then
the set A(T,¢) introduced above is a convex dense subset of Bx.

PROOF. The convexity is evident. To prove the density we need to show, by
the Hahn-Banach theorem in the form of Lemma 2.6.7, that for every z* € Sx«
and every 0 < § < e there is an element y € A(T,¢) such that Rex*(y) > 1 -4, in
other words, y € S := Slice(Bx, z*,0). Let us fix x € Bx with Rez*(z) > 1—4§/2

and consider the operator Ti = z* + T. Consider further T} (Bx) and a 4/2-

neighbourhood W of Tiz in Ti(Bx). By the Radon-Nikodym property of the
set T1(Bx) there is a convex combination Wj of slices of T1(Bx) in W. The
preimages in Bx of these slices of T7(Bx) are slices in Bx. The corresponding
convex combination U of these slices in Bx lies in the preimage of W in By, so
this convex combination is contained in (z + Ur, 5/2) N Bx. Fix an element y € U.

By our construction y € U C (x + Up, 5/2) N Bx C S. On the other hand,
UCczxz+ UT1,5/2 Cy+ UTl,(S Cy—+ UT75 Cy+ UT,g,
soy € A(T,e). O

The following result is a generalisation of Theorem 3.2.6 and the “moreover”
part of Theorem 5.1.11. It can be understood as a transfer theorem: in Defini-
tion 6.2.7 one can pass from one-dimensional operators to a much wider class of
operators. Let us denote the class of strong Radon-Nikodym operators on X by

SRN(X).

THEOREM 6.2.18. Let G € Sp(x,y) be a Daugavet centre, T be G-narrow and
T, be a strong Radon-Nikodym operator on X. Then T + Ty is G-narrow; that is,
we have NARG(X) + SRN(X) = NARG(X). In particular every strong Radon-
Nikodym operator Ty on X is G-narrow.

PROOF. Let us fix x € Sx, y € Sy, € > 0, and z; € A(T1,¢) satisfying
that ||z — 21| < €. According to the definition of A(T},¢) there exists a convex
combination U of slices of the unit ball such that ; € U and U C 21 + Up, .. By
(iv) of Theorem 6.2.14 there is an element z € U such that |Gz + y|| > 2 — ¢ and
|IT(z1 — 2)|| < e. But the inclusion z € x1 + Ur, . means that |71 (z1 — 2)|| < e. So

(T T T)(@ - 2)]| < el TF T + (T F 1) (@1 - 2)]| < el T+ T4 + 2.

Because ¢ is arbitrarily small, the last inequality shows that T -+ T} satisfies the
definition of a G-strong Daugavet operator.
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Now, let 2* € X* and consider T, = T} + 2*. This is a strong Radon-Nikodym
operator, too. So (T +T1) +a* = T + T is a G-strong Daugavet operator by what
we have just proved; by definition, this says that T + T} is G-narrow. O

COROLLARY 6.2.19. Let G € Sp(x,y) be a Daugavet centre. Then
(a) NARG(X) + X* = NARg(X).
(b) cp(NARG(X)) = SDg(X) = NARG(X).
(c) SRN(X) C cp(NARG(X)).

Proor. (a) follows from the previous theorem, because every finite-rank oper-
ator is a strong Radon-Nikodym operator.
For (b) use Theorem 6.1.11 and note that

SD(X) = NARG(X) = SDg(X) = (NARG(X) + X7)
= (8D¢g(X) = X¥) lNAR(}(X)
= NARg(X) = NARg(X).

(c) is a restatement of Theorem 6.2.18. O

The next theorem develops the ideas of separable determination further that
we addressed in Theorems 4.1.7 and 5.1.12. These effects will play an important
role in Chapter 10, where the possibility of reduction to the separable case makes
the whole theory more applicable. First, a technical lemma.

LEMMA 6.2.20. Let G € Sp(xy) be a Daugavet centre, T € OP(X) be G-
narrow. Then, for any ¢ € (0,1), x € Sx, and y € Sy, there exists a finite-
dimensional subspace X = X(x,y,s) C X with x € X such that for every slice
S = Slice(Bx,z*,¢/2), * € Sx+, containing x there is some x1 € Sg NS with
|ITxy — Tx|| < e such that |Gz +y|| > 2 — €.

PROOF. Assume to the contrary the existence of ¢ € (0,1), z € Sx, and
y € Sy such that for every finite-dimensional subspace X = X (z,y,e) C X with
z € X, there is a functional z* € Sx- such that the corresponding slice S =
Slice(Bx,z%,¢€/2) contains x but for every z1 € Sg NS either [Tz — Tzf| > € or
|Gy +yll L2 =.

Consider the directed set I' whose elements are finite-dimensional subspaces of
X containing x, ordered by increasing inclusion. By w*-compactness of By« there
is a weak™ cluster point z* of the net (2%, X €7), which satisfies z*(z) > 1 — 5
In particular z* # 0 and we can define = = z*/||z*||. We have Rex*(z) >
1 — ¢/2 since x € Slice(Bx,z},¢/2) and therefore |z*|| > 1 — /2. Now, if
x1 € Slice(Bx,z{,c/2), then Rex*(z1) > ||2*||(1 —¢/2) > 1 — ¢ and therefore
Re 9:}1 (z1) > 1 — ¢ for some X, € T that contains ;. So by assumption either
|ITx1 — Tzl > € or ||Gz1 + y|| < 2 — ¢, which contradicts (ii) of Theorem 6.2.14
when applied to the slice Slice(Bx, z§,</2). O

THEOREM 6.2.21. Let G € Sp(x,y) be a Daugavet centre, T € L(X,E). The
operator T is G-narrow if and only if for every pair of separable subspaces X1 C X
and Y1 C Y there are bigger separable subspaces Xo and Y, X1 C Xo C X,
Y1 CYs CY such that the restriction G|x,: Xo — Ya is a Daugavet centre and the
restriction of T to Xa is a G|x,-narrow operator.
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PROOF. First, let us demonstrate the easier “only if” part. Takee > 0, x € Sx,
y € Sy and an z* € Sx«. Using our assumption, pick separable subspaces X, and
Y; for X; :=lin{z} and Y7 := lin{y}. Since G|x,: X2 — Y5 is a Daugavet centre
and the restriction of T to X5 is a G|x,-narrow operator, there is z € Bx, C Bx
such that | T'(z — 2)|| + |z*(x — 2)| < € and ||y + Gz|| > 2 — ¢, which is exactly what
we need.

Now, let us concentrate on the “if” part. Suppose that T € NARG(X) with
||| = 1. Let (v,) be a dense sequence in X; and (w,) be a dense sequence in
Y1 We select sequences of finite-dimensional subspaces V; € V5 C ... in X and
W1 € Wy C ... in Y by the following inductive procedure. Put V; = lin{v;},
Wy = lin{w;} U G(V7). Suppose V,,, W,, have already been constructed. Fix a
27"-net (2},y7), k € 1, N,, in Sy, x Sw, provided with the sum norm, select by
Lemma 6.2.20 X} = X (2},y7,2™") C X with 2} € X} such that for every slice
S = Slice(Bx,z*,27 " 1), z* € Sx-, containing z¥ there is some v € SXLL NS with
|ITv — Tx}|| < 27" such that |Gv+yp| >2—-27".

Define

Vg1 = lin({vp1 }UXT UL UXR ) and Wypq = lin(W, U {wys1} U G(Viga)).

Finally, define X5 to be the closure of the union of all the V,, and Y5 to be the
closure of the union of all the W,,, and the job is done.

Indeed, by item (iii) of Theorem 6.2.14 it is sufficient to demonstrate, for every
x € Sx,, y € Sy,, € > 0 and every slice S = Slice(Sx,,z*,a), * € Sx-, with
x € S, the existence of v € S such that ||Gv+y|| > 2 —¢ and ||T(x —v)| < e.
In order to do this, fix § € (0,min{e/2,a}) find ny € N such that 27 < §. By
the construction, the set {(z},y?): n > ng, k € 1, N,,} is d-dense in Sy, x Sy,, so,
taking into account that S is relatively open in Sx,, there is n > ng and k € 1, N,
such that 2} € S, ||z — 27| < 0 and ||y — y|| < 6. By the Diminishing of Slices
Lemma 2.6.13, there is a slice S = Slice(Sx,z*,27""1), z* € Sx«, containing zy,
such that S C S. Then, by the construction, there is some v € SX;; NS c S with
|Tv— Ta}|| <27 < 6 such that [|Gv+yj|| >2—2"">2—6. Then

1Gv+yl > IGo+yill = lly —yill >2-20>2 -,
and ||T(z —v)|| < |[Tv— T2} || + | T||||lz — 27| <2 <e. O

6.3. Operators that do not fix copies of £;

Recall that T' € OP(X) does not fix a copy of ¢1 if there is no subspace E C X
isomorphic to ¢; on which the restriction T: F — T(FE) is an isomorphism. By
Rosenthal’s ¢1-theorem, this is equivalent to saying that for every bounded sequence
(xn) C X, the sequence of images (Tx,) admits a weak Cauchy subsequence. We
shall investigate the class of operators not fixing a copy of ¢; in the present context.
In this section we are going to prove that for every Daugavet centre G any operator
not fixing a copy of ¢; is G-narrow (Theorem 6.3.5 below).

Next we introduce a topology related to an order ideal of operators.

DEFINITION 6.3.1. Let M C OP(X) be an order ideal of operators, closed
under the operation +. Then the system of tubes Ur., T € M, & > 0, defines a
base of neighbourhoods of 0 for some locally convex topology on X. We denote
this topology by o(X, M).
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If M = FinRan(X), the class of all finite-rank operators, then o(X, M) coin-
cides with the weak topology; if M = OP(X), then o(X, M) coincides with the
norm topology. For classes which are in between, one gets topologies which are
between the weak and the norm topology. If N is a collection of subsets in X such
that A~ is closed under the operation +, then o(X, N™) is the strongest locally
convex topology on X which is dominated by the norm topology and in which the
zero vector belongs to the closure of every element of A

DEFINITION 6.3.2. Let X, Y be Banach spaces, G € L(X,Y"). A locally convex
topology 7 on X is said to be a G-Daugavet topology if for every two elements
xz € Sx, y € Sy, for every € > 0 and every 7-neighbourhood U of y there is an
element z € U N Sx such that |Gz +y|| > 2 —«.

Of course, (X, M) is a Daugavet topology if and only if every operator T' € M
is a G-strong Daugavet operator.

LEMMA 6.3.3. Let X, Y be Banach spaces, G € L(X,Y) be a Daugavet centre,
T € OP(X) a G-narrow operator, A = {ay,...,a,} C Sy, € > 0 and x € Bx.
Then for every (X, cp(NARG(X)))-neighbourhood W of x there is an element
w € WNSx such that | T(w — z)|| < € and ||Gw + al| > 2 — ¢ for every a € A.

In particular, the lemma is applicable to any ordinary weak neighbourhood W

of x.

PRrROOF. We shall argue by induction on n. First of all consider n = 1. Every
o (X, cp(NARG(X)))-neighbourhood of z can be represented as W = = + Ug.s,
where R € cp(MARG(X)). Since Ty = R+ T is G-narrow (by definition of the
central part), there is an element w € Sx such that ||Gw + a1|| > 2 — ¢ and
|71 (w — 2)|| < min(d,e) (Theorem 6.2.14(v)" with U = Bx). The last inequality
means, in particular, that | T(w — y)|| < € and w € W.

Now, suppose our assertion is true for n, let us prove it for n + 1. Let A =
{a1,...,an,an11} C Sy, and let us assume that, by the inductive step, an element
wy € W N Sx such that | T(w; — 2)|| <e/2 and ||Gwy + ai|| >2—¢, k=1,...,n,
has already been selected. Then there is a weak neighbourhood U of Gw; such
that the inequalities ||Gu 4+ ag|]| > 2 — ¢, k = 1,...,n, hold for every u € U
(Proposition 2.6.10). U := G~'U is a weak neighbourhood of w;. The intersection
UNW is a o(X, cp(MARg(X)))-neighbourhood of wy, so according to our inductive
assumption for n = 1, there is an element w € SxNUNW such that |Gw+ay, 41| >
2 —¢and ||T(w — wy)|| < &/2. This element w satisfies all the requirements. O

Using an e-net of the unit ball of the finite-dimensional subspace Z below, one
can easily deduce the following result (see Lemma 2.8.8 for an analogous reasoning).

PROPOSITION 6.3.4. Let X, Y be Banach spaces, G € L(X,Y) be a Daugavet
centre, R € NARg(X) and Z C Y be a finite-dimensional subspace. Then for every
€ >0, every x € Bx and every (X, cp(NARc(X)))-neighbourhood W of x there is
an element w € WNSx such that |R(w—=z)|| < € and ||z+Gw| > (1—¢)(||z||+||w]])
for every z € Z.

THEOREM 6.3.5. Let X, Y be Banach spaces, G € L(X,Y) be a Daugavet
centre, and let T € OP(X) be an operator on X which does not fix a copy of 1.
Then T € cp(NARG (X)) so, in particular, T is a G-narrow operator.
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Proor. By Theorem 6.2.21 we may assume that X and Y are separable.
Lemma 1(xii) of [90] combined with Rosenthal’s Alternative implies that every
operator which does not fix a copy of #; can be factored through a space without
{1-subspaces. So every operator which does not fix a copy of /1 can be majorised
by an operator which maps into a space without ¢;-subspaces. Since the class of
narrow operators is an order ideal, it is enough to prove our theorem for 7: X — F,
where E has no ¢;-subspaces, and we may for our convenience assume F = T(X),
so F is also separable.

Let us fix a G-narrow operator R on X, € > 0, x € Sy and y € Sy. Let us
introduce a directed set (', <) as follows: the elements of I" are finite sequences in
Sx of the form v = (z1,...,2,), n € N. The (strict) ordering is defined by

(1, 2n) = (W1, ym) = n<m&{xy,...;xn} C{y1,-- -, Ym-1}

and of course 7; =< 79 non-strictly if 73 < 72 or v = 2. Now, define a bounded
function F: T' -+ E x R x R by

F(y) = (Tzn, a(y), |R(x — zn)]),

where
aly) = sup{a > 0: ||z + Gznl| > a(]|z]] + 1)
for all z € lin{y, Gz1, Gxo, . . ., Gxn_l}}.

Due to Proposition 6.3.4, for every weak neighbourhood U of Tx in F, every € >
0 and every finite collection {v1,...,v,} C X there is some v, 41 € (T~1U)NSx for
which a((v1,...,vp41)) > 1—¢ and ||R(z —vy41)|| < €. This means that (T'z,1,0)
is a weak limit point of the function F. So, by Theorem 2.5.6 there is a strictly
<-increasing sequence (v;) = ((xl, e ,xn(j))) for which (T'x,;)) tends weakly to
Tz, (|[R(y — xn()|) tends to 0 and (a(v;)) tends to 1. Passing to a subsequence
we can select points ;) in such a way that the sequence {y, Gxy(1), GZpn(2), - }
is e-equivalent to the canonical basis of ¢;.

According to Mazur’s Theorem 2.1.2, there is a sequence (z,) with z, €
conv({zy,;): j > n}) for all n € N such that [Tz — Tz,|| — 0. Evidently
|Gzn, +y|| >2—¢cand || (R+ T)(x — 2,)|| — 0, which means that R+ T € SD(X)
and thus proves the theorem by Corollary 6.2.19(b). O

COROLLARY 6.3.6. If X is a Banach space with the Daugavet property and T':
X — X does not fix a copy of €1, then T satisfies the Daugavet equation.

Remark that on the way we have demonstrated the existence of (z,) C Sx
for which (Gz,) is equivalent to the canonical basis of ¢;. Then the sequence
(xn) C Sx is also equivalent to the canonical basis of ¢; (Lemma 2.3.7), which
gives the following result.

THEOREM 6.3.7. Every Daugavet centre fizes a copy of ¢1. In particular, if
G € L(X,Y) is a Daugavet centre, then both X and Y have subspaces isomorphic
to 51-

6.4. A refinement to the renorming theorem with applications to
unconditional sums

The class NARG(X) depends on the Daugavet centre GG, moreover, this may
happen in very classical spaces X, like C10, 1]. Let us cite two enlightening examples
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by Bosenko [60]. For the understanding of these examples it would be useful to
read first the reformulations listed in Proposition 8.4.1.

ExXAMPLE 6.4.1 ([60, Example 1]). Let K be the Cantor set in [0,1] and G:
Cl0,1] = C(K), Gf = f‘)c. Then G is Id¢o,1-narrow. But G is a Daugavet centre
and hence is not G-narrow.

EXAMPLE 6.4.2 ([60, Example 2]). Consider compact sets K; C [0,1] and
Ky C [0,1] with K7 N Ky = 0. Let K; contain some open set U C [0,1] and let K>
have no isolated points. Consider the restriction operators T: C|0, 1] — C(K;) and
G: C[0,1] = C(K3). Then T is a G-narrow operator, but T" is not Id¢g,1j-narrow.

So, there exist G-narrow operators on C'(K) which are not narrow, and there
are narrow operators on C(K) which are not G-narrow for some Daugavet centre
G:C(K)—Y.

This leads to the question whether the renorming of the extended codomain
space from Theorem 5.2.7 preserves narrowness of those operators that were narrow
before the extension and renorming. Our goal is to demonstrate that nothing bad
happens and the narrowness remains intact. For this we need a lemma.

LEMMA 6.4.3. Let X, Y be Banach spaces, G € Sp(x,y) be a Daugavet centre.
T € OP(X) is G-narrow if and only if for every e > 0, every relatively weakly open
subset U C Bx and every x € U there exists a G((x + Up.) NU)-valued Y -atom.

PROOF. Let us start with the “if” part. Let T' € OP(X) satisfy the condition.
Out goal is to show that T is G-narrow. For this, we will verify the condition (v) of
Theorem 6.2.11. Fix y € Sy, € > 0, and a relatively weakly open subset U C By.

Our assumption produces a G((z + Ur) N U)-valued Y-atom (T, 4, f). Then
limy ||f + yl| = 1+ ||w|, in particular ||f(t) + y|| > 2 — ¢ for some ¢t € T". Since
f(t) € G((x + Ur,) NU), there is u € (x + Ur) NU such that f(¢t) = Gu. This u
fulfills u € U, ||Gu +y|| > 2 —¢ and ||T(z —u)| <e.

Let us demonstrate the “only if” part.

Assume that T is G-narrow, € > 0, U C By is relatively weakly open, and
x € U. Put T' = FIN(Y), denote by § the natural filter on I" induced by the ordering
by inclusion. By Lemma 6.3.3, for every A € FIN(Y') there is z(A) € (x +Ur.)NU
such that for all y € A

v+ Gla(A))] > (1 - ju) (lyl +1)-

Let us define the mapping f: I' = G((z+Ur)NU) by the formula f(A) := G(z(A)).
Then for every ultrafilter 4 that dominates §, the triple (T, 4, f) will be the desired
G((x + Ur,e) NU)-valued Y-atom. O

THEOREM 6.4.4. Let X, Y be Banach spaces, G € Sp(x,y) be a Daugavet centre,
Y C E, and J: Y — E be the corresponding natural embedding, and let || - ||
be an equivalent norm on E with the Y -atomic property (the existence of such a
renorming was demonstrated in Lemma 5.2.6). Then the Daugavet centre G =
JoG: X — (E,||-|I) has the additional property that NARG(X) = NAR&(X)
and, consequently, cp(NARq(X)) = cp(NAR&(X)).

PROOF. The implication T € NARx(X) = T € NARG(X) is evident: from
the viewpoint of (ii) of Theorem 6.2.14 the first condition demands something for
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all y € Sg, and the second one demands the same but for the smaller collection of
Yy e Sy.

The implication T € NAR¢(X) = T € NAR5(X) follows from Lemma 6.4.3
that describes G-narrowness in terms of Y-atoms and G-narrowness in terms of
(E, || - I)-atoms, and from the Y-atomic property that says that every Y-atom is
at the same time an (E, || - |||)-atom. O

Our next goal is to develop, in Theorem 6.4.6, an extension of Theorem 5.3.6
on unconditional representations to the case of G-narrow operators. Below we use
the same notation [y for the injective space from Remark 5.3.4 that contains Y
and is equipped with a norm having the Y-atomic property. We already used this
space in the proof of Theorem 5.3.6.

THEOREM 6.4.5. Let G € Sp(x,y) be a Daugavet centre, E be an arbitrary
Banach space, and take G-narrow operators Ty, T € L(X,FE). Then the operator
T =11 4+ Ts is unbounded from below.

PROOF. Let J: Y — ly be the natural embedding operator. Suppose T is
bounded below. Then Lemma 5.3.5, with the help of an equivalent norm on F,
reduces our problem to the case of X C E, with T" being the natural embedding
operator T: X — E.

By Remark 5.3.4, there is an extension of G to Ge L(E,ly). Then

GoTh +GoTy=GoT =JoG.

Since narrow operators form an order ideal, Go T, and Go T, are G-narrow. By
Theorem 6.4.4, the operator J o GG is a Daugavet centre, and the operators G o Ty
and G o T, are J o G-narrow, which contradicts Remark 6.2.10. O

THEOREM 6.4.6. Let G € Sp(x,y) be a Daugavet centre, and let M be a set
of G-narrow operators acting from X to some other fivred Banach space E and
forming a linear subspace of L(X, E). Let T, € M be such that the series ) nTh
converges pointwise unconditionally to some T € L(X, E). Then the operator T is
unbounded from below.

PrOOF. The proof resembles the one of Theorem 6.4.5. Let J: Y — ly be as
before. Suppose T is bounded below. Then our problem reduces to the case of
X C E, with T being the natural embedding operator 7: X — E. Let, as before,
G € L(E,ly) be an extension of G. Then

ZéOTn:éOTzJOG (6.4.1)
neN

and the series ZneNé o T, converges pointwise unconditionally. All operators
of the form G o F with F € M (in particular, all Go T,) are G-narrow and by
Theorem 6.4.4 they are J o G-narrow as well. The set {G o F: F € M} is a linear
space, and by Lemma 6.2.3 all its members V satisfy the Daugavet equation in the

form ||J oG — V| =1+ ||V, so (6.4.1) contradicts Theorem 5.3.1. O

DEFINITION 6.4.7. Let G € Sp(x,y) be a Daugavet centre, Z be a Banach
space. An operator T' € L(Z) is said to be a left cp NARg-multiplier if for every
V € L(X, Z) the composition TV belongs to cp(MARg(X)). A Banach space Z
is said to be a strict cp NARg-range if Idz is a left cp NMARg-multiplier. In other
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words Z is a strict cp NARg-range if L(X,Z) C cp(MARg(X)). An operator
T € L(Z) is said to be a universal left cp NAR-multiplier if for every pair of
Banach spaces X,Y and every Daugavet centre G € Sp(x,y) the operator T" a left
cp NAR g-multiplier.

Remark that for a weakly compact operator T, strong Radon-Nikodym operator
T, operator T not fixing copies of /1, the corresponding composition 7'V belongs
to the same class; so such a T is a universal left cp MAR-multiplier.

Combining the above theorem with Remark 6.2.9, we obtain the following appli-
cation, which extends Theorem 5.3.6 and Corollary 5.3.8 in the part that concerns
the domain space X.

COROLLARY 6.4.8. If G € Sp(x,y) is a Daugavet centre, then X cannot be
isomorphically embedded into a space E in which the identity operator Idg has
a representation Idg = Y 'V, as a pointwise unconditionally convergent se-
ries of left cp NARg-multipliers V,,. In particular, X cannot be embedded into a
space E having a representation as an unconditional direct sum (D, , Ey) of strict
cp NAR-ranges.

PROOF. Let T' € L(X, E). Then

T=IdgoT = ZV,LT.
neN
All V,,T € cp(NARG(X, E)), and, due to Remark 6.2.9, cp(MAR(X, E)) is a
linear subspace of L(X, E). So, using Theorem 6.4.6 with M = cp(NAR(X, E))

we obtain that T' is unbounded from below, so it is not an isomorphic embedding.
O

The next result speaks about the range space Y of a Daugavet centre G €
Sp(x,y) and extends Theorem 5.3.6 in the part that concerns the range space.

THEOREM 6.4.9. Let G € Sp(x,y) be a Daugavet centre. Then Y cannot be
isomorphically embedded into a space E in which the identity operator Idg has a
representation Idg = ) .y Vi, as a pointwise unconditionally convergent series of
universal left cp NAR-multipliers V,, .

PROOF. Let T € L(Y, E). As before, Lemma 5.3.5, with the help of an equiva-
lent norm on E, reduces our problem to the case of Y C E, with T being the natural
embedding operator T: Y — E. Equip E with another equivalent norm having the
Y -atomic property. By Theorem 6.4.4, in this new norm on E the operator T o G
is a Daugavet centre. We have

ToG=IdgoToG=Y V,0ToG,
neN

and the series is pointwise unconditionally convergent. The compositions V;,0(ToG)
belong to the linear space cp(NARoc (X, E)) of operators, satisfying the Daugavet
equation for the Daugavet centre T o G. This contradicts Theorem 5.3.1. O

6.5. Rich subspaces

In this section we are going to demonstrate that every space with the Daugavet
property has a large variety of subspaces with the same property. We extract a
class of such subspaces, mentioned in the title, and give some general descriptions
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of this class. Rich subspaces of concrete spaces like Ly or C[0,1] will be addressed
later.

THEOREM 6.5.1. Let X, Y be Banach spaces, G € Sy x,y) be a Daugavet centre,
E C X be a subspace, ¢: X — X/FE be the quotient map, T € OP(X) be an operator
such that T+ q € NARG(X). Denote T = T\ € OP(E), G = G|lg: E—Y. Then
|G| =1and T € NAR(E).

ProOF. We are going to use (v) of Theorem 6.2.14. Fix £ > 0, a relatively
weakly open subset U C Bg, y1 € Sy and w € U. Our goal is to find v € U such
that ||Gu + y1]] > 2 — ¢ and ||T(w — u)|| < € (we write G and T without “tildes”
because on E this does not matter). Remark that the existence for all € > 0 of
u € B with ||Gul| > ||Gu + y1| — ||ly1]| > 1 — ¢ implies that |G| = 1, so we don’t
need to prove this separately.

By the definition of a relatively weakly open subset, U contains a subset of the
form (w+ Upy) N Bg, where Uy is a convex balanced weak neighbourhood of 0 in X.
Fix r € (0,1) such that rUy + rBx C Uy and apply (v) to T + ¢ € NARg(X),
Uy = (w+ rUp) N Bx and € := min{e/4,7/2,¢/(1 + ||T||)}. We obtain u; € U;
such that ||Guy +y1]] > 2 — € and || T(w — u1)|| + [Jg(w — u1)]| < €.

In particular, [|g(u1)|| = |l¢(w — u1)|| < €. The last condition means that
the distance from u; to F is smaller than &, so there is an element v € Bg with
[lu — uq|| < 2€. This u satisfies all the requirements from (v) of Theorem 6.2.14:
u=wu + (u—wu) € Uy +26Bx C w+rUy+ Bx C w+ Up. Consequently,
u € (w+Up) N Bg C U as we wanted. Also,

1T (= w)|| < T(w = u) [ + 1T (u —w) || < A+ [IT])é <&,

and
IGu+ il = [|Gur + 1| — lu —wus|| >2—-28 >2—e. O

DEFINITION 6.5.2. Let X,Y be Banach spaces, G € Sp(x,y) be a Daugavet
centre, £ C X be a subspace. The subspace E is said to be G-almost rich if the
quotient map ¢: X — X/F is a G-strong Daugavet operator. The subspace E is
said to be G-rich if ¢ € NARg(X). In the particular case of X =Y and G = 1d the
shorter names “almost rich” and “rich” are used: for X € DPr a subspace £ C X
is said to be almost rich if ¢ € SD(X), and is said to be rich if ¢ € NAR(X).

The necessity to distinguish rich and almost rich subspaces will become appar-
ent later when we show that the following theorem does not extend to almost rich
subspaces; see Theorem 6.6.5.

As a concrete example, we shall show in Example 8.4.4 that a uniform algebra
represented on its Shilov boundary K, which is the closure of its Choquet boundary,
is a rich subspace of C'(K) provided K has no isolated points. The following theorem
then provides another proof for Corollary 3.5.21.

THEOREM 6.5.3. Let X, Y be Banach spaces, G € Sy (x,y) be a Daugavet centre,
E C X be a G-rich subspace. Then G|p € Sp(my) is a Daugavet centre as well.
In particular, a rich subspace E of a Banach space X € DPr has the Daugavet
property itself. Moreover, (E,X) is a Daugavet pair.

PROOF. Just apply Theorem 6.5.1 with 7" = 0. O
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REMARK 6.5.4. If the quotient map q¢: X — X/FE belongs to cp(NARg (X)),
then the restriction to E of every G-narrow operator on X is a G| g-narrow operator
itself. If a subspace E C X is rich in X € DPr, then the restriction to E of every
operator T' € cp(NAR(X)) is Idx |g-narrow and, in particular, narrow.

PROOF. The same Theorem 6.5.1 combined with the definition of the central
part gives the result. O

DEFINITION 6.5.5. We say that a subspace Y C X with the Daugavet property
is wealthy if Y itself and every subspace Z of X containing Y have the Daugavet
property (i.e., (Y C Z C X) = (Z € DPr)).

It is plain that if Y is an (almost) rich subspace of a space X with the Daugavet
property, then every bigger subspace is (almost) rich, too: if Y € Z C X, then
Ilz]x/z|l < ||[z]x/v| for every x € X, which gives the domination of the quotient
map ¢: X — X/Z by ¢: X — X/Y. Thus, if Y is rich, then it is wealthy. (See
Theorem 6.5.12 for the final assessment of the taxonomy of affluence.)

This leads to some hereditary properties for the Daugavet property.

PROPOSITION 6.5.6. Suppose Y is a subspace of a Banach space X with the
Daugavet property.
(a) If the quotient space X/Y has the Radon-Nikodym property, then'Y is rich.
(b) If the quotient space X/Y contains no copy of £1, then'Y is rich.

(¢) In particular, if (X/Y)* has the Radon-Nikodgm property, then'Y is rich.

(d) Most particularly, every finite-codimensional subspace Y of X is rich.
In either case Y is wealthy, so it has the Daugavet property itself. Moreover, taking
into account that operators that do not fix copies of £1 and strong Radon-Nikodgm
operators on X lie in cp(NAR(X)), in all the above cases restrictions of narrow
operators on X to'Y are narrow operators on'Y .

Proor. (a) follows from Theorem 6.2.18, (b) from Theorem 6.3.5, (c) follows
from (b), and (d) follows from each of (a), (b) or (c). O

Our next goal is to demonstrate that rich subspaces and wealthy subspaces of
X € DPr are the same. After proving this, we will no longer use the temporarily
useful name “wealthy subspace”. For the demonstration we need a chain of lemmas.

LEMMA 6.5.7. The following conditions for a subspace Y of a Banach space X
with the Daugavet property are equivalent:
(i) Y is wealthy.

(ii) FEwery finite-codimensional subspace of Y is wealthy in X.

(iii) For every pair x,y € Sx, the linear span of Y, x and y has the Daugavet
property.

(iv) Foreveryx,y € Sx, for everye > 0 and for every slice S of Sx which contains
y there is an element v € lin({z,y} UY) NS such that ||z + v|| > 2 —e.

PROOF. Due to Proposition 6.5.6 every finite-codimensional subspace of a
space with the Daugavet property has the Daugavet property itself; this is the
reason for the equivalence of (i) and (ii). The implication (i) = (iii) follows imme-
diately from the definition of a wealthy subspace; (iii) = (iv) and (iv) = (i) are
consequences of Theorem 3.1.5. O
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Below, lin®{z, y} denotes the set {az + by: a,b € R}. Let us say that a pair of
elements (z,y) in Sx is e-fine if there is a slice S of Sx which contains y and the
diameter of S N1in®{x, y} is less than e.

LEMMA 6.5.8. LetY be a wealthy subspace of a Banach space X with the Dau-
gavet property and let a pair (x,y) in Sx be e-fine. Then'Y intersects D(y,x,2¢).
(For the definitions of the sets D(y,x,e) and the corresponding collection D(X),
see Definition 6.2.4.)

PROOF. First of all let us fix a slice S = S(x*,¢1) from the definition of an
e-fine pair and fix § > 0 such that the set

W = {w € lin®*{z,y}: |w|| <146, Rex*(w) >1—¢e}

still has diameter less than . Now, let us find a finite-codimensional subspace
E C Y such that

(1) 2*=0o0n E,

(2) if e € E and w € lin{z, y}, then ||w| < (1 + d)|je + w]];
the last condition can be satisfied by Lemma 2.3.10. According to our assumptions,
lin({z,y} U E) has the Daugavet property, so its real-linear finite-codimensional
subspace 1inR{x, y} + E has the Daugavet property as well. So there is an element
v € (lin®{z,y} + E) NS such that ||z +v| > 2 — . Let us represent v in the form
v =e4w, where e € E, w € lin*{z,y}. By choice of E this means that |jw|| < 1+
and Rex*(w) = Rex*(v) > 1 —¢;. Thus, w € W and ||y — w| < . Finally we have
that [le+2 +yll = 2+ v+ (y— w)]| > 2 —2¢ and e+ ]| = o+ (y— w)]| < 1+e;
hence the element e belongs to E N D(y, z,2¢), which concludes the proof. O

We now present two more lemmas.

LEMMA 6.5.9. A subspace Y of a Banach space with the Daugavet property
which is almost rich together with all of its 1-codimensional subspaces is Tich.

PROOF. Let ¢: X — X/Y be the quotient map and let z* € Sx«; further let
Y1 =Y Nkerz* and let ¢;: X — X/Y; be the corresponding quotient map. Then
Y: =Y or Y7 is l-codimensional in Y. Now, in either case we have ||g(x)||+|z*(z)] <
2||g1(z)|| for all z € X. Since ¢; is a strong Daugavet operator by assumption, so
is ¢ + z*, and ¢ is narrow. O

LEMMA 6.5.10. A subspace Y of a Banach space X with the Daugavet property
is almost rich if and only if Y intersects all the elements of D(X).

PROOF. If Y intersects all the elements of D(X), then the quotient map g:
X — X/Y is unbounded from below on every element of D(X). So the quotient
map belongs to D(X )™, which coincides with the class of strong Daugavet operators
by Proposition 6.2.5.

Now, consider the converse statement. If Y is almost rich, then for every € > 0
the map ¢ is unbounded from below on every set of the form D(z,y,e/2). This
means that there is an element z € Y for which dist(z, D(z,y,e/2)) < €/2. In this
case z belongs to D(z,y, €), so the intersection of this set with Y is non-empty. O

The following is the key result to establishing that wealthy subspaces are rich.

LEMMA 6.5.11. FEvery wealthy subspace Y of a Banach space X having the
Daugavet property is almost rich.
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PROOF. According to Lemma 6.5.10 we need to prove that for every positive
€ < 1/10 and every pair y,x € Sx the subspace Y intersects D(y,z,¢). To do this,
according to Lemma 6.5.8, it is enough to show that for every € > 0 and every pair
x,y € Sx there is an e-fine pair x1,y; € Sx which approximates (z,y) well; i.e.,
|z — 1]+ ||y —y1|| < e. Let us fix a positive § < £2/8 and select an element z € Sx
in such a way that for every w € lin®{z, y} and for every t > 0

lw + 2] = (1 = 8)([lwl| + [¢])

(we use Lemma 3.1.14). Put 1 = x + ez, y1 = y. To show that (z1,y) is an e-fine
pair we have to demonstrate, that in Z := lin®{z,y} there is a slice S. of By
having diam S, < ¢, and such that y € S..

™

FIGURE 6.1. Some help on the proof of
Lemma 6.5.11

In order to better understand the picture, recall that in the two-dimensional
real space Z its sphere Sz is a convex curve that may contain linear segments.
Denote by [«, 5] a maximal segment of Sz that contains y (see Figure 6.1). It
may happen that o« = f = y, then y is a denting point of Sz since Z is finite
dimensional, and the problem is solved. Without loss of generality we may assume
that [[a —y| < [|8—y||. If, moreover, ||a —y|| < &, one can cut a slice S; containing
y from Bz which is arbitrarily close to the segment [«, y], so it can be selected to
have diam S. < €. Thus, there remains the last case for which we have not proved
the existence of S. yet: € < ||la—y|| < [|f —y||. Let us demonstrate that this case
is impossible.

Denote v := a—y. Then y+v and y — v lie on [a, 8], so ||y +v|| = |ly —v| = 1,
and |[v]| > e. Represent our v € Z = lin®{x + £2,y} as v = ay + b(z + £2). Then

1= max{|ly +ay + b(x + 2|, [ly — ay — b(x +2)||}
> (1 - 6)(max{|ly + ay + bz||, |y — ay — bz||} + [ble)
= (1-96)(1 + |ble).
So |b] < 6/(e(1 —90)) < ¢/4. But in this case ||[v — ay|| = ||b(z + €2)| < €/3,
lal = llay]l = [lv]| = llv — ayl| > 2¢/3 and
max{|ly + vl [ly — vl|} > max{lly + ayl, ly — ayl|} — /3> 1+¢/3,

which provides a contradiction. ([
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THEOREM 6.5.12. The following properties of a subspaceY of a space X € DPr
are equivalent:
(i) Y is wealthy.
(ii) Y is rich.
(iii) Ewery finite-codimensional subspace of Y is rich in X.
PROOF. It is clear that (iii) = (ii) = (i), see the remark following Defini-
tion 6.5.5. Now, suppose (i). Every 1-codimensional subspace of Y is wealthy by

Lemma 6.5.7 and is hence almost rich by Lemma 6.5.11. An appeal to Lemma 6.5.9
completes the proof. O

REMARK 6.5.13. The above theorem is demonstrated simultaneously for real
and complex spaces. Indeed, for a complex space X and its complex subspace Y,
there are two possible meanings for Y to be wealthy: real-wealthy if the inter-
mediate subspace Z in Definition 6.5.5 is a real subspace, and complex-wealthy if
the intermediate subspace Z is complex. Every real-wealthy subspace is complex-
wealthy, so for a complex subspace Y C X we have the implications

(Y is rich) = (Y is real-wealthy) = (Y is complex-wealthy) = (V" is rich),
which means that we have demonstrated in passing the equivalence
(Y is complex-wealthy) <= (Y is real-wealthy).

Remark also the following Hahn-Banach style reformulation of richness analo-
gous to the equivalence (i) < (vii) of Theorem 3.1.11.

THEOREM 6.5.14. The following assertions are equivalent for a subspace Z of
a Banach space X.
(i) Z is rich in X.
(ii) For every x,y € Sx and every e > 0,

RS conv(y + (D(x,y,s) N Z)) (6.5.1)
(iii) For every z,y € Sx and every e > 0,
0 € conv(D(z,y,e) N Z). (6.5.2)

PRrROOF. First, (6.5.2) is just a shift of (6.5.1), so the equivalence (ii) < (iii) is
plain.

(i) = (iii). If Z is rich in X, then the previous Theorem 6.5.12 says that
every finite-codimensional subspace of Z is rich in X as well. Then every finite-
codimensional subspace Y of Z is almost rich in X, so, by Lemma 6.5.10, Y inter-
sects D(z,y,e) N Z. Since every weak neighbourhood of 0 in Z contains a subspace
of finite codimension, this means that 0 is a weak cluster point of D(z,y,e) N Z,
which implies (6.5.2).

(ii) = (i). By the definition of a rich subspace we need to demonstrate that the
quotient map ¢: X — X/Z is narrow. For this we are going to show the validity of
condition (iii)" from Remark 6.2.16: for every z,y € Sx, € > 0 and z* € Sx+ such
that Rex*(y) > 1 — ¢, there is v € Bx such that Rez*(v) > 1 —¢, [[v+z|| >2—¢
and dist(v —y, Z) = |l[q(v —y)|| < e.

Indeed, select a € (O7 min {%, %}) Then Re 2*(y) > 1—e+a, so the

condition (ii) implies the existence of w € D(z,y,a) N Z such that Rez*(y + w) >
1 — e+ a. For this w we have ||z + y + w| > 2 — a and ||y + w|| < 1 + «. Define
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the desired v by the formula v := Hziizjﬂ € Sx. Then |v — (y + w)|| < «, so
dist(v —y,Z) < |lv—y —w|| < e, Rez*(v) > Rezx*(y +w) —a > 1 —¢, and
lv+z|>llz+y+tw|—a>2—-2a>2—¢. O

The analogous concept of G-wealthy subspaces was introduced in [148, Defini-
tion 4.4]:

DEFINITION 6.5.15. Let X,Y be Banach spaces, G € Sp(x,y) be a Daugavet
centre. A subspace F C X is said to be G-wealthy if for every subspace Z C X
containing Y the operator G|, is a norm-one Daugavet centre.

In a similar manner one can show [148, Theorem 4.10]: For a subspace E C X

and a Daugavet centre G' € Sp(x.y) the following assertions are equivalent:
(i) FE is G-wealthy.

(ii) E is G-rich.

(iii) Every finite-codimensional subspace of E is G-rich.

Although this result is analogous to Theorem 6.5.12, it does not imply the
original theorem. The reason for this is a subtle difference between wealthy and
Id x-wealthy subspaces. For the first property of E C X one demands for every
E C Z C X just the Daugavet property of Z, but for the Idx-wealth one needs
the stronger condition that (Z,X) is a Daugavet pair. In view of the already
demonstrated Theorem 6.5.3, the proof of [148, Theorem 4.10] happens to be easier
than that of Theorem 6.5.12. For this reason we have decided to include only the
latter one here.

6.6. Narrow operators on L

In this section we shall study strong Daugavet and narrow operators on the
real space L. The complex case will be covered by results from Section 8.6 where
we focus on the general vector-valued case, namely by Corollary 8.6.11. We first
introduce a technical definition.

Let (Q,%, 1) be an atomless probability space. A function f € Ly = Ly(p) is
said to be a balanced e-peak on A € X if f > —1, supp f C A, fQ fdu=0and p{t:
f(t) = =1} > u(A) —e. The collection of all balanced e-peaks on A will be denoted
by P(4,¢).

THEOREM 6.6.1. NAR(L;) = {P(A,e): A€ X, e >0}".
PRrROOF. Let T € NAR(L1), 6,6 > 0, and A € 3. Consider a slice in Ly of the

form
Sz{feBLI: /fdu>1—5}.
A
Applying Lemma 6.2.11 to this slice, the elements z = —14/u(A4), y = 1a/u(A)
and § we get a function v € S such that
o~ La/u(A)] > 26, [T(0 — La/u(A))] < 6. (6.6.1)

Denote by B the set {t € A: v(t) > 0}. The condition v € S implies that ||v —
1gv|| <4, so

[vip = La/u(A)]| > 2 - 20
Next, introduce C = {t € A: v(t) > 1/u(A)}. By the last inequality

lole = La/u(A)| >2-26, |lv—Tcol| <3
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and
u(C) < op(A); (6.6.2)
to see this observe that
14 1 1
225 < [Lpo = s < [ (Lo0 =) i+ () = (©)
(©)
<2-— QM.

Put f = (u(A)/B)lcv — 14 with § = [, vdp so that [, fdu=0. Since [, vdu >
1 — ¢ we have from v — 1eov|| < 36 that 8 > 1 — 44. By (6.6.1) we conclude that

711 = w7 (258 - 45| < ey (1 |55 =+
e L 1 36 (1 76
15—l <P+ 5+l <5+ G- <

and if § is small enough, by (6.6.2) f € P(A,e). This proves the inclusion
NAR(Ly) c {P(A,e): AeX, € >0}™.

To prove the opposite inclusion we use Theorem 6.2.14. Let us fix T € {P(A, ¢):
AeX, >0}~ Let z,y € Si,, y* € S, and £ > 0 be such that (y*,y) > 1 —e¢.
Without loss of generality we may assume that there is a partition Aj,..., A, of
Q such that the restrictions of x, y and y* on Ay are constants, say ax, by and
cr, respectively. By our assumption 7' is unbounded from below on each of the
P(Ayg,¢) for every 6 >0, k=1,...,n. Let us fix functions f; € P(Ag,d) such that
ITfcll <, k=1,...,n, and put

v=" bi(La, + fr)-

k=1

By definition of balanced d-peaks (y*,v) > 1 — ¢, and moreover |[v]| = 1 (we will
see this later), and ||T(y — v)|| and u(suppv) become arbitrarily small when ¢ is
small enough. Thus § can be chosen so that v fulfills the conditions |T(y —v)|| < &
and ||z +v|| > 2 —e.

In order to prove that ||v|]| = 1 note that

— du = b du = b d
ol /an s Z/A| (L + 0l dn =3 k/Akmﬁfk) "

where the last equality follows since 1 4, + f, is clearly positive. By the assumption
on fi, we get that ||v]| = Y1 _; |bk|n(Ak) = |lyl] = 1, as desired. O

The characterisation of narrow operators on real L, proved above looks similar
to the definition of PP-narrow operators. It is easy to prove that every PP-narrow
operator is narrow, as the following remark shows.

REMARK 6.6.2. Let (Q2,%, ) be an atomless probability space and T be a
PP-narrow operator on Ly = Li(u). Then T is narrow.

PROOF. According to Theorem 6.6.1, we have to prove that T is unbounded
below on the sets P(A,¢), for every € > 0 and every A € X.
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In order to do so, take such A € ¥ and € > 0. Let 6 > 0, and let us find
g € P(A,e)sothat ||g|| > p(A) and [|[T(g)|| < . This is enough up to a homogeneity
argument since 0 does not depend on A (and henceforth on p(A)).

Take N € N so that % < e. Since T is a PP-narrow operator, take a

sign g1 := 1p, — Ly, supported on A so that |T(g1)|| < &. By definition of a

sign, u(Py) = p(Ny) = #. Repeat the process inductively to construct, for
i€{2,...,N}, asign g; = Lp, — Ly, supported on P;_; so that |T(g;)| < 52
Observe that u(P;) = “(;) by the inductive process. Define g := Y7 2i71g,.
Observe that

N
1Tl < D2 HIT ()] < 6.

i=1

In order to finish we have to prove that g € P(A,e). To do so, we claim that
g(t) = —1if t € A\ Py and g(t) = 2¥ — 1 on Py. Observe that, if t € Py
then g¢;(t) = 1 for every ¢ and there is nothing to prove. On the other hand, if
t € P;\ P4y then g;(t) =1 for j <4, giy1 = —1 and g;(t) = 01if j > i + 1. Hence

%

gty =)y 271 —2' =1

=0

Consequently, u{g = —1} = p(A) — u(Py) = u(A) — % > u(A) — e. Moreover,
| o0 de =25 (P = () = uPy)

N _
= )~ (1 g ) =0,

so g € P(A,¢). Finally, observe that

N _
ol = ) s = () (2= 57— ) > (),

and the proof is finished. O

We do not know whether the classes of narrow operators and PP-narrow oper-
ators on L; coincide; see Question (6.5) in Section 6.8.

The aim of the remainder of this section is to construct an example of a strong
Daugavet operator on L, which is not narrow. In fact, we shall define a subspace
Y C L]0, 1] so that the quotient map ¢: L1 — L;/Y is a strong Daugavet operator,
but Y fails the Daugavet property. By Theorem 6.5.3, ¢ cannot be narrow. Likewise,
Y is almost rich, but not rich.
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Let I, = [kz_nl, 2%) forn e Ngand £k =1,2,...,2" Fix N € N. We define

go,1 = (2N - ]‘)]lIN,l - ]110,1\IN,1
2_
91,1 = (2N N - 1)1IN2,1 - ]lIN,1\1N2,1

91,1@:91,1(15*%), k=2 ...,2"N,

NntL_pnn
gn,1 = (2 - 1)]11Nn+1’1 - ]IIN",l\INnA»lYl
G = gna(t — 5), k=2, 2V
Denote by P, the “peak set” of the n’th generation, i.e.,

gN™

P, = {t €[0,1): > gni(t) > 0},

k=1

and P = J, P,. Clearly |P,| = 2" /2N" " = (1/28-1)"" and |P| < 1/(2V - 1).
Notice also that fol gn.k(t) dt = 0 for all n and k.
First we formulate a lemma. All the norms appearing below are L;-norms.

LEMMA 6.6.3. Let

n
oo 2N

g = Z Z Gn,k9n k>

n=0 k=1
with finitely many non-zero a, . Then
gL, pll < 3llglp|l.
PROOF. Denote
g = Z Qn, k9n k> § =49 — g
supp gn,x CP
Since g and g coincide off P, we clearly have
19L0,i\pll = llgLp,\pl- (6.6.3)
We also have that
5Ll < lgLrl (6.6

Indeed, we can write P as a countable union of disjoint (half-open) intervals; denote
by I any one of these. Then g is constant on I, and fol g(t)dt = 0. Hence

1 1 -
gl = | [ gt = | [ @O+ iouo d < o

Summing up over all I gives the result.
Next, we claim that

191 0,\pll < 3llgLp|l. (6.6.5)
To see this, we label the intervals I from the previous paragraph as follows. For
every | € N write By = Py and B; = P\ Ui;i P;. Each B; can be written as
Uaep, Int+1,4 where D; is some subset of {1,...,2Nl+1} with cardinality < 2N’
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Let us write g = Y7 Zi:l b kgn,kx With finitely many non-zero b, ;. We then
have the estimates

1 _ 2N -1
| la®1s,0]dt = o155
0
and
1—12N"
/|g CIMCIEED Sl B R D) SUART N
deD, Init1 4 n=1k=1

NI+t
+ by a1y av-1yt 4 (2 - 1)“#

!

1
= Z(2Nl - 2Nl+1)|blk|

1 -1 2™’
(2N ; 2N (@N-1)NT ZZV’M

n=1 k=1

Summing up over all [ gives us

~ 2N 1
[t an > ol (5 -
P
2!

=/ 1 1 = 1
+Z(2Nl_2NH'1_ Z (2N1)Nm>2|bl,k|
=1

m=Il+1 k=1

oo

> )

m=1

Nt

> 2|501|+ Z2Nl Z\blk|

On the other hand, by the triangle inequality

!

/01 g(8)] dt < <|b01|+z§; NLZ|blk>

hence the claim follows.
The lemma now results from (6.6.3)—(6.6.5). O

THEOREM 6.6.4. Let Yy C Lq[0,1] be the closed subspace generated by the
system {gn k: 1, k € N} and the constants. Then the quotient map qn: L1 — L1/Yn
is a strong Daugavet operator for all N, but Yy fails the Daugavet property if N > 4.

PROOF. Let us ﬁX x,y € Sp, and € > 0. Without loss of generality we may
assume that ¢ = Zk 1 an ikl , for a big enough n to be chosen later.

Put h = Zk 1 @n.k9n,k- Then

n
2N

n+l_pm
rz+h= E oN N ]lN"’+1,dn & On k
k=1
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with d, 1, = 1+ (k—1)(2N"HN". So

2N7"

| k|
lo+hl =2 Sxe ==l =1,
k=1

and supp(z + h) C P,. Since |P,] — 0 we can pick n big enough to satisfy
lz + h + y|| > 2 —e. This shows that gy is a strong Daugavet operator.

To show that Yy fails the Daugavet property if N > 4, take g* = 1o 1\p € Y
and e = 2|P|. Since 1 € Sy,, and ¢*(1) =1—¢/2 > 1 — ¢, the set S := {y € By,:
g*(y) > 1 — e} is not empty, so it is a slice of By,,. We show that there is no f in
the slice S such that ||f — 1] > 2 —e.

Suppose, on the contrary, that there is such an f. Without loss of generality
we can assume that

f=al+g
where ¢ is as in Lemma 6.6.3.
It follows from our conditions that

[flp|l = /P lf@®ldt =1fll =g (If]) <1 -g"(f) <e. (6.6.6)
Hence,
1
= = d * — s
1>/0 oL /Pm) b+ " () > 1— 2

and since fol f(t)dt = ag, we get
1—-2e<ap< 1. (6.6.7)

By (6.6.6) and (6.6.7),
lglp|l <e+|P| <2, (6.6.8)

thus (6.6.7) and (6.6.8) yield
lgh0.0pll > llgll — 22 = 1 — a1 = 22 > | — 1] — 4= > 2 — 5.
But now Lemma 6.6.3 and (6.6.8) imply
2 —5e <|lglpappll < 3[lglp|l < 6e,
which yields € > 2/11, i.e., |P| > 1/11, which is false for N > 4. O

Theorems 6.6.4 and 6.5.3 immediately yield the following result.

THEOREM 6.6.5. There is an almost rich subspace of L1]0,1] which fails the
Daugavet property and hence fails to be rich. Thus, on L1]0,1] the class of strong
Daugavet operators does not coincide with the class of narrow operators.

6.7. Notes and remarks

Narrow operators were first introduced by Plichko and Popov [252] in the
setting of Koéthe function spaces, in particular for Lji; in this monograph we call
them PP-narrow (cf. Definition 5.4.2) to distinguish them from other notions of
narrowness. Then, Kadets and Popov [175] presented a version for C(K)-spaces;
we call these operators C-narrow (cf. Definition 6.1.5). The abstract version of
Definition 6.2.7 (for G = Id) was suggested in [179]; and each of these versions
comes with a corresponding notion of a rich subspace. In [300] some of the results



178 6. NARROW OPERATORS AND RICH SUBSPACES

of [179] were exhibited without reference to the algebraic superstructure of Sec-
tion 6.1. Narrow operators with respect to Daugavet centres were first studied in
[60].
Section 6.1. This part is taken almost literally from [179, Section 2].
Section 6.2. The interplay between L-orthogonal elements and narrow op-
erators was observed in [268, Section 4]. Indeed, the following result is proved
there.

THEOREM 6.7.1. Let X be a separable Banach space with the Daugavet property,

Y be a Banach space and T: X — 'Y be a narrow operator. Then, given any y € Bx
and any subset {gn: n € N} C Sx- we can find u € Sx«« such that

(1) ||z +ul| =14 ||z|| holds for every x € X;

(2) T**(u) =T(y);

(3) u(gn) = gn(y) holds for every n € N.
In particular, given any non-empty w*-open subset W of Bx«« there exists u € W
satisfying (1) and (2).

It is not known whether or not the previous result extends to dens(X) = wj.
However, there is a particular class of narrow operators where such an extension
holds, as a consequence of a direct application of Theorem 4.3.4.

THEOREM 6.7.2. Let X be a Banach space with the Daugavet property and Y
be any Banach space. Let T: X — Y be a bounded operator such that T*(Y™) is
separable. Then, given {gn: n € N} C Sx« and any u € Bx«+ we can find v € Sx=
such that

(1) |lz+v|| =14 ||z|| holds for every z € X;
(2) T*(v) = T**(u);
(3) v(gn) = ul(gn) holds for every n € N.
In particular, given any non-empty w*-open subset W of Bx«~ there exists v € W
satisfying (1) and (2).
PROOF. Take (y;:) C By~ to be such that {T™*(y})} is dense in T*(By~). Now,

we can apply Theorem 4.3.4 to find v € Sy« satisfying that u = v on the set {g,:
n € N}U{T*(y}): n € N} and such that the equality

lz + ol = 1+ ||z
holds for every « € X. It only remains to prove that 7**(v) = T**(u). To this end
notice that, since {T*(y): n € N} is dense in T*(By~ ), a density argument implies
that v = u on T*(By~). Hence
T () (y*) = v(T™(y")) = u(T™(y")) = T (u)(y")
holds for every y* € By«. From here it is immediate to get that 7% (v) = T**(u),
and the proof is complete. O

REMARK 6.7.3. Observe that, as a consequence of the previous theorem, we
conclude that if T*(Y™) is separable, then T is narrow. However, this is not sur-
prising because it is not difficult to prove that in this situation such a T cannot fix
a copy of {1, so in particular T is narrow by Theorem 6.3.5.

Observe that the hypotheses of Theorems 6.7.1 and 6.7.2 imply the presence
of L-orthogonal elements on the domain space. Since Example 4.3.7 provides an
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example of Banach spaces X with the Daugavet property and with no non-trivial
L-orthogonal elements, none of the above mentioned theorems can be extended in
complete generality for narrow operators T: X — Y so that dens(X) > wy.

Section 6.3. Shvydkoy [285] was the first to prove that an operator on a space
with the Daugavet property not fixing a copy of ¢; satisfies the Daugavet equation,
solving a problem raised in [178]. In [179, Theorem 4.13], Theorem 6.3.5 appears
formulated only for the case G = Idx. As far as the authors know, Theorem 6.3.5
is original in its current statement.

Section 6.4. The main results come from [148, Section 3]. The proofs of
Theorems 6.4.5 and 6.4.6 develop some ideas from [176].

Section 6.5. In [252] a subspace Y of L; is called rich if the quotient map
q¢: L1 — L1/Y is PP-narrow, and likewise a subspace Y of C(K) is called rich in
[175] if the quotient map ¢: C'(K) — C(K)/Y is C-narrow.

Theorem 6.5.1 is new. Rich subspaces were introduced and studied in [179]
and G-rich subspaces in [148].

A small remark on the papers [60, 59, 58, 147, 148]: T. Bosenko and
T. Ivashyna are one and the same person.

Section 6.6. This part is taken almost literally from [179, Section 6].

6.8. Open questions

In this section we collect different open questions and possible future research
lines derived from the results of this chapter.

DEFINITION 6.8.1. Let G € S(L(X,Y)) be a Daugavet centre, T € L(X, E).
The operator T is said to be hereditarily G-narrow if for every pair of (separable
if we want, this does not change the class) subspaces X; C X and Y7 C Y such
that the restriction G|x,: X1 — Y] is a Daugavet centre, the restriction of T to
X; is a G|x,-narrow operator. In the case of G = Idx we use the shorter name
“hereditarily narrow” operators.

This definition is similar to hereditarily PP-narrow operators on L, but it
looks like nobody studied it (even though we often deal with this class, because
SCD-dominated operators (see Definition 10.4.14) are G-narrow for every Daugavet
centre, so they are hereditarily G-narrow for every Daugavet centre).

(6.1) Is the class of hereditarily G-narrow operators on X a +-semigroup?

(6.2) What is the description of hereditarily narrow operators on C[0, 1]?

This class may happen to be relatively small, because of incredibly large variety of
Daugavet subspaces in C[0, 1] (by its universality).

(6.3) Let E € DPr be a space on which the set MAR(E, X) of narrow operators
from E to X is a linear space. Is it true that in this case NAR(E, X) is
stable under the operation unc?

(6.4) Is it true that if X € DPrand Y C X is a subspace with a separable dual,
then the quotient space X/Y also has the Daugavet property?

This question also appears in [285].

(6.5) Do the classes of narrow and PP-narrow operators on L1 [0, 1] coincide?






CHAPTER 7

Stability properties and ultrapowers

The main theme of this chapter is the investigation of stability properties of
the Daugavet property with respect to direct sums, ideals, and ultraproducts. For
the latter, we define the uniform Daugavet property and we give an example of a
Banach space with the Daugavet property that fails the uniform Daugavet property.

7.1. Rigid versions of the Daugavet property, strong Daugavet and
narrow operators

It will be technically convenient to have a version of the main notions in this
monograph, viz. the Daugavet property and narrow operators, for the limiting case
of € — 0. This will be studied in this first section.

DEFINITION 7.1.1. Let G € Sp(xy), [' C Sx+. G is said to be a I'-Daugavet
centre if for every y € Sy, * € I and ¢ > 0 there is € Sy such that Rex*(x) >
l—cand |Gz +y| >2—e

In particular, a Banach space X has the Daugavet property with respect to a
subset I' C Sx~ (X € DPr(T") for short) if for every z € Sx, * € I" and € > 0 there
exists some y € Sx such that Rez*(y) > 1 —c and |z +y| > 2 —¢.

If E C X* is a linear subspace, instead of saying Sg-Daugavet centre we say
E-Daugavet centre, and instead of writing X € DPr(Sg) we write for short X €
DPr(E) and read it “X has the Daugavet property with respect to E”.

In this notation, X € DPr & X € DPr(Sx-) & X € DPr(X*). Also, note
that X has the Daugavet property if and only if X* has the Daugavet property
with respect to X C X**.

A T'-version of the definition of a narrow operator will also be useful for us.

DEFINITION 7.1.2. An operator T on a Banach space X is said to be narrow
with respect to a pair (G,T'), whereT' C Sx« and G € Sp(x,y) (T € NARq(X,T) for
short) if for every two elements x € Sx, y € Sy, for every z* € T and for every € > 0
there is an element z € Sx such that ||Gz+y|| > 2—c and | T (z—2)||+|z*(z—2)| < e.

In the case of G = Idx we simplify the notation to “T is said to be narrow
with respect to a subset I' C Sx-” and T' € NAR(X,T).

If £ C X* is a linear subspace, instead of writing T' € NAR(X, Sg) we just
write T € NAR(X, E) and read it “T' is narrow with respect to E”.

Although we introduce the I'-versions for arbitrary I' C Sx+, in applications we
usually deal with one-norming I'’s, which enables reasoning like “for given z € Sx
and £ > 0 consider a slice S = Slice(Bx, z*,¢), z* € T', such that z € S and apply
the definition to this slice”.

181
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It is technically convenient to work with the limiting case formally obtained
by letting ¢ — 0 in the above definitions. This limiting case gives rise to “rigid
versions” of these notions.

DEFINITION 7.1.3.

(a) A Banach space X has the rigid Daugavet property with respect to a subset
[ C Sx- (X € DP(T) for short) if for every 2 € Sx and z* € I there exists
some y € Sx such that Rez*(y) =1 and ||z + y|| = 2.

(b) An operator T on a Banach space X is said to be a rigid strong Daugavet
operator (in symbols T € SD"4(X)) if for every two elements x,y € Sx there
is an element z € Sx such that ||z + z|| =2 and T(y — z) = 0.

(¢) An operator T is said to be rigidly narrow with respect to a subset T' C Sx~
(in symbols T € NARMY(X,T)) if for every two elements z,y € Sx and
for every z* € T' there is an element z € Sx such that ||z + z|| = 2 and
IT(y - )]l + 2y — )| = 0.

(d) An operator G' € Sp(x,y) is said to be a rigid I'-Daugavet centre if for every
y € Sy, z* € T and € > 0 there is z € Sx, such that z*(z) = 1 and
Gz + y|| = 2.

(e) An operator T on a Banach space X is said to be a rigid G-strong Daugavet
operator (in symbols T € Sng(X)) if for every two elements x € Sx, y € Sy
there is an element z € Sx such that |Gz +y|| =2 and T'(x — z) = 0.

(f) An operator T is said to be rigidly narrow with respect to a pair (G,T"), where
I' C Sx-and G € Spxy) (T € NAREY(X,T) for short) if for every two
elements x € Sx, y € Sy, and for every x* € I' there is an element z € Sx
such that |Gz 4+ y|| =2 and |T(x — 2)|| + |2*(x — 2)| = 0.

REMARK 7.1.4. Let us mention that every rigid G-strong Daugavet operator is
necessarily non-injective. To see this, one just has to proceed as in Remark 6.2.8: fix
a pair x € Sy and y € Sy such that y = —Gz. Then, according to the definition,
there is z € Sx with ||G(z — z)|| = |Gz + y|| =2 and T'(z — z) = 0. So, x — z will
be a nonzero element which 7" maps to 0.

Using this remark one can easily prove the following statement.

LEMMA 7.1.5. Let G € Spx,y). If T € SDUY (X)), then for every x € Bx and
y € Sy there is an element z € Sx such that ||y + Gz|| =2 and T(x — z) = 0.

Proor. Using the non-injectivity of 7" one can find an element z; € Sx such
that T'(z — x1) = 0. Then applying the definition of SD"(X) to z; and y one
obtains an element z € Sx such that ||y + Gz|| = 2 and T'(z1 — z) = 0. But for this
element T'(x — z) = 0, too. O

In particular, this works for G = Idx.

For many investigations in the context of the Daugavet property the study of
the rigid notions above turns out to be sufficient, but is technically more feasible.
The connection between the original versions and their rigid variants is made using
ultrapowers. We refer to Section 2.2 for the basic definitions and notation.

Let 4 be a nontrivial ultrafilter on N, T be an operator acting from a Banach
space X to a Banach space E, I' C Sx~. We recall from Definition 2.2.6 that T is
the natural operator between the ultrapowers X* and E* defined by T%[(x,)] =
[(Tx,)], and by T we denote the set of the linear functionals F' = (f,), f, € T,
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of the form F[(z,)] = limy fn(x,). Thanks to Proposition 2.2.7, for any G €
Sr(x,y) the corresponding G* is norm-attaining and by Proposition 2.2.10, for
one-norming I' the corresponding I'* is a boundary, which helps in applications of
the forthcoming Lemma 7.1.6.

LEMMA 7.1.6.

(1) If X € DPr(D), then X% € DP"Y(TY). IfG ¢ Sr(x,y) is a I'-Daugavet centre,
then G* € Spxw,ywy s a rigid I'*-Daugavet centre.

(2) If X* € DPr(I'"), then X € DPr(I'). If GY ¢ Spxw,yuy s a rigid -
Daugavet centre, then G € Sp(x,y) and G is a I'-Daugavet centre.
If T € SD(X), then T € SD"(XY). If T € SD¢(X), then T* € SDAL (XY).
If T% € SD(XY), then T € SD(X). If T* € SDu(XY), then T € SDg(X).
If T € NAR(X,T), then T% € NARM (X, T4,
If TH € NAR(X,TY), then T € NAR(X,T). If T* € NARqu (X, TH), then
T e NARg(X, I).

PROOF. All these statements don’t differ too much in essence. Let us prove
for example (7.1.6). Fix arbitrary elements x = [(z,,)] € Sxu, ¥ = [(yn)] € Sys,
and z* = [(z}))] € T¥. Without loss of generality (just replacing one representation
of an element in X* by another) one may assume that z,, € Sx, y, € Sy for all
n € N. Applying the condition T € NARG(X,T) for Ty, yn, 2}, and € = L we

obtain elements z, € Sx such that |y, + Gz,| >2— % and

A~~~
S Ot W
=

N 1
T (zn — 20) |l + ‘xn(xn —zn)| < n

This means that the conditions |G*z + y|| = 2 and |[T%(z — 2)|| + |2*(z — 2)| = 0
are fulfilled for z = [(2,)] € Sxu. O

7.2. Strong Daugavet and narrow operators in £.,-sums

We first fix some notation. If T is an operator defined on X = X; $,, Xo,
we let T} stand for the restriction of T to X, i.e., Tyzy = T(x1,0); and likewise
Toxe = T(0,xz2) defines the restriction to X5. Thus for z = (x1,22) € X, Tx =
T(Il,l‘g) = Tll’l + TQIQ.

The aim of this section is to prove that T is a strong Daugavet operator if and
only if both restrictions 77 and T3 of T are strong Daugavet operators. The same
is true for narrow operators.

PROPOSITION 7.2.1. If X = X1 ®oc X2 and T; € SD(X;) (T; € SD"(X;)) for
i=1,2, then T € SD(X) (T € SD"(X), respectively).

PRrROOF. By Lemma 7.1.6 it is sufficient to consider only the “rigid” version of
the proposition. Indeed, we have X* = X{'@ X3' and (T"); = (T;)*. Therefore, if
T; € SD(X;), then (T;)* € SD"(X ) and, assuming the rigid version, we conclude
that 7% € SD"'(X*!) which implies T € SD(X).

Thus, we need to prove that for every = = (z1,22) with ||z|| = max{||x|],
[z2]} =1 and y = (y1,y2) with [ly|| = max{|[y.[|, [[y2[[} = 1, there is some z =
(21,72) with [2]] = max{l|z1 |, |25]|} = 1 such that |z + 2| = max{as + =),
|2 + 22|} = 2 and | T'(y — 2)|| = |T1(y1 — 21) + T2(y2 — 22)[| = 0.

Without any loss of generality we may assume that |z1]] = 1. Using
Lemma 7.1.5 for T} € SDrid(Xl), we can find, given ;7 € Sx and y; € By,
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some z1 € Sx with |21+ z1]| =2 and ||T1(y1 — z1)|| = 0. Put 25 = y2, 2 = (21, 22);
then [|z]| =1, [z + 2| > [[z1 + 21| = 2, and

IT(y = 2)Il = 171 (y1 = z1) + Ta(y2 — z2) || = I T1(y1 — 21)[| = O,
which completes the proof. O

COROLLARY 7.2.2. If X = X| ® X2 and T; € NAR(X;) for i = 1,2, then
T e NAR(X).

ProOF. We have to prove that for each z* = (zf,z}) € X* = X7 &1 X3,
T + x* is a strong Daugavet operator. Let us consider the restriction of T + z* to
X1; then

(T + 2]l = (T + ") (21, 0)]| = |7 (z1,0)| + |2* ((x1,0))|
= [T || + [y (z1)]-

Since T is narrow, T1 + % is a strong Daugavet operator and hence, so is (T'+z*);.
By symmetry, the same is true for the restriction to Xs, and Proposition 7.2.1
implies that T + z* is a strong Daugavet operator. Since x* is arbitrary, T is
narrow. (]

We now turn to the converse of Proposition 7.2.1. Recall that, by Defini-
tion 2.6.11, elements x1, ..., x, of a normed space form a quasi-codirected n-tuple
if

1+ +anll = [laa] + -+ [lan].

THEOREM 7.2.3. If X = X1 ®oo X2, then for every strong Daugavet operator T
on X the restrictions Ty and Ty of T to X1 and Xs are strong Daugavet operators.

PROOF. As in Proposition 7.2.1 it is sufficient to prove that T3 € SD(X;)
whenever T € SD"(X).

Solet T € SDrid(X), x1,y1 € Sx, and € > 0. Apply the definition of a rigid
strong Daugavet operator to z = (x1,0), y = (y1,0). We get some z! = (21, 23)
for which ||y1 + 21| = 1, ||z3]| < 1, ||#1 + y1 + 21]| = 2 and T'2* = 0. This means,
in particular, that the vectors x; and y; + z{ are quasi-codirected. Now, apply
the definition of a rigid strong Daugavet operator to = = (%(ml +y1 + 21),0),
y = (y1,23). We get some 22 = (2%,23) for which T2? = 0, ||y1 + 2?|| = 1 (and
consequently ||23+23|| < 1) and ||(z1+y1+21)/24 (y1+27)| = 2. This again means,
by Lemma 2.6.12, that the triple (z1, y1 + 21, y1 + 27) is quasi-codirected. Now,
apply the same token to z = ((z1+ (y1 +23) + (y1 +2%))/3,0) and y = (y1, 23 + 23),
etc.

Continuing this process, we obtain a sequence z™ = (2], 25) for which all the
n-tuples (z1,y1 + 25,91 + 22, ...,01 + 277 1), n € N, in Sy, are quasi-codirected,
|23 + -+ 22| < 1and T2z" = 0. Consider z = (21 + 22 +--- + 27)/n € X;. By
construction and Lemma 2.6.12, ||z1 + 31 + 2| =2, |y1 + 2| =1 and

n T
|Tiz|| = |T(2,0)]| = |T(0, (25 + 25 + - + 23))|| < %

Because n can be taken arbitrarily large, this proves that 77 € SD(X). O

COROLLARY 7.2.4. If X = X1 @ Xo, then for every narrow operator T on X,
the restrictions Ty and Ty of T to X1 and Xs are narrow operators.
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ProoOF. This follows directly from Theorem 7.2.3 and the definition of a narrow
operator. O

Taking in account that (X € DPr) & (0 € NAR(X)), Corollaries 7.2.4 and
7.2.2 imply the following:

COROLLARY 7.2.5. If X = X B0 X2, then the following assertions are equiv-
alent:
(i) X has the Daugavet property;
(ii) both Xy and X5 possess the Daugavet property.

7.3. M-ideals and the Daugavet property

Our first result here is that the Daugavet property passes to M-ideals. Note
that Corollary 7.2.5 shows that this is so for M-summands.

ProrosITION 7.3.1. The Daugavet property is inherited by M -ideals.

PROOF. Suppose J is an M-ideal in a Banach space X with the Daugavet
property. Let y € S; and € > 0, and let * € J* C X* with ||z*|| = 1. Consider
the slices S; = Slice(B,z*,¢) and S = Slice(Bx, z*,£/3):

Sy ={¢€ By Rex*(€) >1—¢}, S={€€ By: Rea*(€) >1—¢/3}

By the Daugavet property of X there is some x € S such that ||z + y|| > 2 — &/3;
hence there is some y* € Sx« with Rey*(z + y) > 2 — ¢/3. Decompose y* =
yr +ys € J* @1 J* so that 1= ||y*|| = ||y} + ||y5]|. Therefore we have

Rey*(x) + Reyi(y) >2—¢/3

so that Rey*(x) > 1 —¢/3 and Reyj(y) > 1 — ¢/3. Consequently, ||yf|| > 1—¢/3
and thus ||y3]| < /3.

By Lemma 2.9.5, we may find £ € By satisfying |y7 (£ — x)| < /3 and |z*(§ —
x)| < ¢e/3, ie., £ € S1, and we have

1€ +yll =Rey" (€ +y) = Reyi(§) +Reyi(y)
> Reyj(z) + Reyi(y) —¢/3
> Reyi(z) + Reys(z) + Reyi(y) —2¢/3
=Rey*(z) + Reyi(y) —2¢/3 > 2 —¢.

An application of Theorem 3.1.5 completes the proof of the proposition. O

Obviously, if X has the Daugavet property and J C X is an M-ideal, then X/J
need not have the Daugavet property; for example, if X = C[0,1] and J = {f € X:
f(0) = 0}, then J is an M-ideal in C[0,1] (see Example 2.9.2) and X/J is one-
dimensional and thus, fails the Daugavet property.

We now prove a converse to Proposition 7.3.1, which can be regarded as a ver-
sion of the three-space property for the Daugavet property under strong geometric
assumptions.

PROPOSITION 7.3.2. If J is an M-ideal in X such that J and X/J share the
Daugavet property, then so does X.
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PROOF. Suppose that y € Sx, x* € Sx+ and € > 0. We decompose
et =ai+as e J T, || = (il + [,
and from (2.9.3) on page 47 we deduce that
ol =max{ sup 1l s 1G] f =
y*EB = y*€EB ;1L

‘We shall first assume that
1Ylllx/s = sup |y*(y)| = 1.

y*€B yx

Since X/J has the Daugavet property and (X/J)* = J=*, there is some 2y € X
satisfying

[zolll =1, Reas(wo) = (1 —e)flzsll, [z +ylll >2—e

Next, pick £ € By with

Rez1(£) > (1 —e)|lz1]l (7.3.1)
and use the 3-ball property of M-ideals (see Lemma 2.9.6) to find some 7 € J with

leo €& —n|| <1+e. (7.3.2)
Obviously, x := xg + £ — n has the properties

lzl| <1+e,
Rexs(z) = Reas(zo) = (1 —¢)z3l],
lz+yll = [z +ylll = l[[zo + 4l > 2 -,

*

and it is left to estimate Re zj(z). Now, we get from (7.3.2)
21 (€) £ 27 (zo — )| < (L + )27 ]|
and hence from (7.3.1)
|21 (z0 — m)| < 2ef|ai]
so that
Rezi(z) =2 (1 —3e)ll21]
and finally
Rez™(z) > (1 =3e)[lzill + (1 —&)[lz3]l > 1 - 3e.

After scaling = appropriately, we obtain (ii) of Theorem 3.1.5, and so X has the
Daugavet property.

In the second part of the proof we suppose that

0:= sup |y"(y)| < sup [y (y)|=1.
y*€B,1 y*EB yx

Claim: There is some & € S; such that Re&*(y) > 1 — 3¢ whenever £* € S+ and
Re&*(€) > 1 — . Indeed, we have a decomposition X** = J++ @, J** of the
bidual space; denote the projection from X** onto J=+ by Q. Now,

1 = [lyll = max{[|Qyl|, lly — Qull} = max{||Qyl],0}

and thus ||Qy|| = 1. By the principle of local reflexivity, in the version of [48],
there is a linear operator L: lin{y, Qy} — X such that £ := L(Qy) € Sy, Ly =y
and ||L|| < 1+ ¢; the point here is that L maps Qy € J** into J. Clearly
€= by+ (26 ) and

126 —yll = [[IL(2Qy — y)I| < 1 +&)[12Qy —y[| = L +&.
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Hence, if £* € S+, then Re&*(y) < 1 and Re&*(2§ — y) < 1+ . Consequently,
Re&*(y) = 1 — 3¢ whenever Re&*(§) > 1 —e.

By the assumption on J and applying Theorem 3.1.11(v), there is g € J such
that

[zl =1, Rewj(zo) = (1 —e)ll27ll, flwo+&]l=2—e (7.3.3)
Next, pick z € Bx and & € S+ with the properties
Rea3(z) = (1 —e)lla3), Re&j(zo+¢) >2—¢
so that
Re&i(zo) 21 —¢, Re&i(§)=21—e. (7.3.4)

By the construction of £, we therefore have Re&j(y) > 1 — 3e. Using the 3-ball
property of M-ideals again (see Lemma 2.9.6), we may find some n € J with

[z +z0 —nl <1+e,

and we let x := z 4+ xg — 1. As in the first part of the proof, we obtain from (7.3.3)
and (7.3.4) that

[z1(z = n)l < 2ell21ll, 1€5(z =) < 2

and
Rexj(z) = Rexj(wo) — 2¢l|zi] = (1 = 3¢)|7]l,
Rezy(x) = Rews(z) > (1 —e)|lz3]l.
Therefore,
[zl <1+e,
Rez*(z) > 1 — 3¢,
and

Il +yll = Re&g(x +y) = Re&g(z —n) + Re&g(zo +y) > 2 — Ge.

Again, we see that (ii) of Theorem 3.1.11 in the form of Remark 3.1.12 is fulfilled,
and hence X has the Daugavet property. (|

REMARK 7.3.3. Observe that, in general, the Daugavet property is not a 3-space
property. Indeed, taking X := C10,1] @2 C[0, 1], we have that Y := C[0, 1] x {0}
has the Daugavet property and X/Y = C]0, 1] has the Daugavet property, but X
fails the Daugavet property by Corollary 7.5.7 below.

Let X7 be an M-ideal of a Banach space X and T be a strong Daugavet operator
on X. We haven’t been able to decide whether the restriction of 7' to X; is a strong
Daugavet operator again (see Question (7.2) in Section 7.10). This would give us
the operator version of Proposition 7.3.1.

7.4. Strong Daugavet and narrow operators in £;-sums

We use the same notation concerning restrictions of operators as before, but
for an f1-sum X = X7 &1 Xs.

PROPOSITION 7.4.1. If X =X, ® Xo and T;; € SD(XZ'). (respectively, T; €
SP"Y(X;)) fori=1,2, then T € SD(X) (respectively, T € SD"'4(X)).



188 7. STABILITY PROPERTIES AND ULTRAPOWERS

PROOF. Again, by Lemma 7.1.6 it is sufficient to consider only the “rigid”
version of the theorem. Thus, we need to prove that for every x = (x1,22) with
[zl = llzoll + llz2ll = 1 and y = (y1,42) with [ly[| = [ly1|| + [[y2[] = 1, there is some
z = (21, 22) with [|z[| = ||z1[|+[[22]| = 1 such that [lz+2]| = |[z1+21([+ |22+ 22 = 2
and || T(y — 2)[| = T2 (y2 — 21) + Ta(y2 — 22)[| = 0.

For i = 1,2, since T; € SD"'4(X;), we can produce, using Lemma 7.1.5, some
zi € lyillSx, with ||z; 4+ z|| = ||zl + ||z and || T;(y; — 2:)|| = 0. Now, let us take
z = (21, 22); then

121 =zl + 22l = [l ll + 1yl = 1,
&+ zl| = [lz1 + 21l + [lz2 + 22/l = llzall + 20l + [lz2l] + 22l = 2,
and
T(y—2) =Ti(y1 — 21) + T2(y2 — 22) = 0.
So, z satisfies all the conditions above, and the proposition is proved. O

By the same argument as in Corollary 7.2.2 we obtain:

COROLLARY 7.4.2. If X = X; &1 Xo and T; € NAR(X;) for i = 1,2, then
T € NAR(X).

Recall that a subset I' C Sx~ is a boundary for X if for every x € X there is
some z* € I' such that |z*(z)| = ||z||. In the case of a balanced boundary I', one
can find z* € I with 2*(x) = ||z||. The notion of a boundary is a “rigid” version of
a one-norming set. It is easy to check (Proposition 2.2.10) that I'* is a boundary
for X* if and only if T is one-norming.

LEMMA 7.4.3. Let X = X1 @1 Xo, let I'; C SX; be balanced boundaries for

X; forj=1,2, and letT' =T, UTy. IfT € NARrid(X, T), then Ty and Ts, the
restrictions of T to X1 and Xs, are rigid strong Daugavet operators.

PROOF. Let us consider the case of T;. We have to prove that for every x1,y; €
Sx, there exists some uy € Sx, such that ||x; + u1|| =2 and T} (uy —y1) = 0.

Let us take z = (21,0), y = (y1,0) € Sx and a functional 2} € I'y such that
25 (y1) = 1. Let us further take 2* = (27,0) € I'. Since T is narrow, we can apply
Definition 7.1.3 with the elements z, y and z* defined above; thus, there exists some
z = (21, 22) € Sx such that

o+ 2] = llz1 + 21| + |22l = 2
and
IT(z =)l + 2" (z =)l = [IT(z = Y)l| + |21(21 = y1)[ = 0. (7.4.
From the last condition we obtain |2} (z; —y1)| = 0. Keeping in mind that =7 (y1)
1, we get x3(z1) = 1. But ||27]| = 1, so ||z1|| = 1. Then
[[22]] =0, (7.4.2)
because ||z1]| + ||22]] = 1. So ||z1 + z1|| = ||z + z|| = 2 and by (7.4.1) and (7.4.2)

Ti(y1) = T(y) = T(2) = T1(z1). Thus the definition of a rigid strong Daugavet
operator is fulfilled for T7. O

1)

We can now prove the converse of Corollary 7.4.2.

THEOREM 7.4.4. Let X = X; ®1 Xo and T € NAR(X). Then, T and T, the
restrictions of T to X1 and Xa, are narrow operators.
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Proor. If T is narrow, then so is T + z* for any z* € X*, in particular for
¥ € I' = X{UX5. By Lemma 7.1.6 we may pass to ultraproducts, apply the
previous lemma, pass back to the original space and obtain that T} + x7} is strongly
Daugavet for every 7 € X7. Hence T is narrow, and by symmetry, so is 7. [

However, the analogue of Theorem 7.4.4 for strong Daugavet operators, i.e.,
the converse of Proposition 7.4.1, is false.

PROPOSITION 7.4.5. Let X = X1 @1 Xo and T € SD(X). Then T, the restric-
tion of T to X1, need not be a strong Daugavet operator.

PROOF. The sum functional Tz = Y7, z(n) is a strong Daugavet operator
on real /1 = R @1 X» (see Example 6.2.13), yet its restriction to R (i.e., the span
of eq) is not. O

We wish to indicate another counterexample that even works on a space with
the Daugavet property, namely, on L;[0, 1]. For this, let us recall the main features
of the example from Theorem 6.6.4. In this example subspaces Y7 C L1[0,1] and
Y =Y; @lin{l} and a measurable subset P C [0, 1] of measure u(P) < 1/9 with
the following properties are constructed:

lgtoppl <3lglel  VYgeYs (7.4.3)

and the quotient map ¢: L1[0,1] — L1[0,1]/Y is a strong Daugavet operator.
Now, let @ C [0,1], u(Q) < 1/3, QNP = (). Then the restriction of ¢ to L1(Q)
is bounded from below. So in particular this restriction is not a strong Daugavet
operator; observe that L1[0,1] = L1(Q) &1 L1([0,1] \ Q).
Indeed, let us assume to the contrary that the restriction of ¢ to Li(Q) is
unbounded from below. This means that for every € > 0 there exist a function
f € L1(Q), a function ¢g; € Y7 and a constant a such that

If = (g +a)ll <e.
Denote [0,1]\ (P UQ) by S; then u(S) > 1/2. Then ||(a + g1)1pus|| < € and
1
ap(P) = |lalp| > g1lpll - > gllonlsll = (by 7.4.3)
1 1
> < flals] - 25 = sau(s) - 2,
so a < 40e. This means that ||f — g1]| < 41e. On the other hand
1f =gl = [I(f = g1)Lpll = g1 1P|
1 1
> Zlortol > (71— I(f — 90)1ql) >

which is a contradiction when ¢ is small enough.
Taking into account that (X € DPr) & (0 € MAR(X)), Theorem 7.4.4 and
Corollary 7.4.2 imply the following stability theorem for the Daugavet property:

(1—41e),

W =

COROLLARY 7.4.6. If X = X1 @1 Xo, then the following assertions are equiv-
alent:

(i) X has the Daugavet property;
(ii) both X1 and X5 have the Daugavet property.
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7.5. The Daugavet property in general absolute sums

Throughout this section F' denotes a Banach space with a l-unconditional
normalised Schauder basis. We can think of the elements of F' as sequences with
the property that

(a1, a2, .. )lr = [[(laal; laz], - llr - V(e;) € F.

Note that F' is naturally endowed with the structure of a Banach lattice with respect
to the pointwise operations.

Suppose that X1, Xo,... are Banach spaces. Their F-sum X = (X1, Xo,...)F
consists of all sequences (z;) with z; € X; and (||z;||) € F, equipped with the norm
I(z;)]| = ll(lz;])]| 7; see Section 2.9.1. We are going to characterise when such an
F-sum has the Daugavet property.

Note that F'* can be represented by all sequences (a}‘) € RY such that

supl|(lail ..., la}],0,0,...)[| . < oo,
n

and X* can be represented by all sequences (az:;‘)7 zj € X7, such that
lz*]| = sup||(\|x’1k||, oo ll2k]l,0,0,. .. )||F* < 00.
n

The key notion to deal with absolute sums and the Daugavet property is the
following one.

DEFINITION 7.5.1. A Banach lattice F' is said to have the positive Daugavet
property if |[Id 4+ T|| = 1+ ||T|| for every T: F' — F of the form T = ¢* ® a with
a € F, a* € F*such that a > 0 and a* > 0.

Remark that the positive Daugavet property may be characterised as is done
for the Daugavet property in Theorem 3.1.5 with the same proof.

LEMMA 7.5.2. A Banach lattice has the positive Daugavet property if and only
if for every positive a € Sp, every positive a* € Sp« and every € > 0 there is some
positive b € Sp such that a*(b) > 1 —¢ and |ja +b|| > 2 —«.

It is clear that ¢y and ¢; have the positive Daugavet property, but there are
other examples as well.

ExaMpPLE 7.5.3. The spaces ¢y and ¢; have the positive Daugavet property.
Indeed, to show the case of ¢g, suppose a € ¢y, a* € ¢1, both of norm 1 with nonneg-
ative coordinates ay and aj. Choose N such that sup,<yar = 1and ),  yap <e.
Let b be the sequence 1y, .y} whose coordinates are by, = 1 for k < N and b, =0
otherwise. Then a*(b) = Z;\/:l ay > 1—¢ and |la + b|| = 2 so that the positive
Daugavet property follows from Lemma 7.5.2. The case of ¢; is handled similarly.

THEOREM 7.5.4. Let Xi1,Xs,... be Banach spaces, and F be a space with a
1-unconditional normalised basis. Then the F-sum X = (X1,Xs,...)r has the
Daugavet property if and only if the Banach lattice F has the positive Daugavet
property and every X, has Daugavet property.

PROOF. Suppose that X has the Daugavet property; we shall verify the condi-
tion of Lemma 7.5.2. Let a = (a;) € Sr and a* = (a}) € Sp+ be positive elements
and let ¢ > 0. Pick z; € X; and 2} € X7 such that ||z, = aj, |2}| = a} and put
r = (z;), v* = (z}); then [|z| = [|z*|| = 1. Since X has the Daugavet property, we
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can find y € Sx such that Rez*(y) > 1 —¢ and ||z + y| > 2 —e. Write y = (y;)
and b = (||ly;]|); then ||b]|r =1 and

oo

1—e<Rex"(y) =) Rex(y;) <Y lajllly;ll = a*(b),
j=1

j=1
2—e<|lz+yll = (s +y Dl < [[Dasll + s DI < lall + 1181,

where we have used the fact that the norm of F' is monotonic in each variable.
Hence, F has the positive Daugavet property.

Now, let us prove that every X, has the Daugavet property. In order to do so
assume that, for some n € N, the space X,, fails the Daugavet property, and let us
prove that X fails the Daugavet property too.

Since X, fails the Daugavet property we can find x,, € Sx,, o > 0 and a slice
Slice(Bx, , z}, o) with satisfying that

y € Slice(Bx,,, 2y, a0) = |lzn +y| < [|2all + [lyll — <0 (7.5.1)
Consider
xz:=(0,0,...,0,2,,0,0,...) € Sx, z*:=(0,0,...,0,27,0,...) € Sxx,

and the slice Slice(Bx,z*,ag). Let us prove that y € Slice(Bx,z*,ag) implies
Iz + yll < ||zl + |lyll — €0, which implies that X fails the Daugavet property.

In order to do so, take y = (yx) € Slice(Bx,z*, o). By the definition of «* this
implies that Rez (y,,) > 1 —ap, so y,, € Slice(Bx,,, z%,ap) (observe that y,, € By,
since

”ynll = ||(0>07~-~>07 ||yn||’07’)||F < ”(HylH7’HynH’Hyn-‘rle)F)

where the last inequality is justified by the monotonicity of the norm F).
The condition defining Slice(Bx, , 2%, ) implies ||z, + yn| < ||Znll + |lynll — €0
Consequently

iz +yll = [1{lyall, - llzn + yalls [yngall - )lle
< lyalls - llznll + llynll = €0, lyntall - e
= [Ilyalls - lynll, - ) + (0,0, flzn]l = €0,0,.. )
< Myl +1100,0,. flznll = €0, - )llF

€0
:|y||—|—H<0,0,...||xn|| <1— ),0,...)
[ln |

<yl + 10,0, - flznll(1 = 0), 0, )l 5
= llyll + (1 = eo)llzll < [[yll + ll«]| = eo,

F

as desired.

Conversely, suppose that F has the positive Daugavet property. Let z = (x;) €
Sx and x* = (z}) € Sx-, define a = (a;) = (|lz;]]) € Sp and a* = (aj)
([[=3]) € Sp+. Given € > 0, find using Lemma 7.5.2 some b = (b;) € Sp such that
a*(b) > 1—¢ and |ja+0b|| > 2 —e. Since X; has the Daugavet property, one can
find y; € X; such that

lyill = bj, Rexj(y;) = (1 —e)ajbj, |z;+y;ll = (1 —¢)(a;+bj);
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just note that [[Id + (z}/a}) ® (z;/b;)|| = 1+ a;/b;. Therefore, y = (y;) € Sx
satisfies

Rez*(y) = ZRex;(yj) > (1 —E)Za;bj =(1—¢e)a*(b) > (1 —¢)?
=1 =1

and
I+ 9l = ([l + w3 )| > (@ = )|l + hys D]l
=1 —-¢)la+dllr=2(1—¢)(1—2¢).
Hence, X has the Daugavet property. O

Since ¢y and ¢ have the positive Daugavet property, Theorem 7.5.4 is applicable
in particular to (@;2, Xi),, and (B;2, Xi),, with X; € DPr.

COROLLARY 7.5.5. Let (Xg)ren be a sequence of Banach spaces. Then:

(@Zo_l Xk>e € DPr (@Zo_l Xk) € DPr <= (X, € DPr for all k € N).
= 1 = co

Another way to show this is to apply the known fact about the finite sums
together with Corollary 4.1.6 which says that for the Daugavet property of X it
is sufficient to find an increasing chain of subspaces having the Daugavet property
and whose union is dense in X.

If F is finite-dimensional, we can pass to the limit ¢ = 0 in Lemma 7.5.2 by
compactness. Thus, we obtain the following variant of Theorem 7.5.4.

COROLLARY 7.5.6. Let dimF' = n and X4,...,X, be Banach spaces. Then
their F-sum (X1 @®---®X,,)r has the Daugavet property if and only if every X; has
the Daugavet property and for every positive a € Sp and every positive a* € Sp+
there is some b € S such that a*(b) =1 and ||a + b|| = 2.

This condition can be rephrased geometrically as follows. For any point a > 0
in Sp and any supporting hyperplane H = {a* = 1} of the positive part of the
unit sphere, there is a line segment in the unit sphere that contains a and intersects
H N Sp. From this the following corollary is evident.

COROLLARY 7.5.7. If X = (X1 @ X2)F has the Daugavet property, then either
F = f% or F =102, ie., either X =X, ®1 Xo or X = X| Doo Xo.

[o o)

It is easy to see that F; @1 Fs and F B F> have the positive Daugavet property
whenever F; and F5 have; in fact, the proof of Theorem 7.5.4 shows that the F-sum
(F1 @ F2®...)F of Banach lattices with the positive Daugavet property is a Banach
lattice with the positive Daugavet property. Therefore, starting from the real line
we can form ¢;-sums and {,-sums consecutively to obtain finite-dimensional spaces
with the positive Daugavet property, e.g., the 18-dimensional space

(12 &1 10) @ (19 1 02) 0 7
However, there are other examples, even in the three-dimensional case; for example,

a
I(ar,az.a) | = maxc{Jor| + 2L, jas| 1 Jas]}

defines a norm on R? with the positive Daugavet property.
In this example, the unit sphere intersected with the half-space {(s,t,u): s,t €
R, u > 0} looks like a hip roof, and the positive part of Bp, i.e., Br NRY, is the
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convex hull of the points (0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0) and (1/2,0,1),
see Figure 7.1. From this description it is easy to see (literally) that this norm has
the positive Daugavet property.

x

FIGURE 7.1. A three dimensional space with the positive
Daugavet property

7.6. The uniform Daugavet property
For an element x € Sx and € > 0, denote
(€)= Ix(,¢) = {y € Sx: [}z + | > 2 - e},
(ze) =lx(w,e) ={y € X: |yl <1+e, [lz+y] >2—e}
The next result that is important for this section is just (i) < (vii) of Theo-

rem 3.1.11 in the form mentioned in Remark 3.1.12. We'll isolate this as a lemma.

LEMMA 7.6.1. The following assertions are equivalent:
(1) X € DPr.
(2) For every x € Sx and every e > 0, conv(I*(x,¢€)) contains Bx.
(3) For every x € Sx and every € > 0, conv(l(z,€)) contains Bx.

Lemma 7.6.1 suggests the following quantitative approach to the Daugavet
property. For a subset A C X denote by conv,, (A) the set of all convex combinations
of all n-point collections of elements of A. Clearly

convy(A) C conve(A) C ..., (7.6.1)
and conv(A) = [, ¢ convy, (A). Denote

Daug,, (X,e) = sup dist(y, conv,(I(z,¢€))),
T, yESXx

Daug, (X,e) = sup dist(y,conv, (" (z,¢))).
z,yeSx
By (7.6.1) the sets conv,,(I(z,¢)) increase with n, so for every € > 0 the sequence
(Daug,, (X, 5))n ¢y decreases (in the non-strict sense), and consequently it has a
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limit. The same happens with conv,, (I (z,¢)) and (Daug;! (X, 6))n€N. Also remark
that conv, (I7(z,€)) D conv, (I(x,€)), consequently

Daug; (X, £) < Daug,, (X, ¢). (7.6.2)

The subtle difference between the definitions with and without the “plus” is inessen-
tial (we will see this below), but sometimes one of them is technically more conve-
nient to work with than the other.

DEFINITION 7.6.2. A Banach space is said to have the uniform Daugavet prop-
erty if
lim Daug) (X,e) =0 (7.6.3)

n— oo

for every € > 0.

ProrosITION 7.6.3. If X possesses the uniform Daugavet property, then X €
DPr.

PROOF. Since conv,, (I (x,¢)) C conv(It(z,e)) for all n, we have the inequality

Daug,(X,e) > sup dist(y,conv(l"(z,¢))).
z,yESx
So, the condition (7.6.3) implies that dist(y, conv(l*(z,¢))) = 0 for all 2,y € Sx,
which, in turn, implies (2) of Lemma 7.6.1. O

THEOREM 7.6.4. Let 3 be a free ultrafilter defined on N, X,, (n € N) be a
collection of Banach spaces and (X,)y be the corresponding ultraproduct of the
sequence ). Then the following assertions are equivalent:

(X
(1) (Xn)u possesses the uniform Daugavet property.
(2) (X,)u € DPr.
(3) For every e > 0 and every 6 > 0 there is n € N such that the set of all k
for which Daug,, (X, &) < § belongs to the ultrafilter L.
(4) For every e > 0 and every 6 > 0 there is n € N such that the set of all k
for which Daug, (X, €) < & belongs to the ultrafilter L.

PrROOF. The implication (1) = (2) we have for free from Proposition 7.6.3,
and (3) = (4) thanks to (7.6.2).

(2) = (3). Let us argue ad absurdum. Suppose there are € > 0 and § > 0 such
that {k € N: Daug,,(Xx,¢) <} ¢ U for all n € N. Then for alln € N

{k € N: Daug,,(X,c) >0} € 4.

Choose A, € U, Ay 2 Ay D ..., with (), .y A = 0 in such a way that A, C {k € N:
Daug,, (Xj,e) > d}. Denote Ag = N. Let us construct two elements = = [(2,)nen]
and y = [(Yn)nen] of S(x,,), in such a way that zy,yr € Sx, and for every k €
An \ Anfl

dist(yg, convy, (Ix, (zk,€)) = 0. (7.6.4)

The conv,-hull of a set is increasing when n is increasing, so (7.6.4) remains valid
for every n € N and every k € A, = J._, (A \ Ap1). This means in turn that
for every n € N, dist(y, conv, (I(x,.), (2, €))) = 0, so dist(y, conv(l(x,.),(z,€))) = 0,
which contradicts the Daugavet property of (X,,)q.
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(4) = (1). We know the existence of n € N such that the set A, := {k € N:
Daug,” (X, ) < 0} belongs to the ultrafilter £(. Consider arbitrary [(z,,)], [(yn)] €
(Xn)u, j,y; € Sx;. For every k € A, we have

dist(yk,convn(l}k (zk,€)) < 0,

so there is zj, € convy, (1%, (zg,€) with ||z — yx < 8. Write z;, in the form

n
2= Mgz lomgll S1+e, |lzn, +aul >2—c. (7.6.5)
j=1
For each j € T,n denote by A; the 4|, -limit of the sequence (A ;j)rea, (the
existence of {-limits follows from boundedness of the corresponding numerical se-
quences, Theorem 2.2.4). Consider Zj, := Z?:l Ajzi,;. By construction,
lim ||Zk - ék” = 0,
U4,
so there is B € 4, B C A,,, such that ||z, — Zx|| < d for all k € B. So, for all k € B
we have |y — Zx|| < 24. Finally, for each j € I,n the element [(Zx ;)] € (X,)u
is well-defined (it is sufficient to define the coordinates zj ; only for k from some

element of the ultrafilter), [(Zx ;)] € l(Jer’)u([(zk)],s),

()] = 32 Al(zr)] € conva (T (@0 <),
j=1
and ||[(Z2x)]—[(yx)]|| < 26. In other words, for this n we have Daug,’ (X, )y, €) < 20.
By monotonicity of Daug,,((X,n)y, ) in n, this means that Daug,’ ((X,,)y, ) tends
to 0 when n tends to infinity, which proves the uniform Daugavet property for
(Xm)u- O

The next proposition is the main reason for considering, parallel to [(x,€) and
Daug,, (X, ¢), their more bulky versions I (z,) and Daug,’ (X, ).

PROPOSITION 7.6.5. If lim,, .o, Daug’ (X,e) = 0 for every ¢ > 0, then for
every € > 0 there is some n € N such that Daug:(X, g) = 0. More explicitly: If
Daug, (X,e/2) < /2, then Daug, (X,e) = 0. Moreover, for every pair x,y € Sx
not just dist(y, conv, (IT(x,€))) =0, but y € conv, (It (z,¢)).

PROOF. Suppose Daug! (X,¢/2) < ¢/2. Fix z,y € Sx. There exist yi,...,
yn € (1 +¢/2)Bx, ||z +yn| > 2—¢/2, and ay,...,a, = 0,> p_,ar = 1, for
which |ly — >7_, aryk|| < €/2. Define elements z; = y; +y — >.r_; axyk. Then
zj € It (z,¢€), X1_  aj25 =y, 50 y € conv, (1T (z,¢)). O

So instead of Daug (X, e¢) it is reasonable to consider the following notion,
which seems to be a bit more convenient (at least it depends only on one parameter):
Dx (¢) = inf{n: conv, (I (z,€)) D Sx Vz € Sx}.

COROLLARY 7.6.6. A Banach space X has the uniform Daugavet property if
and only if Dx(g) is finite for every e > 0.
In this notation Theorem 7.6.4 can be reformulated in the following way.

THEOREM 7.6.7. Let 3k be a free ultrafilter on N, and (X,,) be a collection of
Banach spaces. Then the following assertions are equivalent:
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(1) (Xn)u possesses the uniform Daugavet property.

(2) (X,)yu € DPr.

(3) For every € > 0 there exists some n such that the set of all k for which
Dx, () < n belongs to the ultrafilter Ll.

Applying all the above to the case when all X,, are one and the same space X,
we obtain the central result of the section.

THEOREM 7.6.8. For a Banach space X the following assertions are equivalent:
(1) X possesses the uniform Daugavet property.
(2) X" € DPr.
(3) For everye > 0 and every § > 0 there isn € N such that Daug! (X, ¢) < 4,
that is, X has the uniform Daugavet property.
(4) For everye > 0 and every § > 0 there isn € N such that Daug,, (X, ) < ¢,
that is, lim,_, Daug,, (X,e) = 0 for every € > 0.

COROLLARY 7.6.9. X has the uniform Daugavet property if and only if
lim,,—, o Daug,, (X, e) = 0 for every ¢ > 0.

COROLLARY 7.6.10. X has the uniform Daugavet property if and only if X*
has the Daugavet property.

It follows from the canonical isometric isomorphism (X @4 V)" = X" @ Y4
and Theorem 7.6.8 that the uniform Daugavet property is stable by taking ¢..-direct
sums and likewise by taking ¢;-direct sums.

Let us prove that the basic examples of spaces with the Daugavet property in
fact are spaces with the uniform Daugavet property.

LEMMA 7.6.11. Let X = L1[0,1]. If n > 2/e, then Daug!(X,e) = 0; if
n < 2/e, then Daug) (X,e) < 1—en/(2+¢). Hence Dx(g) is of order e *.
PROOF. Suppose n > 2/¢ and let us take arbitrary points x and y from Sx.

There is a partitioning of [0, 1] into sets Eh ..., By, such that ||z-1g,|| = 1/n < g/2.
Define functions y; by y; = ToisT ILE I =0.

Then Y7, yi\i =y, where \; = Hy . ]lEv || On the other hand, if y; # 0, then
o +yill 2 llz - Loape,ll + lwill = Nl L | 2 2 = 2[]z - 1p, || > 2 —e.

So, y; € It (z,¢).
If n < 2/¢, then proceeding as above, with N = [2/e]+1 we get a decomposition

Ey,...,EN. Let us arrange the \;’s in decreasing order and take the first n of them.
Then
N N
»Ai—sz >y dooa=S
i=n—+1 1=n+1

We need to prove that S < (N —n)/N. Assume the opposite. Then

1=

hence n/N > >"" | \; = n), and 1/N > \,,. Thus,

N
N —n
< nN_ 9
> A< AN —n) < ¥

i=n+1
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which is a contradiction. So,
S < N-—n =1-— n <1-— _&n
and the proof of the lemma is finished. O

LEMMA 7.6.12. If X = C(K) for a compact Hausdorff space K without isolated
points, then for every e and n, Daug,,(X,¢) < 2/n. Hence Dx(g) is of order e~ L.

PROOF. Let x and y € Sx be arbitrary. Without loss of generality, assume
that = attains the value 1. Take an open neighbourhood U such that z(u) >1—¢
for all w € U. Now, pick n disjoint subneighbourhoods Vi, ...,V,, inside U. For
each of them choose a positive function ¢; supported on V; such that ||p;|| < 2
lly + @il <1 and y+ ¢; attains the value 1 in V;. Obviously, ||z +y + ¢;|| > 2 — &,
hence, y + ¢; € IT(x,€). On the other hand,

’i§5@+w0—yH=

i=1

n

%Z%‘

i=1

2
<=
n

which proves the lemma. O

One can show that the same estimates for the Daug, constants are valid for
rich subspaces of C(K)-spaces (see Section 8.4 for the detailed description of rich
subspaces in C'(K)), for vector-valued C'(K)- or L;-spaces and for spaces of weakly
continuous vector-valued functions with the sup-norm, which will be mentioned in
Section 8.2.

REMARK 7.6.13. For every Banach space X, the constants Dx (g) can be esti-
mated from below by (2 + 2¢)/(3¢), which is bigger than 2/(3¢). So the estimates
from above which we have for L1 and C are of optimal order.

PROOF. Suppose Dx(e) = n < (2 + 2¢)/(3¢) for some £ > 0. This means in
particular that for a fixed element z € Sx (taking y = —z) there are elements
Yis---ryn € (1 +)Bx, |l 4+ ynll > 2—¢cand ar,...,a, =0, Y 1_,a, = 1, for
which Y°7_, aryr = —x. Without loss of generality we may assume that a; > 1/n
(otherwise just change the enumeration). Plugging in ||z + 31]] > 2 —¢ and x =
— > h—1 AkYk, we obtain

2—e<|z+uml =

yi(1 —a1) Z kY

(1+ )(1—a1) (1+5)(1—a1)
21+¢e)(1—1/n) <2—c¢,

which is a contradiction. O

<
<

Let us present other families of spaces for which the Daugavet property and
the uniform Daugavet property are equivalent: isometric Li-predual spaces, C*-
algebras, and uniform algebras. Contrary to the two examples above, the way of
proving the result will be to show that, for these families, the Daugavet property
passes to ultraproducts and the result will follow from Corollary 7.6.10.

PROPOSITION 7.6.14. Let (X,,) be a sequence of Banach spaces with the Dau-
gavet property. Each of the following conditions implies that (X, )y has the Dau-
gavet property:
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(a) the spaces X,, are isometric Ly-predual spaces,
(b) the spaces X,, are C*-algebras,
(c) the spaces X,, are uniform algebras.

As a consequence, the Daugavet property and the uniform Daugavet property are
equivalent for isometric Li-predual spaces, C*-algebras, and uniform algebras.

Proor. Having the Daugavet property, all the spaces X,, are extremely rough,
see Corollary 3.1.13, so it follows from [44, Lemma 5.1] that so is (X,)y. In
particular, there is no point of Fréchet differentiability of the norm in (X,,)gy. From
now on, we separate the proofs of the three cases, which are indeed completely
analogous.

(a) (X,)y is an isometric predual of Ly by [135, Proposition 2.1], and then it
has the Daugavet property at the moment that its norm has no point of Fréchet
differentiability, Corollary 3.5.20.

(b) (X,)y is a C*-algebra (this result is immediate by using the definition of a
C*-algebra, see [134, Proposition 3.1] for instance), and then it has the Daugavet
property at the moment that its norm has no point of Fréchet differentiability,
Theorem 3.5.6.

(¢) (Xy)y is a uniform algebra. This result follows since a commutative complex
Banach algebra A is a uniform algebra if and only if

(P) ||a®|| = ||al|? for every a € A.

(This seems to be a very well-known fact to experts which is actually the definition
in [55].) We present a short argument. First, that every uniform algebra satisfies
(P) is clear. Conversely, consider the Gelfand transform I': A — C(A(A)) where
A(A) is the spectrum or Gelfand space of A, which is compact since A is unital;
then I'(A4) is a closed subalgebra of C'(A(A)) which contains the constant functions
and strongly separates the points of A(A); the property (P) implies that T" is an
isometry (see [186, Theorem 2.2.7] for all these facts).

Now, Corollary 3.5.21 shows that (X,)y has the Daugavet property.

Finally, the last part of the proposition follows from Corollary 7.6.10. O

7.7. The Bourgain-Rosenthal space

Recall that a Banach space has the Schur property if every weakly convergent
sequence converges in norm; cf. Definition 2.5.8. It has been asked in [158] and
[300], reiterating a question asked to one of us by A. Pelezyriski, whether there
exists a Banach space that has both the Schur and the Daugavet property. Given
the isomorphic properties the Daugavet property entails, see Chapter 3, the two
properties might appear to be mutually exclusive since a space with the Daugavet
property should be thought of as rather large whereas a Schur space, which is hered-
itarily #1, could be imagined as rather thin. In the other direction, the examples
of spaces with the Daugavet property listed so far support the conjecture that a
space with the Daugavet property always contains a copy of ¢5 which for sure is
impossible for a Schur space.

In this section we show that a certain subspace of L; that was constructed by
Bourgain and Rosenthal [64] indeed has both the Schur and the Daugavet property.
(Actually, minor modifications have to be implemented.) We start with an exposi-
tion of the Bourgain-Rosenthal construction in the form taken from Benyamini and
Lindenstrauss’s book [51], pointing out the modifications we need.
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Afterwards, we show that direct sums of certain Bourgain-Rosenthal spaces
serve as examples of spaces with the Daugavet property not having the uniform
Daugavet property. With this we see that the Daugavet property in general does
not pass to ultraproducts.

Below we consider the real space L1 = L1(€, 3, u) over a countably generated
nonatomic probability space. The symbol || . || will refer to the Li-norm. Besides
the norm topology we will also consider the topology of convergence in measure,
generated by the metric

d(f,g) = inf{e > 0: puft: |[f(t) — g(t)] > £} <e}.

Since all such (2,3, i) are pairwise isomorphic, and the corresponding L;-spaces
are isometric to L]0, 1], we may choose to switch from one (2, %, 1) to another if
it is convenient at that moment.

DEFINITION 7.7.1. A subset D C L; is said to be uniformly integrable if for
every € > 0 there is some d > 0 such that for every g € D and A € ¥ with u(A) < 6

/ gl dp <.
A

Uniform integrability of D C L; is equivalent to weak compactness of its weak
closure (see [98] for an introduction to the subject).

We first observe a simple lemma on ¢;-orthogonality that will be used later.
In particular, it applies to bounded subsets of finite-dimensional, indeed reflexive,
subspaces of L.

LEMMA 7.7.2. Let H be a uniformly integrable subset of Ly and € > 0. Then,
there is 6 > 0 such that for every g € H and every f € Ly with d(f,0) < § the
following inequality holds:

If+gll = I1f1 + llgll — e
ProOF. Using the uniform integrability of H one can find § > 0 such that

2/ lg| dp +26 < e
A

for every g € H and every measurable subset A C Q with u(4) < §. Now, fix
f € Ly with d(f,0) < § and denote A = {¢: |f(¢)| = ¢}. Then for every g € H we
have

\v+gw:/Nf+mdu+/’\f+gwu
A Q\A

z/mw+/ ww—/ww—/ fldp
A Q\A A Q\A

Z £+ gl —2/A gl dp =26 > [|f]| + llgll &,

as requested. O

COROLLARY 7.7.3. Let (f.) be a sequence in Ly that is convergent to 0 in
measure and such that ||fn|| = 1. Then (f,) contains an £1-type subsequence. So,
in particular, (f,) contains a subsequence equivalent to the canonical basis of 1.
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PROOF. In order to get an an ¢1-type subsequence just apply Lemma 2.8.3 to
the set A = {f,: n € N}. Then Lemma 2.8.9 gives a further subsequence equivalent
to the canonical basis of /7. [l

COROLLARY 7.7.4. Let E C Ly be a subspace such that Bg is precompact for
the metric d of convergence in measure in Li. Then E has the Schur property.

PROOF. Assume that E does not have the Schur property. Then there is
a weakly null sequence (f,) in E such that ||f,|| = 1 for all n. Using the d-
precompactness of Br we may find a subsequence (g,) C (f,) that converges
in measure (to 0 because the weak limit is 0). Then Corollary 7.7.3 gives us a
further subsequence (hy,) C (gn) equivalent to the canonical basis of ¢;, but this is
impossible because the canonical basis of 1 does not converge weakly. O

We now quote a result from [51] that contains the key to the Bourgain-
Rosenthal construction.

LEMMA 7.7.5 ([51, Lemma 5.26]). Let 0 < € < 1. Then there is a function
f € L]0, 1] with the following properties:
() £20,Ifl =1 and|[f—1]>2—-c.
(b) Let (fj)521 C L1[0,1] be a sequence of independent random variables with the
same distribution as f. Then for every g € lin{ f;: j € N} with ||g|| < 1, there
is a constant function ¢ with d(g,c) < e.
(c) |In7t Z?:l fi— 1] =0 as n — oo.

REMARK 7.7.6. Property (a) of the previous lemma implies in particular that
d(f,0) < /e. Indeed, for A = {&: f(¢t) > €} we have (X denotes the Lebesgue
measure)

[1s0-1lde< [ 70+ 1a - vExa)
A A
since (a + 1) — |a — 1| = 2min{a, 1} > /e for a > \/¢; so
2 < |If — 1] <2 - VENA)
and hence A\(A4) < /e

In the lemma and in the construction below, (2,%, ) will be the product
of countably many copies of the probability space [0,1]. A subspace of L; =
Li1(Q,%, 1) is said to depend on finitely many coordinates if all the elements of
the subspace are functions depending only on a common finite set of coordinates.

The next lemma is a refinement of [51, Lemma 5.27]; the difference is that the
latter lemma claims (a) only for u = uy.

LEMMA 7.7.7. Let G be a finite-dimensional subspace of L1 that depends on
finitely many coordinates. Let {u1,...,um} C Sg and € > 0. Then there is a
finite-dimensional subspace F' C L1, also depending on finitely many coordinates
and containing G, and there are an integer n and functions (Vg ;)k<m,j<n C SF
such that:

(a) |lu+ vk || =2 —¢e for every u € Sg and all k and j.
(b) |Jug —n?t 22:1 vkl <e forall k.
(¢) For every ¢ € By there is p € Bg with d(p,¢) < €.
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PROOF. We shall first recall the construction of the proof in [51, Lemma 5.27]
and then point out the necessary changes for our proof.

Let €1 > 0 be small enough, f be the function given by Lemma 7.7.5 for this
e1, and n be such that |[n=" 37| f; — 1|| <&y for f; as in Lemma 7.7.5. (It will
become apparent at the end of the proof how small £; should be chosen.) Let G
depend on the first N coordinates of Q. For every k < m choose (fi ;)j<n which
depend on the (N + k)-th coordinate of Q and are equidistributed with (f;);<n.
Put vy ; = fi juk, and let F' be the span of G and of {v; ;: k < m,j < n}. Note
that || fi jux| = 1 since the two functions are stochastically independent.

The properties (b) and (c) are the same as in Lemma 5.27 from [51] (cf. [51,
p. 118] for the norm-one part of (c)), so we are not going to repeat their proofs here.
We only have to deal with property (a). According to Remark 7.7.6, d(f% ;,0) <
v/€1. Denote

Ay =A{t: fr;(t) = Vet viy = feguela,,, vi; = fejurloa,,-
Then
Vkj = Utj + Ul%,j’
where the first summand has a small support, viz.
p(supp oy ;) < p(Agj) < VET

and the second summand has a small norm, namely
[t < [ VErlulde< va
DN\Ayg,;

So for every u € Sg
lu+ vkl > flu+ vl = Ve,
and d(véw 0) < /1. To finish the proof it is enough to apply Lemma 7.7.2. O

We now turn to the actual construction of the example. Fix a decreasing
sequence (g5) C (0,1) with 337 v\ g5 < en for all N € N and select inductively
finite-dimensional subspaces of L

lin{]l}:E1CE2CE3C...,

each of them depending on finitely many coordinates, y-nets (ul’ )an(zlv) of Sg,,
and collections of elements (U]Jg\{j)kgm(N),jgn(N) C Sgyy, in such a way that the
conclusion of Lemma 7.7.7 holds with e = ey, G = En, F' = En41,

N
(ue)fey = (i ), and (v ) k<mj<n = (08 Dkem(N)j<n(n)-

Denote E = Jy_; En-

THEOREM 7.7.8. The space E constructed above has the following properties:
(a) E has the Daugavet property.

(b) For every f € Bg and for every N € N there exists g € Bg, such that
d(f7 g) <EN-
(¢) E has the Schur property.
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PROOF. (a) According to Lemma 7.6.1 we need to show that for every u € Sg
and € > 0 the set conv(I*(u,¢)) is dense in Bg. By a small perturbation argument
(as in Proposition 4.1.1), it is enough to check this condition only for u from the
dense subset SU}'G’:l ey of SE.

Fix N € Ny u € Sg, and € > 0. There is M > N such that ejy < . By
construction (property (a) of Lemma 7.7.7) all the elements v,’;jj with L > M
belong to I (u,¢). Taking into account property (b) of Lemma 7.7.7 and the fact
that {uf: k = 1,...,m(L)} forms an ez-net of Sg,, one can easily establish the
density of conv(l™ (u,¢)) in Bg.

(b) Fix f € By g, and N € N. Then f € Bg,,, for some L. Applying
property (c) of Lemma 7.7.7 to f we find f; € Sgy ., with d(f, fi) < enyr.
Applying again property (c) of Lemma 7.7.7 to fi we find fo € Sg,,,_, with
d(f1, f2) < enyr—1. Continuing in this fashion we obtain in the L-th step some
g = fr € Sg, for which

d(f,9) < ensr +eNtL—1+ - +engr <en.

(c) It follows from (b) that the unit ball of F is a precompact in the metric d
of convergence in measure. This, according to Corollary 7.7.4, implies the Schur
property. O

We observe that the space E cannot be a rich subspace of L. Indeed, the unit
ball of E' is precompact in the metric of convergence in measure, By, is d-complete,
hence the d-closure Cg of Bg is d-compact. But if E were rich, by the forthcoming
Proposition 8.7.1, C'r would contain %BLI, and B, would be d-compact as well,
which is clearly false. This remark reveals that F is an essentially new specimen
among the spaces with the Daugavet property.

Since a Banach space with the Schur property cannot contain infinite-
dimensional reflexive subspaces, the following corollary holds.

COROLLARY 7.7.9. There exists a Banach space with the Daugavet property
that fails to contain infinite-dimensional reflexive subspaces; in particular it fails to
contain a copy of {s.

It follows as well that the space E from Theorem 7.7.8 does not contain a
copy of Lj; the first space with the Daugavet property having this feature was
constructed in [178] after an example given by Talagrand.

One can likewise express Corollary 7.7.9 in terms of narrow operators. Namely,
the identity operator on E is an operator that does not fix a copy of £, yet it is
not narrow.

Schmidt [283] proved that every Dunford-Pettis operator T on Ly (i.e., T maps
weakly convergent sequences to norm convergent sequences) satisfies the Daugavet
equation ||[Id + T'|| = 1 4 ||T'||. In fact, such an operator is easily seen to be narrow
on L. However, on the Schur space E above, —Id is Dunford-Pettis, but it clearly
fails the Daugavet equation. Therefore we have:

COROLLARY 7.7.10. There is a Banach space with the Daugavet property and
there is a Dunford-Pettis operator on that space which fails the Daugavet equation.
Hence, Dunford-Pettis operators are in general not narrow.

The Bourgain-Rosenthal spaces were constructed in order to provide an exam-
ple of a Banach space which fails the Radon-Nikodym property (i.e., some uniformly
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bounded martingale diverges), yet every uniformly bounded dyadic martingale con-
verges. Using more horticultural language, one can express this by saying that the
unit ball contains some 7-bush, but no 7-trees (see [51, Chapter 5] for these con-
cepts) or indeed no n-bushes with a fixed number of branches at each branching
node.

This is reminiscent of the Daugavet property and its uniform variant. The
Daugavet property means that every y of norm 1 is almost a convex combination
of vectors from I(z, ¢) for any given x of norm 1; this enables one to find an n-bush
for any n < 2. By contrast, the uniform Daugavet property is related to finding
such bushes with a fixed number of branches at each level.

Precisely, we shall now prove the following theorem.

THEOREM 7.7.11.
(a) For every n € N there is a Banach space X,, with the Daugavet property such
that

1
D (Xn, 7) > - 7.7.1
v, (X, 7) > 5 (r.1.)

(b) There is a Banach space X which has the Daugavet property, but does not
have the uniform Daugavet property.

(¢) An ultrapower of a space with the Daugavet property does not necessarily pos-
sess the Daugavet property.

PROOF. (a) We take as X,, the space E from Theorem 7.7.8 with parameters
(€j)jen, where €1 is selected in such a way that for every constant function g €
[—2,2] and every f € Ly with d(f,0) < ney, the inequality

lo+ £ > llgl + 171 - § (7.7.2)
holds (see Lemma 7.7.2). To prove (7.7.1), let us check that

dist (conv, (I(z, 1)),y) > % (7.7.3)
for the constant functions x = —1 and y = 1.

Consider an arbitrary element z € conv,, (I(z, 1)), 2 = >_j_; Ax2k, where Ay >
0, >k 1 =1,z <1and

2k — 1| > 7/4. (7.7.4)

According to (b) of Theorem 7.7.8 (with N =1 and f = z), for every k < n there
is a constant function ay, € [—1,1] such that d(zx — ag,0) = d(zk, i) < 1. Then,
using (7.7.4) and (7.7.2) we conclude

1> |2kl = llax + (2 — ar) ||

1
2 ]+ llzx —axll = 7

1

2 og| + llze = 1 = [1 — ] 1
3
> |ak|—|1—0ék-|+§7

therefore |aj| — |1 — ay| < —%. This implies that aj < 1/4, consequently

> Aay < 1/4. (7.7.5)
k=1
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Since d(>";_; A(zi — ai),0) < ney, using (7.7.5) and (7.7.2) we deduce that

ly =2l = |1 =D Awz
k=1
= <]l — Z)\kak> + Z)\k(ak — Zk)
k=1 k=1
" 1.1
> |1 —=> Aoyl — 1 > 3
k=1

which proves (7.7.3).

(b) It is enough to take the ¢;-direct sum X = X; @1 X2 @7 ...; X has the
Daugavet property by Corollary 7.5.5.

(¢) This follows from (b) and Corollary 7.6.10. O

7.8. More on the Bourgain-Rosenthal example

The main aim of this section is to obtain a strengthening of Theorem 7.7.11.
The reason for developing this extension in a separate section is that it needs a
number of independent results and its own notation. However, the conclusion of
the following theorem is far stronger than that of Theorem 7.7.11, which justifies
this extra work. The construction will rely on the construction of the space of
Theorem 7.7.11(b) with some variations.

The main result of this section is the following. Recall from Theorem 3.1.5 that
every slice of the unit ball of a space with the Daugavet property has diameter 2;
for more on this property see Section 12.2.

THEOREM 7.8.1. For every € > 0 there exists a Banach space X with the
Daugavet property such that, for every free ultrafilter L over N, the space X* has
a slice of diameter smaller than or equal to €.

As we have already pointed out, in order to prove the above theorem we will
need a number of preliminary results in addition to extra notation. To begin with
let us start with a characterisation of the fact that every slice of the unit ball of a
Banach space has diameter > « > 0 in the spirit of Theorem 7.6.1.

PROPOSITION 7.8.2. Let X be a Banach space. The following are equivalent:

(1) Ewvery slice of Bx has diameter at least a.
(2) Bx =conv {ZF¥: z,y € By, ||z —yl| > o — €} holds for every e > 0.

PRrROOF. (1) = (2). Assume that (2) does not hold. Then there exist € > 0 and
zo € By such that zo ¢ conv{“¥: z,y € By, ||z —y| > o — e}. Put A := {ZL:
x,y € Bx, ||z —y|| = a —¢e}. By the Hahn-Banach theorem we can find a slice S of
Bx such that g € S and SN A = (. We claim that |ju — v|| < a — ¢ for u,v € S.
Indeed, if there existed u, v € S with |lu — v|| > o — &, then “F% € A; on the other
hand, “;” € S by the convexity of S and so S N A # (), which is impossible. This
proves that ||u —v|| < a — ¢ holds for every u,v € S, and thus the diameter of S is
less than «, which proves the negation of (1).

(2) = (1). Take a slice S := S(Bx,z* /), where 2* € Sx- and § > 0,
and let ¢ > 0, and let us prove that there are u,v € S such that ||u — v| >
a — ¢g; the arbitrariness of ¢ will imply (1). In order to do so, consider the slice
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S(Bx,x*, 2) Since conv{“t¥: z,y € By, ||z —y|| > o — e} = Bx we infer that

S(Bx,x", 2) N{¥t¥: 2,y € By, ||z—y|| = a—c} # 0 (since the relative complement
of a slice in By is clearly a closed convex set). Consequently, we can find u,v € Bx

with [|u —v|| > @ — ¢ and such that “f* € S (BX, , 2 . In order to finish the

proof, let us prove that both w,v € S = S(Bx,z*, 5) which means, by definition,
that 2*(u) > 1— and z*(v) > 1— . To this end observe that *£* € S(Bx, z*, g)
means z* (“+”) >1-— g Now

B ot +at(v) at(w)+flaf]]| _ at(w)+1

1—

2 2 h 2 2
This implies z*(u) > 1 — 8. In a similar way, one can prove that z*(v) > 1 — .
Therefore u,v € S, as desired. O

The above result motivates us to introduce the following notation, which will
be useful throughout the section. Given a Banach space X and « > 0, define

o z+
S°(X) ;:{ 2y:x,y€BX, |x—y|>a}.

Given n € N we denote

S (X) := conv,, (S“(X Z)\uj A; €1[0,1], Z)\ =1, uj; € SYX)

Finally, given n € N and « > 0, we define

Co(X) := sup dist(x, S (X)) = sup  inf Hx -yl
TESx T€Sx yGS (

From the very definition of C¢(X) the following two properties follow:
(1) Given 0 < a < 3, then C& > CP.

n
(2) Given two natural numbers n > m, then C3(X) < C2(X).
With the above notation in mind, we can establish a necessary condition for
an ultrapower space to satisfy that every slice of its unit ball has diameter at least
« > 0. Compare this result with Theorem 7.6.4.

THEOREM 7.8.3. Let (X,,) be a sequence of Banach spaces, i1 be a free ultrafilter
over N and o > 0. Set X := (X,,)y and assume that every slice of Bx has diameter
at least a. Then, for every d > 0 and ¢ > 0 there exists n € N such that

{keN: C775(Xy) <6} € 4.

PROOF. Assume that there exist §g > 0, &g > 0 such that, for every n € N, we

have
{k eN: CSiEO(Xk) > (50} e s

(Recall that if a set does not belong to an ultrafilter, its complement does.) We
can select, for every n > 2, a set A, C {k € N: C37°°(X},) > do} such that Ay, €y,
ﬂn>2 = {0 and A,11 C A, holds for n > 2. In addition, let A; = N. Observe
that {A \ A,4+1: n € N} is a partition of N. Moreover, for every n > 2, for every
p € Ay \ Aypy1 we can find z, € Sx, satisfying that dist(z,, Sy ~°°(X})) > %0. For
p € Ap \ Ay select any x, € Sy, .

Now, z := [(z,)] € Sx. We claim that dist([(x,)], conv(5~% (X)) > %0.
Once this is proved, Proposition 7.8.2 implies that there exists a slice in (X,)y
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of diameter smaller than «, which will finish the proof of the theorem. In order
to prove the claim, take z € conv(S*~ 7 (X)); so there is ¢ € N such that z €
conv, (S~ 7 (X)).

By definition we can find Ai,...,A; € [0,1] with >3f N, = 1 and
()], [(03)] € Sx with [[[(u)] = [(0})]] > @ — 5 and 2 = T, A,
Let n > 0. Since ||[[(zn)] — [(zn)]|| = limy( ||z, — 2n]| , the set

B:={neN: ||z, — z|| = |z — 2||| < n} € L.

On the other hand, given 1 < 4 < ¢ it follows that limy ||ul, —v},|| > a— 5 > a—eq.
This implies that the set

q
C:= ﬂ {neN: [lul, —vi|l >a—eo} €L
i=1
Select any k € A, N BN C. Then, since k € B, we have

Il(zn)] = [zl = [l = z&ll = 2.

On the other hand, 2, = 3°9_, \; 5% with [[uf —v} || > a—eg since k € C. Hence,

2, € convy(S*°°(Xy)). Finally, since k € A, we conclude by the choice of x) that
|k — 2k = %, so

(=9

Il(zn)] = [z}l = 50
The arbitrariness of 7 > 0 and [(z,)] € conv(S®~ % (X)) implies that we can con-

clude dist([(z,)], conv(S*~ % (X))) > % as desired. O

— .

In the following result we will make use of the main ideas behind Theo-
rem 7.7.11(a).

THEOREM 7.8.4. Let n € N and n > 0. There exists a Banach space X with
the Daugavet property such that

o) > 4.
PrROOF. Select § > 0 small enough so that
n
50 < —.
< 2
Let X be the space of Theorem 7.7.8 with €; > 0 small enough to guarantee that
given any constant function g € [-2,2] (i.e., g € F1) and f € Ly, the condition
d(f,0) < 2ne; implies
If+gll = 1F1 + gl = 6. (7.8.1)

Our aim is to prove that

d(1,527(X)) > g. (7.8.2)
In order to do so, take z € S27(X). Then z = >, _; Agzp with 2z, € S?7(X) and
A, A €0,1] with "7, A = 1. Moreover, since z;, € S?7(X) it follows that
2 = “k‘z““c with ug, vy € Bx satisfying ||ug — vi|| = 2, for every 1 < k < n. Now,

given k, the triangle inequality implies

20 < fuk =T+ 1 = ogf] < T —wg || + [T = wg]-

The above inequality implies that either |1 — ug|| = n or |1 — vg|| = . Assume,
up to a relabelling, that |1 — ug|| > 1 holds for every 1 < k < n.
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Given 1 < k < n, apply (b) of Theorem 7.7.8 (with f = u; and vy respectively
and N = 1) to find constant functions ay, 8 € [—1, 1] satisfying d(ux,ar) < &1
and d(vg, Bk) < €1.

Now, for 1 < k < n, we have

1> fJugl| = lloe + (ur — an)| 2 |ow| + [Jue — ol — 6

since ay, is a constant function and d(ux — ag,0) = d(ug, ag) < €1 < 2neq; so the
inequality (7.8.1) holds. Now

> |ak\+||uk—]l+]l—ak|| )

2 Jok| + 11— gl = |1 — x| =0

= log| + 1T = upl| = (1 — ax) — 0,
where the last equality follows from «aj < 1. Taking into account that |1 —ug|| > n
the above inequality implies

12agl+n—1—ap)—d=|ag|+ar+n—1—-90 220, — 1+n—4.
Consequently,
2-n

< +5
ap < — + —.
k 2 2

Since B € [—1, 1] holds for every k we get

n 2—n )
S S
ZA,CO"“;B’C <2 oo _Z27n%0 (7.8.3)

2 o 4

d<22)\kak+5k > d(z)\;ukakJrvkﬂk) >
k=1

Z uk — ag, 0 —‘r d(vk — B, )) < 2neq.
k=1

If we apply (7.8.1) to the constant function 1 — Y 7 _; g O"“;rﬂ"‘ and the function
z2—=> 0 A a’“+5’“, which is 2ne; close to 0 with respect to the distance d, we

obtain
n ap + n a +
11—z = <1_Z/\k k2/8k>_<z_z/\k k26k>‘
= k=1
ak + B " g+ B
> _ _
> (|1 - ZAk 5 Doy 5
k=1 k=1
" ag+ B = ag + B
> 1= "N 5 —5=1-) M 5 0
k=1 k=1
4 — 1)
>1—++—5 by (7.8.3)
_n=5 _n
4 8’

Now, the result follows by the arbitrariness of z € S2"(X). O
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Let n > 0 and define, for every n € N, X, to be the Banach space constructed
in Theorem 7.8.4, and consider X = (,~; X,),. X has the Daugavet property
as it is an #;-sum of Banach spaces with the Daugavet property (Corollary 7.5.5).

Let 7 > 0 be small enough to guarantee that 2r < n and Z- r T +7 < 3. We claim
that, given n € N, we have that

2
3n >T
d((ao,o,..., 1 ,0,0,...),53 (X)) >

n

In order to prove this write  := (0,0,0,...,1,0,0,...) (with 1 in the n'" slot)

and assume by contradiction that there is z € S37(X) such that ||z — 2| < (5)2
Then

11 = 2(n) | = la(n <3 lath) — 2R} = flo — =l < (5)
k=1

If we write z = >0 | Az with 0 < \; < 1 with >0 | \; = 1 and 2, € S37(X), we
obtain from the above inequality that ||> i, Xizi(n)| > 1 — (%)2 Set

G = {2 e{l,....n} [l > 1— g}

We claim that 3, A < 5. Indeed,

u@)<ZMMH=ZMww+ZMwm

i€G 1¢G
Z)\ +Z)\ ( *)—1_72)%’
i€G i¢G i¢G

from where 3, Ai < 5 follows.
On the other hand since z; € §31(X) for 1 < i < n, there are u;,v; € Bx with
2z = 4t and |ju; — v1|| > 3n. Given i € G we have [|z;(n)|| > 1 — 5, from where

L7 i) Feim)] a4 o)l flus()l] + 1
2 2 - 2 = 2 ’
which implies ||u;(n)|| > 1 —r and likewise ||v;(n)|| > 1 —r. Consequently, we have

1= < Jlui()]| < llus(m)ll + D ui(®)l = Juill <

k#n

from where 37, [lui(k)|| < r. Similarly >, [lvi(k)[| < r. Since [[u; —vs]| > 3n
we obtain

3 < [lus(n) = vi()| + Y (lus (k)| + [[o:(k)]) < [|ui(n) = vi(n)| + 2r,
k#n
so [lui(n) —vi(n)|| > 3n —2r > 27y since 2r < n. Set A :=1— % .~ A; and set
2" =) icq Mizi + Az where 2z = z;, for an arbitrarily chosen iy € G. We clearly get

that

Z)\ +UZ )_’_)\uio(n)+vi0(n)

2
i€G
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where ||u;(n) —v;(n)|| > 21 holds for every i € G, including ||u;,(n) —v;, (n)|| > 2n.
This shows 2/(n) € S27(X,,). By (7.8.2) we obtain

=2l > 2
As a result,
n
g Sllz(n) =) < fle =2l < fle = 2] + ][ = 2|
Uiy + Viy +v10 r’ "
—+Z)\ 2z — <Z+T<§’

i¢G
a contradiction, and the above claim is established.
This proves the estimate

2
CrX) > (neN)

With the help of Theorem 7.8.3, we can now provide the pending proof of
Theorem 7.8.1.

PRrROOF OF THEOREM 7.8.1. Given € > 0, select 0 < n < £, and choose 7 > 0

small enough to guarantee 2r < n and % +r < g. We have proved that there

exists a Banach space X such that C37(X) > % for each n € N. According to
Theorem 7.8.3 this implies that given any free ultrafilter 4l over N there exists a
slice of Bxu of diameter smaller than 3n. Since 3n < ¢ the conclusion follows. [

7.9. Notes and remarks

Section 7.1. The text is based on [54, Section 2].

Section 7.2. Probably the starting point of the connection between the Dau-
gavet property and absolute sums of Banach spaces goes back to [11], where it
was proved that finite {,.-sums (respectively, ¢;-sums) of non-atomic L (u)-spaces
(respectively, non-atomic Lo, (p)-spaces) enjoy the Daugavet property. Later, the
above results were extended in [302] to general finite ¢1- and £.-sums of Banach
spaces with the Daugavet property.

The text is based on [54, Section 3].

Corollary 7.2.5 appeared in [178, Lemma 2.15] in a bit more general form (for
Daugavet pairs instead spaces with the Daugavet property). A version for Daugavet
centres was given in [58, Lemma 3.3].

Section 7.3. The section follows rather verbatim [178, Propositions 2.10 and
2.11] and the text before it.

Section 7.4. The section is based on [54].

Section 7.5. The section is based on [54] as well.

A related circle of questions was addressed by Tetiana V. Bosenko (Ivashyna)
in [59]. Bosenko introduced the following two concepts. A Banach space X is said
to be a Daugavet domain if there exists a Daugavet centre G: X — Y for some
Banach space Y and, analogously, X is said to be a Daugavet range if there exists
a Daugavet centre G: E — X for some Banach space E. Bosenko gave a complete
geometrical description (in terms of the shape and number of edges of the unit
sphere) of those two-dimensional spaces F for which there exists a Daugavet domain
of the form X; & X, and she gave a description of those F' for which there exists
a Daugavet range of the form X; ®&r X5. The classes of spaces F obtained happen
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to be different, which gives as a consequence examples of Daugavet domains that
are not Daugavet ranges, and examples of Daugavet ranges that are not Daugavet
domains.

Section 7.6. Again, the section is based on [54]. The authors thank Alicia
Quero for pointing out a technical mistake in a previous version of Theorem 7.6.4.

The examples given in Proposition 7.6.14, while easy, seem to be new. Actually,
there are two key facts. The first is the equivalence between the Daugavet prop-
erty and the absence of Fréchet differentiability points of the norm in C*-algebras,
isometric Lp-preduals, and uniform algebras (for the latter family, this result seems
to be new (see Section 3.6, the Notes and Remarks on Chapter 3). The second fact
is the stability of these three classes of Banach spaces by ultrapowers (we thank
Armando Villena for providing the short proof of this fact for uniform algebras,
a result which seems to be very well known, but a reference is not easy to find).
Let us mention that the same characterisation of the Daugavet property by the
absence of Fréchet differentiability points works for Banach spaces with £;-norming
structure, see Corollary 3.5.16. Hence, the only ingredient that one would need
to mimic the proof of Proposition 7.6.14 for all Banach spaces with ¢;-norming
structure is whether this class of Banach spaces is stable by taking ultraproducts
(or just ultrapowers). We do not know if this is the case, see Question (7.8).

Finally, let us mention that it is claimed in [44, Theorem 5.6] that the Daugavet
property and the uniform Daugavet property are equivalent for preduals of von
Neumann algebras (and actually, for preduals of JBW*-triples). Unfortunately, the
proof given there contains a gap and it is not valid. For preduals of von Neumann
algebras, the result was proved in [226, Corollary 3.2] using techniques completely
different from the ones used in the paper [44]. We do not know if the result is also
true for preduals of JBW*-triples.

Section 7.7. The section is based on [171]. Theorem 7.7.8, apart from
part (a), was obtained by Bourgain and Rosenthal [64]. Part (a) was first remarked
in [171], but it clearly relies on the ideas of Bourgain and Rosenthal.

Section 7.8. This section is based on [270].

7.10. Open questions

In this section we collect different open questions and possible future research
lines derived from the results of this chapter.

Yevhenii Kuznietsov extended the definition of uniform Daugavet property to
Daugavet centres in his Master’s thesis [194].

DEFINITION 7.10.1. Let X,Y be Banach spaces. An operator G' € Sp(xy) is
said to be a uniform Daugavet centre if for every € > 0
Daug,, (G, ¢) := sup dist(u, conv, (V(G,v,e))) —— 0,

uESx n—00
vESy

where V(G,v,¢) :== {x € Bx: |Gz +v|| > 2 —¢}.
THEOREM 7.10.2. Let X,Y be Banach spaces, 31 be a free ultrafilter defined on

N, X%, Y" be the corresponding ultrapowers and G*: X* — Y™ be the ultrapower
of an operator G € Spx,yy. Then, the following assertions are equivalent:

(1) G* is a uniform Daugavet centre.
(2) G* is a Daugavet centre.
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(3) G is a uniform Daugavet centre.

This initial step is done, but the subject of uniform Daugavet centres is still
awaiting its future explorers.

Concerning the results of Section 7.2, an analogous theory for G-narrow oper-
ators does not exist by now (and for narrow operators with respect to a pair (G, T")
not either), which would be a natural continuation of the results developed there.
The same happens with the results from Section 7.4.

It seems that narrow operators in absolute sums have not been studied yet. We
now present a result in this line.

PROPOSITION 7.10.3. Let (X,,) be a sequence of Banach space, F be a Banach
space with a 1-unconditional normalised basis enjoying the positive Daugavet prop-
erty. Let X = (X,,)r beits F-sum. Let T: X — Z be a bounded operator such that
Tix,;: Xj — Z is a narrow operator for every j € N. Then T' is a narrow operator.

PROOF. Let x = (z,),y = (yn) € Sx, z* = (z}) € Sx» and € > 0. Let us find
z € Sx satisfying that
(1) z*(2) > (1 = ¢)?,
(2) ||+ z|| >2(1 —e)(1 - 2¢) and,
3) 1Ty —2)ll <e.
In order to do so, define a = (a,) = (||z,]]) € Sr and a* = (a}) = (||z}]]) € Sp-.
The positive Daugavet property permits us to find b = (b,) € Sr satisfying that
a*(b)y>1—cand |[[a+b|| >2—c¢.
Select a sequence (e,) C Rt such that 07 | &, <e.
Using that T}x,, is narrow for every n € N, we can select, for every n € N, some
zn € X, with the following properties:

[e]

HZnH = by,

ki (zn) = (1 —€)alby,

lxn + zul| = (1 —€)(ay + b,), and
HTan (70 — Zn)” < Ep.

O O O

Following word-by-word the proof of Theorem 7.5.4 we can prove that conditions (1)
and (2) are satisfied. Finally, the last condition allows us to prove that

IT((yn) = (za))l = ||T (Z(o,o, e Yn = 20,0, .)) |

n=1
> o
<Y I (o = 2l < Y en <,
n=1 n=1

= ZT((0,0,...,yn—sz,...)H
n=1

= Z ﬂXn (yn - Zn)
n=1

which proves (3) and finishes the proof. O

The above proposition motivates the following question.

(7.1) Let (X,) be a sequence of Banach spaces, F' be a Banach space with a
1-unconditional normalised basis enjoying the positive Daugavet property.
Let X = (X,,)p its F-sum. Let T: X — Z be a narrow operator. Is it
true that T)x, : X,, — Z is narrow for every n € N?

Concerning Section 7.3, we have the following question.
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(7.2) Let X; be an M-ideal of a Banach space X. If T is a strong Daugavet
operator on X, is the restriction of T' to X; a strong Daugavet operator
again?

Concerning the uniform Daugavet property we have the following questions.

(7.3) What is the possible behaviour of Daug, (X, ¢)?

(7.4) What operations with Banach spaces preserve the uniform Daugavet prop-
erty? What happens with Daug,, (X, ) under such operations?

(7.5) Does a rich subspace of a space with the uniform Daugavet property have
the uniform Daugavet property? If not, then what is the right concept of
rich subspace for the spaces with the uniform Daugavet property?

(7.6) What can one say about the duality for the uniform Daugavet property?

This does not look so easy because there is no good direct description of the dual
of an ultrapower, so one needs some indirect methods here.

In order to pose another question about the uniform Daugavet property let us
introduce a bit of notation.

Let X be a Banach space. We say that X has the perfect Daugavet property if,
given x € Sx and given any slice S of Bx, there exists y € S such that ||z +y| = 2.
(This corresponds to € = 0 in (3.1.5) in Theorem 3.1.5(ii).) It is immediate, by
a standard Hahn-Banach argument, that X has the perfect Daugavet property if,
and only if,

Bx :=conv{y € Bx: |y + z| = 2}.

Let us consider the following question:

(7.7) Let X be a Banach space. If X* has the Daugavet property, does X
actually enjoy the perfect Daugavet property?

This is a natural question because quite often when a geometric property is
preserved by taking ultrapowers then the ultrapowers satisfy this property even
with € = 0.

We shall elaborate on this question, eventually reformulating it in (7.7*). In the
following we shall characterise those ultraproduct spaces with the perfect Daugavet

property.
THEOREM 7.10.4. Let (Xx) be a sequence of Banach spaces and let 31 be a free
ultrafilter over N. The following assertions are equivalent:

(1) (Xk)u has the perfect Daugavet property.
(2) For every § > 0 there exists n € N such that

{k € N: Daug,, (X,e) <d} € i
holds for every e > 0.

PROOF. (1) = (2). Assume that (2) does not hold and let us prove that (1)
does not hold either.

By the assumption there exists dg > 0 such that, given any n € N, there exists
en > 0 satisfying that

{k‘ eN: Daugn(Xk,an) < 50} ¢ S
Since U is an ultrafilter, it follows that

{k € N: Daug,,(Xg,e,) = do} € 8L
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Since the ultrafilter i is free, we can find, for every n € N, an element A,, € i such
that A, C {k € N: Daug,, (Xx,en) > 0o}, that 4,11 C A, holds for every n € N
and (), ey An = 0.

Now, given k € A, \ An41 select xp, yi € Sk, satisfying that

dist(yk,convn(lxk (mk,en))) > do.
(Recall from Section 7.6 that lx, (vg,en) = {v € Sx,: ||zx +ul| > 2 —e,}.) This
defines two elements [(z)], [(yr)] € S(x,), (except for those k ¢ Ay, where it does

not matter how they are defined).
Let us prove that

dist ([(g)], conv({[(2)] € Scxarn: )] + (0] = 21) > bo.
Put V = {[(zr)] € Six,)u: l(wx)] + [(z1)]]| = 2} and select [(zx)] € convV, and
let us prove that ||(yx) — (2x)|| = do. For some n € N it follows that [(zz)] €
conv, V. Consequently, we can write [(z)] = Y1, Ni[(2)], where A\i,..., A, €
[0,1], >0, A = 1 and ||[(zx)] + [(25)]]] = 2 holds for 1 < i < n. In order to prove
that [|[[(yx)] — >or_; Mil(25)]]| = 0o, select n > 0 such that n < &,. Consider the
following sets

Bi={keN: [Jan+ 24 - @) + (]I <nvi<i<n}eu

b3 el < n} cu
i=1

Select k € A, N BN C (which is nonempty because it is an element of 4l). Since
k € B we infer

and

C’:—{k€N:

(PRIEDPPUIEH)

s + 2ll = l(2e)] + [ —n=2-n>2—en
for every 1 < i < n. Thus Y1, \izi € conv,(Lx, (¥x,€,)) and, by the condition
defining y;, we get that Hy;c -y, )\iz,iH > 0 since k € A,,. Finally, since k € C

we get
[(yx)] — Z Ail(z))] Y — ZMZ‘;’;

Since 1 > 0 was arbitrary the proof is finished.

(2) = (1). Let [(xx)], [(yx)] € S(x,), and let us prove that [(yx)] € conv({[(zx)]:
H(zk)] + [(z6)]]l = 2}). In order to do so select § > 0. By the assumptions there
exists n € N satisfying that

1
{k € N: Daug,, <Xk, p) < 5} ey

holds for every p € N. As before, since il is a free ultrafilter, given p € N find
A, € U satisfying A, C {k € N: Daug, (Xk, %) < 5}, that A,11 C A, holds for
every p € Nand (o5 4p = 0.

Given k € A\ Apyq select Y7 | Aizi € conv, (lXK (xk, %)) (ie., |lzp+ 25l =
2 — % holds for every 1 <4 < n) such that

n

i i

Yk — E AkZk
i=1

> —1n =00 — 1.

< 4.
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For every 1 < i < n define \; := limy, ¢ A € [0,1]. It is immediate that Y- | A; = 1.

We claim that ||[(z)] + [(2%)]]| = 2 holds for 1 < i < n and that

n
- Z Ail(zp)]
i=1
Let us start by proving that, given 1 < ¢ < n, the equality

()] + [z = 2

holds. To this end, let n > 0 and select p € N such that % < #. Define

i i n
B = {k e N |log + 24l - [l + (] < 2}
which is an element of $(. Given k € A, N B we get |z + 21| > 2 —% since k € A,.
Since k € B we get limg ||x, + 2%|| > ||k + 2| — %. Thus

n 1 7
Iso_Z_Ts9_y
2 » 2 K

Since i > 0 was arbitrary we conclude that ||[(x)] + [(2})]] = 2.
In order to prove that ||[(yx)] — >y Ail(25)]]| < 6, select n > 0 and define

w3 <2}
i=1

is also an element of 4 by the definition of limit along (. Now, given k € A,NC'ND
we get

1)l + [N =l + 2kl -

n

K%H—X)M%H

C .= {k eN:
i=1

which is an element of Y. The set

l%:{keNﬂM—Aﬂ<glV1<i<n}
2n

Y — Z)\zz]lg
i=1
o= 2ok + 201N ~Mil+2

<60 221 g:6+7}

The arbitrariness of n > 0 finishes the proof. O

Now, the following corollary is clear.

COROLLARY 7.10.5. Let X be a Banach space. The following assertions are
equivalent:
(1) X* has the perfect Daugavet property for every free ultrafilter {4 over N.
(2) lim, Daug, (X,e) = 0 uniformly in €, i.e., for every 6 > 0 there exists
m € N such that n > m implies Daug,, (X, &) < 0 for every e > 0.

In view of the definition of the uniform Daugavet property and the above Corol-
lary, we can re-write Question (7.7) in the following terms.
(7.7%) Let X be a Banach space such that, for every € > 0, lim,, Daug,, (X,¢) = 0.
Does it follow that lim, Daug,, (X,¢) = 0 uniformly in ?
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Even though we do not know whether the answer to the above question
is affirmative, observe that this is the case for Lji-spaces (the estimates in
Lemma 7.6.11), for C(K)-spaces (Lemma 7.6.12) and for spaces of Lipschitz func-
tions (Remark 11.2.9).

Another interesting question is the following one.

(7.8) Are the Daugavet and uniform Daugavet properties equivalent for Banach

spaces with ¢1-norming structure?

As commented in the Notes and Remark to Section 7.6, this would be the case
if Banach spaces with norming ¢;-structure are stable by taking ultrapowers.






CHAPTER 8

Narrow operators in spaces of vector-valued
functions

The basic examples of spaces with the Daugavet property are C(K) on a perfect
compact K together with its vector-valued extension C(K,X) (Theorem 3.4.11)
and Lq(p) on a non-atomic measure space (2, X, u) with its vector-valued analogue
Li(p, X) (Theorem 3.4.4). In this chapter, we study in detail narrow operators
on these spaces. Since the Daugavet property of a space X is equivalent to the
Daugavet property of the underlying real space Xg, we allow ourselves to consider
only real spaces in this chapter. This does not reduce the amount of examples,
because of the nature of the subject: the complex variants of C'(K) and Ly (¢) may

be viewed as real C(K, ég)) and Lj(u, 652)), and every complex-linear operator on
these spaces is at the same time real-linear.

The reader is already familiar with some information about narrow operators
on C(K) and Li(u). In Definition 6.1.5, we introduced C-narrow operators and
announced without proof that on C'(K) the classes of strong Daugavet, narrow
and C-narrow operators are the same. After completing some preliminary work in
Section 8.1 and addressing general sup-normed spaces of functions in Section 8.2, we
will demonstrate in Section 8.3 the announced result and give a complete description
of those Banach spaces X for which an analogous result remains valid in C(K, X).
We will see that narrow operators on C(K) form a linear space, that in some “bad”
C(K, X) this nice property is no longer true, but in “good” C(K, X) not just the
linearity of the class of narrow operators can be shown, but even the stability with
respect to pointwise unconditionally convergent infinite sums. In Section 8.4 we
turn to rich subspaces of C(K) and deduce the following renorming result: if X is a
separable Banach space containing a copy of C[0, 1], then X possesses the Daugavet
property in an equivalent norm.

The narrow operators on real L;(u) were described in Section 6.6 in terms
of balanced e-peaks. We announced that the complex case will follow from the
results of Chapter 8, and we are going to complete this task in Section 8.6 using
the above-mentioned identification of the complex L;(u) with the real Ll(u,fgz)).
Finally, in Section 8.7 we address rich subspaces of L; (1) and give some applications
to Harmonic Analysis.

8.1. USD-nonfriendly spaces

In Section 12.4 we will study the class of anti-Daugavet spaces, which is in some
sense opposite to the class of spaces with the Daugavet property. But, as mentioned
at the end of that section, there is no mathematical definition of a “property that
is opposite to the given one”, so what “an opposite property” is depends on the
standpoint and specific features of the problem under consideration.

217
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In this section we introduce another class “opposite” to the class of spaces with
the Daugavet property that will arise naturally in Section 8.3.
In Definition 6.2.4 we introduced the notation

D(x,y,e) ={zeX:[lo+y+z]>2—¢ [ly+2] <l+e}

and
D(X) ={D(z,y,e): x € Sx, y € Sx, € > 0}
and remarked in Proposition 6.2.5 that SD(X) = D(X)™, i.e., an operator T €
OP(X) is a strong Daugavet operator if and only if T is not bounded from below
on any D € D(X).
Below it will sometimes be more convenient to work with the bigger collection

Do(X) ={D(z,y,¢): x € Sx, y € Bx, ¢ > 0}.

instead; therefore we formulate a lemma saying that this doesn’t make any differ-
ence.

LEMMA 8.1.1. An operator T € OP(X) is a strong Daugavet operator if and
only if T is not bounded from below on any D € Dy(X).

PROOF. We have to show that T € SD(X) is not bounded from below on
D(xz,y,e) whenever ||z|]| = 1, |ly]| < 1, ¢ > 0. By Remark 6.2.8, T' is unbounded
from below, hence, given ¢’ > 0, for some ¢ € Sx we have |T¢|| < ¢’. Now, pick
A > 0 such that y + A( € Sx; then there is some 2z’ € X such that

lz+ @+ )+ >2-¢, Ny+2) +2| <1+e |T7] <€
ie, z:=X +2' € D(z,y,¢) and ||Tz]| < 3¢’. O

PROPOSITION 8.1.2. The following conditions for a Banach space E are equiv-
alent.

(1) SD(E) = {0}

(2) No nonzero linear functional on E is a strong Daugavet operator.

(3) For every xz* € Sp« there exist some 6 > 0 and D € D(E) such that
|z*(2)| > 0 for all z € D.

(4) The only closed absolutely convex subset A C E with the property that
(AN D # O for every o > 0 and every D € D(E) is the set A = E.

PRrROOF. The implications (1) = (2) = (3) are evident.

(3) = (4): Assume there is some closed absolutely convex subset A C E with
the property from (4) that does not coincide with the whole space E. By the
Hahn-Banach theorem there are a functional x* € Sg- and a number r» > 0 such
that |z*(a)] < r for every a € A. If § > 0 and D € D(E) are arbitrary, pick
z € ( gA) N D; this intersection is nonempty by assumption on A. It follows that
|z*(2)| < 0, hence (3) fails.

(4) = (1): Suppose T' € SD(E) and put A = {e € E: ||[Te|| < 1}. By the
definition of a strong Daugavet operator this A satisfies (4). So A = F and hence
T=0. [l

This proposition suggests the following definition.

DEFINITION 8.1.3. A Banach space FE is said to be an SD-nonfriendly space
(i.e., strong Daugavet-nonfriendly) if SD(E) = {0}. A space F is said to be a
USD-nonfriendly space (i.e., uniformly strong Daugavet-nonfriendly) if there exists
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« > 0 such that every closed absolutely convex subset A C E which intersects
all the elements of D(E) contains aBg. The largest admissible « is called the
USD-parameter of E.

Proposition 8.1.2 shows that a USD-nonfriendly space is indeed SD-nonfriendly;
but the converse is false as will be shown shortly. Also, SD-nonfriendliness is
opposite to the Daugavet property in that the latter is equivalent to the condition
that every functional is a strong Daugavet operator.

To further motivate the uniformity condition in the above definition, we supply
a lemma.

LEMMA 8.1.4. A Banach space E is USD-nonfriendly if and only if

(3*) There exists some 6 > 0 such that for every x* € Sg« there exists D €
D(E) such that |z*(z)| > 0 for all z € D.

PROOF. It is enough to prove the implications (a) = (b) = (c) for the following
assertions about a fixed number ¢ > 0:

(a) There exists a closed absolutely convex set A C E not containing By that
intersects all D € D(FE).

(b) There exists a functional z* € Sg« such that for all D € D(F) there exists
zp € D satisfying |x*(zp)| < 0.

(c) There exists a closed absolutely convex set A C E that intersects all D € D(E)
and does not contain §' Bg for any ¢’ > ¢ .

To see that (a) implies (b), pick u ¢ A, ||u|| < J. By the Hahn-Banach theorem,
we can separate u from A by means of a functional * € Sg«; then we shall have
for some number r > 0 that |z*(z)| < r for all z € A and 2*(u) > r. On the other
hand, z*(u) < ||z*|| |Ju]| < 0; hence (b) holds for z*.

If we assume (b), we define A to be the closed absolutely convex hull of the
elements zp, D € D(FE), appearing in (b). Obviously A intersects each D € D(E).
If ' B C A for some § > 0, then since |z*| < ¢ on A, we must have |z*| < § on
0'Bg, i.e., 8 < 0. Therefore, A works in (c). O

In Proposition 8.1.2 and Lemma 8.1.4 we may replace D(E) by Dy (E).
We now turn to some examples.

PRrROPOSITION 8.1.5.
(a) The space cq is SD-nonfriendly, but not USD-nonfriendly.
(b) The space {1 is not SD-nonfriendly and hence not USD-nonfriendly either.

PROOF. (a) Let T' € SD(cy). Denote by ek, k € N, the canonical basis vectors
in ¢g. Theorem 7.2.3 implies that for every k£ € N the restriction of T" to liney, is
strongly Daugavet on that one-dimensional subspace. But then T is unbounded
from below on lin ey, so Tep, = 0 for every k.

To show that ¢y is not USD-nonfriendly we shall exhibit a closed absolutely
convex set A intersecting each D € D(c¢p), yet containing no ball. Let A = 2B,, C
Cp, 1.€.,

A= {(w(n)) €co: »_lz(n)| < 2},
n=1
which is closed in ¢g. Fix x € S, and y € S.,. If |x(k)| = 1, say z(k) = 1, pick
a scalar 8, |8] < 2, such that y(k) + 8 = 1. Then Be, € D(z,y,e) N A for every
e > 0. Obviously, A does not contain a multiple of B, .
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(b) According to Example 6.2.13, 2% (z) = Y7 | o,2(n) defines a strong Dau-
gavet functional on £; whenever o is a sequence of signs, i.e., if |o,| = 1 foralln. O

Next, we wish to give some examples of USD-nonfriendly spaces. Recall (Defi-
nition 2.10.2) that a LUR-point of the unit sphere of a Banach space E' is a point
xo € Sg such that x,, — x¢ whenever ||z, || <1 and ||z, + zo| — 2.

PROPOSITION 8.1.6. If the unit sphere of E contains a LUR-point, then E is
a USD-nonfriendly space with USD-parameter > 1.

PrOOF. Let 2y € Sg be a LUR-point and A C FE be a closed absolutely
convex subset which intersects all the elements of D(E). In particular for every
fixed y € Sk the set A intersects all the sets D(zg,y,¢) C E, € > 0. By definition
of a LUR-point this means that all the points of the form xzg — y, y € Sg, belong
to A, i.e., Bg + x9 C A. But —xzg is also a LUR-point, so Bg — xg C A and, by
convexity of A, Bg C A. O

REMARK 8.1.7. It is easy to construct an equivalent norm on E := {1 &R such
that its restriction on £1 is equal to the original norm, but the unit sphere of E
contains a LUR-point. In this norm, FE is a USD-nonfriendly space which contains a
subspace that is not USD-nonfriendly. So, the property of being a USD-nonfriendly
space is not inherited by subspaces, even to one-codimensional ones.

COROLLARY 8.1.8. Fwery locally uniformly rotund space is USD-nonfriendly
with USD-parameter 2. In particular, the spaces L,(p) are USD-nonfriendly for
1 < p < oo. Also, every separable space can be equivalently renormed to be USD-
nonfriendly with USD-parameter 2.

PROOF. This follows from the previous proposition; that the USD-parameter
is 2 is a consequence of B +x¢ C A for all o € Sg; see the above proof. It is clear
that L,(u) is LUR for 1 < p < oo (it is actually uniformly convex). The last part
is a consequence of the fact that separable Banach spaces admit LUR renormings;
cf. Theorem 2.10.4 O

It is clear that no finite-dimensional space enjoys the Daugavet property, but
more is true.

PROPOSITION 8.1.9. Every finite-dimensional Banach space E is a USD-non-
friendly space.

PROOF. Assume to the contrary that there is a finite-dimensional space E that
is not USD-nonfriendly. By Lemma 8.1.4, we can find a sequence of functionals
(zr) C Sg+ such that inf.cp |z%(2)] < 1/n for each D € D(FE). By compactness
of the ball we can pass to the limit and obtain a functional z* € Sg+« with the
property that inf.ep |z*(2)| = 0 for each D € D(E).

Denote K = {e € Bg: z*(e) = 1}; this is a norm-compact convex set. Let
2o € K be an arbitrary point. If we apply the above property to D(zg, —xg,¢)
for all e > 0, we obtain, again by compactness, some zy such that ||zo — zg|| = 1,
lz0]l = 2 and x*(z9) = 0. We have z*(xo — 2z0) = 1, so &g — z9 € K. Therefore

22 diam K = sup [lzo — y|| = [lzo — (w0 — 20)|| = [|20] = 2;
yeK
hence diam K = 2 and zg is a diametral point of K, meaning

sup ||xg — y|| = diam K.
yeK
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But any compact convex set of positive diameter contains a nondiametral point
[156, Section 15.3.1, Lemma 1]; thus we have reached a contradiction. O

We shall later estimate the worst possible USD-parameter of an n-dimensional
normed space.

We haven’t been able to decide whether every reflexive space is USD-non-
friendly (see Question (8.1) in Section 8.9). Proposition 8.1.12 below presents a
necessary condition a hypothetical reflexive USD-friendly (= not USD-nonfriendly)
space must fulfill.

First an easy geometrical lemma.

LEMMA 8.1.10. Let z,h € E, ||z|]| < 1+¢, |h]| < 1+e, |z +h| >2—c. Let
f € Sg~ be a supporting functional of (x 4+ h)/||z + h||. Then f(z) as well as f(h)
are estimated from below by 1 — 2¢.

PROOF. Denote a = f(z), b = f(h). Then max(a,b) < 1+ebuta+b>2—c.
So, min(a,b) = a + b — max(a,b) = 1 — 2e. O

Let E be a reflexive space, x(, be a strongly exposed point of Sg+« with strongly
exposing evaluation functional z¢; i.e., the diameter of the slice {x* € Sg«: x*(xg) >
1 — ¢} tends to 0 when ¢ tends to 0 (Definition 2.7.11). Denote

Face(Sg,zy) = {x € Sg: zj(x) = 1}.

ProposSITION 8.1.11. Let E, z§, xo be as above, let A be a closed conver set
which intersects all the sets D(x,0,¢), € > 0. Then A intersects Face(Sg, xf).

PROOF. For every n € N select h,, € AN D(x0,0,%). Then |[h,| <1+ 2,
zo+hn|| = 2—L. Denote by f, asupporting functional of (z¢ + hy)/|zo + kx|l By
the previous lemma, f,,(zo) tends to 1 when n tends to infinity. So by the definition
of an exposing functional, f,, tends to x§. By the same lemma, f,(h,) tends to 1, so
x4 (hy) also tends to 1. Hence, every weak limit point of the sequence (h,,) belongs
to the intersection of A and Face(Sg,xg), so this intersection is nonempty. O

PRrOPOSITION 8.1.12. Let E be a reflexive space.

(a) If E is USD-nonfriendly with USD-parameter < «, then there exists a func-
tional x* € Sg~ such that for every strongly exposed point xjy of Bg~ the
numerical set x*(Face(Sg,xy)) contains the interval [-1 + a, 1 — af.

(b) If E is not USD-nonfriendly, then for every strongly exposed point xf of B~
the set Face(Sg,x§) has diameter 2. Moreover, for every § > 0 there exists a
functional x* € Sg~ such that for every strongly exposed point xf of Bg~ the
numerical set x*(Face(Sg,x)) contains the interval [—1 4 6,1 — §].

Proor. (a) Let A be a closed absolutely convex set which intersects all the
sets D € D(E), but does not contain aBg. By the Hahn-Banach theorem there
exists a functional 2* € Sg« such that |2*(a)| < « for every a € A. We fix y € Sg
with z*(y) = —1.

Let z; € Sg- be a strongly exposed point of Bg-. As before, we denote a
strongly exposing evaluation functional by zg. Now, A N D(xg,y,e) # 0 for all
e > 0. By Proposition 8.1.11 and the evident equality D(z,0,c) —y = D(zo,y, ),
this implies that the set A + y intersects Face(Sg,zy). If z1 is an element of this
intersection, we see that z*(21) < a — 1.
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Likewise, since D(—x0,0,&) = —D(x0,0,¢), we find some 2z € (—=A —y) N Sz;:;
hence *(22) > —a + 1. Therefore, [-1 4+ a, 1 — a] C 2*(Sz).
(b) The argument is the same as in (a). O

This proposition allows us to estimate the USD-parameter of finite-dimensional
spaces.

PROPOSITION 8.1.13. If E is n-dimensional, then its USD-parameter is > 2/n.

PROOF. Assume that dim(F) = n and that its USD-parameter is < 2/n; then
this parameter is strictly smaller than some « < 2/n. Choose z* as in Proposi-
tion 8.1.12 so that

[~1+a,1—a] Cx"(Sy;) (8.1.1)
for every strongly exposed functional z§ € Sg~.

We now claim that in any e-neighbourhood of x* there is some y* € Bg+« which
can be represented as a convex combination of < n strongly exposed points of Bg-.
First of all, the convex hull of the set stexp(Bg-) of strongly exposed points of
Bpg- is norm-dense in Bg-; in fact, this is true for any bounded closed convex set
in a space with the Radon-Nikodym property, as we mentioned in Theorem 2.7.12,
see [51, pp. 102-110] for a detailed exposition. Hence, for some |yj — a*|| < e,

beo AL > 0with Yop A, =1and 27f,... 2} € stexp Bp-

I
* /AR
Y1 = E AT
k=1

Let C' = conv{z],...,z}} and let y* be the point of intersection of the segment
[y, z*] with the relative boundary of C, i.e., y* = 72* + (1 — 7)y; with

T =sup{t € [0,1]: ta* + (1 — t)y] € C}.

Let F be the face of C' generated by y*; then F' is a convex set of dimension < n.
Therefore, an appeal to Carathéodory’s theorem (see Theorem 2.6.15) shows that
y* can be represented as a convex combination of no more than n extreme points of
F. But ext(F) C ext(C) C {a7,..., x5} C stexp Bg+, and our claim is established.

We apply the claim with ¢ < 2/n — a to obtain some convex combination
y* = >, M} of n strongly exposed points of Bg- such that ||y* —2*|| < e. One
of the coefficients must be > 1/n, say A,, > 1/n. Now, if & € S,

n—1
() 2 2% (y) —e = Z Az (z) + Ay — €
k=1

n—1

>= Mt A=—1+2\,—e>2-1+2/n—c
k=1

By (8.1.1) we have —1 +a > —1 + 2/n — ¢ which contradicts our choice of e. O
For Z(()Z) we can say more, namely, its USD-parameter is the worst possible.

ProPoOSITION 8.1.14. The USD-parameter of 0 s 2/n.

PROOF. The argument of Proposition 8.1.5(a) implies in the setting of o)

rather than cg that the USD-parameter of E((!.f) is < 2/n, and the converse estimate
follows from Proposition 8.1.13. U
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8.2. Strong Daugavet and narrow operators in vector-valued
sup-normed spaces

Let E be a Banach space and X be a closed subspace of the space ¢ (K, E) of
all bounded E-valued functions defined on a set K, equipped with the sup-norm.
It will be convenient to use the following notation: A disjoint pair (U, V') of subsets
of K is said to be interpolating for X if for every f,g € X with ||f|| < 1 and
llgly || < 1, there exists h € Bx such that h=f on U and h=g on V.

REMARK 8.2.1. Let us describe a handy example of interpolating pairs. Let
K be a compact Hausdorff space, X = C(K, E), U,V C K be closed and disjoint,
then (U,V) is interpolating for X. Indeed, let f,g € X be as above. Then, by the
continuity of g, there is an open set Vo D V, Vo NU = 0, such that ||g(t)|| < 1
for all t € V. There is a continuous function ¢: K — [0, 1] such that ¢(t) = 0 on
K\ Vo DU and ¢(t) =1 on V. Then the formula h(t) = ¢(t)g(t) + (1 — ¢(2)) f(t)
gives what we need. _

Also remark that for an interpolating pair (U, V') every pair of the form (U, V)
with U C U is interpolating. So, the above example generalises to X = C(K, E),
U,V C K such that V is closed and U NV = (. This kind of interpolating pair
(U, V) appears in the proof of Theorem 8.2.7 when one takes an f € C(K, E) that
vanishes on a closed set V and defines U = {t € K: || f(t)|| > o} for some o > 0.
In this case, the closure of U lies in {t € K: ||f(t)|| = a}, soUNV = .

For arbitrary V' C K denote by Xy the subspace of all functions from X van-
ishing on V. The next proposition extracts a property which the second component
V of every interpolating pair (U, V') has.

PROPOSITION 8.2.2. Let X C Lo (K, E) be as above and let (U, V') be an inter-
polating pair for X. Then for every f € X

dist(f, Xv) < sup || f(t)]-
tev

PrROOF. By the definition of an interpolating pair, for an arbitrary € > 0 there
exists an element h € X, ||h|| < sup,ey || f(t)|| +¢€, such that h =0o0n U and h = f
on V. Then the element f — h belongs to Xy, so

dist(f, Xv) < [If = (f = h)[ = lInll < Sup IF @B + e,
which completes the proof. O

LEMMA 8.2.3. Let X C {(K,E), UV C K, f € Sx,,, and e > 0. Assume
that U D {t € K: ||f(t)|| > 1 — €} and that (U, V) is an interpolating pair for X.
If T is a strong Daugavet operator on X and g € Bx, then there is a function
h e Xy, ||h]| <2+ ¢, satisfying

ITh|l <e, (g+nMlyll<l+eand [|[(f+g+h)1y|| >2—c.

Before we enter the proof proper, we formulate a number of technical assertions
that are easy to verify and will be needed later.

SUBLEMMA 8.2.4. IfT is a strong Daugavet operator on a Banach space X, if
1—n<l|z|| <14+n and |ly| <1+, then there is some z € X such that

lz+y+z2l>2=3n, [ly+ 2] <1+2n, |[Tz] <n.
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PRrROOF. Choose 2y € Sx and yg € Bx such that ||zo—z| < n, ||yo—y| < nand
pick by Lemma 8.1.1 z € D(xq,yo,n) such that ||Tz|| < n; this z clearly works. O

SUBLEMMA 8.2.5. If ||zl <14+, |y <1+nand |[(x+y)/2]| >1—nina
normed space, then || Az + (1 — N)y|| > 1 — 3n whenever 0 < A < 1.

ProOOF. If ||Az + (1 — N)y|| < 1 — 3y for some 0 < A < 1/2, then, since
Mz +(1=X)Az+ (1 =Ny) = (z+y)/2for Ay = (5 —N)/(1-A) €[0,1/2],

Hx—ky

| <n@+m+a-2)a -3 =1-B-)n<1-n
(The case A > 1/2 is analogous.) O

SUBLEMMA 8.2.6. If ||y|| < 1+n and ||z + Ny|/(N+1) > 1—3n in a normed
space, then ||(z +y)/2|| > 1— (2N + 1)n.

ProOOF. If |\(3:—|—y)/2|| <1— (2N +1)n, then
| w < ol (- )
I+N I 1+N 1+N

1fN(17(2N+1) )+ (1fHLN)(1+n):173n. O

PrROOF OF LEMMA 8.2.3. We may assume that | 7| = 1. Fix N > 6/¢ and

§ > 0 such that 2(2N + 1)9¥§ < ¢; let 6, = 9" so that (2N + 1)dy < £/2. Put
fi=/f, g1 = ¢ and, using Lemma 8.1.1, pick h; € X such that

lfi+ g1+ hi|| >2 =061, |lg1 + Pl <1+ 260, || Thi]l < o

We are going to construct functions f, gn, hn, € X by induction so as to satisfy

(a) forr = g (Fr + ko (ok + ) = 25 fn + 37 (9n + ha), with 1 - 36, <
[l <14 6n,

(b) gn+1=g1onU and gny1 = gnthy (= g1+hi+-+hy)on V, [|gnia ]| < 146,

() [fa+1tgn+1thpgall > 2=0np1, 1-260 <||gnt1+hnta| <1460, < 146,41,
IThpi1]] < 30s,.

Suppose that these functions have already been constructed for the indices 1, ..., n.

We then define f,,4+1 as in (a). Since, by induction hypothesis,

Ifall <1+ 8n-1 and |lgn + hall < 1+,

we clearly have || fp41] <1+ 6,. From || fy + gn + hnll > 2 — 6, we conclude using
Sublemma 8.2.5 (with n = ¢,), that || fuy1|| > 1 — 3d,. Thus (a) is achieved. To
achieve (b) it is enough to use that (U, V) is interpolating along with the induction
hypothesis that ||g,, + hn|| < 1+ d,. Finally, the existence of h,1 that satisfies (c)
follows from Sublemma 8.2.4 with n = 36,,.

Next, we argue that

This follows from Sublemma 8.2.6, (c) and (a), and our choice of 0. But for t ¢ U
we can estimate

>2—¢/2.

f1+*z 9k + hu)

1 N
Z t) + hi(t H<1—5+1—5N<2—2g,
k:l
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therefore, letting w = + Zgil hi,
N

I(f +9g+w)lyl = H <f1 + % > (o + hk)nU) H >2-¢/2.

k=1
Furthermore, we have the estimates

N
1
o+ wtol = |5 S+ ot < 14y <1422

k=1

N
1 1
ITwl < 5 2 IThell < 3851 = 308 < /2
k=1

Il < g + el + llgll < 2+ 26 < 2+ 26 < 2+¢/2,
1 N
ol < 5 D2 el < 2+2/2
k=1

and, for t € V,

2+ 6N 3

[w @)l = s lowa® -l < 2 < 3 <opp

By Proposition 8.2.2 and the above, we see that dist(w, Xy ) < £/2. Hence it is left
to replace w by an element h € Xy, ||h — w|| < /2, to finish the proof. O

Remark that from the above lemma one can deduce Theorem 7.2.3: if X =
X1 @ Xo and T € SD(X), then T'|y, € SD(X1). To see this, let K = ext(Bx-),
Ky = ext(Bx;), Ko = ext(Bxy) so that K = K; UK and X C £ (K) canonically.
It is left to apply Lemma 8.2.3 with the interpolating pair (K1, Ks).

In the sequel, for an element y € F and a function f € C(K), we use the
notation y ® f or f ® y to denote the F-valued function on K acting by the rule
(y ® f)(t) := f(t)y. For our convenience, when it does not lead to confusion, for
y € F we write y instead of y ® 1. Recall also that when we speak about the
space C(K, E), K is always a compact Hausdorff space and FE is a Banach space,
so we will not repeat this in the statements of theorems involving C(K, E).

THEOREM 8.2.7. Let T' be an operator on X = C(K, E). Then, the following
conditions are equivalent:
(1) T € SD(X).
(2) For every closed subset V C K, every x € Sg, every y € Bg and every
e > 0 there exists an open subset W C K\ 'V, an element e € E with
le+yll <1l+e, le+y+z| >2—¢, and a function h € Xy, ||h|| < 2+c¢,
such that |Th|| < e and |le — h(t)|| < e fort € W.
(3) For every closed subset V C K, every x € Sg, every y € Bg and every
e > 0 there exists a function f € Xy such that |Tf|| <e, || f+y|l < 1+e,
If+y+az||>2—ec
If K has no isolated points, then these conditions are equivalent to

(4) T € NAR(X).

PRrROOF. (1) = (2). Let us apply Lemma 8.2.3 to ¢/4 > 0, ¢ = 1x ® v,
f = fi®x e Sx, where f; is a positive scalar function vanishing on V', and
U={teK:|f(t) >1-¢e/4} (this kind of interpolating pair was described in
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Remark 8.2.1). Then for h € Xy, which we get from Lemma 8.2.3, let us find a
point tg € U such that ||(f + g+ h)(to)l| = ||(f + h)(to) + y|| > 2 — €/4. Because
[1h(to) +y|| < 14¢e/4 we have || f(to)]| > 1—¢/2, i.e., || f(to) — x| < €/2. Now, select
an open neighbourhood W C U of tg such that || f(7) — x| < /2 for all 7 € W and

put e = h(to).
(2) = (3). Let us fix a positive ¢ < 1/10, § < /4 and N > 6+2/c. Now, apply
inductively condition (2) to obtain elements xy, yx, ex, x1 = 2,y =y, k=1,..., N,

open subsets W1 D Wy D ..., closed subsets Vi1 = K\ Wy, V4 = V and functions

hi € Xy, with the following properties:

x+ ZZ:1(yk + ex)

4+ 3 k=1 (i + ex)

() llex +yxll <146, [lex + yi + il > 24,

(¢) hi € Xy, [|h(t) —ek|| <e/4 for all t € Wy, ||hi|| < 2+¢€, and ||Th|| < e.
By an argument similar to the one in Lemma 8.2.3, we have for a proper choice

of §
N
Z Yr + ex)

k:

(a) Tpt1 = S SE,

N

x+y+%26k

k=1

5
>2— .
2

Let us put f = % Zgzl hi. Then, the last inequality and (c) of our construction
yield that f € Xv, [|[f+y+ x| > 2 —¢ and | Tf]| < e. The only thing left to do
now is to estimate ||f + y|| from above. If ¢ € V, then || f(¢) +y| = |ly|| < 1. If
t € W, \ W41 for some n, then

.
LCRSTES D) th w0 = | 0w+ 0

In this last sum, all the summands except for the last one satisfy the inequality
[Ihe(t) + y|| <1+ ¢/2 and the last summand h,,(t) + y is bounded by 3 + . So,

N—-1
1 1

PO+l < S (145) + pB+e) <1+ S+ 1B <1+e
k=1

The same estimate holds for ¢t € Wy.
(3) = (1). Fix f,g € Sx and 0 < ¢ < 1/10. Pick a point t € K with
If/()]] > 1 —¢/4 and a neighbourhood U of ¢ such that

1F(&) = F(O +llg@) = g(n)]| < Z vrevU.

Denote « = f(t)/||f(®)|| and y = g(¢) and apply condition (3) to obtain a function
h € Xy such that |Th|| <, ||h+y|| < 1+¢/4 and |h+y+z|| > 2 — /4. For this
h we have |h+g|| <1+ecand ||h+g+ f|| >2—¢,s0 T € SD(X).

Let us now pass to the case of a perfect compact K. The implication (4) =
(1) is evident.

The proof of the remaining implication (3) = (4) is similar to that of (3) =
(1). Namely, let f,g € Sx, 2* € X* and let € > 0 be small. We have to show that
there is an element h € X such that

[f+g+hl>2-¢e |g+hl<l+e (8.2.1)

and
ITh|| + |x*h| < €. (8.2.2)
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To this end, using the absence of isolated points in K, let us pick a closed subset
Vo C K, Voo {re€K:|f(r)] <1-¢e/4} such that
€

1
pick a point t € K\ Vg (then ||f(¢)|]| > 1 —¢/4), and choose an open neighbourhood
Uoft, UcC K\ Vp such that for every 7 € U

1F(#) = F() +lg@) = g(n)]| < 3 (8.2.4)

Denote x = f(t)/]|f(t)|l, y = g(t) and apply condition (3) to V := K\U D V,. We
obtain a function h € Xy C Xy, such that |Th| < e/4, |h+y|| < 1+¢/4 and
lh+y+ x| > 2 —¢e/4. For this h, (8.2.1) follows from (8.2.4) and (8.2.2) follows
from (8.2.3). O

2% xy, < (8.2.3)

We are now in a position to provide an example, as promised in Chapter 6,
of narrow operators with non-narrow sum, thus demonstrating in particular that
sometimes MNAR(X) is not a +-semigroup.

Let T: E — F be an operator between Banach spaces. By TX let us denote
the corresponding “multiplication” or “diagonal” operator T¥: C(K, E) — C(K, F)
defined by

(TR H)E) =T(f())-
PROPOSITION 8.2.8. T¥ € SD(C(K, E)) if and only if T € SD(E).

PRrOOF. Criterion (3) of Theorem 8.2.7 immediately provides the proof. O

Here is the announced example.

THEOREM 8.2.9. There exists a Banach space X for which NAR(X) does not
form a semigroup under the operation +; in fact, C([0,1],41) is such a space, and,
moreover, the set of narrow operators acting from C([0,1],¢1) to C([0,1],¢1) is not
stable under the ordinary addition.

PROOF. The key feature of ¢; is that SD(¢1) is not a +-semigroup. According
to Example 6.2.13, z}(z) = >_-° | z(n) and xQ(x) =x(1)= >, z(n) define strong
Daugavet functionals on ¢1, but =7 + x5: « — 2z(1) is not in SD(¢;) and hence,
xi+x} is not, either.

Now, if SD(E) fails to be a +-semigroup, one can pick T1,T> € SD(E) with
TW+T» ¢ SD(E). Put X = C([0,1], E); then by Proposition 8.2.8 and Theo-
rem 8.2.7 TIY, 7Y e NAR (X)), but TIOVFTOY ¢ NAR(X).

In order to make a similar example with the ordinary addition of operators on

[O 1], 41), fix some e € Sy, and define 71, T € L(£1) by the rule Tj(z) = zj(z)e,
=1,2. We have T ~ z7, so they are strong Daugavet, but 71 +7 ~ 7 +x3 is not.

Th Tt 7ol ¢ L(C([07 1),41)) are narrow but TV + 71 = (1, + 1)1 ¢
L(C([0,1],£7)) is not narrow. O

8.3. C-narrow and narrow operators in C(K, E)

The following definition extends the notion of a C-narrow operator to the
vector-valued setting. In order to distinguish between open and closed balls in
a Banach space E, below we use the notation B%(z,¢) = {z € E: ||z — z|| < €}.
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DEFINITION 8.3.1. An operator T' € L(C(K, E), W) is called C-narrow if there
is a constant A > 0 such that given ¢ > 0, x € Sg and U C K open, there is a
function f € C(K, E), ||f|| < A, satisfying the following conditions:

(a) supp(f) C U,
(b) f7H(B (x,e)) #0,
(c) ITf] <e.

As the following proposition shows, condition (b) of the previous definition
can be substantially strengthened. In particular, the size of the constant \ is
immaterial; but introducing this constant in the definition allows for more flexibility
in applications. Also, Proposition 8.3.2 shows that for £ = R the new notion of
C-narrowness coincides with the one from Definition 6.1.5.

ProproSITION 8.3.2. If T is a C-narrow operator, then for everye > 0, x € Sg
and open set U C K there is a function f of the form g ® x, where g € C(K),
supp(g) C U, ||lg|| =1 and g is nonnegative, such that ||Tf| < e.

PROOF. Let us fix € > 0, an open set U in K and = € Sg. By Definition 8.3.1
we find a function f; € C(K, E) as described there corresponding to ¢, U and .
PutU; =U and Uy = ffl(BO(x, %)) Then U, C U;. As above, there is a function
fo corresponding to g, Us and x. We denote Uz = f{l(BO(ac7 i)), Us C Uy and
continue the process. In the 7" step we get the set U, = f,-',(B°(x, 7=7)) and
apply Definition 8.3.1 to obtain a function f;,. corresponding to U...

Choose n € N so that (A\+2)/n <e and put f = 1(f; +---+ f,). Now, using
the Urysohn Lemma we find for each k a continuous real function g satisfying
0<gr(t) <1, 9klu,,, =1 gk\K\U = 0, and consider g = 1(g1 + -+ gp). For
this g we have =1 < g(t) < & for all t € Uy \ Upy1, k € T, 9lu,,, =1 (so
llgll = 1), and g vanishes outs1de U;. We claim that ||f — g ® z|| < . Indeed, by
our construction, if ¢ € K \ Uy, then ||(f —g® z)(t)|| = 0; if t € Up41, then

17 =g ®2)O = | -+ -+ fu)le) — 9(6) -

=@ =)+ Gty -2
<%(% +2in)<%<€
Finally, if ¢t € Uy, \ Ugs1, k € 1,n, then
17~ 9@ = | (i + -+ 9)(6) — (1) -
<O =2+t Gea) = 2) + )| +
<lgee 2131“) R <

which demonstrates the announced inequality ||f — g ® z|| < e. Moreover,

1
1A <~ UTATHITfll + - + [T fall) <&

Thus, |T(g®@ x)|| < ||Tf]|+ |IT(f — g ®z)|| < e+ ¢||T| and, since € was chosen
arbitrarily, we are done. O
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COROLLARY 8.3.3. T: C(K,E) — W is C-narrow if and only if, for each
x € E, the restriction T,: C(K) - W, T,.(g9) = T(9 ® ), is C-narrow.

PROPOSITION 8.3.4.

(a) Ewvery C-narrow operator on C(K, E) is a strong Daugavet operator. Hence,
in the case of a perfect compact K every C-narrow operator on C(K, FE) is
narrow.

(b) If E is a separable USD-nonfriendly space, then every strong Daugavet oper-
ator on C(K, E) is C-narrow.

(¢c) If every strong Daugavet operator on C(K,E) is C-narrow, then E is SD-
nonfriendly.

PRrROOF. (a) Let T' be C-narrow. We will use criterion (3) of Theorem 8.2.7.
Let F C K be a closed subset, x € Sg, y € Bg and € > 0. According to Proposi-
tion 8.3.2 there exists a function f vanishing on F' of the form g ® (z — y), where
g € C(K), |lgll = 1 and g is nonnegative, such that || Tf]| < . Evidently this f
satisfies all the demands of criterion (3) in Theorem 8.2.7.

(b) Let T be a strong Daugavet operator, and suppose FE is separable. Let
U C K be a nonvoid open subset. Given z,y € Sg and ¢’ > 0 we define

O(z,y,e')y={teU: 3f e C(K,E): supp f C U,
If+yll <1+ 0f() +y+al>2-€, |Tfll <}

This is an open subset of K, and by Theorem 8.2.7(3) it is dense in U. Now, pick
a countable dense subset {(z,,yn): n € N} of Sg x Sg and a null sequence (e,,).
Then by Baire’s theorem, G := (), O(Zn, Yn, ) is nonempty.

Let € > 0, and fix ¢y € G. We denote by A(U, ¢) the closure of

{F(to): f € C(K,E), |Ifll <2+e, ITfll <e, suppfC U}

this is an absolutely convex set. We claim that A(U,e) intersects each set
D(z,y,e') € D(E). Indeed, if ||z, — x| < €'/4, |lyn — yl| < €'/4, €, < €'/2
and €, < ¢, then for a function f, as appearing in the definition of O(xy,,yn,€n)
we have f,,(tg) € A(U,&) N D(zp, yn,en) C A(U,e) N D(z,y,e).

Since E is USD-nonfriendly, say with parameter «, the set A(U,¢) contains
aBg. This implies that T satisfies the definition of a C-narrow operator with
constant A = 3/a.

(c) Let T € SD(E); then by Proposition 8.2.8 T¥ is a strong Daugavet operator
on C(K,E). But

(TH(g@e)t) =T((g@e)t) = g(t)Te,
hence TX is not C-narrow by Proposition 8.3.2 unless 7' = 0. (|

The example E = ¢y shows that the converse of (b) is false. We have already
pointed out in Proposition 8.1.5(a) that ¢q fails to be USD-nonfriendly; yet every
strong Daugavet operator on C(K,cg) is C-narrow. To see this, we first remark
that it is enough to check the condition spelled out in Proposition 8.3.2 for = in
a dense subset of Sg. In our context, we may therefore assume that the sequence
x vanishes eventually, say z(n) = 0 for n > N. If we write ¢g = Zgév) Poo Z,
with Z the space of null sequences supported on {N 4+ 1, N +2,...}, we also have

C(K,cp) =C (K, eéﬁp) DooC(K, Z). By Theorem 7.2.3 the restriction of any strong
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Daugavet operator T on C(K, ¢g) to C(K, ééiv)) is again a strong Daugavet operator,
and hence it is C-narrow, because 68 i USD-nonfriendly (see Proposition 8.1.9).
This implies that T" is C-narrow.

We do not know whether (c) is actually an equivalence (see Question (8.2) in
Section 8.9).

One of the fundamental properties of C-narrow operators is stated in our next
theorem.

THEOREM 8.3.5. Suppose that operators T, T,, € L(C(K, E),W) are such that
the series > o, w* (T, f) converges absolutely to w*(Tf), for every w* € W* and
f € C(K,E). If all the T,, are C-narrow, then so is T. In particular, the sum
of two C-narrow operators, or the sum of a pointwise unconditionally convergent
series of C-narrow operators, is a C-narrow operator again.

For the proof of Theorem 8.3.5 we need an auxiliary concept. A similar idea
has appeared in [175].

DEFINITION 8.3.6. Let G be a closed Gs-set in K and T € L(C(K),W). We

say that G is a vanishing set of T if there is a sequence of open sets (U;);en in K
and a sequence of functions (f;)ien in Sc(x) such that

(a) G =N Us

(b) supp(fi) C Us;

(¢) lim;e0fi = 1 pointwise;

(d) lm;,o||Tfil = 0.
The collection of all vanishing sets of T" is denoted by vanT.

Let T € L(C(K),W). By the Riesz Representation Theorem, T*w* can be
viewed as a regular measure on the Borel subsets of K whenever w* € W*. For
convenience, we denote it by T*w* as well.

LEMMA 8.3.7. Suppose G is a closed Gs-set in K and T € L(C(K),W). Then
G € vanT if and only if T*w*(G) = 0 for all w* € W*. Moreover, in Defini-
tion 8.3.6 one can select the sequence (Uy)ren with the additional property that
Uk—i—l C Ug, k€N,

PROOF. Let G € vanT, and pick functions (f;)ken as in Definition 8.3.6. Then
by the Lebesgue Dominated Convergence Theorem, for any given w* € W* we have

T *w*(G) = / lgdT*w* = klim fedT*w* = lim w*(Tf) = 0.
K —oo J i k— o0

Conversely, a closed Gs-set in a Hausdorff compact K can be written as G =
ﬂ;ozl Ur where (Uy)ren is a sequence of open sets in K such that Uy, C Uy for
all k. By the Urysohn Lemma, there exist functions (gx)ren having the following
properties: 0 < gi(t) < 1forallt € K, suppgr, C Ug, and gi(t) = 1 if t € Up;.
Clearly, limg_.oo gr = 1 pointwise and

lim w*(Tg) = lim T"w*(gx) = T*w*(G) =0
k— o0 k— o0

whenever w* € W*. This means that the sequence (T'gx)ren is weakly null. Apply-
ing the Mazur Theorem 2.1.2 we finally obtain a sequence (f,,) of convex combina-
tions of the functions (gx)ren that converges strongly to 0, f,, € conv({gk: k> n}),
n =1, 2,..., which satisfies all the conditions of Definition 8.3.6.

This completes the proof. 1
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LEMMA 8.3.8. An operator T € L(C(K),W) is C-narrow if and only if every
nonvoid open set U C K contains a nonvoid vanishing set of T. Moreover, if
(Th)nen C L(C(K), W) is a sequence of C-narrow operators, every open set U # ()
contains a set G # () that is simultaneously a vanishing set for each T),.

ProoF. We first prove the more general “moreover” part. Put U;; = U. By
the definition of a C-narrow operator and Proposition 8.3.2 there is a function
fix € Seky with supp(fi,1) C Uiy, Urg = ffll(%,l] # 0 and |Tifia] < 3.
Obviously, Uy 2 C ffll[%, 1] € Uy;1. Again applying the definition we find f1 4 €
SC(K) with supp(fl,g) C U172, U271 = f;%(%,l] 7é @ and HTlfLQH < % As above
U2)1 C U172.

In view of the C-narrowness of Ty there exists a function fo1 € So(x) with
supp(fe2,1) C Uzq, Uiz = f{ll(%l] # 0 and ||Tof21] < % In the next step we
construct fi 3 € Sc(k) such that Us o = fl_é(%, 1] # 0 and || Ty f15] < .

Proceeding in the same way, in the n'® step we find a set of functions
(fe.)k4i=n C Sc(x) and nonempty open sets (Uki)rti=n in K such that
supp(fi1) C Ukt I Tkfom—kll < £ and Upy = fily 1 (%2,1], if k # 1. Then

n n
_ =1 n—1
we pUt Ulﬂl - nfl,l( n

1] to start the next step.

It remains to show that the set G = ﬂk’leN Uk, = ﬂk’leN Uy, is as desired.
Indeed, G is clearly a nonempty closed Gs-set and G = ﬂfil U, for every n € N.
It is easily seen that the sequences (fy;)ien and (U, ;);cny meet the conditions of
Definition 8.3.6 for the operator T,,. So, G € vanT,, for every n € N.

To prove the converse, let U # () be any open set in K and let ¢ > 0. By
assumption on vanT we can find a closed Gg-set § # G Cc U, G € vanT. Con-
sider the open sets (U;);en and functions (f;);en provided by Definition 8.3.6. For
sufficiently large ¢ € N we have U; C U and ||T'f;|| < € so that f; may serve as a
function as required in Definition 8.3.1.

This finishes the proof. O

Now, we are in a position to prove Theorem 8.3.5.

PrOOF OoF THEOREM 8.3.5. By Corollary 8.3.3, we may assume that £ = R.
By Lemma 8.3.8 it suffices to show that ()., vanT},, C vanT.

Suppose G € (), —, vanT,,. According to Lemma 8.3.7, we need to prove that
T*w*(G) = 0 for all w* € W*. By the condition of the theorem, the series
Yoo Trw* is weakly* unconditionally Cauchy and hence is weakly unconditionally
Cauchy (Proposition 2.4.4). Since C(K)* does not contain a copy of cg, this series
is actually norm convergent by the Bessaga-Pelczynski Theorem 2.4.3. This implies
that for the bounded sequence of functions (fx)ren satisfying fr — 1g pointwise
constructed in the proof of Lemma 8.3.7, we have

T*w*(G) = lim T*w'(fy) = lim > Trw* (fr)
n=1
=Y Trw'(lg) =Y Tiw'(G)=0. O
n=1 n=1

We get the following consequence.



232 8. NARROW OPERATORS IN SPACES OF VECTOR-VALUED FUNCTIONS

COROLLARY 8.3.9. The class of C-narrow operators on C(K, E) is a semigroup
with respect to the operation .

PrOOF. Let Ty € L(C(K.E),W1), T» € L(C(K, E),W1) be C-narrow. Define
W := W; ®; Wa. Then, according to the definition, 71 + T5 € L(C(K, E), W),
(Ty + To)f = (T1f,Tof). Ty and Ty are equivalent to the operators ﬁ, T acting
from C(K, E) to W by the rule ﬁf =(T11,0), TQf :=(0,T2f). These fl, T, are
C-narrow, so Ty +T» = fl + TQ is C-narrow as well. O

COROLLARY 8.3.10. If E s separable and USD-nonfriendly, then
NAR(C(K,E)) is a +-semigroup. Moreover, in this case a pointwise un-
conditionally convergent sum of narrow operators on C(K, E) acting to the same
space W is a narrow operator itself. In particular, this happens for operators on
the real or complex space C(K).

Indeed, this follows from Theorem 8.3.5 and Proposition 8.3.4; note that K
is perfect if there exists a narrow operator defined on C(K, F) in case E fails the
Daugavet property. To see the latter assume that K = {k} U K’ for some isolated
point k. If there exists a narrow operator on C(K, FE) 2 F &, C(K', E), then the
restriction of this operator to the first summand E is narrow (Corollary 7.2.2), and
so F € DPr. Finally, for the last statement, just recall that the complex space
C(K) is isometric to the real space C'(K, EgQ)).

8.4. Strong Daugavet and narrow operators in C(K). C-rich subspaces

Let us start with gathering, for the reader’s convenience, the criteria of nar-
rowness for operators on C'(K) that were demonstrated in the previous section for
the case vector-valued function spaces (Propositions 8.3.4 and 8.3.2); C-narrow op-
erators were introduced in Definition 6.1.5. Let us remark that the complex case
in the proposition below is covered by the vector-valued real space C (K, Eéz)).

Below we denote Cr(K) = {f € C(K): f|p =0} for F C K.

PROPOSITION 8.4.1. For an operator T on C(K), the following assertions are
equivalent:

(i) T is C-narrow.

(ii) T is unbounded from below on the unit sphere of each subspace Cr(K), where
F C K is closed in K. In other words, for every nonvoid open U C K and
every € > 0 there is f € C(K) with ||f|| = 1 and supp(f) C U such that
ITfl <=

(iii) For every nonvoid open U C K and every € > 0 there is a non-negative
function f € C(K) with ||f|| =1 and supp(f) C U such that | Tf| < ¢.

If K has no isolated points, the above conditions are equivalent to T being narrow.

We now present the companion definition to C-narrow operators for subspaces.

DEFINITION 8.4.2. Let K be a compact Hausdorff space. A closed subspace
E C C(K) is called C-rich if the quotient map ¢: C(K) — C(K)/E is C-narrow.

We reiterate the remark that only spaces with the Daugavet property can sup-
port narrow operators, respectively can have rich subspaces. However, the notions
of C-narrowness, respectively C-richness, do not stipulate such a requirement. For
example, cq is a C-rich subspace of c.

We have the following corollary to Proposition 8.4.1.
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COROLLARY 8.4.3. For a subspace E C C(K), the following assertions are
equivalent.
(i) E is C-rich.
(ii) E is almost rich.
(iii) For every proper closed subset ' C K and every € > 0, there is a function
f € Cr(K) with || f|| =1 whose distance to E is less than €.
If K has no isolated points, the above conditions are equivalent to E being a rich
subspace.

ExAMPLE 8.4.4. With Corollary 8.4.3 in hand, we shall now look at uniform
algebras. Let A C C(K) be a uniform algebra whose Shilov boundary, i.e., the
closure of its Choquet boundary, is K. Then A is a C-rich subspace of C(K).
Indeed, by Corollary 8.4.3 it is enough to show for a closed subset FF C K and
for € > 0 that there is a continuous function f of norm 1 vanishing on F' whose
distance to A is < €. But a fundamental theorem in the theory of uniform algebras
ensures that there is some g € A with ||g|| = 1 and |g| < € on F ([202, p. 49 and
p. 78]), hence an obvious modification of g yields a function f as requested.

If K has no isolated points, then A is even rich.

REMARK 8.4.5. For a perfect compact K, each Cr(K) contains an isomorphic
copy of C[0,1]. Consequently, in this case every operator on C(K) not fixing copies
of C[0,1] is narrow. This implies the fact, obtained independently in [175, 297],
that those T: C(K) — C(K) that do not fix copies of C|0, 1] satisfy the Daugavet
equation.

Remark also that among operators that fix copies of C|0, 1], one can find some
narrow operators. Before giving the corresponding Example 8.4.6, recall that, ac-
cording to Milutin’s theorem, for every perfect metrisable compact K the corre-
sponding C(K) is isomorphic to C[0, 1]; that, in this case, each Cr[0, 1] is isomor-
phic to C]0,1] as well, and that, according to Pelczynski’s theorem, each comple-
mented subspace of C[0, 1] containing a copy of C10, 1] is isomorphic to C[0, 1]. For
these results we refer to the memoir [246].

EXAMPLE 8.4.6. Let K C [0, 1] be the Cantor set. Define P: C0,1] — C]0, 1]
as follows: for ¢t € K put (Pf)(t) = f(¢), and on each open interval («, 5) comple-
mentary to K interpolate (Pf)(t) linearly:

(PAO) = =550 + 55 1().
This P is a projection whose image is the subspace E C C[0, 1] consisting of func-
tions that are linear on each open interval complementary to . The natural
restriction operator R: E — C(K) is an isometry, so E is isometric to C(K) and,
by Milutin’s theorem, is isomorphic to C[0,1]. The restriction of P to E is Idg,
which means that P fixes a copy of C[0, 1]. At the same time, P vanishes on each
function whose support lies in the complement of the Cantor set I, which implies
that P is narrow by Proposition 8.4.1.

The stability of narrow operators on C'(K) with respect to pointwise uncon-
ditionally convergent sums (Corollary 8.3.10) leads to the following much stronger
version of Corollary 5.3.8 for X = C[0, 1] saying that a Banach space with the
Daugavet property cannot be isomorphically embedded into a space E having an



234 8. NARROW OPERATORS IN SPACES OF VECTOR-VALUED FUNCTIONS

unconditional basis or having a representation as unconditional direct sum of re-
flexive subspaces.

THEOREM 8.4.7. Let C0,1] be isomorphically embedded in a Banach space Y
which is represented as an unconditional direct sum of its subspaces

Y = éxn. (8.4.1)
n=1

Then at least one of the X,, contains a copy of C[0,1]. In the particular case of
Y = C[0,1], at least one of the X,, in (8.4.1) is isomorphic to C[0,1].

Proor. Without loss of generality we may assume that C[0,1] C Y. De-
note the natural embedding operator by J: C[0,1] — Y and denote the natural
projections of Y on X,, by P,. The operator J is bounded below, so it is not
C-narrow. On the other hand, Y 2, P,J is pointwise unconditionally convergent
to J, so Corollary 8.3.10 implies that some P,,J is not C-narrow. This P,,J must
be bounded below on some Cr[0, 1], consequently the corresponding X,,, contains
an isomorphic copy of Cr[0,1], which in its turn contains an isomorphic copy of
C'[0,1]. The improved statement for the particular case of Y = ([0, 1] follows from
the fact that X,, is complemented in Y = C[0, 1]. O

For A = [, 8] C [0, 1], denote by Co(A) the subspace of those f € C|0,1] for
which supp f C A. In other words, Co(A) = Cio1\a[0,1]. Recall that X C C10, 1]
is rich if the quotient map ¢: C[0,1] — C[0,1]/X is narrow. Taking into account
Proposition 8.4.1, we can say that X C C[0, 1] is rich if and only if for every segment
A C [0,1] and every € > 0 there exists a non-negative g € Co(A) with ||g|| =1 for
which [|¢(g)|| < e. With the help of the formula ||g(g)| = dist(g, X), we obtain the
following.

PROPOSITION 8.4.8. A subspace X C C0,1] is rich if and only if for every
segment A C [0,1] and every e > 0 there is a non-negative function g € Cy(A) with
llgll = 1 and there is f € X such that || f — g| < e.

Remark that in the statement of Proposition 8.4.8 we may demand additionally
that f € Sx.

Our next goal is to give a complete isomorphic description of rich subspaces
in C0,1]. For simplicity, we are going to deal with the real space C[0,1]. The
complex case can be managed similarly. We start with a technical lemma.

LEMMA 8.4.9. Let X C C[0,1] be a rich subspace, A = [, 8] C [0,1], and
e € (0,1/2). Then there are fnr € X and closed segments A, C A, n € N,
ke 1,21 such that
(a) fax(t) >1+e27"7L forallt € A, g;
(b) S, fur®)] <14e—e21 fort € A and Y5, |fur(t)] <e(1—277)
fort €[0,1]\ A;
(c) for each n, the collection (Ank),cgn—t s disjoint;
(d) fok = frnt1.26—1 + frt1,2k;

(€) Apk D Apiiok—1U A 11 2k
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Proor. We will proceed by induction on n.

The start of the induction: n = 1. Using Proposition 8.4.8, select functions
g € Scy(a)y and f € Sx such that g > 0 and ||f —g|| <e. Put fi; = (1+5)f, and
in the neighbourhood of a point at which f; ; attains its maximum select a segment
Al,l on which fl,l(t) >1+ %

The inductive step. Assume that f,, € X and A, C A, n=1,2,...,N,
k € 1,271 are already selected in such a way that (a), (b), (c) are satisfied for
n < N, and (d), (e) are satisfied for n < N —1. Our goal is to construct fyi1,, and
ANni1k, k€ 1,2N. For this, let us consider j € 1,2V~1 and denote Ay ; the left
half [a, “*b] of the segment Ay, = [a,b]. By richness of X there are g € S¢,(ax

and f € Sy such that g > 0 and || f — g|| < £/22V+3. For that f we have

5 €
——=—= < f(t) <£1; max f(t)=1 and sup  f(t) < 5v=-
92N 13 teh tl0ANAY 92N 13

N.i)

Denote by A the maximal real coefficient for which Af < fx; on A}‘\,,j. Then

A € [14+e27"7 1 1+4¢]. Define fy41,2j-1 = Af and fy11,2; := fn,;—Af. Performing

this procedure for each j € 1,2V—1 we obtain all the needed fyy14, k € 1,2V,

With this definition, the condition (d) with n = N is satisfied automatically. Next,
€

ol fnt12i-1(t) 21+ 2N+17 in, Inr12i-1(8) 2 —oxs (8.4.2)

and
€

sup  fnt1,2-1() < 55
e NA j 92N+2

Denote Ay ; = Ay ; \ Ay ;- The inequalities above imply, for all ¢ € [0, 1],

| (O < 12 O] + | van2i—1 (O] < [fv (0] + ﬁ, (8.4.3)

which, together with the inductive assumption (a) for the functions fx ;, implies
the inequality

max fN+1 QJ( ) >1+ (844)

tEA"* ) 2N+2

The inductive assumption and (8.4.3) evidently imply (b) with n = N + 1. Fi-
nally, applying (8.4.2) and (8.4.4), we may select segments Ayi1,2;—1 C A} ; and
Ant1,25 C A}‘\}:j near the points of maximum of fy41,2;-1 and fy11,2; respectively
in such a way that all the values of fy41,2j—1 on An41,2j—1 and all the values of
IN+41,25 on An 1,95 are greater than 14 5x5. Then (a), (c) and (e) will be fulfilled
as well. O

THEOREM 8.4.10. Let X C C|0,1] be a rich subspace, A = [, 5] C [0,1] and
0 € (0,1/2). Then there is a subspace Y C X which is complemented in C[0,1], is
isomorphic to C[0,1], and satisfies that

sup{y()l: ¢ € [0,1]\ A} < Olly] (3.4.5)

forallyeY.

PROOF. Applying Lemma 8.4.9 to X, A and ¢ = 6/4, we obtain the cor-
responding fr, 1 € X and A, C A. We are going to demonstrate that ¥ :=
H{fnk neN, ke 1,2"*1} is what we need.
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Let us start with (8.4.5). By continuity, it is sufficient to check
(8.4.5) for y € lin {fnk neN, ke 1,2"*1}. Thanks to (d), each y €
lin{fmk: neN, ke 1,2"‘1} can be written as y = Zii? arfnge if N is big

enough. Select ko € 1,2V~1 in such a way that |ag,| = max{|ax|: £ € 1,2N~1}
and consider a to € Ay k,. By the property (a) of the system f, 1,

£
|/ ko (To)| > 1+ ONTL”

Denote A =1,2N=1\ {ko}. Then from (b) we deduce that

2N71
1
S U wklto)l = S 1nto)] = ko (t0)] < 2 (1 - 2N> . (5.46)
keA k=1
Then,
21\771
Iyl = | Y anfyr(to)] = lakol fake (to)l = D ekl vk (o)
k=1 keA
€ 1
> AN - - AT . .
/\ako\(l—i-QNH) Ilgleaj(|ak|5 (1 2N) (8.4.7)
>(1-¢) max ok

On the other hand, according to (b) we have for ¢t ¢ A

2N 1
1
(0] = | 32 enfua() < (1o gv) o ol

The last two inequalities together give the required condition (8.4.5).
Now, consider the following homeomorphic copy of the Cantor discontinuum:

) 2N71

K= U Anx

n=1 k=1

Denote by U: C[0,1] — C(K) the natural restriction operator, Uf := f|. We
are going to show that Ul performs an isomorphism of Y and C(K). This will
demonstrate that Y is isomorphic to C(K) and, consequently, is isomorphic to
C[0,1]. Clearly, ||U]| < 1, so we only need to show that U is bounded below on YV
and U(Y) is dense in C(K).

As before, let y = Ziill oy fn,r be an arbitrary element of the dense subset
lin{fn’k: neN, ke 1,2"—1} of Y, ko € 1,2N¥~1 be an index such that |ag,| =

max{|ax|: k € 1,2N-1}, and tg € Ay, N K. According to (b),

2N—1
y|| = max |y(t)| < max |ap| max fve@®)] <(14+e) max |ag
I = gmae )] < sl g, 5 Ifcu(8)] < (1+2) max_ o
and
(8.4.7) 1—¢
Uyl = [y(to)l = (1—¢) max  fap|> lyll = (1= 6)lyl-

ke{l,...,2N-1} 1+¢
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So, the boundedness from below of Uly- is demonstrated. It remains to show the
density of U(Y) in C(K). Assume to the contrary the existence of g € S¢(x)
with dist(g,U(Y)) > %. Select § > 0 in such a way that |g(t) — g(7)| < ¢ for
very t,7 € K with |t — 7] < 0. Fix N € N in such a way that |Ayn x| < ¢ for all
k € 1,2N=1. Finally, for each k € 1,2V=1 choose t, € Ay . Then |g(t) —g(tr)] < e
for t € Ay N K. Define f € Y by means of the formula

2N71

FO =3 gltn)

k=1

Ine(t)
Ine(te)

We are going to arrive at a contradiction demonstrating that [|[Uf — g|| < 6 < %
Indeed, let ¢t € K be a point at which |U f — g| attains its maximum and j be that
index for which ¢t € Ay ;. In view of (a) and (b) of Lemma 8.4.9, all the values
fnk(te) and fn ;(t) lie between 1 and 1+ . Applying (8.4.6) with tg = ¢, ko = j
and A ={1,...,2Y711\ {4}, we deduce that

IUf =gl =1UF=9)®) = |f({t) —g®] <[f(t) —g(t;)| +¢

LRI In(t)
<Jote) 2290 g0y S st fs

fng) ‘ I (t)
s fn,j(t5) ! +,§, Ik (te)

< w0 = Fng () + D [ fva()] +e < 32 < 6.
keA

+ +e

+ €

This completes the demonstration of the fact that ¥ and C[0,1] are isomorphic.
The remaining complementability of Y in C0,1] is plain. We have demonstrated
that U|, implements an isomorphism of Y and C(K). The requested projection

operator of C0,1] onto Y can be defined as P := (U\Y)fl oU. O

The combination of the above theorem with Example 8.4.6 enables us to give
the promised isomorphic description of rich subspaces in C[0, 1].

THEOREM 8.4.11. For a Banach space E, the following assertions are equiva-
lent:
(1) E is isomorphic to a rich subspace of C[0,1].
(2) E is separable and contains an isomorphic copy of C|0,1].
(3) E is isomorphic to a space of the form C[0,1] & Z, where Z is separable.

PROOF. According to [247], every separable Banach space X containing C[0, 1]
contains another copy of C0, 1] which is complemented. This gives us the equiva-
lence of (2) and (3).

The fact that each rich subspace of C|0, 1] contains a copy of C0, 1] is demon-
strated in Theorem 8.4.10. So, it remains to show that (3) implies (1). Let
E = CJ0,1] ® Z with separable Z. Consider the projector P from Example 8.4.6.
Then C[0,1] = ker P @ P(C|0,1]). Because of the narrowness of P, ker P is rich
in C[0,1]. By Theorem 8.4.10, ker P contains a complemented isomorphic copy of
C[0,1] and is complemented in C]0,1] itself. So, according to Pelczyniski’s theo-
rem, ker P is isomorphic to C[0,1]. Next, P(C]0,1]) is isometric to the space C(K)
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of continuous functions on the Cantor set. By the universality of C(K) (Banach-
Mazur theorem, see [156, 17.2.4, Exercise 7] for a sketch of the proof), P(C[0,1])
contains a subspace Z which is isomorphic to Z. Consequently, on the one hand,
E :=kerP® Z C C|0,1] is isomorphic to E and, on the other hand, F is rich in
C[0, 1], because E contains the rich subspace ker P. O

COROLLARY 8.4.12. If a Banach space E is separable and contains an isomor-
phic copy of C[0,1], then E is isomorphic to a Banach space with the Daugavet

property.
PRrOOF. Rich subspaces inherit the Daugavet property (Theorem 6.5.3). O

The above result motivates the question whether C[0, 1] can be replaced with
a general Banach space with the Daugavet property (see Question (8.4) in Sec-
tion 8.9).

8.5. Some examples of small but rich spaces

In this section we provide examples of nonseparable Banach spaces possessing
separable rich subspaces. We will consider spaces C(K, E) embedded in a suitable
space X; the type of spaces we have in mind will be defined next.

DEFINITION 8.5.1. Let E be a Banach space and X be a sup-normed space
of bounded FE-valued functions on a compact space K. The space X is said to
be a C(K, F)-superspace if it contains C(K,E) and if for every f € X, every
€ > 0 and every nonvoid open subset U C K there exist an element e € F with
le]l > (1—&) supy || f(t)]] and a nonvoid open subset V' C U such that ||e— f(7)| < &
for every 7 € V.

Basically, X is a C(K, E)-superspace if every element of X is large and almost
constant on suitable open sets.
Here are some examples of this notion.

PROPOSITION 8.5.2.

(a) DI0,1], the space of bounded real functions on [0,1] that are right-contin-
uous, have left limits everywhere, and are continuous at t = 1, is a C[0, 1]-
superspace.

(b) Let K be a compact Hausdorff space and E be a Banach space. Then
Cw(K,E), the space of weakly continuous functions from K into E, is a
C (K, E)-superspace.

PRrROOF. (a) D[0,1] is the uniform closure of the span of the step functions
Lap), 0<a<b<1, and 1,1}, 0 < a < 1; hence the result.

(b) Fix f, U and ¢ as in Definition 8.5.1; without loss of generality, we assume
that supy || f(¢)]] = 1. We are going to use results about the Radon-Nikodym
property, described in Section 2.7. Consider the open set Uy = {t € U: ||f(t)| >
1 —e}. Its image f(Up) is relatively weakly compact since f is weakly continuous;
hence conv(f(Up)) is weakly compact and, consequently, possesses the RNP. In
particular, conv(f(Up)) is equal to the closed convex hull of its denting points.
Therefore, there exists a halfspace H = {z € E: z*(z) > a} such that f(Up) N H is
nonvoid and has diameter < . Consequently, V := f~1(H) N Uy is an open subset
of U for which || f(71) — f(m2)|| < € for all 71,79 € V. This shows that C,,(K, E) is
a C(K, E)-superspace. U
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The following theorem explains the relevance of these ideas.

THEOREM 8.5.3. If X is a C(K, E)-superspace and K is perfect, then C'(K, E)
is rich in X; in particular, X has the Daugavet property.

PROOF. We wish to verify condition (iii) of Theorem 6.5.14. Let f,g € Sx and
e > 0. We first find an open set V' and an element e € E, ||e|| > 1 — ¢/4, such that
lle = f(7)|| <e/4 on V. Given N € N, find open nonvoid pairwise disjoint subsets
Vi,...,Vn of V. Applying the definition again, we obtain elements e; € E and open
subsets W; C V; such that [le;|| > (1 —e/4)supy, [|g(t)|| and [le; — g(7)[| < /4 on
Wj. Let z; = e —ej, let ¢; € C(K) be a positive function supported on W; of
norm 1 and let h; = ¢; @ ;. Now, if t; € W; is selected to satisfy ¢;(¢;) = 1, then

If+ g+l 2 I(F + g+ h) ()l > lle + e +z;] —e/2>2 —e
Also,
lg+hyl <1+e
since ||g(¢)|| = |lg(t) + h;(t)|| < 1 for t ¢ W; and, for t € W,

llg(t) + R (DI < llej + @j()a;l +e/4 < (1 —p;@)lle;ll + @;(t) el + /4.
This shows that h; € D(f,g,e) NC (K, E). But the supports of the h; are pairwise
disjoint, hence [|1/N 2%, byl < 2/N — 0. 0

COROLLARY 8.5.4.
(a) C[0,1] is a separable rich subspace of the nonseparable space D|0,1].
(b) If K is perfect, then C(K, E) is a rich subspace of Cy (K, E). In particular,
C([0,1],4,) is a separable rich subspace of the nonseparable space Cy, ([0, 1], £,)
if 1 <p<oo.

Let us remark that there exist nonseparable spaces with the Daugavet property
which have only nonseparable rich subspaces. Indeed, an {,,-sum of uncountably
many spaces with the Daugavet property is an example of this phenomenon. To
see this, we need (see Corollary 7.2.4) that whenever T' is a narrow operator on
X1 B0 Xo, then the restriction of T to X; is narrow too and, in particular, it is
not bounded from below. Now, let X, v € I', be Banach spaces with the Daugavet
property and let X be their /,.-sum. If Z is a rich subspace of X then, by the result
quoted above, there exist elements z, € Sx  and z, € Z with ||z, — 2| < 1/4;
hence ||zy — 2z-|| = 1/2 for v # 7. If T' is uncountable, this implies that Z is
nonseparable.

REMARK 8.5.5. The examples, like those from Corollary 8.5.4, give a hope for
the validity of a version of Corollary 8.4.12 for nonseparable spaces, that is, that
every space which contains a copy of C0,1] possesses the Daugavet property in
an equivalent norm. By now, this direction remains completely unexplored (see
Question (8.5) in Section 8.9).

8.6. Narrow operators on vector-valued L;-spaces

In this section we extend the theory of narrow operators on Lj(u) from Sec-
tion 6.6 to operators on spaces of vector-valued functions. Below p and v will be
used for finite non-atomic o-additive measures on a o-algebra ¥ of subsets of a fixed
set Q. By Li(u, X) we denote the space of X-valued Bochner integrable functions
on {2, where X is a real Banach spaces. The complex case is contained in the real
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one because every complex space can be considered as a real space, and a complex-
linear narrow operator neither gains nor loses its narrowness when considered as a
real-linear operator (see Remark 6.2.15). In particular, the complex L;(u) case is
covered by Lq(u, Ef)). By Li(A, 1, X) we denote the subspace of Li(u, X), con-
sisting of functions supported on A. Recall that we denote by X1 the collection of
sets A € ¥ of finite non-zero measure.

At the beginning of Section 6.6 we introduced the following concept:

DEFINITION 8.6.1. A function f € Lq(u) is said to be a balanced e-peak on
A € X1 if there is a subset 4; C A with 1(Aq) < e such that

(1) f=—1forte A\ Ay, supp f C A,
(3) Jo fdu=0.

These balanced e-peaks were crucial for the characterisation of narrow opera-
tors on real non-atomic L (p) that was proved in Theorem 6.6.1: an operator T
Li(p) — E is narrow if and only if for every e > 0 and every A € ¥ there exists
such a balanced e-peak f on A that | T(f)] < e.

One can find more about the characterisation of narrow operators on L (p) as
well as open problems in [176].

In this section we prove that for a wide class of spaces X, the narrow operators
allow a description similar to Theorem 6.6.1. At the same time, there are spaces
where the analogous description of narrow operators does not hold. More precisely,
we introduce the following concept.

DEFINITION 8.6.2. Let x € X, 2* € X*, ¢ > 0 and A € ¥*. A function
f € Li(A, pu, X) is said to be an (x,e, A)-peak if there is a subset A; C A with
(A1) < e such that
(1) f(t) =xfort € A\ Ay;
2) L, If Ol dut) < 1+ e)pu(A)||z].
f is said to be an (z,z*, €, A)-peak if there is a subset A4; C A with pu(A4;) < € such
that the conditions (1) and (2) are fulfilled and additionally

®|[ x*(f(t))du(t)‘ <e

An operator T € OP(L1(p, X)) is said to be L-narrow (respectively, almost L-
narrow) if for every z € X, z* € X* & > 0 and A € &1 there is some (z,z*, ¢, A)-
peak (respectively, (z,¢e, A)-peak) function f with ||T(f)| < e.

The L-narrow operators form a class that is built on a generalisation of the
property characterising narrow operators in the scalar case according to Theo-
rem 6.6.1.

We will prove that under the condition X* € RNP, every L-narrow operator
on L (g, X) is narrow (see Theorem 8.6.5), and in Theorem 8.6.10 we shall describe
properties of X which are sufficient for the coincidence of the classes of L-narrow
and narrow operators on Lj(u, X).

Unfortunately, we cannot give the complete description of spaces where the
coincidence takes place (see Question (8.6) in Section 8.9), but our results allow us
to resolve the problem for all classical spaces.

The reader will find some similarities of the presented theory with the results
about C'(K, X)-spaces from Section 8.3. At the same time, the Ly (i, X) case is, in
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our opinion, more difficult and has essential peculiarities compared to the C'(K, X)
case. In particular, “good” spaces that we used in order to reduce narrow operators
on C(K, X) to C-narrow operators (USD non-friendly spaces from Section 8.1) do
not help to deal with L;(p, X) and are substituted by “reasonable spaces” intro-
duced in Subsection 8.6.2 below.

8.6.1. L-narrow operators. We start with a theorem that includes a crite-
rion for an operator defined on Lj(u, X) with X* € RNP to be narrow.

THEOREM 8.6.3. Let X be a Banach space and T € OP(L1(p, X)). If T is
narrow, then it satzsﬁes the following set of conditions called (8.6.3-COND): For
every x,y € X, v* € X*, € >0, and A € XT, there is a function f € L1(A,u, X)
with

IT(f —ala)ll <& [[fll = n(A)l], (8.6.1)
I +ylal > (1 = e)u(A) (=l + llyl), (8.6.2)

and

‘/ ) — 2)du(t)| < (8.6.3)

Conversely, if T satisfies the weakened (8.6.3-COND) with the selection of [ sat-
isfying only (8.6.1) and (8.6.2), then T € SD(L1(u, X)); and, under the condition
X* € RNP, every operator T that satisfies the complete version of (8.6.3-COND)
18 narrow.

PrROOF. We start with the first part of the statement. The case x = 0 is trivial
(just take f = 0), so we may exclude it from our considerations. Since L (€2, u, X)
can be represented as ¢1-sum of L1 (A, u, X) and L1 (Q\ A, u, X), the restriction of T
to L1 (A, p, X) is narrow (Theorem 7.4.4). To deduce the statement (8.6.3-COND),
let us apply (v)’ of Theorem 6.2.14 to the restriction of T to Ly (A4, p, X), sufficiently
small €1 > 0, the element & = Hﬁiz\l € S1,(A,u,x), the weak neighbourhood W of &
consisting of all functions g € Ly (A, p, X) with | [, 2*(g(t) — 2(t)) du(t)| < &1, and
the element § = Hﬁﬁl € Sp,(Au,x)- Then we get an element 2 € W N .S (4,,,x)
with the properties that || T(2 — )| < €1 and |2+ §|| > 2—¢1. Then f = ||z||p(A)Z
will be what we need.

For the converse statement, we are going to use Definition 6.2.1 of strong Dau-
gavet operators. Let x,y € Sp,(,,x) and € > 0. By a density argument we may
assume without loss of generality that = and y are countably valued functions, that
is, that there is a measurable partition € = | |72, Ay such that © = > 70 | zx1a,,

=> rey ykla,, where zy, y, € X. For every k € N apply the weakened condition
(8 6.3-COND) to xy, yr and Ay with o5 instead of . We obtain fi € Ly (Ag, 1, X)
with

1T (fx — 2kl < 2,€,
il = (Al
1+ wtanll > (1= o5 ) aA Qloall + el
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Then for the element v := Y 7| fi € L1(p, X) we have

IT(w =)l < D IT(fe = zrla)ll <e,
k=1

loll =D ILfell = D w(An) el = llz]| = 1,
k=1 k=1

and
oo

Jo+ull = 37 1k + wrtanll > (1= 2) S (AUl + el =2 <.
k=1 k=1
This demonstrates that T' € SD(Lq(u, X)).

Now, we turn to the very last part of the statement which requires the assump-
tion X* € RNP. We are going to demonstrate that T € MAR(L;(u, X)) using the
Definition 6.2.7 of narrow operators. Let, as above, x,y € S, (4, x), € > 0, and ad-
ditionally some z* € Li(u, X)* be given. By Theorem 2.7.10, Ly (u, X)* identifies
with the space Lo (1, X*) of all bounded strongly measurable X *-valued functions
on 2. So, again as above, we may assume without loss of generality that there is a
measurable partition Q = | |;—; Ax such that © = > @xla,, y = Y poq Usla,,
where xy,y, € X, and additionally z* = Y 72, zj1a,, 5 € X* (the last formal
sum does not necessarily converge in norm, but converges pointwise on {2 and also
in the w*-sense in Ly (p, X)*). Applying condition (8.6.3-COND) to xj, and yg, =}
and Ay with 5% instead of € we get all that we had above and, additionally, (thanks

to (8.6.3))

‘/Ak o (fr(t) — k) du(t)’ < 2%

Then for the same selection of v := Y77 | fx € L1(u, X) we have all the properties
required for the strong Daugavetness, and additionally the condition

o) =] [ ' Z\/A T (fult) — o) du(t)| < e

which makes the difference between strong Daugavet and narrow operators. (|

REMARK 8.6.4. Let T € OP(L1(ps, X)) be an L-narrow operator. Then for
everyzxz € X, 2* € X*, & >0, and A € ©7, there is some (x,z*, ¢, A)-peak function
g with ||T(g)|| < € and with

/A lo(®)ll du(t) = (1 + &)u(A) ]

for a corresponding A; C A from Definition 8.6.2. The same strengthening can be
made for almost L-narrow operators.

PrROOF. Let ¢ < 1, &1 < ¢/2 and f be an (z,z2* &1, A)-peak with
corresponding A; € X1 such that |T(f)]| < e;. For a positive § <
min{p(A4)/2,eu(A1)/(16p(A))}, fix an (x, x*, d, A1)-peak function h with | T(h)] <
d. Consider gy = f+Ah where A > 0 is a parameter. Let us note that for A € [0, 5]
the function gy is an (z, 2%, e, A)-peak with the same Ay as f and | T(gx)] <e. In
fact, for such a A we have

9
1Tl < 5 + 20 <e
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and
[ @] < 5+ <
A
Consider FQA) = [, lox®)] du(t). I X =0 then F(A) < (1 +¢)u(A)|z|, and for
A = = one hab

3 3
F(A)>%Ilhll—2u Azl = gllwllf p(Ar) = 2u(A)lz]| > 2p(A) (|-

So there is Ag € [0, 55] with F'(Xg) = (1+¢)u(A)||z||. Then g = gy, is the function
we need. 0

THEOREM 8.6.5. Let X be a Banach space. Then every almost L-narrow op-
erator T € OP(L1(u, X)) is a strong Daugavet operator. Under the additional
assumption of X* € RNP, every L-narrow operator T € OP(L1(p, X)) is narrow.

PrOOF. For our aim it is sufficient to demonstrate the conditions for the con-
verse statement in Theorem 8.6.3. We will address the second part of our theorem
that starts with the words “Under the additional assumption”; for the first part one
just needs to omit all mentioning of z*. Let z,y € X, z* € X*, ¢ >0and A € T,
let g € Li(A, pu, X) be an (z,z*,0, A)-peak with | T(g)|| < ¢ for ¢ small enough,
and let A; C A be the corresponding subset from Definition 8.6.2. According to
the previous remark we may assume that

/ lg(@Il dpu(t) = (1 + 0)u(A) .

Ay

Consider
1
=—— gly,.
f =159

Then || f|| = p(A)|lz|| and

Hence

By the same argument

IT(f = 2Ll < 0l IT] + 7= Al [[T]-

° (
1+0 T1vo"
So, when 0 is small, the conditions (8.6.1) and (8.6.3) of Theorem 8.6.3 are satisfied.
The remaining condition (8.6.2) follows from the fact that the support of f is of
arbitrarily small measure 4, so || f + y1La|| almost equals the sum [|f|| + [[yLa. O

8.6.2. Reasonable spaces. The aim of the rest of this section is to prove the
converse to Theorem 8.6.5 for a wide class of spaces X containing in particular all
reflexive spaces.
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LEMMA 8.6.6. Let u,v € L1(Q,3,v), A€ X, § >0, u(t),v(t) € (0,2) for all
t € Q. Let us assume that

/ udy = 2v(A) =6, (8.6.4)
A
/ vdv <9 (8.6.5)
A
and that there are o > 0 and ¢ < 2 such that
{te A v(t) <a} C{teA:ut) <c}. (8.6.6)
Then
26(1+ o)
< — . .0.
v(A) < 22— 0) (8.6.7)

PROOF. Denote A; = {t € A: v(t) < a}, Ay = {t € A: v(t) > a}. Then,
according to (8.6.5),

0
Z/(AQ) < a

Due to (8.6.4),

W(A) = 0§ g/

J
udu—i—/ udy < ev(A) +2—.
Ay Ao

(07

So (2 — ¢)r(A) < 22049 which proves (8.6.7). O

« )

We now introduce one more geometric condition that is in a sense opposite
to the Daugavet property. We recall the following notions from Chapter 5. The
(outer) radius of a subset A C X at y € X is ry(A) = sup{|la — y||: a € A} (see
Figure 5.1). The Chebyshev radius of A relative to another subset B C X is

rg(A) = inf{r,(A): y € B}

(see Figure 8.1).

F1GURE 8.1. Chebyshev radius
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DEFINITION 8.6.7. A point x € Sx is said to be reasonable if there is a slice
Slice(Sx, z*, €) with 2*(z) = 1, and there is y € Sy such that r,(Slice(Sx,z*,¢)) <
2. The set of all reasonable points x € Sx will be denoted by Reas(X). A Banach
space X is said to be reasonable if the closed convex hull of Reas(X) contains the
whole unit ball.

In other words, © € Sx is reasonable if rg,(S) < 2 for some slice S =
Slice(Sx, z*,e) as above.

Evidently, every strongly exposed point of the unit ball is reasonable. There-
fore, every Banach space with the Radon-Nikodym property is a reasonable space
in every equivalent norm, because then every closed convex bounded subset is the
closed convex hull of its strongly exposed points. Also, every locally uniformly
convex space is reasonable. But no space with the Daugavet property is reason-
able. Indeed, Lemma 3.1.9(i) implies that no point in the unit sphere of a Banach
space X with the Daugavet property is reasonable: actually, a reformulation of that
lemma is that rg, (5) = 2 for every slice S.

There are other nonreasonable spaces; for example, if X has the Daugavet
property, then the only reasonable points of ¥ = X @1 R, which fails the Daugavet
property, are (0,%1). Indeed, (0,+1) are obviously strongly exposed points of
By. Now, let (z,a) € Sy with  # 0, and let (z*,b) be a functional in Sy =
Sx+g.r attaining its norm at (r,a). Then |z*|| = 1. Consider the slice S =
Slice(Sy, (z*,b),e) C Sy and the slice Slice(Sx,z*,¢) C Sx. By the Daugavet
property, given a point (y,a) € Sy, there is some z € Slice(Sx,z*, ) such that
ly =2l = [lyll + [zl — €. Then (z,0) € S, yet

1y, ) = (2,0)[| = lly — =zl + laf = Iyl + |2l + || —e =2 —&.
Hence, (z,a) is not reasonable.

There is a hierarchy of largeness conditions of slices of the unit ball. The
strongest one is the Daugavet property, viz., rg, (S) = 2 for every slice. A strictly
weaker property is rg(S) = 2 for every slice. Still weaker is the condition that
every slice has diameter 2. We refer the reader to Section 12.2 for background
around these properties, where they receive the name of diametral local diameter two
property (Definition 12.2.1) and the slice diameter two property (Definition 12.2.4),
respectively. The following example shows that a relatively “bad” space can also
be reasonable.

ExXAMPLE 8.6.8. Although every slice of the unit sphere of ¢ is of diameter 2,
every point of the unit sphere of ¢ is a reasonable point.

PROOF. We first present an elementary argument that every slice of S., has
diameter 2; see [238] for a more general statement. Let z* = (a1, ag,...) € ¢; with
Y. lan] =1 and consider the slice Slice(S,,,z*,¢). Pick N so that Z;Z’val lan| >
1 —¢/2 and define =,y € S, by =, = signa, forn < N, zy = 1, z, = 0
for n > N and y, = signa, forn < N, yy = —1, y, = 0 for n > N. Then
x,y € Slice(Se,, z*,¢€) and ||z — y|| = 2.

Now, we show that every x € S, is reasonable. Pick k € N such that |z;| = 1,
say x = 1 without loss of generality. For the k' unit vectors e, € Se, and e}, € Sy,
we have ef(z) =1, and for z = (21, 22,...) € S(e},¢) it follows z; > 1 — € so that
|z —ex| < 1. O

The importance of reasonable points stems from the following lemma.
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LEMMA 8.6.9. Let x € Reas(X). Then for every U € NAR(L1(u, X)), every
e >0, every y* € Sx+ and every A € X there is some (x,y*, &, A)-peak function f
with ||U(f)] <e.

PrOOF. Let U € OP(Ly(p, X)) be a narrow operator, y* € Sx«. Consider
the functional F' € Ly (p, X)* that acts by the rule F(f) = [, (y*, f(t)) du(t) and
introduce the auxiliary operator T':= U + F. Being a ~-sum of a narrow operator
and a functional, T is narrow by Corollary 6.2.19, part (a).

We need to prove that for every ¢ > 0 and every A € ¥7T there is some
f € Li(A, u, X) with the following properties:

(1) p{t € A: f(t) =2} > u(4) — &
(2) Jrea: iy IF @) du(t) < p(A) and
3) 17N <e.

According to the definition of Reas(X), there are z* € Sx«, y € Sx and
a € (0,1) such that z*(z) = 1 and

ry(S(a*, a)) =1c < 2. (8.6.8)

Without loss of generality, one can assume pu(A) = 1 (otherwise we multiply p by
an appropriate constant). Fix § > 0 and apply Theorem 8.6.3; hence there is a
function g € L1 (A4, p, X) with ||g|l1 = 1 and

/A<w*79(t)> dp(t) > 1 =34, (8.6.9)
1T(g — =La)| <0, (8.6.10)
lg —yLall >2—4. (8.6.11)

Claim. Let B={t € A: ||lg(t)||x <1}, D ={t € A: ||g(t)||x > 1}. Then

[ ooyl dute) < 2555, (8.6.12)
B a(2—c)
201+ a)
(D) 02— 0 (8.6.13)
Proof of the Claim. Since g € Sy, (4,,,x), due to (8.6.9) we have
lolh = [ (@ o) dutt) <
- e
/A[1 <a: ’||g(t)H>} lg(t)l du(t) < 6. (8.6.14)
Condition (8.6.11) can be rewritten as
/A(Hg(t)H +1—ly —g(®)]) du(t) <. (8.6.15)

Since the expressions under the integrals in (8.6.14) and (8.6.15) are non-negative,
one can pass to a smaller set:

1= (o, 2D NV dut) < 6, (8.6.16)
B gl
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and [(lg®)]| + 1 —|ly — g(t)]|]) du(t) < 8. The last inequality means

/Ily gl du(t) > n(B /Ilg ) du(t) (8.6.17)

By the triangle inequality,

[ = gtol autt) < / (Mg lly — 9@ + [lg®lly — u])) du(t)
B

< [l o

Substituting this into (8.6.17), we obtain

/o= ”g ; Hn Mdite) >2 [ Yato) dute) (3.6.18)
Using (8.6.16) and (8.6.18), we can apply Lemma 8.6.6 to
9(t) g(t
dv = g( ) d/”'a A= B, U = ) U(t) =1- 'T*a ;
o0 =l ae Svan)

(condition (8.6.8) means exactly that (8.6.6) is fulfilled). This gives (8.6.12).
Let us now turn to the proof of (8.6.13). As before, passing in (8.6.14) and
(8.6.15) to the smaller set D we obtain the inequalities

L= e o < [ = 98||>}'””d’“‘“)<‘5’ (8:6.19)

and

o dut) + w(B) ~ [ oo dute)

/Ily g(@®)|l du(t) > p(D /Ilg M du(t) (8.6.20)

By the triangle inequality,

Jot=sonans < [ (s~ gl + oo - gl o
/H ||z(3|H p(t /DHg(t)Hd#(t)—u(D)

Substituting this into (8.6.20) we obtain

/DHy - Hiw | dutt) > 20(D) . (8.6.21)

Using (8.6.19) and (8.6.21), we can apply Lemma 8.6.6 to

0
ol =1 o i)

9(t)
v=u, A=D, u(t) = H
||g( )
This gives (8.6.13). The Claim is proved.
Now, we continue the proof of Lemma 8.6.9. Put f = —glp + 2lp. Let us
prove the properties (1) to (3) formulated at the beginning of the proof for this f
under the assumption that § is small enough.
(1) p{t € A: f(t) = 2} > w(B) = p(A) — w(D) > p(A) — ZE=2) (where we
have used (8.6.13)).

d d =1=
2) /{A o ION A / lg@l dpe < llgll = 1 = u(A).
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G) ITNHI < IT(g =21+ TNllglsll+ [ T|w(D). By (8.6.10), (8.6.12), and
(8.6.13), this means

46(1 — )
1Tl <0+ m

This completes the proof of the lemma. (I

7.

THEOREM 8.6.10. Let X be a reasonable space. Then every narrow operator T
acting from Li(p, X) to any other Banach space Y is L-narrow.

PrROOF. Let us fix y* € Sy« and A € ¥, and denote by W the set of all x € X
such that for every € > 0 there is an (x,y*, &, A)-peak f with | Tf|| < e. We have
to show that W = X. By homogeneity it is enough to check that W O Sx.

The previous lemma shows that Reas(X) C W.

Now, let z € Sx be an arbitrary element. Fix a § > 0 and find a convex

combination
n
€= E arYk,
k=1

where yi € Reas(X), d-approximating z, i.e., ||z —e|]| < d. For every k =1,...,n
there is a (yx,y*, 2, A)-peak g with | T'gx| < 6. Consider

n
9= Z Ak Gk
k=1

and denote by B the set of all t € A with g(¢) =e.
By our construction, u(B) > u(A) — 9, ||[Tg|| <9,

[ Lol du) < 1+ () + 5. and | [ x*(g(t))dmw\d.
A\B A

So, if ¢ is small enough, the function f = g+ (z —e)1p will be the (z,y*, e, A)-peak
we need. (]

Combining Theorems 8.6.10 and 8.6.5 we deduce the following:

COROLLARY 8.6.11. Let X be a reasonable space with X* € RNP. Then an
operator T acting from Ly (p, X) to any other Banach spaceY is narrow if and only
if it is L-narrow. Since X = R or R? satisfies the above conditions, on both real
and complex Li(u) with non-atomic u, the sets of narrow and L-narrow operators
are the same.

Reflexive spaces are examples of Banach spaces X satisfying the assumptions
of the above corollary.

8.7. Rich subspaces of Ly

Let E C Li(u, X) be a closed subspace where 4 is a finite measure. We define
Cg to be the closure of B in Ly (u, X)) with respect to the Lo-topology, the topology
of convergence in measure. Note that for f € Cg there is a sequence (f,) in Bg
converging to f pointwise almost everywhere.

PROPOSITION 8.7.1. Let X be a reasonable space, E C L1(u, X), and Cg be as
above. If E is rich, then %BLI(IMX) Cc Cg.
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PrROOF. Since Cg is Li(u,X)-closed, it is enough to show that fs :=
1a/p(A)x € (2+ r)Cg for every A € 7T, every z € Sy, and every r > 0. By
the definition of a rich subspace, the quotient map ¢: Li(p, X) — Li(p, X)/E
is narrow, and by Theorem 8.6.10 it is L-narrow and almost L-narrow as well.
So, for every n € N there is some (z,1/n,A)-peak function f, € Li(A,p, X)
with dist(f,, F) < 1/n. Pick g, € E with ||f, — gnl] < 1/n. The defi-
nition of an (z,1/n, A)-peak gives us the following property of f,: there is a
subset A, C A with u(4,) < 1/n such that f,(t) = = for t € A\ A, and
fAn Ifn@®] dp(t) < (14 1/n)u(A). This implies that (f,) converges in measure to
Taz and [|fn|| < (24 1/n)u(A). Then the f,/u(A) converge in measure to f4 and
| fn/m(A)| < (24 1/n). Finally, g,/u(A) € E are at distance < m from the
corresponding f,,/u(A), so they also converge in measure to f4 as n — oo, and, for
large values of n we have ||g,|| < 2+1/n+ — ( j <2+4r,50 gy € (247)Bg which
demonstrates the desired inclusion f4 € (24 r)CEg. O

ProrosiTION 8.7.2. If %BLI(IMX) C Cy for all 1-codimensional subspaces Y
of E, then E is almost rich.

PROOF. In order to demonstrate the strong Daugavetness of the quotient map
q: L1(p, X) = L1(p, X)/E it is sufficient to show that ¢ is almost L-narrow (The-
orem 8.6.5); that is, for every x € X, ¢ > 0 and A € T we need to find an
(x,e, A)-peak function f with ||¢(f)|| < e.

Fix a supporting functional z* for z, i.e., ||*|| = 1 and a*(z) = ||z||. Let
Y ={f e E: [,2*fdu = 0}. By assumption, there is a sequence (f,,) in ¥ such
that || fnl|l < 2||z||u(A) and f, — 214 in measure. For a fixed small § € (0,¢)
consider the subsets B, = {t € A: ||f,(t) — z|| > 0} and D,, = A\ B,. The
convergence in measure gives us an m = m(d) for which pu(B,,) < ¢. Then

IIfm]lell—/ (O] dpa(t) = /(Hxﬂ—cs) > (]l - 6)(u(4) - )

‘/ xfdu‘ ‘/ wfdu‘ ‘/ xwdu‘—w( m)

= l[zllp(Dm) (1 = 6) > ||=[|(n(A)

||fm]le

So,

[fmTanall = [ fmll = 1f Lo, || = 1/ 1B, |
< 2||z[u(A) = (2]l = 6)(u(A) = 6) — [lz[[(n(A) = 6)(1 =) — 0.

6—0

Consider f := «1p, + fnlp, . This f, when § is small enough, is the desired
(z,e, A)-peak with ||g(f)|| < e. Indeed, supp f C A, the role of the corresponding
A; is played By, with u(B,,) < J < ¢, because

[ 15O = 1, | < Ul = |
< 2lallu(4) - (a1 - 5)(u(4) = &) — n(A)e]
and () < IF = foll =17 = @)L, ol + il 5 0

We sum this up in a theorem.
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THEOREM 8.7.3. Let X be a reasonable space, E C Li(u, X) a subspace. Then
E is rich in Li(p, X) if and only if 3B, (.,x) C Cy for all 2-codimensional sub-
spaces Y of E.

PROOF. In one direction the result follows from Proposition 8.7.1 because a
finite-codimensional subspace of a rich subspace is rich (Theorem 6.5.12). In the
opposite direction we obtain the desired result from Proposition 8.7.2, taking into
account Lemma 6.5.9: a subspace of a Banach space with the Daugavet property
which is almost rich together with all of its 1-codimensional subspaces is rich. [

The next proposition shows that the factor % is optimal in the case of the real

space L; = L1[0,1]. Below X denotes the Lebesgue measure on [0, 1].
PROPOSITION 8.7.4. If, for some r > %, rBr, C Cg, then E = L;.

PROOF. Suppose h € L, ||h]oc = 1, and let Y = {f € Ly: [ fh=0}. As-
sume that Br, C sCy; we shall argue that s > 2. This will prove the proposition
since every proper closed subspace F is contained in a closed hyperplane.

Assume, without loss of generality, that h takes the (essential) value 1. Let
e >0, and put A = {|h — 1| < ¢/2}; then A has positive measure. There is a
sequence (f,) converging to 14 in measure such that || f,| < sA(A) and [ f,h =0
for all n. Since f,h — 1 4h in measure as well, there is, if n is a sufficiently large
index, a subset A,, C A of measure > (1 —e)A(A) such that |f,h — 1| < € on A,.

For such an n,
N
An

~an - [ =g

n

> A(A,) — / L= fuh] 2 (1— )A(A),

n

and, therefore,
IRLZEX NS

and, if B,, denotes the complement of A,,,

[ 5

SAA) = [[fall = Ifahll = 2(1 =)’ A(A).

Since € > 0 was arbitrary, we conclude that s > 2. O

> (1—2)\(Ay)

J, 5

so that

Thus, the rich subspaces appear to be the next best thing in terms of size of a
subspace E of L after L, itself. At the other end of the spectrum are the nicely
placed subspaces of Ly, defined by the condition that Bg is Lg-closed. It is shown
in [133, Th. IV.3.5] that a subspace E of L; is nicely placed if and only if E is an
L-summand in its bidual, i.e., E** = F ®; F, for some closed subspace F, of E**.

We now look at the translation invariant case, and we consider L; = L;(T)
(or L1(G) for a compact abelian group). As usual, for A C Z the space Li
consists of those L;-functions whose Fourier coefficients vanish off A (in other words,

supp fC A, with fdenoting the Fourier transform).
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PROPOSITION 8.7.5. Let A C Z and suppose that Ly s is rich in Li. Then, for
every measure (1 on T and every € > 0, there is a measure v with ||v|| < ||p| +¢
and U(y) = [(7y) for all v ¢ A that is e-almost singular in the sense that there is a
set S with A(S) <e and [v|(T\ S) < e.

PROOF. Let = fA+ us be the Lebesgue decomposition of u, and let § > 0.
By Proposition 8.7.1, there is a function g € Lj 5 such that |g|| < 2|f|] and
A:={|f — g| > §} has measure < §. Let B := {|f — g| < J}. Then

lgLall < 2If1 = llgtsll < 2 £l = [[fLsll + 6 = [ fI| + [ fLall + 6.

Therefore we have for v := p — gA

vl =1I(f = 9)A + s
SFLall+ lgLall + 1(f = 9) sl + sl
<2/ fLall + 26 + [l

and hence, |[v|| < ||p|| + € if § is sufficiently small.
Clearly, 7 = 71 on the complement of A, and if N is a null set supporting pus,
then S := AU N has the required properties if § < e. O

We apply these ideas to Sidon sets, i.e., sets A’ C Z such that all functions
in Cyr = {f € C(T): supp f C A/ } have absolutely sup-norm convergent Fourier
series. (See [182] for results on this notion.) If A is the complement of a Sidon set,
then L1/Lq 4 is isomorphic to ¢g or finite-dimensional [264, p. 121]. Hence, L  is
rich (the corresponding quotient operator does not fix copies of 1, so is narrow, see
Theorem 6.3.5), and Proposition 8.7.5 applies. Thus, the following corollary holds.

COROLLARY 8.7.6. If N C Z is a Sidon set and p is a measure on T, then
for every € > 0 there is an e-almost singular measure v with ||v|| < ||p| + ¢ and

v(y) = p(y) for ally € A'.
8.8. Notes and remarks

Section 8.1, Section 8.2 and Section 8.3. These sections follow [53]. The
part of Corollary 8.3.10 saying that a pointwise unconditionally convergent sum
of narrow operators on the real space C(K) acting to one the same space W is a
narrow operator itself was first demonstrated in [176].

Section 8.4. Most of the results in this section can be found in [175].

Section 8.5. This part comes from [158, Section 3].

Section 8.6. The main results of this section come from the paper [68].
Theorem 8.6.3 is a corrected version of [68, Theorem 2.2] whose proof contains a
gap. We don’t know if the implication (2) = (1) in that theorem remains valid
without additional assumptions like the RNP; see Question (8.7).

Section 8.7. This part originates from [158, Section 2]. We have extended
some results from the original paper to the vector-valued case. Actually, the original
scalar version of Theorem 8.7.3 is a little better: it suffices to deal with subspaces
of codimension 1.

8.9. Open questions

In this section we collect different open questions and possible future research
lines derived from the results of this chapter.
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(8.1) Is every reflexive space USD-nonfriendly?
(8.2) Does the converse of Proposition 8.3.4(c) hold?
(8.3) Does Proposition 8.3.4(b) hold without the assumption of separability?

The difficulty when trying to remove the separability assumption is that the
property of being USD-nonfriendly is not inherited by subspaces (see Remark 8.1.7).

(8.4) If a Banach space X possesses a subspace with the Daugavet property, is
X isomorphic to a space with the Daugavet property (or, in other words,
X has the Daugavet property in an equivalent norm)?

(8.5) Is Corollary 8.4.12 valid for non-separable Banach spaces E?

(8.6) What are the Banach spaces X for which every narrow operator T acting
from L;(p, X) to any other Banach space Y is L-narrow? Does this class
contain the Banach spaces X with the RNP?

(8.7) Can one remove the assumption X* € RNP from the last part of Theo-
rem 8.6.37



CHAPTER 9

The almost Daugavet property and duality

At the beginning of Chapter 7, in Definition 7.1.1, we introduced the concept of
the Daugavet property with respect to a subspace of the dual space: a Banach space
X has the Daugavet property with respect to a subspace E C X* (X € DPr(E))
if for every xz € Sx, * € Sp and € > 0 there exists some y € Sx such that
Rez*(y) >1—cand ||z +y|| >2—e.

In this chapter we develop this idea further, concentrating on the most im-
portant case of the Daugavet property with respect to a one-norming subspace.
The importance of this case comes from the following duality observation: if F is
a one-norming subspace of X* then, under the standard notation z(y) := y(z),
ze X,ye EC X" X is isometric to a subspace of £* which is identified with
X and denoted by the same letter, X. Moreover, in this sense, X is a one-norming
subspace of E*. So, we may interchange X and E at our convenience.

We introduce the almost Daugavet property (that is, DPr(F) for some one-
norming subspace E C X*, see Definition 9.2.1 below), give a number of its, some-
times unexpected, characterisations, relating it to Whitley’s thickness and presence
of ¢; subspaces; present an almost Daugavet property renorming result (for a sepa-
rable space X such a remorming exists if and only if X contains a copy of ¢1), and
after that we pass to duality considerations, which enable us to approach success-
fully the Daugavet property of quotient spaces.

The results in this chapter also allow us to tackle the following problem. Ac-
cording to Corollary 3.5.4, if X = L;[0,1] and Z is a reflexive subspace of X,
then X/Z € DPr. In a private conversation with one of the authors, A. Pelczynski
raised the question of whether this persists for subspaces with the RNP (see also
[285, Problem 3]). Eventually, we shall give a negative answer in Section 9.7, see
Corollary 9.7.14.

In [285, Theorem 6(b)] R. Shvydkoy proved the Daugavet property of X/Z for
arbitrary X € DPr and reflexive Z C X. This result may also be deduced from the
duality argument that we develop in this chapter, see Corollary 9.6.9 below.

9.1. The Daugavet property with respect to a one-norming subspace

We start with a circle of reformulations, similar to those which we know for the
ordinary Daugavet property. Let X be a Banach space. Analogously to Daugavet
points, let us call a functional z* € Sx+ a Daugavet functional if for every z € Sx

IId + 2* @ z|| = 2.

By a quasi-codirectness argument (by now presumably standard for the reader),
this is the same as |Id+az* @ x| = 1+ ||az* @ z|| for every x € X and all scalars a.

LEMMA 9.1.1. If E is a one-norming subspace of X*, then the following asser-
tions are equivalent.
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(i) X € DPr(E).
(ii) For every x € Sx, every ¢ > 0, and every y* € Sg, there is some y €
Slice(Bx, y*,€) such that

lz+yll >2—e (9.1.1)

(i) For every x € Sx and y* € Sg, the identity ||Idx + y* ® x| = 2 holds true.

(iv) For every x € Sx, every ¢ > 0, and every y* € Sg, there is a slice
Slice(Bx, y7,e1) C Slice(Bx, y*,¢) with yi € Sg such that (9.1.1) holds for
every y € Slice(Bx, y3,1).

PROOF. (ii) is just a rephrasing of (i) in the language of slices up to an inessen-
tial technical difference between the conditions y € Sx and y € Bx (we already
know how to deal with this difference); Lemma 3.1.3 gives us the equivalence (ii) <
(iii); (iv) evidently implies (ii), and the proof of the remaining implication (ii) =
(iv) repeats the one of Lemma 3.1.10 with just one minor modification: after the
application of Lemma 2.6.8 one needs to use Remark 2.6.9 in order to get =* € Sg
instead of x* € Sx«. O

Applying the above lemma and a duality argument we obtain the following.

LEMMA 9.1.2. If E is a one-norming subspace of X*, then the following asser-
tions are equivalent.
(i) X € DPr(E).
(i) F € DPr(X).
(iii) For every x* € Sg, every e > 0, and every weak* slice Slice(Bg,x,€) with
x € Sx, there is some y* € Slice(Bg, z,¢€) such that ||z* + y*|| > 2 — €.
(iv) For every x* € Sg, every e > 0, and every weak* slice Slice(Bg, x,€), there is
another weak* slice Slice(Bg,x1,¢1) C Slice(Bg,x,¢) such that ||z* + y*| >
2 — ¢ for every y* € Slice(Bg,x1,€1).

PROOF. The mutual equivalence of the three last statements was demonstrated
in the previous Lemma 9.1.1, so the only thing that we need to show is the equiv-
alence (ii) < (i). For this, we only need to remark that for = € Sx, y* € Sg the
identity ||Idx 4+ y* ® x|| = 2 is equivalent to the identity ||Idg + = ® y*|| = 2 by the
same standard proof as in the standard fact that the norms of an operator and of
its adjoint are the same:

Mdx +y* @a| = sup |z +y*()z| = sup |f(z+y"(2)x)|
z€Sx 2€Sx,fESE
= sup sup [(f + f(2)y")z[ = sup [|f + (z@y") f]
fESE z€Sx fESE
= [[ldg +z @ y"[|.
(Here we used in the second step that E' is one-norming.) (]

Observe that, for the case £ = X*, Lemmas 9.1.1 and 9.1.2 are contained in
item (x)* of Theorem 3.1.11.

Two more reformulations come from the fact that Sg is weak® dense in Bx~
(statement 5 of Theorem 2.1.3).

LEMMA 9.1.3. Let E be a one-norming subspace of X*; then the following
assertions are equivalent.

(i) X € DPr(E).
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(iii)) For every x* € Sg, for every e > 0, and for every weak* slice Slice(Bx=«, x,¢),
x € Sx, there is some y* € Slice(Bx«,x,¢) such that ||z* + y*|| > 2 — €.

(iv)! For every x* € Sg, for every € > 0, and for every weak* slice Slice(Bx~,x,¢)
there is another weak® slice Slice(Bx~,x1,e1) C Slice(Bx»,x,€) such that
|lz* + y*|| = 2 — ¢ for every y* € Slice(Bx~,z1,¢€1).

ProOF. (iii)’ follows from (i) because the intersection of Slice(Bx«,x,¢) with
Bg is Slice(Bg, z,¢) and we have the requested y* € Slice(Bg, ,e) thanks to (iii)
of Lemma 9.1.2. (iv)’ follows from (iii)’ the same way as (ii) = (iv) in Lemma 9.1.1.
Finally, (iv)’ implies (i) because Slice(Bx+,z1,€1) N SE # () by the weak* density
of Sg in Bx«, which we mentioned just before the Lemma. O

9.2. A characterisation of almost Daugavet spaces by means of
£1-sequences in the dual

DEFINITION 9.2.1. A Banach space X is said to have the almost Daugavet
property or to be an almost Daugavet space if it has DPr(E) for some one-norming
subspace E C X*.

Recall that according to Definition 2.8.5, for a subspace W of a Banach space Z
and € > 0, an element w € By is (e, 1)-orthogonal to W if || z+tw|| = (1—¢)(||z||+]¢])
for every z € W and t € K.

DEFINITION 9.2.2. Let E be a Banach space. A sequence (e, )neny C Bgr\ {0} is
said to be an asymptotic ¢1-sequence if there is a sequence (g,,) of positive numbers
with [],,cn(1—&,) > 0 such that e, 11 is (5, 1)-orthogonal to Y,, := lin{ey, ..., e,}
for every n € N.

Evidently, every asymptotic £i-sequence is 1/]], cn(1 — €,)-equivalent to the
canonical basis of £; and, moreover, every element of the unit sphere of Z,, :=
lin{ey: k= m+1}is (1 —[,5,,(1 —€n), 1)-orthogonal to Y, for every m € N.

The following lemma is completely analogous to Lemma 3.1.14, just instead of
(x) of Theorem 3.1.11 it uses (iv)" of Lemma 9.1.3. So we state it without proof.

LEMMA 9.2.3. Let E be a one-norming subspace of X*, X € DPr(E), and let
Ey C E be a finite-dimensional subspace. Then for every €y > 0 and every weak*
slice Slice(Bx«,g,e0) of Bx~ there is another weak* slice Slice(Bx«,x1,£1) C
Slice(Bx~, zo,c0) of Bx+ such that every element e* € Slice(Bx~,x1,€1) is (€9, 1)-
orthogonal to Ey. In particular, there is an element e € Slice(Bx+,xo,£0) N SE
which is (g9, 1)-orthogonal to Ey.

Changing the roles of X and E in the above lemma (or repeating once more
the proof of Lemma 3.1.14, applying (iv) of Lemma 9.1.1 on the way), we obtain
one more generalisation of Lemma 3.1.14.

LEMMA 9.2.4. If E is a one-norming subspace of X* and X € DPr(E), then,
for every finite-dimensional subspace Xg C X and for every € > 0, each slice
Slice(Bx, x§,€0) generated by xf € S contains a smaller slice Slice(Bx,x},e1) C
Slice(Bx, z§,€0) of Bx with x} € Sg such that every x € Slice(Bx, x%,¢1) N Sx is
(e, 1)-orthogonal to Xy.

‘We need one more definition.
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DEFINITION 9.2.5. A sequence (e})nen C Bx~ is said to be double-norming if
lin({e;: k > n}) is norming for every n € N.

Here is the main result of this section.

THEOREM 9.2.6. A separable Banach space X is an almost Daugavet space if
and only if X* contains a double-norming asymptotic {1-sequence.

PRrOOF. First we prove the “if” part. Let (e}),en C Bx+ be a double-norming
asymptotic £1-sequence, and let €, > 0 with [], (1 —€,) > 0 be such that e,
is (ep, 1)-orthogonal to F,, :=lin{e},... e} } for every n € N. Let us prove that X
has the Daugavet property with respect to E = lin{ei: n € N} where the closure
is meant in the norm topology. To do this let us apply (iii)’ of Lemma 9.1.3.

Fix z* € Sg, ¢ > 0, and a weak* slice Slice(Bx+,x,¢) of the dual ball Bx-.
Denote in addition to F,,, = lin{e},... e} }, Zpn :=lin{e;: k > m + 1}. Using the
definition of E, select m € N and z;, € F},, such that

|o* —apll <e/2 and J[ (1 —en) >1-e/2.

n=m

Since Z,, is norming, there is some y* € Slice(Bx~,z,e)NSy, . Taking into account
that every element of Sz is (¢/2,1)-orthogonal to F,, we obtain

2" +y7 || = llag, + 7| = 2" — 2]l = 2 —e.

For the “only if” part we proceed as follows. First we fix a sequence (e,,) C
R* with [], (1 —€n) > 0 and a dense sequence (z,,) in Sx. We can choose
these x,, in such a way that each of them appears in the sequence (z,,) infinitely
many times. Assume now that X € DPr(FE), where E C X* is a one-norming
subspace. Starting with Ey = {0}, &9 = 1 and applying Lemma 9.2.3 step-by-step
we can construct a sequence (e} ),en C Sg in such a way that each ey, belongs
to Slice(Bx~, Tn, &) and is (,, 1)-orthogonal to E,,, where E,, = lin{e},..., e’} as
before. This inductive construction ensures that the e, n € N, form an asymptotic
¢1-sequence. On the other hand, this sequence meets every slice Slice(Bx+, Zpn, €n)
infinitely many times, and this implies by density of (x,) that (e}) is double-
norming. (]

In Corollary 9.3.6 we shall observe a somewhat more pleasing version of the
last result.
We conclude the section with two examples.

PROPOSITION 9.2.7. The real space {1 is an almost Daugavet space.

ProOF. To prove this statement we will construct a double-norming asymp-
totic £1-sequence (fp) C foo = (£1)*. At first consider a sequence (gn) C foo Of
elements g, = (gn,j)jen with all g, ; = £1 satisfying the following independence
condition: for arbitrary finite collections oy = +1, s = 1,...,n, the set of those j
that g5 ; = o for all s =1,...,n is infinite (for instance, put gs ; := r(t;), where
the rs are the Rademacher functions and (¢;);en is a fixed sequence of irrationals
that is dense in [0, 1]). These g, n € N, form an isometric ¢;-sequence and, more-
over, if one changes a finite number of coordinates in each of the g, to some other
+1, the independence condition will survive, so the modified sequence will still be
an isometric £1-sequence.
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Now, let us define the vectors f,, = (fn,j)jen, fn,j = £1, in such a way that for
k=1,2,...and n = 2" 4+ 1,2k + 2, ... 2¥*! the vectors (fn,j);?:l e (% run over

all extreme points of the unit ball of &(,];), i.e., over all possible k-tuples of +1; for
the remaining values of indices we put f, ; = gn ;. As we have already remarked,
the f,, form an isometric ¢;-sequence. Moreover, for every k € N the restrictions
of the f,, to the first k£ coordinates form a double-norming sequence over Egk), SO

(fn)nen is a double-norming sequence over ¢;. O

Some ideas of the previous proof will enter into the proof of Theorem 9.3.1.
As a consequence of that theorem, the complex space ¢; is almost Daugavet as
well. It is worth noting that, because of the Radon-Nikodym property, ¢ fails the
Daugavet property and cannot even be renormed to have it.

Since fo, is isomorphic to L[0, 1], which has the Daugavet property, o, can
be equivalently renormed to possess the Daugavet property. Let us show that in
the original norm it is not even an almost Daugavet space. This is a special case
of the following proposition.

PRrROPOSITION 9.2.8. No Banach space of the form Z = X @ K is an almost
Daugavet space.

PRrROOF. We shall show that z§ = (zfj,b9) € Sz~ is not a Daugavet functional
if by # 0. Hence all the Daugavet functionals lie in the weak* closed subspace
({0} @ K)* of Z* = X* @, K, which, by (iii) of Lemma 9.1.1, is impossible for an
almost Daugavet space.

So let z§ € X* and by # 0 with ||lz§|| + [bo] = 1, 25 = (x§,b0) and let zp =
(0, —|bo|/bo). If z = (z,a) € Bz, i.e., ||z]] <1 and |a| < 1, then

|2 + 25 (2)z0l| = max{||z[[,|a — 25(2)[bo|/bo |}
<max{l,|a — (z5(xo) + boa)|bo|/bo |}
< max{1, [lzg| + (1 — [bo|)}.

This shows that ||Id + 2* ® z|| < max{1, [|z§]| + (1 — |bo])} < 2 and so, z§ is not a
Daugavet functional. O

If K is a compact Hausdorff space with an isolated point, then C(K) is of
the form X @, K, hence it fails the almost Daugavet property. But if K is an
uncountable metric space, then C'(K) is isomorphic to C[0, 1] by Milutin’s theorem
[303, Th. ITI1.D.19], hence it can be renormed to have the Daugavet property.

9.3. The almost Daugavet property, £;-type sequences, and the
Whitley parameter

For a Banach space X, R. Whitley [301] introduced the following parameter,
called thickness, which is essentially the inner measure of non-compactness of the
unit sphere Sx:

Thick(X) = inf{e > 0: there exists a finite e-net for Sx in Sx},

or equivalently, Thick(X) is the infimum of those € such that the unit sphere of
X can be covered by a finite number of balls with radius £ and centres in Sx. He
showed that 1 < Thick(X) < 2 in the infinite dimensional case and, in particular,
that Thick(C(K)) = 1 if K has isolated points and Thick(C(K)) = 2 if not.

The main results of the section are the following.
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THEOREM 9.3.1. For a separable Banach space X the following assertions are
equivalent:
(a) Thick(X) =2;
(b) there is a sequence (en) C Bx such that for every x € X

lim [lz + e || = ||z + 1;
n—oo

(that is, (e,) is an “l1-type sequence”, see Definition 2.8.1).
(¢) X is an almost Daugavet space.

Since the three properties considered in Theorem 9.3.1 hold for a complex
Banach space X if and only if they hold for the underlying real space Xg, we will
tacitly assume in this section that we are dealing with real spaces.

We will accomplish the proof of Theorem 9.3.1 by means of the Propositions
9.3.2, 9.3.3 and 9.3.5 which give us implications (¢) = (a), (a) = (b), and (b) =
(c) of Theorem 9.3.1, respectively.

PROPOSITION 9.3.2. Every almost Daugavet space X has Thick(X) = 2.

PrROOF. Let F C X* be a one-norming subspace with respect to which X €
DPr(E). According to the definition of Thick(X), we have to show that for every
€9 > 0 there is no finite (2 — gp)-net of Sx consisting of elements of Sx. In other

words, we must demonstrate that for every collection {x1,...,z,} C Sx there is
Yo € Sx with ||zx —yol| > 2—¢ep for all k = 1,...,n. But this is an evident corollary
of Lemma 9.2.4 applied to Xy :=lin{z1,...,2,}. O

Let us now turn to the implication (a) = (b) of Theorem 9.3.1.

PROPOSITION 9.3.3. If Thick(X) = 2 and X is separable, then X contains an
£1-type sequence.

PRrROOF. Fix a dense countable set A = {a,: n € N} C Sx and a null-sequence
(en) of positive reals. Since for every n € N the n-point set {—ay,...,—a,} is not a
(2 —ep)-net of Sx there is e, € Sx with ||e, — (—ax)|| > 2—¢, forallk =1,...,n.
The constructed sequence (e, ) satisfies for every k € N the condition

lim |lax + en|| = |Jak] +1 = 2.
n—oo

By the density of A in Sy and Remark 2.8.2, this yields that (e, ) is an ¢;-type
sequence. O

By Lemma 2.8.9 we obtain:

COROLLARY 9.3.4. FEvery almost Daugavet space contains an isomorphic copy
Of fl.

It remains to prove the implication (b) = (c) of Theorem 9.3.1.

PROPOSITION 9.3.5. A separable Banach space X containing an f1-type se-
quence is an almost Daugavet space.

ProoOF. We will use Theorem 9.2.6. Fix an increasing sequence of finite-dim-

ensional subspaces Fy C Fs C FE3 C ... whose union is dense in X. Also, fix
sequences €, \, 0 and 6, > 0 such that for all n
[[a-60)>1-c.. (9.3.1)

k=n
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Passing to a subsequence if necessary, we can find an £;-type sequence (e,,) satisfying
the following additional condition: For every z € lin(E, U{es,...,e,}) and every
a € R we have

[+ aen il = (1 = 0n)([[z] + |af). (9-3.2)
Then, for every z € E,, and every y = ZQ/[:n-H ager, we have by (9.3.1) and (9.3.2)

M

lz+yll > (1 —en)lzll + D> (1 —er-1)laxl- (9.3.3)
k=n-+1

Fix a dense sequence (z,,) in Sx such that z,, € E,, and every element of the range
of the sequence is taken infinitely often, that is, the set {n: ,, = x,,} is infinite for
every m € N. Finally, fix an “independent” sequence (gn) C foo, gn,; = 1, as in
the proof of Proposition 9.2.7.

Now, we are ready to construct a double-norming asymptotic ¢;-sequence
(fX) Cc X*. First, we define f; on F, :=lin{z,, ent1,€nt2,...} by

fr(wn) =1 —éen, (9.3.4)
Frler) =1 —ep—1)gni  (ifk>n). (9.3.5)
By (9.3.3), |If#]| < 1, and indeed | f*|]| = 1 by (9.3.5). Define f* € X* to be a
Hahn-Banach extension of f. Condition (9.3.4) and the choice of (z,,) ensure that
(f¥) is double-norming. Let us show that it is an isometric ¢;-basis. Indeed, due
to our definition of an “independent” sequence, for an arbitrary finite collection

A = {ay,...,a,} of non-zero coeflicients the set J4 of those j > n such that
gs,j = signas, s =1,...,n, is infinite. So, by (9.3.5),

Zasf: = sup (Zasf> j = sup(l—sj 1)Z‘as|zz‘a’s|' u
s=1

JjeJa\ s s=1 s=1
Since we have constructed an isometric ¢1-basis (over the reals) in the last
proof, we have obtained the following version of Theorem 9.2.6.

COROLLARY 9.3.6. A real separable Banach space X is an almost Daugavet
space if and only if X* contains a double-norming isometric {1-sequence.

We have shown in Corollary 4.4.7 that the only separable real r.i. function
space on [0, 1] with the Daugavet property is L]0, 1] in its canonical norm. The
situation for the almost Daugavet property is different: there are r.i. renormings
X of L1]0,1] with the almost Daugavet property that are different from L4[0, 1]; in
fact, the Banach-Mazur distance dist(X, L]0, 1]) can be arbitrarily large.

THEOREM 9.3.7. For every a € (0,1) denote by X, the linear space L1]0,1]
equipped with the norm given by

pa<f>=;sup{[4|f|du:Aez, M(A)<a} (f € ).

Then, the following hold:

(1) X4 is an almost Daugavet r.i. space;
(2) dist(Xq, L1]0,1]) = 00 as a — 0.
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ProoFr. By construction, X, is rearrangement invariant. Denote v, =
29(0,1/n)- Evidently, po(v,) = 1foralln > L. If we show that lim,—ec pa(f+vn) =
Pa(f)+1 for every f € X, then the almost Daugavet property of X, will be proved,
by virtue of Theorem 9.3.1. Indeed, fix f € X,. By the definition of p,, there is
a sequence (A,) C ¥ such that pu(4,) < « and éfA" [fldp — po(f). By the
absolute continuity of the Lebesgue integral one can modify A, in order to fulfill
additionally the conditions p(4,) < o — %, A, N[0,1/n] = 0. Then

1
palf +vn) %/ 1 + val ds
@ JA,U[0,1/n)]

1 1
:7/ Ifldﬂ+f/ 1+ val dp
@ Ja, @ J10,1/n]

n

1 1
LTS RNnE?
aJa, & J[0,1/n]

— pa(f) + 1.

WV

So, (1) is proved.

To prove (2) it is enough to remark that X, contains a subspace isometric to
KEJ.I’ ), where m is the entire part of 1/a. This subspace is spanned by the functions
]1[0,04] s ]l[a72a]7 ey ﬂ[(m—l)a7ma]~ [l

9.4. The almost Daugavet renorming theorem

In this short section we demonstrate the following theorem.

THEOREM 9.4.1. A separable Banach space X can be equivalently renormed to
have thickness Thick(X) = 2 (or, equivalently, the almost Daugavet property) if
and only if X contains an isomorphic copy of ¢;.

Since for separable spaces the condition Thick(X) = 2 is equivalent to the
presence of an /;-type sequence and an ¢;-type sequence contains a subsequence
equivalent to the canonical basis of ¢1, to prove Theorem 9.4.1 it is sufficient to
demonstrate the following;:

THEOREM 9.4.2. Let X be a Banach space containing a copy of ¢1. Then
X can be renormed to admit an £i-type sequence. Moreover if (e,) C X is an
arbitrary sequence equivalent to the canonical basis of ¢1 in the original norm, then
one can construct an equivalent norm on X in such a way that (e,) is isometrically
equivalent to the canonical basis of {1 and (e,) forms an {1-type sequence in X in
the new norm.

PROOF. Let Y be a subspace of X isomorphic to ¢1, and let (e, ) be its canonical
basis. To begin with, we can apply the extension of norm Theorem 2.10.1 and
renorm X in such a way that Y is isometric to £; and (e,) is an isometric ¢1-basis.

The rest of the proof is based on results of Section 5.2. By Lemma 5.2.6, the
norm of Y can be extended to an equivalent norm ||- ||| on X possessing the Y-atomic
property. Let us demonstrate that || - || is what we need.

Indeed, the sequence e := (e,) can be considered as a function e: N — Y.
Then, for every free ultrafilter 4l on N, the triple (N, 4l e) fits the Definition 5.2.1
of a Y-atom. Definition 5.2.5 of the Y-atomic property says that (N, i e) is at
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the same time an (X, || - ||)-atom. So, we have demonstrated that for every free
ultrafilter 4l on N and every w € X

ligln||en+w|| =1+ Jw]. (9.4.1)
By the arbitrariness of 4, (9.4.1) says that lim,_, ||e, + w|| = 1+ |Jw]|. O

9.5. Narrow operators with respect to a one-norming subspace

At the beginning of Chapter 7, in Definition 7.1.2, we defined narrow operators
with respect to a subspace £ C X* of the dual space: T € NAR(X, E) if for every
two elements x,y € Sx, every * € Sg and every € > 0 there is an element z € Sy
such that |z 4+ y|| > 2 —¢c and | T(z — 2)| + |z*(z — 2)| <e.

In the spirit of the current chapter, we are going to elaborate further the theory
of narrow operators with respect to a one-norming subspace. In the case of £ =
X*, that is, in the case of ordinary narrow operators, we collected a number of
reformulations in Theorem 6.2.14. Although the spirit of Theorem 6.2.14 survives
for narrow operators with respect to a one-norming subspace, a significant technical
difficulty appears on the way. Namely, in the complicated net of implications which
we elaborated in that proof, we used the sharpening of Bourgain’s Lemma 2.6.19
stated in Lemma 2.6.21. That sharpening used on the way Mazur’s theorem that
the weak closure of a convex set is the same as the closure in norm. If one tries to
mimic all the theory in the general situation of narrow operators with respect to a
one-norming subspace F, one gets stuck by the necessity of the usage of o(X, F)-
closures instead of weak ones, and the powerful tool of Mazur’s theorem is lost.
With this we lose the applicability of the beautiful Bourgain Lemma argument in
the new setting. So, at some steps we have to search for new arguments.

On the other hand, some of the e-§ technicalities can be avoided with the
help of rigid versions, to which we may pass with the help of ultrapowers, as we
sketched above in Lemma 7.1.6. All this explains the differences between the current
exposition and the one from Section 6.2. Remark that the definition of strong
Daugavet operators does not involve functionals, so the strong Daugavet part of
Section 6.2 does not change. Every T' € NAR(X, F) is a strong Daugavet operator,
so we may use the properties of strong Daugavet operators for such a T" when we
like. In particular, if T € NAR(X, E) and acts from X to X, then it satisfies the
Daugavet equation, see Lemma 6.2.3.

We start with a simple statement of school geometry nature (see Figure 9.1).

LEMMA 9.5.1. Let A = ABC be a right triangle in Fuclidean space with lengths
of legs BC' = a and AC = b (the right angle is at C') such that a,b € [1, M]. Denote
by h the distance from C to AB. Then

h<a ———.
1+ M2

PRrROOF. We have
ab a

h = = .
Va2 +b2  /(a/b)2+1
The last quantity is increasing in b, so

h< a o a _ M

V@A 1 UM +1 VIt
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b

FI1GURE 9.1. A school geometry statement

which completes the proof. O

LEMMA 9.5.2. Let X be Banach space, E C X* be a one-norming subspace,
and T € OP(X). Then, the following assertions are equivalent:
(i) For every x,y € Sx and every e* € E, there is an element v € Sx such that

Re(e*,v) > Re(e*, x), (9.5.1)
|v+y| =2, and Tv = Tx.
(ii) For every x,y € Sx and every e* € E, there is an element z € Sx such that
Re(e*, z) = Re(e*, z),
|z +yll =2, and Tz = Tx.
Moreover, if the above properties hold true, then for every x,y € Sx and every

o(X, E)-neighbourhood U of x, there is u € U N Sx such that ||u + y|| = 2 and
Tu="Tx.

PrOOF. (i) = (ii). Applying (i) to z,y € Sx and e¢* € E we obtain the
corresponding v € Sx such that Tw = Tz, v is quasi-codirected with y and (9.5.1)
holds. Now, let us apply (i) to z, y+” € Sx and —e*. We get ¥ € Sx such that

Tv =Tx, ¥ is quasi-codirected with y2
Re(e*, ) < Re(e”, x). (9.5.2)
Consider z(A) = Av + (1 — A7, A € [0,1]. First, Tz(\) = Tz for all A € [0,1].

Then, according to Lemma 2.6.12(b), the vectors y,v,¥ form a quasi-codirected
triple so, ||z(A) 4+ y|| = 2 by Lemma 2.6.12(a). Finally, for the continuous function
g(A) :=Re(e*, z(A)) —Re(e*, z) (A € [0,1]), the conditions (9.5.1) and (9.5.2) mean
that g(0)g(1) < 0. So, there is Ag € [0, 1] such that g(A¢) = 0 by Bolzano’s theorem.
Then z := z()\g) fulfills (ii).

The converse implication (ii) = (i) is evident, so let us pass to the more ad-
vanced “moreover” part of the lemma. Fix 2,y € Sx and a o(X, F)-neighbourhood
U of . There are n € N and a surjective real-linear continuous operator F:
(X,0(X,E)) — R™ where R" is equipped with the standard Euclidean norm,
such that

x+F Y Bgn)={veX: |F(z) - F)| <1} CU. (9.5.3)
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Denote for further convenience
M

NiEaTes
Our goal is to find u € {v € Sx: ||F(x)—F(v)|| < 1} C UNSx such that |[u+y| =2
and Tu = Tx.

Assume that such a u does not exist. We are going to arrive at a contradiction
at some stage of the recurrent process that we are going to explain below.

Take an arbitrary uyp € Sx such that ||ug+y|| = 2 and Tug = Tz (the existence
is guaranteed by (ii)). By our assumption, |F(z) — F(ug)|| > 1. Introduce a
functional ej € £ on X by the formula

Re(ep, 2) := (F(2), F(z) — F(uo)),
where the standard inner product in R™ appears on the right hand side. This e
is o(X, E)-continuous, so ¢} € E. Applying (ii) to z, “OTJ”/ € Sx and e we get
¥ € Sx such that T0 = Tz, ¥ is quasi-codirected with “O—;‘y and
(F(0), F(x) = F(uo)) = Re(eg, 0) = Re{eg, ) = (F(x), F(x) — F(uo)).

Consequently, (F(0) — F(x), F(x) — F(up)) = 0. The last condition means that the
vertices F(x), F(ug), F(9) form a right triangle. Denote ug(\) = Aug+ (1 — )0 and
find A\; € [0,1] at which ||F(x) —uo(\)|| is minimal. Consider u; = Ajug+ (1—A1)0.

From Lemma 2.6.12 we see that ¥,up and y form a quasi-codirected triple,
so ||luy1 +y|l = 2 and u; € Sx. The conditions Tug = Tx and Tv = Tz imply
that Tu; = Tx. Finally, Lemma 9.5.1 applied to the triangle with the vertices
Fla), F(up), F(7) gives

1F(z) = F(u1)|| < allF(x) = F(uo)|.-
Repeating the same construction, starting with u, instead of ug, we obtain us € Sx
with |Jug + y|| = 2, Tug = Tz and
1P (z) = Fus)|| < [ F(x) — F(u1)|| < o®||F(x) = F(uo)l.

Recall that o < 1, so it is impossible to keep o || F(z) — F(up)|| > 1 for all j =
1,2,3,.... This gives the desired contradiction. (]

M :=diam F(Bx), o«:=

THEOREM 9.5.3. Let X be a Banach space, E C X™ be a one-norming subspace,
L be a free ultrafilter on N, and T € OP(X). Then the following assertions are
equivalent:
(i) Te NAR(X,E).
(ii) For every z,y € Sx, € > 0 and every slice S = Slice(Bx,e*,a) C Bx
generated by an element e* of Sp and containing x there is an element v € S
such that ||y +v|| >2—¢ and ||Tv —Tz| < e.

(iii) For every [(zn)],[(yn)] € Sxu, and every [(eX)] € EY there is an element
[(vn)] € Sgu such that

Re([(ep)], [(vn)]) = Re(((e,)], [(@n)]), (9-5.4)
Il(on)] + [yl = 2, 9.5.5
and T*[(v,)] = T%[(zn)]. ~
(iv) For every [(zy)], [(yn)] € Sxu, and every o(X*, E¥)-neighbourhood U of

[(zy)] there is [(u,)] € U N Sxu such that ||[(un)] + [(wn)]ll = 2 and
TH[(un)] = TH[(xn)].
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(v) For every x,y € Sx, € > 0 and every o(X, E)-neighbourhood U of x there is
u e UNSx such that lu+y|| >2—¢ and ||[Tu —Tz| <e.

(vi) For every x,y € Sx, € > 0 and every o(X, E)-neighbourhood U of x there is
u € UN(1+¢e)Bx such that |[u+y|| >2—¢ and |[Tu — Tz|| <e.

PROOF. (i) = (ii). Since z € S then there is €1 € (0,¢) such that
Ree*(z) >1—a+e;. (9.5.6)

By (i), there is v € Sx such that

lv4+yll >2—e1>2—¢ and ||T(z—v)|| +|e"(z —v)| <eq.
The last inequality implies that, first

IT(x—v)||<e1<e

and, second, |e*(z — v)| < e1. This, together with (9.5.6) gives what remains to
check:

Ree*(v) 2 Ree*(x) — e (z —v)|>1—a+e1—e1=1—a,
that is, v € S.

(ii) = (iii) is a typical reformulation in the spirit of Lemma 7.1.6. Let us
demonstrate it. Fix [(,)], [(yn)] € Sxu, and [(ef)] € E*. We are looking for
[(vn)] € Spu for which (9.5.4) and (9.5.5) hold true and T"[(v,,)] = T"[(x,)]. For
[(ex)] = 0 (9.5.4) is trivial, so it is sufficient to consider [(e})] # 0, and thus we
may assume ||[(eX)]|| = 1. We fix representatives of the corresponding equivalence
classes in such a way that |z, || = ||yn|| = |le;|| = 1 for each n € N. Applying for
each n € N our assumption (ii) for z,, yn, €%, e, = % and a,, = 1—(Reef (x,)— %),
we obtain, for the corresponding slice

Sy, = Slice(Bx, e}, an) = {9: € Bx: Reey(xz) > Ree),(vn) — 1} ,
n

an element v, € S, such that ||y, + v,|| > 2 — e, and [|Tv, — Tx,|| < &,. The
corresponding [(v,)] € Bxu will satisfy the conditions (9.5.4), (9.5.5), and that
T%[(vn)] = T%[(z)]. It remains to remark that

([ [Con)IIl 2 [[[(vn)] + [(yn )T = [[[ ()]l = 1,
so [(vp)] € Sxu.
The implication (iii) = (iv) follows from Lemma 9.5.2.
(iv) = (v) is again a reformulation in the spirit of Lemma 7.1.6. Fix x,y € Sx,
e > 0 and o(X, F)-neighbourhood U of z. By the definition of the standard base
of open neighbourhoods of 0 in o(X, E), there are m € N, (e})}.; C E and a > 0
such that = + Ua ey, C U, where
Un,(ep)p, = {z € X: max lex(2)] < a}.
Consider the equivalence classes [(z)], [(y)] € Sx« and [(e})] € EY, k € T,m, of the
corresponding constant sequences (z,z,...), (y,y,...) and (e}, ej,...). Then

0 = {l(w)] € X* max [[(0))(((v —~ )] < o}

1<k<m

is a o(X*, B*)-neighbourhood of [(z)]. According to the assumption (iv), there is
()] € T N Sy such that |[(un)] + [()]]] = 2 and T4[(un)] = T[()]. Without
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loss of generality, we may assume that ||u,| = 1. The above conditions mean that
the set of those n € N for which

lun + 9yl >2—¢, |Tu, — Tz|| < e and |ef(u, — )| < o, k €1,m,

belongs to the ultrafilter i, so the set contains at least one element ng. Then
U 1= Up, € Sx is the element we are searching for.

(v) = (vi) is evident.

(vi) = (i). For z,y € Sx, 2* € Sg and € € (0,1) we are looking for z € Sx
such that ||z +y|| > 2 —¢ and [|T(z — 2)|| + |z*(z — 2)| < e.

Without loss of generality, we may assume ||T']] < 1. Let us introduce the
set U == {u € X: |z*(z —u)| < €/2}. This U is a o(X, E)-neighbourhood of z.
Applying (v) with £/4 we obtain u € U N (1 + £)Bx such that ||u +y| > 2 —¢/4
and ||[Tu — Tz|| < e/4. The element z := Ty is what we need. O

REMARK 9.5.4. Using the description (9.5.3) of o(X, E)-neighbourhoods and
(vi) of the last theorem, one can easily see that for every T € NAR(X,E) and
every o(X, E)-continuous operator F € OP(X) of finite rank, the sum T + F is
narrow with respect to E. In particular, if 0 € NAR(X, E) (i.e., if X € DPr(FE)),
then every o(X, E)-continuous operator of finite rank is narrow with respect to E.
This is not so good as Theorem 6.2.18, but is sufficient for our needs.

REMARK 9.5.5. Analogously to Corollary 3.1.6 and Remark 6.2.15, the refor-
mulation (ii) of the last theorem implies that a complex-linear T' € OP(X) between
complex spaces is narrow with respect to a one-norming subspace E C X* if and
only if the same operator on Xy is narrow with respect to the one-norming subspace
of Xy consisting of the real parts of elements of E.

9.6. Rich subspaces with respect to a one-norming subspace

The material of this section is a generalisation of results from Section 6.5, so
its structure to a large extend repeats that of Section 6.5 with some deviations.

Below we use the following abbreviations: if X is a Banach space, F C X*
and Y C X are subspaces, then the set of all restrictions to Y of the elements
of E is denoted E|y. Remark that E|y, C Y* is a linear subspace, and if E is a
one-norming subspace, then E|y is one-norming as well.

We start with the analogue of Theorem 6.5.1.

THEOREM 9.6.1. Let X be a Banach space, E C X™* be a one-norming subspace,
X € DPr(E), Y C X be a subspace, ¢: X — X/Y be the quotient map, T' € OP(X)
be an operator such that T 4 q € NAR(X, E). Denote T =T}, € OP(Y). Then

T € NAR(Y, E|y).

PROOF. We are going to demonstrate that T satisfies (vi) of Theorem 9.5.3.
Fix e > 0, 2,y € Sy, and a o(Y, E|y)-neighbourhood U of x. Our goal is to find
u € UN(1+¢)By such that ||u+y|| >2—¢and [|[Tu —Tz| <e.

By the definition of o(Y, E|y ), U contains a subset of the form (x + Up) NY,
where U is a convex balanced o(X, E)-neighbourhood of 0 in X. Fix r € (0,1)
such that rUy 4+ rBx C Up and apply (v) of Theorem 9.5.3 to T + q € NAR(X, E),
Uy :=x 4+ rUp and € := min{e/4,r/2,e/(1 + ||T||)}. We obtain u; € Uy N Sx such
that ||uy +yl| > 2 —¢& and [|T(z — u1)|| + |lg(z — u1)|| < €.
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In particular, ||g(u1)]] = |l¢(x — u1)|| < & The last condition means that
the distance from u; to Y is smaller than &, so there is an element v € Y with
|lu — uy|| < & This u satisfies all the demands from (vi) of Theorem 9.5.3:

u=u +(u—u) €Uy +éBx Cx+rUy+ Bx Cxz+Up.

Consequently, u € (x+Up)NY CU and |Ju|| <1+ 1+¢e,soueUN(1+¢)By
as we want. Also,

IT(w = )| < [T(x —w) | + IT(w = w)l| < (L +[[T[)E < e

and
w4yl = u+yl = lu—u] >2-28>2—¢. 0

Recall (Definition 6.5.2) that for X € DPr, a subspace ¥ C X is said to be
almost rich if the corresponding quotient map ¢: X — X/Y is strongly Daugavet,
and it is said to be rich if ¢ € NAR(X). Now, we are going to introduce the
corresponding “FE-versions”. For almost richness nothing changes, apart from the
relaxation of the condition X € DPr to X € DPr(E), so we don’t change the name
of the property.

DEFINITION 9.6.2. Let X be a Banach space, F C X™* be a one-norming sub-
space, X € DPr(E). A subspace Y C X is said to be E-rich if ¢ € NAR(X, E).

THEOREM 9.6.3. Under the above conditions an E-rich subspace Y of X €
DPr(E) has the Daugavet property with respect to E|y .

PRrROOF. The reformulation (ii) of E-narrowness in Theorem 9.5.3 implies that
the zero operator is E-narrow if and only if the space possesses the Daugavet
property with respect to F. So, in order to demonstrate our theorem it suffices to
apply Theorem 9.6.1 with T' = 0. ([

Now, we generalise Definition 6.5.5.

DEFINITION 9.6.4. Let X be a Banach space, F C X™* be a one-norming sub-
space, X € DPr(F). A subspace Y C X is said to be E-wealthy if every sub-
space Z of X containing Y has the Daugavet property with respect to E|, (i.e.,
(Y CZCX)=(ZecDPr(E|y))).

REMARK 9.6.5. Recall that if Y € Z C X, then |[[z]x/z| < |[2]x/v] for
every x € X, which gives the domination of the quotient map ¢: X — X/Z by
¢: X — X/Y. Thus, if Y is E-rich, then every bigger subspace Z is E-rich and,
consequently, possesses the Daugavet property with respect to E|,. So, every E-
rich subspace is E-wealthy.

REMARK 9.6.6. A good example comes from Remark 9.5.4: if X € DPr(E),
then every o(X, E)-continuous operator of finite rank is narrow with respect to
E, in particular every o(X, F)-closed subspace of finite codimension is E-rich and
E-wealthy.

The above example of F-wealthy subspaces extends to subspaces of infinite
codimension that have small annihilator.

LEMMA 9.6.7. Let X € DPr(E), where E C X* is one-norming. Then for
every x € Sx, every € > 0, and every separable subspace V C E, there is x* € Sx«
such that Rex*(z) 2 1 —¢ and ||z* + f|| =1+ ||f|| for all f € V.
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PRrROOF. Consider a dense sequence (f,)%2; C V such that every element is
repeated infinitely many times in the sequence. Applying (iv)’ of Lemma 9.1.3 to the
slice Slice(Bx«,x,¢) of Bx+ and to f; and then applying it step-by-step to f,, and
to the slices obtained in the previous steps, we construct a sequence of closed slices
Slice(Bx+, x,¢) D Slice(Bx+,x1,¢1) D Slice(Bx+, x2,62) D -+ with &, < 1/n such
that ||2* + fn|| = 2—e,—1 for all 2* € Slice(Bx+, T, €n). By w*-compactness of all
Slice(Bx+, %y, n), there is a point z* € (2, Slice(Bx+, Tn,&,) C Slice(Bx+, z,€).
This is exactly the point we need. O

THEOREM 9.6.8. Let X € DPr(E), where E C X* is one-norming, and let
Z C X be a subspace such that Z+ lies in E and is separable. Then Z is E-wealthy.

PROOF. If a subspace Z C X satisfies the conditions of the theorem, then so
do all the subspaces of X containing Z. So it is sufficient to show that the given
conditions imply Z € DPr(E|,). Recall that Z* identifies with X*|, which in
turn identifies with the quotient space X*/Z*, and E| identifies with £/Z L. Let
z € Sz, and let

S={l"1€ 2" =X"/Z": |[[']I < 1, Re[e"](2) > 1 ¢}

be a closed w*-slice of Bz~. Fix [g] € Sg;z1, g € E. According to (iii)’ of
Lemma 9.1.3 it is sufficient to prove the existence of [z*] € S such that ||[z*+¢]| = 2.
Applying Lemma 9.6.7 with = 2z and V = lin({g} U Z1), we obtain 2* € Sx-
such that 2*(z) > 1 — e and

lz* + fll =1+l forall f e V.
Then [z*] € S and
* = inf * = inf (1 =1 =2 U
o+ gll = nf,le" +g+ 7l = ing (+llg + 7 =1+ g

As an application of Theorem 9.6.8 one gets the following result, due to Shvyd-
koy [285].

COROLLARY 9.6.9. Let W € DPr, W CWbea reflexive subspace, then W/W €
DPr.

PROOF. (Sketch) Indeed, in the case of a separable space W, we may apply
Theorem 9.6.8 to X = W*, X* = W** and Z = Wt (the reflexivity of W gives
that Z+ = Wil = W C W, and the separability of Z+ is evident). So, in this
particular case, Z = Wi = w/ W)* has the Daugavet property with respect to
Wim. = W/ﬁ// and, consequently, W//V\V/ € DPr.

The general case may be deduced with some effort with the help of a separable
reduction argument. O

Our goal is to demonstrate, analogously to Theorem 6.5.12 and along the same
lines, that every o(X, E)-closed E-wealthy subspace is E-rich.

In the proof we use finite-codimensional subspaces, and the convenience of the
additional assumption of o(X, F)-closedness comes from the fact that the (X, F)-
closure Z of a finite-codimensional subspace Y € DPr(E|Y) may happen to be
without the Daugavet property with respect to £, as the following example shows.
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EXAMPLE 9.6.10. Let X = Z be the space of all real functions on [0, 1] of the
form f +alyey, f € C[0,1], a € R, equipped with sup-norm. Consider Y = C0, 1]
and let E := M[0,1] C X* be the space of all Borel (signed or complex) measures
on [0,1] with the standard variation-norm, where the action of 4 € E on x € X is
fol xdy. Then E = Y™, so the condition Y € DPr(E) comes from the Daugavet
property of C[0,1]. The o(X, E)-density of Y in X follows from the weak*-density
of Y in its bidual. On the other hand, the slice Slice(Bx, do, i) generated by the
delta-measure §y concentrated in 0 does not contain elements that are i—quasi—
codirected to x := —1q;.

In the Lemmas 9.6.11-9.6.15 below, X is a Banach space, E C X* is a one-
norming subspace, and X € DPr(E). We recall some notation from Definition 6.2.4:
for x € Sx, y € Sy, and € > 0, we write

D(z,y,e):={z€ X:[z+z+yl|>2-c & |z+z] <1+e}

and D(X) is the collection of all sets D(z,y,e) with x € Sx, y € Sy, and € > 0.
We start with an extension of Lemma 6.5.7.

LEMMA 9.6.11. The following conditions for a o(X, E)-closed subspace Y C X

are equivalent:

(i) Y is E-wealthy.

(ii) Fwvery o(X, E)-closed finite-codimensional subspace Y of Y is E-wealthy in
X.

(iii) For every pair x,y € Sx, the space W := lin({z,y} UY) has the Daugavet
property with respect to E lw-

(iv) For every x,y € Sx, for every € > 0 and for every slice S = Slice(Sx, e*, a)
generated by some e* € E* and such that y € S there is an element v €
lin({z,y} UY) NS such that ||z +v| > 2 —«¢.

PROOF. Let us begin with the equivalence (i) < (ii). The implication (ii) =
(i) is evident: just take Y =Y. So let us check the converse one. Consider an
arbitrary subspace Zof X containing Y and denote Z = lin(Z UY). Since Z D Y,
the condition (ii) implies that Z € DPr(E|,). Next, W := Z N Y is a o(Z,E|y)-
closed subspace of finite codimension in Z. Applying Remark 9.6.6 we deduce that
W is E|z-wealthy in Z, consequently the intermediate subspace Z , W C ZcZ ,
possesses the Daugavet property with respect to E|y;.

The implication (i) = (iii) follows immediately from the Definition 9.6.4 of an
E-wealthy subspace; (iii) = (iv) follows from the Definition 7.1.1 of the Daugavet
property with respect to a subspace, and (iv) = (i) is a combination of Defini-
tions 7.1.1 and 9.6.4. O

We recall more notation from Lemma 6.5.8: 1in*{z,y} = {az +by: a,b € R}; a
pair x,y € Sy is e-fine if there is a slice S of Sx which contains y and the diameter
of SN linR{x,y} is less than €. Now, remark that if £ C X* is a one-norming
subspace, then the dimension of E|Hn{ oy} is equal to 2, so every functional on
lin{z, y} extends to an element of E. So, the slice S in the definition of an e-fine pair
may be assumed to be generated by an element of E. Also, the finite-codimensional
e-orthogonal subspace in Lemma 2.3.10 can be selected to be a finite intersection of
kernels of elements from F. This permits us to extend Lemma 6.5.8 in the following
way, keeping the same proof.
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LEMMA 9.6.12. Let Y be an E-wealthy subspace of X and let a pair z,y € Sx
be e-fine. Then'Y intersects D(y,x,2¢).

Lemmas 6.5.9 and 6.5.10 extend with the same proofs to the following versions.

LEMMA 9.6.13. Let Y C X be a (X, E)-closed subspace and let Y be almost
rich together with all of its 1-codimensional o(X, E)-closed subspaces. Then Y s
E-rich.

LEMMA 9.6.14. A subspace Y C X is almost rich if and only if Y intersects all
the elements of D(X).

The key Lemma 6.5.11 also has its natural extension. The only difference in the
proof is that instead of the lemmas from Section 6.5 we should use their extensions
given above, and instead of Lemma 3.1.14 one should refer to Lemma 9.2.4.

LEMMA 9.6.15. Every E-wealthy subspace Y C X is almost rich.
Finally, we are ready to extend Theorem 6.5.12.

THEOREM 9.6.16. Let X be a Banach space, E C X* be a one-norming sub-
space, X € DPr(E). The following properties of a o(X, E)-closed subspace Y C X
are equivalent:

(i) Y is E-wealthy.
(ii) Y is E-rich.
(iii) Ewvery o(X, E)-closed finite-codimensional subspace of Y is E-rich.

PROOF. It is clear that (iii) = (ii) = (i), see Remark 9.6.5. Now, suppos-
ing (i) let us demonstrate (iii). Let Z C Y be a o(X, E)-closed finite-codimensional
subspace of Y. Every o(X, E)-closed 1-codimensional subspace Z of Z has finite
codimension in Y, so it is E-wealthy by Lemma 9.6.11. This means that Z is almost
rich by Lemma 9.6.15. An appeal to Lemma 9.6.13 gives the desired E-richness of
Z. O

Like the rest of Section 6.5, Remark 6.5.13 has its E-counterpart. In order to
formulate it, denote Re E = {Rez*: 2* € E}.

REMARK 9.6.17. For a complex space X and its complex subspace Y, there are
two possible meanings for Y to be E-wealthy: real (Re E)-wealthy if the interme-
diate subspace from the corresponding definition is a real subspace, and complex-
wealthy if the intermediate subspace Z is complex. Every real (ReE)-wealthy
subspace is complex E-wealthy, so for a complex subspace Y C X we have the im-
plications (Y is E-rich) = (Y is real (Re E)-wealthy) = (Y is complex E-wealthy)
= (Y is E-rich), which means that on the way we have demonstrated the equiva-
lence (Y is complex-wealthy) < (Y is real (Re E )-wealthy).

9.7. The Daugavet property with respect to a one-norming subspace
and duality. Poor subspaces

In this section we study the Daugavet property of quotient spaces using the
duality argument that was mentioned at the beginning of the chapter: under the
standard isometric inclusion X C X** the space X is a one-norming subspace of
the dual to X*. So, we may consider the Daugavet property of X* with respect to
X, X-rich subspaces of X*, etc. Since all the questions of such kind reduce to the
real case, we simplify notation considering in this section only real spaces.
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9.7.1. Poverty as a dual property to richness.

DEFINITION 9.7.1. Let X € DPr. A subspace Z C X is said to be poor if
X/Z € DPr for every subspace Z C Z.

Our study of poor subspaces uses duality, so let us start with a very simple
observation that we state as a proposition for easy reference.

PROPOSITION 9.7.2. A Banach space X has the Daugavet property if and only
if X* € DPr(X). Hence, a subspace Z of a space X with the Daugavet property
is poor if and only if for every subspace Z C Z its dual (X/Z) = 7+ has the
Daugavet property with respect to X/ Z.

Now, we are ready to give the basic characterisations of poverty.

THEOREM 9.7.3. Let X € DPr. For a subspace Z C X the following conditions
are equivalent.
) Z is poor.
(ii) X/Z € DPr for every subspace Z C Z of codimension codimy(Z) < 2
i) Z1 is a subspace of X* that is rich with respect to X .
) For every x*,e* € Sx+, € > 0 and for every x € Sx such that e*(z) > 1 —¢,
there is an element v* € Bx~ with the following properties:

v (x) > 1—¢, 2"+ 0| >2—¢, and [[(e" —v")|4] <&
that is, the quotient map from X* onto X*/Z* is narrow with respect to X.

PRrROOF. (i) = (ii) follows immediately from the definition of poor subspaces.

Let us prove (ii) = (i). According to Proposition 9.7.2, we have to prove that
for every subspace Z; C Z, its dual le has the Daugavet property with respect
to X/Z,. Fix Zy C Z. According to (iii)’ of Lemma 9.1.3 it is sufficient to find,
for every z* € Sy1, € > 0 and every [z] € Sx;z,, an element y* € Sy such that
v (z]) > 1—¢ and |z* + y*[| > 2 — . Since [z] € Sx/z,, there exists z* € S,
such that z*([z]) = 1. Denote Z = Z Nkerz* Nker z*. Evidently, Z is a subspace
of Z of codimy Z < 2 and Z; C Z. Also remark that

L= [lfe]x/z, || = lll2)llx/z = 2*([2]) = 1,

which implies [z] /2 € Sx;z. By our assumption Z* has the Daugavet property
with respect to X/Z, and hence for 2* € S5, and [@]x,7 € Sx,z thereis y* € Sz,
such that y*([2]) = y*([z] x,z) > 1—c and [[2*+y*|| = 2—¢. Theny* € S;. C Sy,
and it meets all the requirements.

Now, we will prove that (ii) < (iii). Theorem 9.6.16 implies that (iii) holds if
and only if Z* is a subspace of X* that is wealthy with respect to X; and this is
equivalent to the claim that for every 2*, y* € Sx« the space W = lin(Z+U{z*,y*})
has the Daugavet property with respect to X/W, (Lemma 9.6.11, (iii)). But, for
a space Z O Z=, the existence of z*, y* € Sy« such that W = hn(ZL u{z*,y }) is
equivalent to the existence of a space Z C Z such that W = Z+ and codlmZ(Z) <
2. Thus, we get that (iii) is equivalent to the claim that Z+ € DPr(X/Z) for
every subspace Z C Z of codimy Z < 2, which is equivalent to (ii) according to
Proposition 9.7.2.

The remaining equivalence (iii) < (iv) is just a reformulation of the definition
of a rich subspace. O



9.7. DPR WITH RESPECT TO A ONE-NORMING SUBSPACE AND DUALITY 271

9.7.2. Applications to the geometry of C(K) and L, (p). For a compact
Hausdorff space K denote by M(K) the dual space of C(K), i.e., M(K) is the
Banach space of all (not necessarily positive) finite regular Borel signed measures
on K. (In the sequel, all measures on K will be tacitly assumed to be finite regular
Borel measures.) We are going to prove a theorem which gives a characterisation
of operators on M (K) that are narrow with respect to C'(K). For this theorem we
will need the following lemma in which A denotes the (topological) boundary of
aset AC K.

LEMMA 9.7.4. Let K be compact, f € C(K), and u be some positive measure
on K. Then for every e > 0 there exists a step function f = >, _, Bxla, on K
such that p(0Ag) =0 fork=1,...,n, AAU---UA, =K and ||f — fllec <e.

PROOF. Since the image measure v = po f~! on R has at most countably
many atoms, it is possible to cover f(K) by finitely many half-open intervals I}, =
(Br—1,Bk) of length < e such that v({fo,...,08,}) = 0. Let Ay = f~1(I}); then
f=>1_, Brla, works. O

THEOREM 9.7.5. Let K be a perfect compact Hausdorff space. An operator
T on M(K) is narrow with respect to C(K) if and only if for every open subset
U C K, every two probability measures m1,m3 on U, and every € > 0, there is a
probability measure v on U such that || T (v —m)|| <€ and |72 —v| > 2 —¢.

ProoF. We will repeatedly use the reformulations of narrowness from Theo-
rem 9.5.3, items (ii) and (v). We first prove the “only if” part. Since T is C(K)-
narrow, for every x, e € Sy (i), € > 0 and every weak™ slice S of Bk containing
e, there exists v € S (which, if we like, thanks to (v) of Theorem 9.5.3 can be
selected to be of norm 1) such that ||z +v|| > 2—¢ and ||T(e —v)|| < e. Fix e >0
and let x = —my and e = 7. Since U is open and 71 (U) = 1, we can find f € C(K)
taking values in [0,1] with supp f C U and [ fdm > 1 —e;. Applying narrowness
of T with respect to C'(K) to the slice S generated by f with parameter €1, we get
v € Sy (k) such that the following inequalities hold:

/fd17>1—51, IT(5 —m)| < er, |ma—7]>2—er.

Let & = *|;;. Using the properties of f we have || — 7|] < 2e; and thus
1=3e; <||P]| 142e1, ||T@—m)|| <ea(+2|T)), |7m2—2|>2—3e1.
L—|2]

Hence for v = 0/||D|| we have |lv — D|| =

< 3e1 and consequently
e —v|| = ||ma — D|| — |[v — P|] > 2 — 361 — 361 = 2 — Beq,

and
1T = m)| <T@ = m)l| + 1T@ = v)| < (1 +5]T)ex.

Then taking e; = min{g, H%HT”} completes the proof of the “only if” part.

Now, consider the “if” part. Given p1,pu2 € Sy k), € > 0 and a weak™ slice
S of Bk containing p1, we have to find v € S such that ||ue +v| > 2 — ¢ and
IT(11 —v)|| < €. Since one can wiggle the slice S a bit, there is no loss of generality
in replacing S by a slice generated by a function of the form f = > }_, Bila,,
where Aj,..., A, are measurable sets with (|u1] + |p2|)(Up—; 0Ax) = 0, as we
may use Lemma 9.7.4. (Note that, in general, this new slice will not be relatively
weak* open.) On the other hand, using the Hahn decomposition theorem, we have
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K = U?Zl B;, where B; is a set on which p; is positive and uo is negative, By is
a set on which pug is positive and u is negative, and Bs (respectively, By) is a set
where both p; and po are positive (respectively, negative).

Fix 1 > 0 and let G; be an open set such that G; D By and |u;|(G1\ B1) < €1
(i = 1,2). Define C, = G;1 N Ay and let U, = intCy, k = 1,...,n. Clearly
Cr \ U C 0Ayg, so the Uy, are open sets with the following properties: Uy, C Cj and
(lua] + |p2)(Cy \ Uy) = 0.

Consider those Uy for which w1 (Ug N By) # 0, pa(Ur N By) # 0 and define two
probability measures on Uy by

,LLi|UkmB1 .
=————— (i=1,2).
ﬂi(Uk ﬂBl) ( )

By assumption there exists a probability measure 75 on Uy such that

ik

T2 — pag)ll <er and ok — Dpll > 2 — €.
Define vy, = p1 (Ux N By) - D Then we have
vkl = ve(U) = m1(Ue N B1),  |pa|p, |l — &1 < lvell < [wa]p 61 (9.7.1)

and
l12]pr, + vill = lp2(Uk N B1) - e + pi2|yr g, + k1 (Uk N Br) - D]
2 [lp2(Ux NV B1)[ - p2 e — |pa Uk O B1)[ - Dkl = llp2]y,\ 5, |
2 |p2|(Uk) + [pa](Uk) — 4e (9.7.2)
and
1Tk = pa | ) < N (pa (U 0 Br) - (0 = o))+ 11T (i |0 ,)
< e+ (7). (9.7.3)

For Uy with puy (U N B1) = 0 or pua(Ux N By) = 0, the inequalities (9.7.1)—(9.7.3)
hold with v, = B, nB, -
Now, define the measure ul by
1 1
Pilo, = Ve Mg, on = Ml o

From (9.7.1), (9.7.2), and (9.7.3), we obtain the following properties of yu}:

lpall = ner < llpall < pall + mes, ‘/fdui - /fdm < ney (9.7.4)

n

Z<M2|Uk + Vk)
k=1

>3 (2l (Ux) + [ (Uy) — dne,
k=1

2 |m|(G1) + |p2l(G1) — (4n + 2)ex, (9.7.5)

12|, + Mﬂcl | >

(ol + '“1')(,91 c\ )

and

1T (1 = )l =

S Ty, ’ < (n 4 n||T|)er. (9.7.6)
k=1
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Now, define By = Bj \ G;. Notice that B, is a set of negativity for I and a set
of positivity for pus. Following the same lines as above we define Go O By and
construct p? € M(K) such that

u2l(G2\ B2) <21, |uil(G2\ B2) <er, il = nex < ludll < |lut]l + ney

‘/fdu?—/fdui
IT(13 = p)ll < (n+nl|T|e,
2], + 13, |l = 111l (Ga) + p2|(G2) — (4n + 2)ey.
From (9.7.4), (9.7.5), (9.7.6) and the above inequalities, we obtain the estimates

and

< ney,

1—2ne; < ||p2)| <1 —2ney, ‘/fdu?—/fdul < 2neq

and ||T(pF — p1)|| < (2n + 20| T|)er,
12|y 06, + Hilayua, |l = [l (Gr U Ga) + |2l (G1 U Ga) — (8n + 10)e;.
Finally, the definition of the sets B3 and B, implies that
iz + 120>l + szl — (8 + 10)e1 = 2 — (8n + 10)ey.

Hence for £; small enough, the normalised signed measure v = pu? /||u?|| satisfies all
the required conditions, which completes the proof of the theorem. O

Applying this theorem to the operator y +— p|, yields by Theorem 9.7.3:

COROLLARY 9.7.6. Let K be a perfect compact. A subspace Z C C(K) is poor
if and only if for every open subset U C K, for every two probability measures
w1, m2 on U and for every € > 0 there is a probability measure v on U such that
lv —millz+ <e and||ms —v| >2—¢.

For a closed subset K; of K denote by Rg, the natural restriction operator
Rg,: C(K) — C(K). Note that for an operator S: E — F' between Banach spaces
the following assertions are equivalent, by the (proof of) the open mapping theorem:
(i) S is onto; (ii) S(Bg) is not nowhere dense; (iii) 0 is an interior point of S(Bg).

COROLLARY 9.7.7. Let K be a perfect compact Hausdorff space, K1 C K be a
closed subset with non-empty interior, and let Z be a poor subspace of C(K). Then
Rk, (Bz) is nowhere dense in Be (k).

Proor. Apply Corollary 9.7.6 with U = int Ky, m; = w2 and a sufficiently
small € > 0 to see that R, (Bz) cannot contain a ball 7Bk, of radius r > 0. O

We now deal with poor subspaces of L. Let (Q, X, 1) be a finite measure space.
Denote by X the collection of all A € ¥ with u(A) > 0.

THEOREM 9.7.8. Let (Q, %, 1) be a non-atomic finite measure space. An oper-
ator T on Lo := Loo(2, 2, ) is narrow with respect to Ly := L1(Q, X, 1) if and
only if for every A € X and for every € > 0 there is g € S such that g =0 off
A and | Tg|| < e. Moreover, in the statement above g can be selected non-negative.
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PROOF. First we prove the “if” part. By the narrowness of T with respect
to Ly, for every z,y € Sp_, every f € Sy, such that [ f-ydu > 1—46 (ie,
y € Slice(Byr__, f,9)) and every € > 0 we have to find z € Slice(BL__, f,d) such
that |z + z|| > 2 — ¢ and ||T(y — 2)|| < e. By density of step functions we may
assume without loss of generality that there is a partition Ay, ..., A, of  such that
the restrictions of x,y and f to Ay are constants, say ag, bx and ci respectively.
Fix some €1 € (0,¢) so small that [ f-yd\A > 1 — 0 + 2e1. Since ||z| = 1, there
exists k such that |ag| > 1 —¢e;. Let B € T be a subset of Ay with u(B) < &;
and Ay \ B € ©T. By our assumption there exists 2 € Sy such that z > 0, z is
supported on B and ||T(2)| < €1/2. Denote Z =y + (sign(ay) — b1)2. It is easy to
see that ||Z|| =1, ||z + Z|| > 2 —e1, | T(y — 2)|| < &1 and Z € Slice(Br__, f,0).

Now, we consider the “only if” part. Since T is narrow with respect to L1, T
is also a strong Daugavet operator. The commutative C*-algebra L, is a C(K)-
space on its Gelfand compact K, so it remains to apply the characterisation of
strong Daugavet operators on C(K) given in Proposition 8.4.1 and particularise it
to K being the Gelfand compact of L. O

Again, specialising to the restriction operator g € Lo, = (L1)* + g|, € Z* we
obtain the following characterisation of poor subspaces.

COROLLARY 9.7.9. Let (Q,X, 1) be a non-atomic finite measure space. A sub-
space Z C L1(2, X, 1) is poor if and only if for every A € % and for every e > 0
there is g € Sp__ such that g =0 off A and ||g||z- < €. Moreover, in the statement
above g can be selected non-negative.

For a subset A € X% denote by Q4 the natural restriction operator Q:
Ll(Qa E7M) — LI(A7 2|A7:LL|A)'

COROLLARY 9.7.10. Let (Q,3, i) be a non-atomic finite measure space, A € 5T
and let Z be a poor subspace of L1(2, 2, ). Then Qa(Bz) is nowhere dense in
Br,as|am-

PRrROOF. Apply Corollary 9.7.9 with A = A and a sufficiently small € > 0 to
see that Qa(Bz) cannot contain a ball 7By, (4 of radius r > 0. O

The Corollaries 9.7.7 and 9.7.10 look very similar. The next definition extracts
the significant common feature.

DEFINITION 9.7.11. Let X € DPr. A subspace EF C X is said to be a bank if E
contains an isomorphic copy of ¢; and for every poor subspace Z of X, qg(Bz) is
nowhere dense in Bx /g (here gg denotes the natural quotient map qp: X — X/FE).
If E C X is a bank, then By, will be called the asset of E.

In this terminology a poor subspace cannot cover a “significant part” of a bank’s
asset.

THEOREM 9.7.12. Let X € DPr and E C X be a bank with separable asset.
Then X contains a copy of £1 which is not poor in X.

PROOF. Let (€, )nen C %BE be equivalent to the canonical basis of ¢ and let
(Tn)nen C Bg be a sequence such that {gg(z,): n € N} is dense in Bx/g. Then,
if one selects a sufficiently small € > 0, the sequence of u, = e, + ez, € Bg is
still equivalent to the canonical basis of ¢1, and the image of this sequence under
qr equals {eqp(v,): n € N}, which is dense in eBx,g. This means that the closed
linear span of {u,: n € N} is the copy of ¢; we need. O
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The next theorem is an immediate corollary of Theorem 9.7.12.

THEOREM 9.7.13. In every C(K)-space with perfect metric compact K and in
every separable L1(Q, X, p)-space with non-atomic p there is a subspace isomorphic
to £y that is not poor.

PRrROOF. Corollary 9.7.7 implies that if K is a perfect compact and K; C K is
a proper closed subset with non-empty interior, then

Co(K\Kl) = {f S C(K) f(t) =0Vt e Kl}

is a bank with B (x,) being its asset. Corollary 9.7.10 implies that if (2,3, i) is
a non-atomic finite measure space and A € T, then L;(Q\ A) is a bank with
Br, (a) being its asset. Separability of these assets follows from the separability of
the spaces C'(K) and L;1(€, 3, 1) considered. It is left to apply Theorem 9.7.12. O

Theorem 9.7.13 answers Pelczynski’s question mentioned in the introduction of
the chapter in the negative, since it provides a non-poor ¢1-subspace Z C L1[0, 1].
By definition this means that for some subspace Z C Z, L1[0,1]/Z fails the Dau-
gavet property; but Z has the RNP and so does its subspace Z.

Let us sum up these considerations in a corollary.

COROLLARY 9.7.14. There is a subspace E C L1[0,1] that is isomorphic to {1
and hence has the RNP, but L1[0,1]/E fails the Daugavet property.

9.8. Notes and remarks

Section 9.1. The idea of a Daugavet space with respect to a one-norming
subspace was first elaborated in [168].

Section 9.2 and Section 9.3. These sections are based on the follow-up paper
[169]. We note that for spaces with the Daugavet property Proposition 9.3.2 was
proved first in Barreno’s PhD thesis, see [257, Prop. 4.1.6]. We also would like to
mention that [31] contains a direct proof that a space with thickness Thick(X) = 2
contains a copy of ¢;. Liicking studied the Daugavet property and the almost
Daugavet property for translation invariant subspaces of C(T) and L;(T) ([213],
[214], [215)).

Section 9.4. The results of this section, also from [169], appeared before
the results of Section 5.2 that we use in their proof. Even more, the results of
Section 5.2 were inspired by the original proof of Theorem 9.4.2.

Let us also point out that, in connection with Theorem 9.4.2, there is another
result of G. Godefroy: A Banach space X admits an equivalent renorming with a
non-zero L-orthogonal element if, and only if, X contains an isomorphic copy of ¢;
[119, Theorem II.4].

Even though both renorming techniques are different, they are shown to have
the same consequences. Indeed, given a Banach space X containing ¢, then the
renorming from [119, Theorem II.4] produces ¢;-type sequences. On the other
hand, under the continuum hypothesis, every ¢;-type sequence has a non-zero L-
orthogonal element in its w*-closure. See the end of Section 5 in [29] for details.

Section 9.5, Section 9.6 and Section 9.7. These sections again follow [168].

As far as the authors are aware, the concept of Daugavet centre with respect
to a one-norming subspace has not been considered in the literature, which would
be a natural continuation of the research of this chapter.
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9.9. Open questions
In this section we collect different open questions and possible future research
lines derived from the results of this chapter.

(9.1) Is it true that every separable space with the Daugavet property has an
{1-subspace which is not poor?

(9.2) Can the separability condition in Theorem 9.7.12 be omitted?

(9.3) Is it true that every subspace without copies of ¢; of a space with the
Daugavet property is poor?

We don’t even know the answer in the case of C[0, 1].

(9.4) Develop the concept of Daugavet centre with respect to a one-norming
subspace.

(9.5) Is there a bidual space with the almost Daugavet property?
For the same problem for the Daugavet property, see Question (3.1).
(9.6) Is there a complex analogue of Corollary 9.3.67



CHAPTER 10

Slicely countably determined sets and their
applications

In this chapter we present an exposition of the relatively new geometric con-
cepts of SCD sets, SCD spaces and SCD operators that have proved to be quite
useful in studying Banach spaces with the Daugavet property and similar objects
like the alternative Daugavet property, lushness, and non-linear generalisations of
the Daugavet equation; SCD stands for “slicely countably determined”. In partic-
ular, the class of HSCD-dominated operators that appears on the way is the best
known fix of the main drawback of the class of narrow operators — the instabil-
ity with respect to the + operation. Namely, HSCD-dominated operators form a
F-stable two-sided operator ideal, which, in separable spaces with the Daugavet
property, lies inside the class of narrow operators (Theorem 10.4.17) and contains
the main previously extracted classes of narrow operators, like strong RN-operators
or operator which do not fix copies of £;. On the other hand, the only known class
of separable Banach spaces which doesn’t possess the SCD property is the class of
spaces that admit an equivalent renorming with the Daugavet property. Remark
that spaces that are not SCD are the best known candidates for the isomorphic
characterisation of the Daugavet property: it is a major open question whether ev-
ery non-SCD space can be equivalently renormed to possess the Daugavet property
in such an equivalent norm (see Questions (10.4) and (10.9) in Section 10.9).

10.1. SCD sets

DEFINITION 10.1.1. Let X be a Banach space and let A be a bounded subset of
X. A countable family {V,,: n € N} of non-empty subsets of A is called determining
for Aif A C conv(B) for every B C A intersecting all the sets V,,. Equivalently, {V:
n € N} is determining for A if for every sequence (v, )nen with v, € V,, (n € N),
one has A C m({vn: n e N}) We will also use the name determining sequence.

The above definition can be reformulated in the Hahn-Banach style.

PROPOSITION 10.1.2. Let U C X be a bounded set. A countable family {V,:
n € N} of non-empty subsets of U is determining for U if and only if it has the
following property (x): every slice of U contains one of the V,,.

PROOF. Let (x) be fulfilled and let B C U intersect all the V,,. Then B
intersects all the slices of U, and then conv(B) D U by Lemma 2.6.7. Now, the
“only if” part. Assume that some slice S = Slice(U,z*,¢) of U does not contain
any of the V,,. Then, U \ S intersects all the V,,. But

U\SC{xeX: Rez"(x) < supRez"(a) — ¢},
acU

277
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hence conv(U \ S) C {z € X: Rea*(x) < sup,ecy Rex*(a) — €}, which means that
conv(U \ S) p U, and consequently {V,,: n € N} is not determining. O

We can now give the main definition of this section.

DEFINITION 10.1.3. A bounded subset A of a Banach space X is said to be
slicely countably determined (SCD set for short) if there is a determining sequence
of slices of A.

REMARK 10.1.4. It is clear from the definition that every SCD set is separable.

For a better understanding of the definition, we advise the reader to compare
it with Lemma 2.6.7.

REMARK 10.1.5. Let A,U C X be bounded subsets, A C U and S,,, n € N, be
a determining sequence of slices of U. Then, if S, N A # 0 for all n, the S, N A,
n € N, form a determining sequence of slices of A.

PROOF. An equivalent definition says that a slice of a set is a non-empty in-
tersection of the set with an open half-space. This explains why S, N A are slices
of A. Now, if B intersects all the S, N A, we have that this B intersects all S,,, so
conv(B) D U D A. O

We can restrict ourselves to study bounded, closed and convex sets because of
the following results.

LEMMA 10.1.6. A bounded subset U of a Banach space X is SCD if and only
if the closure U of U is an SCD set.

PROOF. Remark the following relationship between the slices of U and of U:

for every z* € X* and ¢ > 0, denoting a := supRez*(U) = supRez*(U) we have
Slice(U, z*,8) NU = {z € U: Rez*(x) > a — §} = Slice(U, z*,§),
and
Slice(U, z*,8) C {x € U: Rea*(x) > a — 4}
C {z € U: Rex*(z) > a — 26} = Slice(U, z*,26).
Also, for every x € U such that Rez*(z) > a — d there is a sequence (xx) C U with
Rex*(zx) > a — J tending to x. This demonstrates one more inclusion:
Slice(U, z*, ) D Slice(T, z*, 8).

With all this in hand, let us show that U is SCD when U is. Consider a determining
sequence of slices S,, = Slice(U, z},e,) (n € N) for U, and let us prove that the
slices S;, = Slice(U, x},,&,) (n € N) form a determining sequence for the closure of
U. Consider an arbitrary slice Slice(U, z*,¢) of U. Then, Slice(U, z*,/2) NU =
Slice(U, z*,e/2) is a slice of U, so there is n € N such that Slice(U,x*,&/2) D S,

by Proposition 10.1.2. Therefore,
Slice(U, z*, ) D Slice(U, 2*,¢/2) D S,, D S,

and again Proposition 10.1.2 gives us that {S!: n € N} is determining for U.

For the converse implication, we consider a determining sequence of slices for
U, and Remark 10.1.5 shows that the intersections with U form a determining
sequence of slices for U. O
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LEMMA 10.1.7. Let X be a Banach space. A bounded set A C X is SCD if and
only if its closed convexr hull is SCD.

PROOF. If (S),)nen is a determining sequence of slices for conv(A) then Propo-
sition 2.6.6 implies that S,, N A are non-empty, so by Remark 10.1.5 these intersec-
tions can be taken as a determining sequence of slices for A. So, if conv(A) is SCD,
then A is SCD.

For the converse implication, assume that A is SCD. In view of the previ-
ous lemma with U = conv(A4), in remains to show that conv(A) is SCD. Let
{Slice(A, z%,e,): n € N} be a family of slices determining for A. We consider
the following countable family of slices of conv(A):

S := {Slice(conv(A), z};, e, /k): n,k € N}.

Given any slice Slice(conv(A),z*,¢) of conv(A), where ||z*|| = 1 without loss of
generality, we will show that it contains an element of S, thus proving that conv(A)
is SCD by Proposition 10.1.2. Now, for the slice of A given by Slice(A, z*,&/2) we
know that there is ng € N such that Slice(A, xy,,€n,) C Slice(4, z*,/2). Taking
k € N big enough, we will argue that

Slice(conv(A), xzo,gno/k) C conv(Slice(A,x;wsno)) + %BX.

To prove this inclusion we let r := sup,c 4 7}, (a) and M := sup,¢ 4 ||a||, hence also
SUD 4 cconv(A) T (@) = 7. Consider a convex combination a = Y7 | A;a; of elements
a; € A such that z, (a) > 7 — ep,/k where k is not yet specified. Let us denote
I={i:x}, (a;) > —eny} and J = {i: 2}, (a;) <7 — €y, }. We then have

En * *
r— 70 < Z)\ixno (a;) + Z ity (a;)

iel ieJ
IS D DYLEERETEE,
el ieJ ieJ
which implies
1 1
ZAZ-<E and A::ZAi>1—%.
i€J el

Now, put p; := \;/A for i € I and consider the element
a = Zuiai € conv(Slice(A, z, ,n,))-
il
The estimate

|a—a’||_H 1) Z,ulal—&—z/\al <A-1UM+ 3> AM <

iel i€

21
k

shows that the above inclusion holds true whenever k > 4M/e.
It now follows for this choice of k that

Slice(conv(A), z;, ,€ny/k) C CODV(SHCQ(A,{II:LO,EnO)) + gBX
C conv(Slice(4,z*,¢/2)) + %BX

C Slice(conv(A),z*,¢/2) + %BX.
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Since trivially Slice(conv(A), x, ,en,/k) C conv(A), we finally get
Slice(conv(A), z;, ,€ny/k) C (Slice(conv(A)7 x*,e/2) + %BX> N conv(A)
C Slice(conv(A), z*,¢). O
We give two straightforward observations which will be useful later on.

REMARK 10.1.8. Let X be a Banach space and let A be a convex bounded
subset of X. Suppose that there is a sequence (a,)nen of points in A such that
A C conv({a,: n € N}) and that for every n € N, there is a countable family
{Vi,m: m € N} of subsets of A such that a,, € conv(B) whenever B C A intersects
Vi,m for every m € N. Then, the family {V,, ,,: n,m € N} is determining for A.

As an immediate consequence of the above result, we get the following.

REMARK 10.1.9. Let X be a Banach space and let A be a separable convex
bounded subset of X. Suppose that for every a € A, there is a countable family
{V%: m € N} of subsets of A such that a € conv(B) whenever B C A intersects
V. for every m € N. Then, taking a countable dense subset {a,: n € N} in A, the
family {V,%»: n,m € N} is determining for A.

Our first goal is to present basic examples related to Definition 10.1.3: Radon-
Nikodym and Asplund sets are SCD, whereas the unit ball of a Banach space with
the Daugavet property is not.

We start with subsets having sufficiently many denting points (see Defini-
tion 2.7.11 for the corresponding notation).

PROPOSITION 10.1.10. Let X be a Banach space and let A be a closed convex
bounded subset of X. If A is separable and dentable, then A is SCD. In particular,
every closed convex bounded separable Radon-Nikodym subset of X is SCD.

PRrROOF. Since A is separable, so is the set of its denting points, and we may
find a countable collection of denting points {a,: n € N} of A which is dense in
dent(A). Now, for every n,m € N, we consider a slice S,, ,, of A containing a,, and
having diameter less than 1/m. Then, the family {S,, ,,: n,m € N} is determining
for A. Indeed, if B C A intersects all the S,, ,,, then a,, € B for every n € N, so

A C conv(dent(A)) = conv({a,: n € N}) C conv(B) = conv(B). O
Recall that in LUR spaces By is dentable (Proposition 2.10.3). This explains

the following example.

ExAMPLE 10.1.11. Let X be a separable Banach space with a LUR norm. Then
BX is SCD.

Since every separable Banach space admits a LUR renorming (Theorem 2.10.4),
we get the following effect.

ExampLE 10.1.12. Every separable Banach space X admits an equivalent norm
| - | such that B(x, .y is an SCD set.

Our second family of elementary examples of SCD sets deals with the so-called
Asplund property, a concept related to differentiability of convex continuous func-
tions, which can equivalently be reformulated in terms of separability and duality
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[65, §5]. A separable closed convex bounded subset A of a Banach space X has the
Asplund property if and only if the semi-normed space (X*, p4) is separable, where

pa(z®) = sup{|z*(a)|: a € A} (" € X™).

Of course, separable closed convex bounded subsets of Asplund spaces have the
Asplund property.

EXAMPLE 10.1.13. Let X be a Banach space and let A be a closed convex
bounded subset of X. If A is separable and has the Asplund property, then A is
SCD.

PRrROOF. We take a pa-dense countable family {z}: n € N} in (X*,p4), and
consider the slices

Sp.m = Slice(A, z;,,1/m) (n,m € N).

s Ly
We are done by just proving that if {v,, .,: n,m € N} satisfies that vy, , € Sy, for
every n,m € N, then
A C conv ({vp,m: n,m € N}).
Indeed, suppose to the contrary that there are a € A, z* € X*, and § > 0 such
that
Rex*(a) > supRez™ (v m) + 0.

Now, we may find N € N such that pa(zy — 2*) < §/2 and so
Rexy(a) + /2 > Rexz*(a) > supRex™ (vy,m) +

)

> supRex"(vnm) + 9 > supRexy(vnm) +6/2
=supRex}(4) +0/2,
a contradiction. [l

We now show that there are convex bounded subsets of separable Banach spaces
which are not SCD.

ExamMpLE 10.1.14. Let X be a separable Banach space with the Daugavet

property. Then Bx is not an SCD set. In particular, Bgpp,1) and Br,[o,1] are not
SCD sets.

PROOF. Fix xg € Sx and an arbitrary sequence of slices (Sy,)nen. We will get
the result by showing that there is a sequence (z,,)nen such that z,, € S, for every
n € N and such that zg ¢ lin{x,: n € N}. To do so, we use Lemma 3.1.14 which
says, in particular, that for every finite-dimensional subspace Y C X, every ¢ > 0,
and every slice S of By, there is « € S such that

ly+tz| = A —e)(lyll +[t])  VyeY.

Using this result, one can inductively select elements z,, € S,, n € N, in such a
way that

1 .
o+ tanll > (1= 50 ) Qo 1) (o € tinfaus < ).

Then, (@ )n=0,1,... forms a sequence equivalent to the unit vector basis of ¢1, so g
is not in the closure of lin{z,: n € N}, as desired. O
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REMARK 10.1.15. A subset of an SCD set is not necessarily SCD. Indeed, let
X = C[0,1]. As X is separable, it admits an equivalent LUR renorming | - | (see
Theorem 2.10.4). By Example 10.1.12, A = B(x ). is SCD. Now, it is possible to
find A > 0 such that C' = AB(x |.||..) is contained in A. Finally, C' is not SCD by
Example 10.1.14. O

Our next goal is to extend the above preliminary examples to more intriguing
ones.

Let us recall that, in the case of convex sets, the Bourgain Lemma 2.6.19 lets
us replace the sequence of slices with a sequence of relatively weakly open subsets
in the definition of an SCD set. A non-convex set can be not SCD, but still possess
a determining sequence of relatively weakly open subsets; this will be proved in
Proposition 10.7.6 below.

PRrROPOSITION 10.1.16. A set A in a Banach space is SCD if it possesses a
determining sequence of convex combinations of slices. In particular, a convex set
is SCD if it possesses a determining sequence of relatively weakly open subsets.

PROOF. Let (V,)nen be a determining sequence of subsets of A formed by
convex combination of slices of A. Now, for every n € N, there exists a collection
of slices {Spm: m = 1,...,k,} and positive numbers { A, ,,: m = 1,...,k,} with
Zf:zl An.m = 1, such that ng‘:l AnmSn,m C Vi Then the collection of slices
{Sn.m:n €N, 1 <m < k,} is determining for A. Indeed, let B be a subset of A
such that BN Sy, ,,, # 0 for all n, m, and consider b, ,,, € BNS,, ,,, for every n,m. If

we take a,, = Zf;:l An,mDn,m, it is clear that a,, € conv(B)NV,,. So we know that
conv(B) NV, # 0 for all n, which by the assumption gives us that conv(B) D A.
Finally, if A is convex and has a determining sequence of relatively weakly open
subsets {V;,: n € N}, Bourgain’s Lemma 2.6.19 in the form of Remark 2.6.20 allows
us to find convex combinations of slices inside the V,,’s, and the proof above shows

that A is SCD. O

DEFINITION 10.1.17. An element y € A is said to be a point of weak-norm
continuity for the identity map on A, for short a point of continuity of A if for
every € > 0 there is a relatively weakly open subset S of A such that y € S and
diam S < €. We say that A is huskable if A is equal to the closed convex hull of its
points of continuity.

The first consequence of Proposition 10.1.16 is that Proposition 10.1.10 can
be extended from dentable sets to huskable sets. With not much work, we are
going to extend the result to the following more general setting. A closed convex
bounded subset A of a Banach space X has small combinations of slices [117, 259]
if every slice of A contains convex combinations of slices of A with arbitrarily small
diameter.

THEOREM 10.1.18. Let X be a Banach space and let A be a separable closed
convex bounded subset of X having small combinations of slices. Then A is an SCD
set.

ProOOF. By [117, Corollary IIL.7], for every x € A and every € > 0, there is a
convex combination of slices of A contained in B(xz,¢). Now, we take a countable
dense subset {z,: n € N} of A and for (n,m) € N x N, we take V,, ,, a convex
combination of slices of A contained in B(x,,1/m). Then, if B C A intersects all
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the V,, m, it intersects also all the balls B(x,,,1/m). Therefore, the set {z,: n € N}

is contained in B and so, A = conv(B). Finally, Proposition 10.1.16 gives us that
A is SCD. O

RNP sets have small combinations of slices, so the above result extends Propo-
sition 10.1.10. Even more, strongly regular sets (in particular, huskable sets, CPCP
sets) have small combinations of slices [117, Proposition IIL.5]. We recall that a
closed convex bounded subset A of a Banach space is said to be strongly reqular if
every non-empty convex subset L of A contains a convex combination of slices of L
of arbitrarily small diameter. A has the convex point of continuity property (CPCP
in short) if every closed convex subset B of A contains a weak-to-norm point of
continuity of the identity mapping. In this case, for every convex subset B of A and
for every € > 0, there is a relatively weakly open subset C' C B with diam(C) < ¢
[63].

COROLLARY 10.1.19. Let X be a Banach space and let A be a closed convex
bounded subset of X. If A is separable and strongly regular, then A is SCD. In
particular, separable CPCP sets are SCD.

Our next aim is to extend Example 10.1.13 to sets which do not contain ¢,
sequences. We need the following topological definition. By a 7-base of a topological
space (T,7) we mean a family {O;: i € I'} of nonempty open sets such that every
nonempty open subset O of T contains one of the elements of the family. The
following result is another consequence of Bourgain’s lemma.

ProPOSITION 10.1.20. Let X be a Banach space and let A be a convex bounded
subset of X. If (A,0(X,X*)) has a countable w-base, then A is an SCD set.

PRrOOF. Let {V,,: n € N} be a countable m-base of (A4,c(X, X*)). Since slices
of A have non-empty weak interior, any of them contains some of the V,,. But then,
Proposition 10.1.2 shows that the family {V},: n € N} is determining for A and
Proposition 10.1.16 gives that A is SCD. O

The main consequence of the above proposition is the following.

THEOREM 10.1.21. Let X be a Banach space and let A be a separable convex
bounded subset of X which contains no ¢1-sequences. Then, (A,o(X,X™)) has a
countable w-base. In particular, A is an SCD set.

PrROOF. By [292, Theorem 3.11], (A4, o(X, X*)) is a relatively compact subset
of the space of first Baire class functions on (Bx-,c(X*, X)), and we can apply
[291, Lemma 4] by Todorcevié, to deduce that (A4,c(X,X*)) has a o-disjoint -
base (i.e., a m-base {V;: i € I} such that I = (J, .y, and each subfamily {V;:
i € I,} is a pairwise disjoint family). Now, it is clear that a o-disjoint family
of open subsets in a separable space has to be countable. Finally, A is SCD by
Proposition 10.1.20. O

This result obviously extends Example 10.1.13 since Asplund sets cannot con-
tain /1-sequences.

10.2. e-Accessible points. Hereditarily SCD sets

DEFINITION 10.2.1. Let A be a convex bounded set in a Banach space X. A
is called a hereditarily SCD set (HSCD set for short) if every subset B of A is an
SCD set.
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First note that since every SCD set is separable, every HSCD set is separable,
too. Every convex subset of an HSCD set is HSCD.

REMARK 10.2.2. Thanks to Lemmas 10.1.6 and 10.1.7, a bounded convex sub-
set A of a Banach space X is HSCD if and only if A is and if and only if all (closed)
convex subsets of A are SCD. These facts will be used profusely when dealing with
concrete examples, since most of the geometric definitions for sets we are using ei-
ther are only defined for closed convex sets or admit useful characterisations which
are only valid for closed convex sets.

Applying the results of Section 10.1, we get some classes of HSCD sets.

ExXAMPLES 10.2.3.

(a) If A is a separable closed convex bounded strongly regular set, then A is HSCD
(Corollary 10.1.19 plus the evident fact that closures of convex subsets of a
strongly regular set are strongly regular). In particular, sets with the RNP
(more generally, with CPCP) are HSCD.

(b) Separable convex bounded sets which do not contain ¢1-sequences are HSCD
(Theorem 10.1.21).

(¢) Both families include convex weakly compact sets, so they are HSCD sets.

The main result of this section will say that HSCD sets are stable with respect
to direct sums. Although this result is a distant relative of the analogous fact about
sets with the RNP (Corollary 2.7.14), its proof is relatively bulky. This proof needs
the technical concept of e-accessible point, which will be used a couple of times in
other sections as well, so below we extract some properties of e-accessible points
for future applications.

DEFINITION 10.2.4. Let X be a Banach space, A be a convex set in X, a € A
and ¢ be a positive real. A countable family {V,,: n € N} of subsets of A is said
to be e-determining for a in A if for every B C A, if B intersects all the V,,, then
dist(a, conv(B)) < e. A point a € A is called an e-accessible point of A if there is an
e-determining sequence (V,)nen for a consisting of relatively weakly open subsets
of A.

REMARK 10.2.5. In the notation from the above definition we have:
(1) A family {V,,: n € N} of subsets of A is e-determining for a € A if and only
if for every convex B C A, if B intersects all the V,,, then dist(a, B) < e.
(2) If C C A is non-empty, relatively weakly open and convex, x € C' is an
g-accessible point of C, then x is an e-accessible point of A.

Indeed, let (V,,)nen be an e-determining sequence for x, relative to C, of
relatively weakly open subsets of C. Then all V,, are relatively weakly open
in A. Let us show that {V,,: n € N} is e-determining for « in A. Let B C A
be a set that intersects all the V,,. Then B N C C C intersects all the V,,, so
dist(x, conv(B N C)) < g, which implies that dist(z, conv(B)) < .

(3) The set A. of all e-accessible points of A is convex.

Let 1,22 € A, A € [0,1], and let V1 = (V.))pen, Vo = (V:2)nen be
corresponding e-determining sequences of relatively weakly open subsets for
x1, T, respectively. Taking these two sequences together, we obtain a count-
able collection V = V; UVs of subsets with the property that for every B C A,
if B intersects all the elements of V, then dist(x;,conv(B)) < ¢, j = 1,2. But
then dist(Azq + (1 — A)zg, conv(B)) < e, s0 Az + (1 — Mg € A..
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LEMMA 10.2.6. Let X be a Banach space and let A be a separable convex
bounded subset of X. Suppose that for every € > 0 the set A. of all e-accessible
points of A is dense. Then A is an SCD set.

PROOF. From our conditions it follows that for each m € N there is a countable
dense subset {an,m,: n € N} of A such that each a, ., is an i—accessible point of
A. Select, for every a, n the corresponding %—determining countable collection
Vp.m of relatively weakly open subsets. Then V := Un,meN Vy,m is a determining
collection of relatively weakly open subsets which, according to Proposition 10.1.16,

gives what we need. ([l

LEMMA 10.2.7. Let X be a Banach space and let A be a separable conver
bounded subset of X. Suppose that for every non-empty relatively weakly open
convex C C A and every € > 0, there is an e-accessible point of C in C (or in A,
which is the same according to the second statement of Remark 10.2.5). Then, A
is an SCD set.

PrROOF. By Lemma 10.2.6, it is enough to show that for every € > 0, the set
A, of e-accessible points of A is dense in A. Since A. is convex, it is enough to
show that A. is weakly dense in A. Fix some convex relatively weakly open subset
V C A. By the assumption, there is an s-accessible point of V,s0 A. NV # 0. O

The main result of this section is:

THEOREM 10.2.8. Let Ay and Ay be two convex bounded hereditarily SCD sets
in Banach spaces X1 and X5, respectively. Then A := Ay X Ay C X1 & Xo is
also a hereditarily SCD set (we suppose here that the direct sum X1 ® Xo is their
Cartesian product endowed with some absolute norm,).

PrROOF. Let B be a convex subset of A. What we need to prove is that B is an
SCD set. Note that since A; and Ay are hereditarily SCD sets, they are separable
and thus A and B are also separable. So it is sufficient for us to prove that every
b € B is 2e-accessible for every € > 0.

Fix some b € B, b = (b1,b2), and € > 0. Denote

By = {1‘2 € Ay dxq € Aq: (.Il,xg) € B, ||.’L‘1 — blH < E}.

Then B, is convex and By C As. So using the fact that As is a hereditarily SCD
set we obtain a determining sequence (Sy,)nen of slices of By. Let S,, be generated
by corresponding functionals f2 € X3 and S,, = {y € Ba: f2(y) > en} (n € N).
Then, for all natural n, denote by S, the slice of B generated by the functional
(0, f2), i.e.,

S, i={2=(21,22) € B: f2(23) > en}.

Consider now
571' ={x1 € Ay : Jzo € Ay with (21,22) € Sn}, n € N.

All these sets are convex and contained in A, and so using that A; is a hereditarily
SCD set, we can find determining countable collection {S, x: k € N} of slices of
Sl Let S, = {x € S} k(%) > 0n 1} for some f) € X7 (n,k € N). Now, for
all natural n, k consider

Snvk = {z = (21,22) € B: fi,k(zl) > 5n7k}
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1
n,k?

{Sn N gn,k5 n,k e N}
as the required sequence (V)52 of relatively weakly open subsets of B. Remark
that all these sets are nonempty: since S, j C S*% , by definition of S*% for every
x1 € Sp i there is x9 € Ay such that (z1,22) € S,,. This (z1,x2) lies in S, N S'nk
Now, let’s show that this is the 2e-determining sequence we need.

Let C C B be convex and suppose C intersects all the elements in {Sn N S’n,k:
n,k € N}. Fix some n € N. We know that (C' N S,) N S,x # 0, and so (C'N
S’n)l N Spk # 0, where (C'N S'n)l ={x; € Ay : Tzg € Ay : (21,22) € (C'N S’n)}
Since the sequence (S, )52, is determining for the set S} and (C'NS,)! C S, we
obtain that (C'NS,)! D S!. Let us now show that there exists z; € S} such that
b1 — 21]] < €. We know that S, is a slice of By, which implies that S,, N By # 0.
Let z9 € S,, N By. Then from the definition of By it follows that there exists z; such
that (21, 22) € B and ||z1 — b1]| < e. We show that this z; meets our requirements.
Indeed, we already know that ||z; — b1|| < &, and since 22 € S,, we have that
(21,22) € Sy, whence z; € S, Thus, using the fact that (C'NS,)t D St | we
deduce that z; € (C'N gn)l. This means that there exists (c1,, c2,n) € cNS,, such
that |lc1, — 21]] < € — ||z1 — b1]], and so |le1,, — b1|| < e. It is easy to see that
C2,n € Bo and therefore ¢y, € S,,. Let’s now denote

Cy = {372 € Ay: Jx; € Ay with (331,.132) € C, ||l‘1 — b1H < 6}.

Then what we have just proved is that Co N .S, is not empty for all natural n. So
since, evidently, Cy C Bs and the family {S,: n € N} is determining for B, we
get that Cy D By. In particular, there exists xo € Co such that ||z — ba|| < e.
Then according to the definition of Cy, we obtain that there exists x; such that
c=(z1,72) € C, ||x1 —b1]| < &. Then for this ¢ we have that |[c —b|| < ||z1 — b1 ]| +
lz2 — b2|| < 2e, which implies that dist(C,b) < 2¢ and we are done. O

— the slice of B generated by ( 0). Then we can take

10.3. SCD spaces

DEFINITION 10.3.1. A separable Banach space X is said to be slicely countably
determined (SCD space for short) if every convex bounded subset of X is an SCD
set.

Remark that the definition implies that every convex bounded subset of X is
HSCD. The main examples of SCD spaces come from Examples 10.2.3.

ExaMpPLES 10.3.2.
(a) If X is a separable strongly regular space, then X is SCD. In particular, RNP
spaces (more generally, CPCP spaces) are SCD.
(b) Separable spaces which do not contain copies of £1 are SCD. In particular, if
X* is separable, then X is SCD.
(¢) Both families include reflexive separable spaces, which are then SCD spaces.

With respect to spaces which are not SCD we only know, thanks of Exam-
ple 10.1.14, the Daugavet spaces.

EXAMPLES 10.3.3.
(a) If X is a separable Banach space which admits an equivalent renorming with
the Daugavet property, then X is not SCD.
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(b) In particular, there is a Banach space with the Schur property which is not an
SCD space. Indeed, for this the space E from Theorem 7.7.8 serves, having
the Schur and the Daugavet property.

Let us state the following immediate observations.

REMARKS 10.3.4.

(a) Every subspace of an SCD space is SCD.

(b) For quotients the situation is different. For instance, because of the quo-
tient universality of {1 (see Theorem 2.5.9), C|0, 1] is a non-SCD quotient
of the SCD space ;.

Our next aim is to show some stability results for the SCD spaces. The first
one is the following.

THEOREM 10.3.5. Let Xq,...,X,, be SCD spaces. Then, X1®---®X,, is SCD.

PROOF. It is sufficient to consider n = 2. Since X7, Xo are SCD spaces, their
balls Bx,, Bx, are HSCD sets. Theorem 10.2.8 says that the set Bx, X Bx, C
X1 & X5 is also HSCD, but this set absorbs any bounded subset of X; & X5, so
every bounded subset of X7 & X5 is SCD. O

Our next goal is to deal with infinite sums. We use notation from Section 2.9.1.

THEOREM 10.3.6. Let (X,,)nen be a sequence of SCD spaces and let E be a
Banach space of sequences whose canonical basis is a 1-unconditional and shrinking
basis (i.e., E does not contain copies of ¢1). Then, X = (@neN X")E is also an
SCD space.

PROOF. For every m € N, we denote
Vp=(X10Xo®.. . 0Xn®0606 ), CX

and let P,,: X — Y,, be the natural projection. Let A be a convex bounded subset
of X. Now, for every m € N, P,,,(A) is a convex bounded subset of Y;,,, which is an
SCD space by Theorem 10.3.5. Hence, there is a determining sequence (Sy, k)ken
of slices of P,,(A). Consider gm,k = Prgl(vak) N A. We will prove that {gmk
k,m € N} is a determining countable collection of slices of A.

Let B be a subset of A intersecting all the gm’k. We fix an arbitrary point
a € A and we will prove that a € conv(B). Since B intersects all the §m,k, P,.(B)
intersects S, for every integer k. It follows that W(Pm(B)) D Pp(A). In
particular, conv(Pp,(B)) 3 Pp(a). That means that there exists b, € conv(B)
such that || Py, (by, —a)|| < -=. Then, it is easy to see that by, tends to a coordinate-
wise. But since the canonical basis of F is at the same time a shrinking basis, we
get that b, tends to a in the weak topology. So we can apply Mazur’s theorem
and get a sequence (b],,) with b/, € conv({bg: k > m}) C conv(B) which tends to a
in the norm topology. But this exactly means that a € conv(B), which was to be
proved. U

The next result deals with infinite sums when the natural basis of E is bound-
edly complete.

THEOREM 10.3.7. Let (X, )nen be a sequence of SCD spaces and let E be a
space of sequences whose natural basis is a 1-unconditional and boundedly complete
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basis (i.e., E does not contain isomorphic copies of cy). Then, X = (@neN X”)E
is an SCD space.

ProOF. Let a convex bounded subset A of X and € > 0 be fixed. Consider
the subset

Ag = {(an)nen € E: 3z = (x4)nen € A with ||2,|| = |a,| for all n € N}.

Since Ag is a bounded subset of a space with the RNP [99, p. 64], there are a
functional b = (by,)nen € E* and a positive number « such that the slice

Slice(Ag,b,a) = {(an)neN € Ag: Z bnay, > a}

neN

is non-empty and has diameter smaller than £/4 (Theorem 2.7.12). Taking into
account that Ag is symmetric, we may assume that b, > 0 (the slice of Ag defined
by |b] = (|bn|)nen is isometric to Slice(Ag, b, @)). Fix z € A with (||zn|)nen €
Slice(Ag,b,a) and pick z; € Sx- such that x},(z,) = |z,|. Write f, = bz},
f = (fu)nen € X*. We claim that for the slice

S = {(mn)neN € A: Z fulxn) > a}

neN
there is m € N with the following property

€
H(O7"'7O7y7n+1aym+27'")H < 5 for all (yn)neN €. (1031)
To show this, it is sufficient to select m in such a way that

10, ...,0, Zpg1, Toga, - )| < /4

and to use that diam Slice(Ag, b, &) < £/4. In fact, with such a choice of m we get

H(O’ B Oa Ym+1Ym+2; - - )” = ”(07 s 707 Hym-i-l”v ||ym+2||7 o )H

S ||(0aa0a ||xm+1||7 ||33m+2||,)||
- ||(0’ N "O’ |me+1H N ||ym+1|||, |me+2|| - ||ym+2|||7 e )H
< 2+ [ llasll =l [l = gl -] < 5

Let us prove that z is an e-accessible point of A. Consider
Vn=(X180X:®.. 0 Xn®0608---),CX

and P,,: X — Y, the natural projection. By Theorem 10.3.5, Y, is an SCD space
and, since P,,(5) is a convex bounded set in Y, there exists a determining family
{Sn: n € N} of slices of P,,(S). Notice that Y, isometrically embeds into X*.
For every integer n € N, we consider S, = P15, NS, which is a slice of S and,
obviously, relatively weakly open in A. Let B be a subset of A which intersects all
the S,,. We'll now prove that then dist(z, conv(B)) < e.

Since B intersects all the gn, we can find a sequence (y,) C B, such that
Yn € Sy for every n € N. This implies that P, (yn) € Sy for all n € N and so
W({Pm(yn): n e N}) D P,(S). In particular, P, (z) € W({Pm(yn): ne N})
But (10.3.1) gives us that the m-th tails of x and of all the y,, are small, that is,

|z — Po(z)]| < g and [y, — Pn(yn)| </2  (for all n € N).
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This gives us that dist (a, conv(B)) < g, and the proof is complete. O
An immediate consequence is the following.
EXAMPLE 10.3.8. The spaces co(¢1) and ¢1(cy) are SCD.

This result, together with those results of Section 10.1, gives us the following
examples.

EXAMPLE 10.3.9. The spaces ¢y ®. o, co @y Co, o ®e 61, co ®n El, 01 @y, and
4y ®7r 01 are SCD. Indeed, it is well known that ¢y ®. ¢y = ¢o, co @e b1 = co(41),
co®al1 =4y (co), and ¢4 @nly =l (see [274, Examples 2.19 and 3.3], for instance),
so these cases are clear from the above example. For the remaining cases, just
observe that [cy @ Co]* ~ () @ 4y (since [co ®r col* = L(co, l1) [274, p. 24],
K(co, £1) = 01 &, £, [274, Corollary 4.13] and K (co, 1) = L(co, {1) since £, has the
Schur property and ¢f is separable), so ¢ @ co is Asplund and ¢, ®, ¢; has the
RNP.

Since for X and Y being ¢ or £; one has K(X,Y) = X* ®. Y [274, Corol-
lary 4.13], the following examples follow.

EXAMPLE 10.3.10. The spaces K (cy) and K (co,¢1) are SCD. The spaces K (¢1)
and K (1, co) contain ¢, (this is because for a fixed vector yo € Sy the operators
of the form z* ® yo, * € X*, form a subspace of K(X,Y) which is isometric to
X*) and so they are not separable, all the more not SCD.

Another example in this line is the following.

EXAMPLE 10.3.11. The spaces {3 &, o = N (¢3), the space of nuclear operators,
and Uy ®. o = K (¢3) are SCD. Indeed, the first space has the RNP and the second
is an Asplund space.

In the following result we will enlarge the class of projective tensor products
which are SCD.

THEOREM 10.3.12. Let X and Y be separable Banach spaces. If Bx =
conv(dent(Bx)) and By is an SCD set, then Byg y is an SCD set.

We need the following useful (and technical) lemma from [275].

LEMMA 10.3.13 ([275, Lemma 3.4]). Suppose that we have a norm one bilinear
form BEBil(X xY) = (X ®;Y)* and e > 0. Then,

S(BX@@Wy,B,sQ) Ceonv({z ®y: x € Bx, y € By, B(z,y) > 1 —¢}) +4eByg y-

PROOF OF THEOREM 10.3.12. As X is separable and Bx = conv(dent(Bx)),
we can find {z,: n € N} C dent(Bx) such that Bx = conv({z,: n € N}).
Given n € N, since z,, is a denting point of Bx, we can find for each k € N a
slice Slice(Bx, ., ), where ||z}, || =1 and
1
x, € Slice(Bx, zy, ag) C B(Jcn, %) (10.3.2)

On the other hand, since By is an SCD set, we can find a determining family of
slices

{Slice(By, 45 Bm): m €N, |lys || =1}, (10.3.3)
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for By . Let us now define for each n,m, k,p € N the following slices:
1
Sﬁ,k,m = Slice (BX(@WY’ $:;k ® yjm ;)a

where, as usual,

(@7 @ yp) (@ @ y) = 23 ()Y (y)
for every z € X and y € Y. Our goal is to prove that the countable collection
of slices {S} ;. .- n,m,k,p € N} is determining for Byg y. To this end, let S =
S(Bx(gﬂy, B, a), where B is a norm one bounded bilinear form, and let us find a
member of the family of slices {Sz,k,m: n,m, k,p € N}, which is contained in S.

Select v > 0 and find a € By, b € By such that B(a,b) > 1 — « ++. This in

turn means that

a €{r € Bx: B(z,b) >1—a+~},
where the set above is actually a slice of Bx, since it is not empty and the mapping
x +— B(x,b) is clearly linear and continuous.

Since the above set is a slice and By = tonv({z,: n € N}) we get that there
exists n € N such that z,, € {x € Bx: B(x,b) > 1—a+~}, i.e., B(zy,b) > 1—a+1.
Select k € N such that + < .

Then,

X € Slice(Bx,x), a) C B(zn, %) C B(zn, 312) (10.3.4)

by (10.3.2). Using the fact that B(x,,b) > 1 — a + 7, we see that similarly to the
last case

be{y € By: B(zn,y) >1—a+~},
where the set is again a slice of By . Since the sequence of slices in (10.3.3) deter-
mines By, we can find m € N such that

Slice(By, Yy, Bm) C {y € By: B(zp,y) >1—a+7}. (10.3.5)
Consider now the following set:
S® .= {u®wv: u € Slice(Bx, z},, ax), v € Slice(By, v, Bm) }-
We claim that
31y

59 c{z€Bygyi B(z)>1-a+ 3—2} (10.3.6)

Indeed, assume that w € Slice(Bx, z},,, o) and v € Slice(By, ¥}, Bm). By (10.3.5)
we get B(zn,v) > 1 — a+ 7, and using (10.3.4), we obtain

B(u®wv) = B(u,v) = B(xy,v) — Bz, — u,v)
1
>1—a+y—[B|vlllzn —ull > l-at+y—-—

Y 31y
1- ——>1- —.
> a+y 39 > a+ 39
To proceed further, pick for each n,k,m € N another p € N satisfying 1/p <

min{ag, Sm . Now, we claim that
1
Slice (BX ® By, %, ® Y5, 7) c S°. (10.3.7)
p
Fix ¢ ® y € Slice(Bx ® By, z}, ® y),,1/p), ie.,

(@ @ Y5 (2 @ y) = (2 (@)l (y) > 1 — %
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Pick 0 € K with |f] = 1 such that 27, (0z) = z¥, (0z); then z ® y = 0z ® 6~ 1y and
2ra02) - (07 ) = (@3 0007 ) > 1=
Since 0~y € By, we have
2ral02) > a34(00) - (7071 ) > 1= 2 > 1=,

which means that 6x € Slice(Bx, z,, o). Analogously, 'y € S(By,y},, Bm). In
conclusion,

rRy=0x0 'ycS®.
Select p € N be such that 4/p < v/32. In order to finish the proof, we will show
that

. X « 1 2 .
Slice (BX@)Wy,xnk ® Y 1?) =S} 1 C S =S8lice(Byg y,B,a).
Indeed, (10.3.13) gives that
. .1
Slice (BX@) v Tt @ Ymns —2)
T p
(. N L 1 4
C conv(Shce (BX ® By, 2y, Qyn,, 7>) +=Bxg y- (10.3.8)
b b "
Pick an element z € Slice(Byg y, 25, @ Y, 1/p?). By (10.3.8), we can write
4 1
z=g+ —h with g€ conv (Slice (BX ® By, @y, )) , h€Byxg y-
p » .

This means that we can find g € conV(Slice(BX ® By, z}, @ yr,, 1/p)) such that
llg — gl < ~v/32. By defining z =g + (4/p)h, it is obvious that

A=llag—3l < L
Iz =2l = llg —9ll < 55-
In addition, by (10.3.7), we have
31
conv(Slice(Bx ® By, @y, ® Yy, 1/p)) C {z €Byg y: B(z)>1-a+ ?;},
because slices are convex. With this, we obtain
~ 4 31y 4
B(z)=B —B(h) >1— — - -
() =BG + 5B > 1-a+ 3~
Now, using the above estimations as well as (10.3.6) and (10.3.7), we get
B(z) = B(z) — B(Z)+ B(2) = B(z) - B(z — 2)
31y 4 ~ 3lv 4 vy
l—a+>L = B||Iz- l—a+ 2t =21
> a+ 2 1 |B|l |z — =|| > a+ 32 p 32
30y 4 v 4
—l-a+"d-—">l-at+t-—->1-a O
a+ 32 p > a+ 32 p > o}

We are going to complete the collection of stability results for SCD space with
the “three space property”. For this we need the following technical lemma which
shows that in Definition 10.3.1 it suffices to consider sets with nonempty interior.

LEMMA 10.3.14. Let X be a separable Banach space. If every open conver
bounded subset of X is SCD, then X is SCD.
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PROOF. Our first observation is that our hypothesis forces that every bounded
convex subset A of X with nonempty interior is SCD. Indeed, notice that since A
is convex, the closure of the interior of A coincides with the closure of A, and we
may apply Lemma 10.1.6 two times to get that A is SCD.

Now, let A C X be bounded and convex. Since X is separable, we may find
a countable subset {z,: n € N} C A which is dense in A. Let (g,)nen be a
sequence of positive reals which tends to zero. For fixed n,m € N, we denote
Apm = conv (BEm (zn) U A) which clearly contains A. Since the interior of A, ,,
is not empty, we may find a determining family {Sﬁm: k € N} of slices of A, .
Now, from the structure of A, ,,, it follows that either Sﬁ,m N B., (x,) # 0, or
S’fbym NA#0. Let K., be the set of all indices k € N for which Sﬁ’m intersects A,
and denote :S’v,’fm = Sﬁ,m N A for all k € K, ,,,, which are clearly slices of A. Also

note that for every integer k ¢ K, ,,, the slice S¥  intersects B., (). Finally,
the family

{§§7m: nomeN, ke Knym}

is determining for A. Indeed, let B be a subset of A intersecting all the §,’§m and
fix some € > 0. Since the set {z,: n € N} is dense in A, there is an integer ng € N
and b € B such that ||b — 2,,|| < §. Also, there is mo € N such that ¢,,, < 5, as
em — 0 when m — co. We know that B intersects all SF . with k € Ky . On
the other hand, we also know that the slice Sﬁoﬁmo intersects the ball B, (vy,) for

every k ¢ K, ,,,. Hence we can deduce that the set B, m, = BUB.,,, (Tng) C Apm
intersects all the S* which implies that

No,MmMo
conv (Bng,me) D Ang,me O A

Finally, notice that B, (Zn,) C Bg(2n,) C Be(b), which implies that By, m, C
B + eBx. Therefore, we can state that conV(B + EBX) D A, and the arbitrariness
of € gives us that conv(B) D A. O

We may now state the promised stability result.

THEOREM 10.3.15. Let X be a Banach space with a subspace Z such that Z
andY = X/Z are SCD spaces. Then, X is also an SCD space.

PROOF. We denote by ¢: X — Y = X/Z the quotient map. Let us show that
every open convex bounded subset A C X is SCD, and then Lemma 10.3.14 will
imply that X is SCD. To do so, as X is separable since Y and Z are, and separability
is a three-space property (see [77, Theorem 2.4.h]), we only need to find, for every
point a € A, a sequence of weakly open subsets such that whenever B C A intersects
every member of the sequence, then a € conv(B) (see Remark 10.1.9). We fix some
a € A and denote A, = {x € A: g(x) = q(a)}. Then, A, is affine isomorphic to an
open convex bounded subset of Z which is an SCD space (indeed, A, = (Z+a)NA).
It follows that there is a determining family {S,: n € N} of slices of A,. Let {S,:
n € N} be their extensions to A. For every n € N, consider ¢(S,) C Y, which is open
bounded and convex (its openness is a consequence of the Open Mapping Theorem).
Now, as long as Y is SCD, we may find a determining sequence (Sy, m)men of slices
of q(gn) Let Vi = S, Ng~ 1 (Sp,m) for every n,m € N. It is easy to see that V,,
are relatively weakly open. We will now prove that they are the sets we need.
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Let B C A be convex and such that BNV, ,, # 0 for all n,m € N. Fix some
e > 0, and denote B, = {x € A: dist(z, B) < ¢}. Evidently, B, is an open convex
set intersecting all the V,, ,,. Fixed n € N, we have that

BN Vn,m =DB.N 5;n N qil(Sn,m) 7é (Da
SO _
q(Be N Sp) N Spm # 0

and the choice of S, ,,, allows us to get that
conv(q(B: N §n)) =q(B.N §n) > q(S,,).

Notice that B. NS, is open and convex, hence, so is ¢(B: N gn) This implies that
the interior of the set q(B- N S,) coincides with ¢(B. N S,). Now, using that ¢(S,,)
is open, we get that
q(B:N'Sy) D q(Sn)

and, in particular, ¢(B: N §n) 3 ¢(a). This means that there exists x, € B N §n
such that ¢(x,) = q(a), i.e., that z, € B.NS,. Since B. C A and {S,: n € N} is
a determining family for A,, we get that B. D A,. Finally, the arbitrariness of e
implies that B D A, 3 a. O

Let us state two immediate consequences of this result.

COROLLARY 10.3.16. Let X be a separable Banach space which is not SCD.
(a) X contains copies of L1, and the quotient of X over any copy of {1 also
contains 1.
(b) Consequently, for every £1-subspace Y1 of X, there is another ¢1-subspace Y
such that Y1 and Ya are mutually complemented in the closure of Y1+Ys (i.e.,
Yi+Yo=Y1+Y, =Y, ®Ys). In particular, Y1 NYs = 0.

PROOF. (a) is immediate from the above theorem and Theorem 10.1.21. (b)
follows from (a) and the “lifting” property of ¢; (Theorem 2.3.8). O

One may wonder whether item (b) of the above corollary can actually be a
characterisation of those separable Banach spaces which are not SCD. This is not
the case as the following remark shows.

REMARK 10.3.17. The space X = ¢2(¢1) (which is an SCD space, even more,
it has the RNP) has the following property: it contains isomorphic copies of {1 and
for every ¢1-subspace Y C X, there is another ¢1-subspace Z C X such that Z and
Y are mutually complemented in the closure of Y + Z.

PROOF. Let (X,)52; be a sequence of isometric copies of ¢;. Then, X is
isometric to the /5 direct sum of the spaces X, (@neN X")ez' Fix an /¢;-subspace
Y C X and let us prove that some of the X,, can be taken as Z. Assume to the
contrary that for every n € N

inf{lly — z|: y € Sy, v € Xn} =0.

Then, for every n € N there are y, € Sy and =, € X,, with ||y, — x| < 107"
Since (z,,) forms a bounded sequence of disjoint elements, (z,) — 0 in the weak
topology. But then (y,,) — 0 in the weak topology as well, which is impossible since
(yn) C Sy and Y has the Schur property. O
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10.4. SCD operators, HSCD operators, and HSCD-dominated
operators

DEFINITION 10.4.1. Let X and Y be Banach spaces. A bounded linear operator
T: X — Y is said to be an SCD-operator if T(Bx) is an SCD set, and it is said to
be a hereditary-SCD-operator if T(Bx) is a hereditarily SCD set.

By just recalling the examples given in the previous sections, we get the main
examples of SCD- and HSCD-operators.

ExAMPLES 10.4.2. Let X and Y be Banach spaces and let T: X — Y be a
bounded linear operator such that 7'(X) is separable.

(a) IfT(Bx) has small combinations of slices, then T is an SCD-operator.

(b) If T(Bx) is a strongly regular set (in this case the operator T is also called
strongly regular) or T(Bx) is a Radon-Nikodym set, (i.e., if T is a strong
Radon-Nikodym operator), then T is an HSCD-operator.

(¢c) IfT(Bx) does not contain {1-sequences, then T is an HSCD-operator.

(d) In particular, if T' does not fix copies of ¢1, then T is an HSCD-operator.
Indeed, if T(Bx) contains an ¢1-sequence (Te,)nen with e, € Bx (n € N),
then by Lemma 2.3.7, Y = lin{e,: n € N} is a copy of ¢; and T|y is an
isomorphic embedding, a contradiction (see [295, Proposition 1]).

The aim of this section is to show that SCD- and HSCD-operators behave in a
very good way with respect to the Daugavet equation.

First, we need a reformulation of Daugavet centres in terms of behaviour of
extreme points and slices of the dual ball.

REMARK 10.4.3. Every weak*-slice of By~ intersects the set of extreme points
of By~«. In other words, Slice(By~,yo,cq) N ext(By+) # 0 for every yo € Y and
€g > 0. This follows immediately from the Krein-Milman Theorem 2.6.14.

DEFINITION 10.4.4. For 2* € X* and € > 0, we write
S'(z*,e) :={x € Bx: Rexz*(z) >1—¢}.
When not empty, S’(z*, €) is a slice of Bx. For Banach spaces X and Y, an operator
G € Sp(x,v), € >0, and a slice S of Bx, we denote
A(G, S,¢) := {y" € ext(By+): SNS'(G*y*,e) # 0}.
REMARK 10.4.5. The set A(G, S, ) can be rewritten as follows:
A(G, S e) = {y* € ext(By+): 3z € S such that ReG*y*(z) > 1 —¢}
= ext(By~) N U {y* € Y": Rey*(Gz) >1—¢}.
zes
This formula demonstrates that A(G, S, ¢) is relatively weak*-open in ext(By).
LEMMA 10.4.6. For an operator G € Sp(x,y) the following assertions are equiv-
alent:
(i) G is a Daugavet centre.

(ii) For every e > 0, every z§ € Sx- and every weak*-slice Slice(By~,yo,¢),
Yo € Sy of By- there is a weak*-slice Slice(By=«,y1,e1) C Slice(By=, 3o, ¢€)
such that every y* € Slice(By«,y1,€1) satisfies |G*y* + x| > 2 —e.
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(i) For every x§ € Sx» and every weak™ slice Slice(By~,yo,€0) there is y* €
Slice(By+, Yo, €0) which satisfies the inequality ||G*y* + z§|| > 2 — &¢.

(iv) For everye > 0, everyy € Sy and every slice S of Bx there is y* € A(G, S, ¢)
such that y € Slice(By,y*,€).

(v) For every e > 0 and every slice S of Bx the set A(G, S, ¢) is weak*-dense in
ext(By+).

(vi) For every ¢ > 0 and every sequence (Sp)nen of slices of Bx, the set
MNpen A(G, Sy, €) is weak”-dense in ext(By~).

PROOF. The reformulation (ii) and (iii) are dual versions of characterisations
given in Theorem 5.1.2. In order to entertain the reader we will not repeat the
previous demonstration of (ii) in a dual form, but will give an alternative proof.

So, let us prove that (i) = (ii). Let ¢ € (0,1), z§ € Sx~ and Slice(By+, yo, €),
Yo € Sy be from the conditions of (ii). Define T' € L(X,Y) by Ta = a§(x)yo. Then
IG 4+ T'|| = 2, so there exists an element x; € Sx such that |Gz, + Tz1]| >2—¢
and z{(z1) > 0. Put

o GCCl—FTIl e =1 2—¢
NG + T T G+ T
Then for every y* € Slice(By+,y1,c1) we have
Re(y*,Gx1 +Tx1) > (1 —e1)||Gor + T1]| =2 — €. (10.4.1)
Hence
1+ Rey*(yo) = Rey*(Gx1) + Rey™ (yo)xi(x1) = Re(y™, Gay + Txq) > 2 — ¢,
which implies that Rey*(yo) > 1 — ¢, i.e., y* € Slice(By~, yo,€). So the inclusion
Slice(By+,y1,£1) C Slice(By=,yo,€) is proved. It remains to show that |G*y* +
x5l > 2 — €. Indeed, the same inequality (10.4.1) implies that
2 —e < Rey*(Gz1) + Rey™ (yo)zg(z1)

< Rey™(Gzy) + zj(2z1)

= Re(G"y" + a5, 1) < [|GTy" + xgl.

The implication (ii) = (iii) is evident. Let us prove (iii) = (i). Let T =
x5 ®yo € L(X,Y) be a rank-one operator of norm ||T|| = 1, yo € Sy, f € Sx~. Fix
a sequence of numbers &, > 0 with lim,,_,o, €, = 0 and let y; € Slice(By+,yo,€n)
be the corresponding elements from (iii). Then

2 < |Gy, + x5l +en
<G yn 4+ yn(wo)zoll + 11— yn(yo)| +&n
= (G" + T )ypll + 11 = yn(wo)| + en
<G+ T + 11 = 45 o) + £0 — G +T].

(ii) = (iv). Pick ¢ > 0, y € Sy and S = Slice(Bx, z§,0) with 2 € Sx~ and
d > 0. Denote g := min{e, 0}.

According to (ii), there is a weak*-slice Slice(By~,y1,€1) C Slice(By~, y, €) such
that every y* € Slice(By+, y1,¢1) satisfies ||G*y* + zj]| > 2 — eo/2.

Proposition 10.4.3 enables us to pick a y* € Slice(By«,y1,£1) Next(By~). Con-
sider the following slice S of Bx:

S1 ={z € Bx: ReG*y*(z) + Reaj(x) > |G*y" + || — €0/2}.
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Then every z € Sy fulfills Re G*y*(z) + Rexj(z) > 2 — 9. But ReG*y*(z) < 1
and Rexf(x) < 1, hence we have

ReG*y*(z) >1—ep>1—¢ and Rezxj(z) >1—ep>1-—
A

J.
This means that z € SN S'(G*y*,¢). Consequently, y* € A(G,S,e). And,
since y* € Slice(By+,y1,e1) C Slice(By=«,y,¢), then Rey*(y) > 1 — ¢, hence
y € Slice(By, y*,¢).

(iv) = (i). Pick e > 0, y € Sy and z* € Sx«. Then there is y* €
A(G, Slice(Bx,x*,¢),e/2) such that y € Slice(By,y*,&/2). By the definition of
the set A(G,Slice(Bx,z*,¢),e/2), there exist an = € Slice(Bx,z*,e) such that
y*(Gz) = (G*y*)(x) > 1 —¢/2 and so

Gz +yll 2 [y (Gz) +y*(y)| > 1 —e/2+1-¢/2=2—¢.

Then, according to the basic characterisation given in (iii) of Theorem 5.1.2, G is
a Daugavet centre.

(iv) = (v). We need to show that the weak* closure of A(G,S,¢) contains
every extreme point y* of By«. Since weak*-slices form a base of neighbourhoods
of extreme points in By«, it is sufficient to demonstrate that every weak*-slice
Slice(By+,y,d) of By~ with § € (0,¢) intersects A(G, S, ¢), i.e., that there is a
point y* € A(G, S,¢) such that y* € Slice(By~,y,d). But we know that there is a
point y* € A(G, S,d) C A(G, S, ¢) such that y € Slice(By,y*,0) which means that
y* € Slice(By~,y,9).

(v) = (iv). If A(G, S, ¢) is weak*-dense in ext(By~ ), then by Proposition 10.4.3
for every y € Sy the weak*-slice Slice(By~,y,¢) intersects A(G, S,¢e). Therefore
there is y* € A(G, S, ) such that y € Slice(By, y*, €).

Since the A(G,S,,¢) are weak*-dense and weak*-open, the remaining equiv-
alence (v) & (vi) follows from the Baire property of (ext(By~),w*) (see
Lemma 2.6.17). O

THEOREM 10.4.7. Let G € Sp(x,y) be a Daugavet centre, E be a Banach space,
and let T: X — E be an SCD-operator. Then T is a G-strong Daugavet operator.

PRrOOF. Since T is an SCD-operator, we may find a sequence (S, )nen of slices
of T(Bx) such that T'(Bx) C conv(B) whenever B C T'(Byx) intersects all the S,,’s.
Notice that the sets S, := T~(S,,) N Bx are slices of Bx (Proposition 2.6.5). We
are going to demonstrate that T' € SDg(X) using Definition 6.2.1. So, fix arbitrary
€ >0,z € Sx, and y € Sy. Since G is a Daugavet centre, Lemma 10.4.6 gives
us that [,y A(G, S,,e/2) is weak*-dense in ext(By-). Proposition 10.4.3 implies
that we may find y* € ),y A(G, S,.,£/2) such that
y € Slice(By,y",¢/2). (10.4.2)

Then, by the definition of A(G, Sy,&/2), we have that S"(G*y*,e/2)NT~1(S,) # 0
for every n € N. Thus,
T(S"(G*y*,e/2))NSp # 0
for every n € N. Then
T(Bx) C conv (T (S (G*y*,e/2))) = T(5'(G*y*,2/2)).

In particular, Ta € T(S'(G*y*,&/2)), which implies that there is z € S'(G*y*,¢/2)
such that

1Tz —Tz|| <e.
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We have Rey*(Gz) > 1 — /2. By (10.4.2) we also have Rey*(y) > 1 — /2.
Therefore

ly + Gz|| = Rey*(y) + Rey*(Gz) >1—¢/2+1—¢/2=2—¢.
Thus T is a G-strong Daugavet operator by Definition 6.2.1. (]

COROLLARY 10.4.8. Let G: X — Y be a Daugavet centre. If T: X =Y is an
SCD-operator, then |G+ T| = |G|+ ||T]-

ProprosiTiON 10.4.9. Let X be a Banach space and T;: X — Y;, i = 1,2, be
hereditarily SCD operators. Then Ty + Ty is also a hereditarily SCD operator.

ProOF. We know that the sets T;(Bx), i = 1,2, are hereditarily SCD. Then
according to Theorem 10.2.8, T1(Bx) @ T2(Bx) is also hereditarily SCD. All that
is left now is to notice that T} + To: X — Y; @1 Ys acts by the rule (T1+7%)(z) =
(Ty(z), To(z)); so (Ty + Ts)(Bx) C Ti(Bx) @ To(Bx). Since every subset of an
HSCD set is also HSCD, this gives the desired result. O

The previous Proposition implies in particular that for every HSCD operator
T: X — Yand every 2* € X* the operator T+ z* is an HSCD-operator. Combining
this with Theorem 10.4.7 and with the definition of G-narrow operators we deduce
the following:

THEOREM 10.4.10. Let G € Sp(x,y) be a Daugavet centre, E be a Banach
space, and let T: X — E be an HSCD-operator. Then T is G-narrow.

The following proposition enables us, using the separable determination Theo-
rem 6.2.21 for G-narrow operators, to relax the separability restriction that appears
implicitly in the previous theorem.

COROLLARY 10.4.11. Let G € Spx,y) be a Daugavet centre, E a Banach
space, and let T € L(X, E) be an operator such that every separable convex subset
of T(Bx) is SCD. Then T is G-narrow.

COROLLARY 10.4.12. For a Daugavet centre G € Sp(x,y), all strongly regular
operators, weakly compact operators, operators not firing a copy of {1, and strong
Radon-Nikodym operators on X are G-narrow.

REMARKS 10.4.13.

(a) The class of hereditary-SCD-operators is a right operator ideal. Indeed, if
T: X; — X, is an arbitrary operator and S: Xs — X3 is a hereditary-SCD-
operator, then [ST](Bx,) C S(||T||Bx,), so ST is a hereditary-SCD-operator.

(b) The class of hereditary-SCD-operators is not a left operator ideal. Indeed, let
us consider a subspace X C L]0, 1] which is 1-complemented and isometric
to ¢1 (for example, such X may be obtained as the linear span of the set
{]l( L1 neN})' The corresponding norm-one projection T L1[0,1] — X &

/1 isnau+ ilerllreditary—SCD-operator since £1 has the RNP. Consider also a quotient
map S: X — X/Y = [1]0,1] (by just using the quotient universality of ¢,
Theorem 2.5.9). Then, ST(Br,j0,1)) = Br,jo,1) s0 ST is not even an SCD-
operator.

(¢) As a consequence, there are narrow operators which are not SCD-operators.
Indeed, since the set of narrow operators is clearly a left operator ideal, the
operator ST above is narrow.
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(d) In Theorem 10.6.1 below we will show that the set of HSCD operators between
two Banach spaces need not be a linear subspace.

The following concept of HSCD-dominated operators helps to fix some draw-
backs of HSCD operators mentioned above.

DEFINITION 10.4.14. An operator T" on a Banach space X is said to be HSCD-
dominated if there exists a hereditarily SCD operator 7" on X such that 7" is dom-
inated by T, i.e., ||T'(z)|| < ||T(2)|| for every x € X.

REMARK 10.4.15. The class of HSCD-dominated operators, of course, contains
all hereditarily SCD operators and, in particular, in the separable case it contains
the classes of strongly regular operators, strong Radon-Nikodym operators, and the
class of operators which do not fix a copy of {;.

REMARK 10.4.16. If G € Sp(x,y) is a Daugavet centre, then the class of HSCD-
dominated operators on X is contained in the class of G-narrow operators on X.
This follows from Theorem 10.4.10 and from the evident observation that an oper-
ator dominated by a G-narrow operator is itself G-narrow.

Now, we are ready to prove the following theorem.

THEOREM 10.4.17. The class of HSCD-dominated operators is an order ideal
(in the sense of Definition 6.1.2) which is a +-semigroup and a two-sided operator
tdeal.

PROOF. The order ideal property follows immediately from the definition. Let
us prove that this class is stable under +. Let T} and T: 2 be two operators from
this class. Then there exist hereditarily SCD operators T and T5 such that T;
is dominated by T, ¢ = 1,2. Proposition 10.4.9 gives us that Ty + T3 is also a
hereditarily SCD operator. Now, T} + T5 is dominated by Tl F fg, and the job is
done.

The stability under the ordinary sum is a simple consequence of the -stability
and the order ideal property, because T} + T5 is clearly dominated by T + T5.

Now, we’ll prove that it is a two-sided operator ideal. Let T: X — Y be an
HSCD-dominated operator and U: Y — Z, V: F — X be two arbitrary bounded
operators. We want to prove that U oT and T oV are HSCD-dominated operators.
For this we need to find hereditarily SCD operators T, and 75 such that 77 dom-
inates U o T" and Ty dominates T o V. Let T be a hereditarily SCD operator that
dominates T. Then we can take 77 = ||U HT and Ty = T o V. These operators are
hereditarily SCD and it is easy to see that 77 dominates U o T and T, dominates
ToV. O

The above theorem combined with a separable determination argument enables
us to extend Corollary 10.4.12 to linear combinations of the operators considered
there.

COROLLARY 10.4.18. For a Daugavet centre G' € Sp(x,y), all strongly regular
operators, weakly compact operators, operators not fixing a copy of £1, and strong
Radon-Nikodym operators on X, as well as their linear combinations, are G-narrow.

REMARK 10.4.19. The part of Corollary 10.4.18 that deals with strong Radon-
Nikodym operators and operators not fixing a copy of {1 can be deduced from The-
orems 6.2.18 and 6.3.5 together with the properties of cp(NARg(X)). We don’t
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know whether, for a Daugavet centre G € Sp,(x,y), all the HSCD-dominated oper-
ators on X belong to cp(NARG(X)). In particular, to the best of our knowledge,
nobody considered strongly regular operators in the cp(NARg (X)) setting.

10.5. Sets with a countable w-base of the relative weak topology

It was shown in Proposition 10.1.20 that a convex bounded subset A of a Banach
space X is SCD if o4(X, X™) (the restriction of o(X,X*) to A) has a countable
m-base. We do not know whether these two properties of convex bounded sets are
equivalent (see Question (10.1) in Section 10.9). The aim of this section is to discuss
this possible equivalence. We already know that the class of convex bounded sets
that have a countable m-base of the weak topology contains those sets which do not
have ¢;-sequences (Theorem 10.1.21). Below, in Examples 10.5.1, we list without
proofs a series of results from [27, Section 6] which can be summarised as follows:
this class of sets contains the main examples of SCD sets mentioned in this book.
After that we present some characterisations of SCD sets which remind us of the
property we are dealing with.

EXAMPLES 10.5.1.

(1) Let X be a separable Banach space with a LUR norm. Then, Bx has a
countable m-base of the weak topology.

(2) As a consequence, every separable Banach space X admits an equivalent norm
| - | such that B(x.|y has a countable 7-base of the weak topology.

(3) Let X be a Banach space and let A be a separable closed convex bounded
subset of X with the CPCP. Then, A has a countable m-base for the weak
topology.

(4) Every bounded convex subset A of the space ¢y(¢1) has a countable m-base of
the weak topology.

(5) Every bounded convex subset A of the space ¢1(cp) has a countable 7-base of
the weak topology.

With the above result, most of the types of SCD sets presented in Section 10.1
have a countable m-base of the weak topology. The only exception is the family of
strongly regular sets which are not CPCP. There are two main examples of sets of
this kind, but in both cases, the sets have a countable m-base of the weak topology.

ExXAMPLES 10.5.2.

(a) The set constructed by S. Argyros, E. Odell, and H. P. Rosenthal [25], which
is strongly regular but does not have the CPCP, is a subset of ¢g, so it has a
countable m-base of the weak topology since it does not have £1-sequences.

(b) The set constructed by W. Schachermayer [281], which is a subset C' of a
Banach space Z which does not have the CPCP, but Z** is strongly regular
(so Z is strongly regular). But then, (C,o(X, X*)) has a countable 7-base of
the weak topology since Z does not contain /7.

Our next goal is to establish some characterisations of SCD sets which remind
us of countable w-bases of the weak topology. The first one deals with convex
combinations of slices.

THEOREM 10.5.3. A bounded conver subset A of a Banach space X is an SCD
set if and only if there is a countable family {V,: n € N} of conver combinations of
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slices of A such that every relatively weakly open subset of A contains some of the
Vi

PROOF. The “if” part is direct consequence of Propositions 10.1.2 and 10.1.16.

Conversely, assume that A is an SCD set and suppose without loss of generality
that A C Bx. Let S,, = Slice(A4, z},¢e,), for n € N, be a determining sequence of
slices for A. Let us show that the convex combinations of the S,,’s with rational
coefficients form the countable collection of convex combinations of slices that we
need. Indeed, let U be a relatively weakly open subset of A. Select another relatively
weakly open subset V' C U such that « = dist(V, A\ U) > 0. Due to Bourgain’s
lemma (Lemma 2.6.19), there is a convex combination of slices Z;’;l NGy C V.
According to Proposition 10.1.2, for every j = 1,2,...,m there is n(j) € N such
that S,y C Gj. Then, Z;n:l AjSny € V. What remains is to find rationals
pj > 0 with 377 | p; = 1 and |p; — Aj| < . Then, the Hausdorff distance between
Z;n:1 145 Sn(;) and Z;nzl AjSn(jy is smaller than «, so

m
> 1S €V +aBx CU. O
j=1
Let us recall that convex combinations of slices may have relative empty inte-
rior. Actually, there are convex combinations of slices of the unit ball of infinite-
dimensional spaces which do not intersect the unit sphere. We refer the reader to
[210] for a discussion of this.
The second result gives a reformulation of an SCD set in terms of topological
properties of the set of extreme points of its weak™ closure in the bidual. For a

convex bounded subset A of a Banach space X, denote A" the weak-star closure
of Ain X**.

THEOREM 10.5.4. Let X be a Banach space and let A be a convex bounded
subset of X. Put W = (ext (Z**),O‘(X**,X*)). Then, the following are equivalent:

(i) A is an SCD set.
(ii) W has a countable w-base.

PROOF. (i) = (ii). We take a sequence of slices S,, = Slice(A4, z},e,), n € N,
which is determining for A and we write

Sz = Slice(A™",a%,e,) CA

for the natural extensions of S, to slices of A, Then, the family U,, = S;*NW
for n € N forms a 7-base of W. Indeed, we consider a relatively weak*-open subset
U of W. Due to Choquet’s lemma 2.6.16, there is a slice S** = Slice(z**,x*,s)

of A generated by some x* € X* and € > 0 such that U D S** NW # (. Now,
according to Proposition 10.1.2, there is n € N such that

Sy C Slice(A,z*,¢/2) C S(Z**,x*,5/2).
Then, S;* is contained in the relative weak*-closure of Slice(z**7x*7£/2) in Z**,

so Sy* C S** and
U,=S"NnWcsS* nWwcUl.

(ii) = (i). We consider a countable w-base {U,: n € N} of W consisting of
relatively weak*-star open subsets. Again by Choquet’s lemma, there are z} € X*
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and e, > 0 such that
U, > U, = Slice(z**,xz,sn) NW # (.
Let us prove that the slices Sy, , = Slice(A4, z},1/m), with n,m € N, form a deter-
mining sequence for A. Indeed, we denote S;%,, the closed slices of a” generated
by z* and 1/m. For every slice S = Slice(A,z*, ) of A, since {Up: n € N} is a
m-base of W, there is n € N such that
S AW > U, where S™* = Slice(z**,x*,en),
so for m € N big enough we have
STNW DS, NW.

Then, taking into account that, for every n € N,

Gn= () S

meN

is a closed face of Z**7 the Krein-Milman theorem gives us that

G = conv (G, N W)U(X”’X*).

Therefore,

(X%, X*)

D conv ( St N W) =G,
meN

S* D conV(S** N W)J(X**’X*)

This means that the intersection of the decreasing sequence of o(X**, X*) compact
sets (S5, )men is contained in S**. But S** is a relatively o(X™**, X*) open set in
Z**, so for sufficiently big m € N, all the S}, are subsets of S**. For these m, we
have

S=85"NADS . NAD S, m.

Finally, we use the characterisation of SCD sets from Proposition 10.1.2. O
The following is an easy consequence of the above result.

COROLLARY 10.5.5. Let X be a Banach space and let A be a bounded convex
subset of X. If A is SCD, then (ext(z**),a(X**,X*D is separable.

10.6. Sums of SCD operators and sets

In Proposition 10.4.9 we proved that the class of hereditarily SCD operators is
stable under the operation + and in Proposition 10.4.13(d) we promised to demon-
strate later that the result is not valid for the ordinary sum. Now, it is time to
fulfill that promise.

THEOREM 10.6.1. There exist Banach spaces X,Y and two hereditarily SCD
operators T1,To € L(X,Y) whose sum Ty + Ts is not even an SCD operator.

PROOF. In the required example below, we use X = ¢; and Y = ¢; &, C[0,1].
We know that if a Banach space has the Daugavet property, then its unit ball is
not SCD. In particular Bcjg,1) is not an SCD set. Let T: £; — C[0, 1] be a bounded

linear operator of norm 1 such that T'(Be,) = Bepo,1) (such a T' exists because of
the separability of C[0, 1] and the quotient universality of ¢1, see Theorem 2.5.9).
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We then take T;: ¢ — ¢ @1 C[0,1], ¢ = 1,2, such that Ti(z) = (z, T(2;1;)) and

To(x) = (-, T(;)) for all x € ¢;. Both of these operators are continuous and
bounded from below. Indeed, for every x € 44

Ja 17| Kx T(2>) H = IT@) < 2l

& S =l — 5 S
and analogously for T5. Thus T; is an isomorphism between ¢; and T;(¢1), i = 1,2.
But we know that ¢; is an SCD space and that the SCD-property is stable un-
der isomorphisms, so we can deduce that the spaces Ty(¢1) and T»(¢;) are SCD.
From this it evidently follows that 77 and T, are hereditarily SCD operators.
Now, consider their sum: (77 + T3)(z) = (0,7(z)). But then the closure of
(Th +T2)(Be,) = (0,T(By,)) is {0} x Bepo,1) by the choice of T' and hence Ty + 15
is not an SCD operator. O

REMARK 10.6.2. Note that the same construction works also to give an example
of two strong Radon-Nikodym operators whose sum doesn’t have this property,
because {1 is a Radon-Nikodym space and C|[0, 1] is not.

Also from our example we deduce the following corollary.

COROLLARY 10.6.3. The sum of two hereditarily SCD sets need not be an HSCD
set.

PROOF. As an example we can take the sets T1(By,) and T(By,) from the
previous theorem. These sets are hereditarily SCD but their sum contains a set
isometric to the unit ball of C[0, 1], which is not SCD, which means that this sum
is not HSCD. O

10.7. More operations with SCD sets

The content of this section is a kind of warning that one has to be careful when
dealing with SCD sets. Namely, we demonstrate that the class of SCD sets is not
stable with respect to the main elementary operations like the union, intersection
and the Minkowski sum.

The section consists of three subsections. At the beginning of Subsection 10.7.1
we construct a set A whose properties will be the base of all the remaining exam-
ples (the letter A will be fixed afterwards for that special set). Then, we present
the promised examples for the intersection of SCD sets (which will be A and —A).
After that, in Subsection 10.7.2 we give the instability examples for the Minkowski
sum (which will again be A and —A), and for the union (some shifts of A and
—A). In fact, we demonstrate the existence of such examples in every space with
the Daugavet property. The examples constructed in the initial subsections are not
centrally symmetric, which is not entirely satisfactory, because in all the applica-
tions sets symmetric with respect to zero appear. Subsection 10.7.3 is devoted to
the symmetrisation of our examples, after which one can see that the operations of
Minkowski sum, union and intersection do not preserve the property SCD even if
the sets in question are unit balls of some equivalent norms.

Since in the definition of a slice and, consequently, in the definition of an SCD
space only real scalars are used, below, if the contrary is not stated explicitly, we
will consider only real Banach spaces.
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10.7.1. The intersection of SCD sets. The examples which we are going to
present in this section will be constructed in an arbitrary Banach space X with the
Daugavet property. According to Theorem 4.1.7, X contains a separable subspace
with the Daugavet property, so without loss of generality we assume that X itself is
separable. Fix a 1-codimensional closed subspace £ C X. E, being a rich subspace,
also has the Daugavet property, so Bg is not SCD. The aim of the construction
below is to include Bg into an SCD set A C X in such a way that By lies in the
boundary of A. This construction will be used in all the examples presented in this
section.

The separability of E gives the existence of an equivalent LUR norm ¢: F —
[0,400) such that i||z| < ¢(z) < ||z[| for all z € E (Theorem 2.10.4). Then for
every t > 0 the formula |z||; = /||z||* + t?¢(z)?, € E, defines an equivalent
LUR norm on E [94, Chapter 2, p. 52, beginning of Section 4] satisfying that

]l < llzlle < V142 ||z]. (10.7.1)

In particular, every point of the unit sphere S(g |.|,) is strongly exposed (Proposi-
tion 2.10.3). If t = 0, then we get the original norm on E, i.e., ||z|lo = ||z|]. We are
going to use the notation || - ||} for the norm of (E, | - ||s)*. In the case of t = 0,
where || - |lo is just the original norm || - ||, we will write ||y*||§ = lly* |-

We now construct the set which plays the fundamental role in all the promised
counterexamples. Let eg € X \ E be a fixed element with ||eg]| = 1. Then X =
E @ lineg. In the sequel we will use the notation x & t in order to denote an
element of the form x4 tey, where z € E, t € R. We will also consider the following
equivalent norm on X: ||z®t||cc = max{||z||, |t|}. Remark that the dual space to our
X = E®lineg can be represented as the set of formal expressions y* @ A, y* € E*,
A € R, that act on elements of X by the natural rule (y* ® X\, z & t) = y*(z) + At

ProrosITION 10.7.1. The subset
A={zote X: |lz]7 +32 <1, t >0} C X (10.7.2)
has the following properties:

(a) Every element x @t € A satisfies t € [O, %} and ||z|| < V1 —3t2, in

particular A is bounded.
(b) Every element x &t € X satisfying t € [O

to A.
(¢) A is closed.

(d) A is convex.
(e) Ais SCD.

Proor. Conditions (a) and (b) follow immediately from (10.7.2) and (10.7.1).
(c) follows from the continuity of the map = & ¢ — ||z||;. To check (d), that A is
convex, note that the set can be rewritten as

A={zote X: H(|Jz|,p(z),t) <1}N{zdt e X: t >0}

where H(r,s,t) := r? 4+ t2s2 + 3t2. H is a convex function on [0, 1]?, indeed its
Hessian matrix

} and ||z|| < 11;?;22 belongs

1
" V3

2 0 0
0 2t? Ats
0 4ts 6+ 252



304 10. SLICELY COUNTABLY DETERMINED SETS AND THEIR APPLICATIONS

is positive definite on (0,1)3, since the determinants of its principal minors are all
positive on this domain: A; = 2, Ay = 4t? and Az = 12t3(1 — s?). Furthermore, H
is nondecreasing in each variable when considered defined on [0, 1]3, so for x;®t; € A
(i=1,2) and 0 < A < 1 we have that

H(H)\Il =+ (1 — /\)IQH, (p(/\l‘l + (1 — /\)l‘g), A+ (1 — )\)tg)
< HMz [l + (1= Nzl Ap(z1) + (1 = Ap(2), Aty + (1 = Nta)
SAH ([lz], o(z1), t1) + (1 = A) H ([lz2ll, p(22),2) ST -A+A=1.
Therefore, A(z1 @ t1) + (1 — A)(z2 B t2) € A.
We finally prove (e), that A is an SCD set, by showing that it is huskable (see

Definition 10.1.17, Theorem 10.1.18 and the short paragraph between them). To
this end, denote

A={z@tc A 0<t<1/V3, [lz]|? =1-3t*}.

If we demonstrate that each element of A is a point of continuity of A, then by

the evident identity conv(A) = A we obtain that A is huskable. So, it remains to
demonstrate the following claim:

Claim. For every € > 0 and every zo @ty € A there is a relatively weakly open
subset of A containing xg @ to with || - || co-diameter not greater than 4e.

Let us do this. Denote rg := (1 — 3t3)1/2 = ||xg|ls,. Since zg is a strongly
exposed point of roB(g,|.|1,,), there exist zf € S(E*7|\~H?0) and fy € (0,1) satisfying:

(i) x5(zo) = 7o
(ii) If z € roB(g,|.,,) and x5(z) > Boro, then ||z — zof| <e.

Take d > 0 small enough so that
x5(xo) > Bo(ro +29) and —+ — <e. (10.7.3)
We will show that

W={z@te A aj(x) > Bo(ro + 20), |t —to] < 6%/2}

is the relatively weakly open subset of A we are looking for. It is immediate that
xo ®tg € W. Furthermore, given x @t € W we have that [t? — 2| < §2 and hence

lzllso = (2] + (@) = (Jall? + (13 — ) (x))

<=2+ -2 < (-3 + 12 —2))"?

1/2

< (1-32+46%)" <rp +20.

The last inequality together with (10.7.3) gives

To T T T
< d zf|———|> .
ro+20), S0 e o (ro n 25> Poro
By (ii) it follows that
ro X 26 20
o5  o|| 2 lle = ol = llzll =5 > lle = 2ol = =5
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and, therefore,

|2 @t — 20 ® toll,, = max{||z — ol [t — tol}

< + 200 <2
max 4 e+ ——, — €.
20 + 1o ’ 2
Then the diameter of W does not exceed 4e, which completes the proof of the claim
above. O

Remark also that A in the above Proposition has two more evident properties:
it has non-empty interior, and for every z @t € A also (—z) @t € A.

THEOREM 10.7.2. In every Banach space X with the Daugavet property there
are closed convex bounded SCD sets A, D C X whose intersection AN D is not
SCD.

PROOF. Let A and E be as in Proposition 10.7.1, and let D = —A. Both sets
are SCD by Proposition 10.7.1 although A N D = Bg is not. O

10.7.2. Sum and union of SCD sets. In Corollary 10.6.3 we demonstrated
that the Minkowski sum U+V of two hereditarily SCD sets need not be hereditarily
SCD. One may check that U + V in the example from Corollary 10.6.3 is the closed
convex hull of its strongly exposed points, so U + V is SCD. In this subsection we
complement the above result, demonstrating that the Minkowski sum of two SCD
sets need not be SCD. We also give an analogous negative result about unions of
SCD sets.

At first, remark the following easy properties:

LEMMA 10.7.3. Let By, By C X be non-empty bounded sets and let x* € X*,
e > 0. We then have the following properties:
(i) Slice(By,x*,&/2) + Slice(Ba,z*,¢/2) C Slice(B; 4+ Bz, z*,¢).
(ii) If by € By, ba € B satisfy that by + by € Slice(By + Bq,z*,¢), then
by € Slice(By, z*,¢) and by € Slice(Ba, x*,¢).

The above lemma and Proposition 10.1.2 imply the following result.

LEMMA 10.7.4. Let By, Bs # 0 be bounded subsets of a Banach space X. Then
the following assertions are equivalent:

(a) By + By is SCD.
(b) There exists a countable family (z},e,) € X* x (0,400) satisfying that
for every (z*,e) € X* x (0,400) there is m € N such that
Slice(Bj, x},,em) C Slice(Bj, 2", €) (10.7.4)
for both j =1,2.
PrOOF. (a) = (b). Let S, = Slice(By + Bz, z},2¢,) with (z},e,) € X* x
(0, +00), n € N, be slices of By + Bz which form a determining sequence. Let us
demonstrate that (z%,e,) form the sequence we need for (b). Indeed, according
to Proposition 10.1.2 for every (z*,e) € X* x (0,400) there is m € N such that
S C Slice(By + Ba,z*,¢), and by (i) of Lemma 10.7.3 also
Slice(B1, xy,, €m) + Slice(Ba, ), €m) C Slice(B1 + B, z*, €).
An application of (ii) of Lemma 10.7.3 gives us the desired inclusions (10.7.4).
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(b) = (a). Assume (z%,e,) € X*x(0,+00) are from (b), and let us demonstrate
that the slices S,, = Shce(31 + Ba,z},e,), n € N, form a determining sequence
of slices for By + By. Fix a slice Slice(B; + Ba, x*,2¢) with z* € X*\ {0}, e >0
and, using (b), select m for which (10.7.4) is valid. We are going to demonstrate
that Slice(B; + Ba,x},,em) C Slice(By + B, x*,2¢). Indeed, let x € Slice(B; +
By, x} &) be an arbitrary element. Then it is of the form « = by +bo, by € By, bs €
Bs, and, by (ii) of Lemma 10.7.3, by € Slice(By, x,,&m), ba € Slice(Ba, x%,,em). It
remains to apply (i) of Lemma 10.7.3:

x = by + by C Slice(By,x),,em) + Slice(Bs, ), Em)
C Slice(By,z", €) + Slice(Ba, z*, )
C Slice(By + B, ", 2¢). O

The above lemma leads to the following result.

THEOREM 10.7.5. Let By, By be non-empty bounded subsets of a Banach space
X such that By + By is SCD. Then, By (and so also Bs) is SCD.

PROOF. Let (z},e,) € X* x (0,+00) be the family from (b) of Lemma 10.7.4,
then the slices Slice(B1, z},,em), m € N, form a determining sequence for By. O

The next proposition explains some difficulties that arise when one has to
demonstrate that a non-convex set is SCD.

PROPOSITION 10.7.6. There are non-convex non-SCD sets containing a deter-
mining sequence of relatively weakly open subsets. Such examples exist in every
Banach space with the Daugavet property.

PROOF. Let X be a space with the Daugavet property (as before it can be
assumed separable), E be a 1-codimensional closed subspace. Then X is isomorphic
to £ @y R. Take a sequence (z,,) in the unit ball of F such that both subsequences
(z2n)nen and (z2,-1)nen are dense and a sequence (t,) C (0,1) such that o, — 0
and t9,+1 — 1. The set in question will be the following subset of E @, R:

U={z,®t,: n €N}

This set is easily seen to be discrete in the weak topology, so ({n @ tn}),cy is
the requested determining sequence of relatively weakly open subsets. On the
other hand, the closed convex hull of U equals Bg @ [0,1] which, according to
Theorem 10.7.5, is not SCD because the unit ball of E is not SCD. O

Now, we are ready for the first main result of the subsection demonstrating
that the converse to Theorem 10.7.5 is not true.

THEOREM 10.7.7. In every Banach space X with the Daugavet property there
are closed convex bounded SCD sets A, D C X whose sum A+ D is not SCD.

PrROOF. We will use the same sets A, D C X as in Theorem 10.7.2:
A={zat ||z|, <1-3t t =0},
D=-A={zdt: |z, <1-3t3 t <0},

whose intersection is Bg. It has already been shown in Proposition 10.7.1 that A
and D are SCD.

To see that the sum A 4+ D is not SCD we will argue by contradiction. If we
assume that A + D is SCD then we could find a countable family (z},e,) € Sx« x
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(0,1) as in Lemma 10.7.4. Notice that we can write 2z}, = yf @& A\, € X* = E* ®R.
Since Bp is not SCD we can find y* € Sg- and § € (0, 1) such that for every n € N

Slice(Bg, y;,en) ¢ Slice(Bg,y*,0). (10.7.5)
Considering the element z* = y* @ 0 € Bx~ we have that there is k € N satisfying
Slice(A, z1, ex) C Slice(A,z*,§) and  Slice(D, z}, ) C Slice(D, z*, )
from which it easily follows that
Slice(A, z}, ex) U Slice(D, x},e) C{x @t € X: x € Slice(Bg,y",0)}. (10.7.6)
We now claim that
Slice(Bg, yi, ) C Slice(A, z}, ex) U Slice(D, a3, £x) (10.7.7)
which together with (10.7.6) leads to
Slice(Bg, yy, €x) C Slice(Bg, y*, d),

contradicting (10.7.5) and finishing the proof. To show the validity of the claim we
distinguish two cases. Assuming that A\, < 0 we get that

sup{z}(a): a € A} = sup{y;(z): x € Bg} = ||yl
As a consequence, Slice(Bg,y;,ex) C Slice(A,z},ex). On the other hand, if

Ak = 0 then analogously sup{z}(d): d € D} = sup{yj(z): + € Bg} and there-
fore Slice(Bg, y;, €x) C Slice(D, x5, €x). O

Nevertheless, for the direct sum of SCD sets the situation remains simple (for
hereditarily SCD sets that was proved earlier in Theorem 10.2.8).

THEOREM 10.7.8. Let By C X1, By C X5 be bounded subsets of a Banach space
X = X1 & Xo, and suppose that By, By are SCD. Then By + By is SCD.

ProOF. Let Slice(B;,y;, ;,0n.), Yp; € X7, n € N, form determining sequences
of slices for B;, i = 1,2. Then, the collection of functionals z}, ,,, = y, 1 © Y, 2
and corresponding €, »,, = min{dy,_1,dm 2} will be a countable family that satisfies

condition (b) of Lemma 10.7.4. O

And now for the last of the promised main examples of the subsection.

THEOREM 10.7.9. In every Banach space X with the Daugavet property there
is an SCD set B such that BU (—B) is not SCD.

ProoF. We follow the notation of Proposition 10.7.1. Let a := 1/(2v/3) and
B:=A—-aeg={c@®(t—a) cdtec A}, where A is the set in (10.7.2). We claim
that

conv(BU (—B)) = Bg ® [—a, al.
Indeed, it is clear that B is contained in Bg @ [—«,a], and so is —B. For the
converse, use simply that B — aeqg C B, Bg + aeg C —B, and consequently

Br @ [—a,a] = conv((Bg — aey) U (Bg + aeg)) C conv(B U (—B)).

Finally, if BU(—B) were SCD, then Bg & [—«, a] would be SCD by Lemma 10.1.7.
But it has already been remarked above that this is never the case by Theo-
rem 10.7.5, as Bg is not SCD because of the Daugavet property of E. O
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10.7.3. Symmetrisation of the examples. In the most important applica-
tions of SCD sets, the sets which appear are balls and images of balls under the
action of linear operators. So, it would be natural to ask whether examples demon-
strating the non-stability of the property SCD can be constructed to be balls of
some equivalent norms, that is, to be closed convex bounded symmetric bodies.
The keyword here is “symmetric” because the examples that we have constructed
above possess all the remaining properties of being closed convex bounded, and
to have non-empty interior. In this subsection we apply a natural symmetrisation
procedure which helps to obtain symmetric examples from non-symmetric ones.

Let U be a bounded non-empty subset of a Banach space X. By the symmetri-
sation of U we will mean the following subset Sym(U) of X ®. R:

Sym(U) = aconv(U @ 1).

LEMMA 10.7.10. Let U,V # () be bounded subsets such that U is contained in
a closed hyperplane Hy, and V lies on one side of Hy at a positive distance from
Hy. Then, every slice of U is at the same time a slice of U UV

ProoF. Without loss of generality we can assume that 0 € U, and that U,V C
Bx (this can be done by shifting and scaling). Then there are an zfy € Sx- and
go > 0 such that Hy =kerzy D U, and V C {z € X: z{(x) < —eo}. Let «* € Sx-
and let S = Slice(U,z*,¢) be a slice of U. Denote r = sup,cy z*(z) € [—1,1]
and consider for every ¢t > 0 the functional z} = z* 4 ta§. Since on U the values
of z; and of z* are the same, S = Slice(U, z},¢) for all ¢ > 0. We are going to
demonstrate that for some values of ¢ > 0 the slice S; = Slice(UUV, x},e) of UUV
is also equal to .S, which will complete our proof.

So our goal is to show that there is ¢t > 0 such that S; NV = (). Assume to the
contrary that for every ¢ > 0 there is an element v; € V' N S;. Then

1—teg 2 x™(vy) + taf(vy) = xf(vy) > sup zf(z) —¢
zeUuV

= max{sup x*(z),sup z*(z) + txg(x)} —€
zeU zeV
> max{r,r —teg} —e =r —¢,

1+5 r

which means that ¢ < . This is a contradiction. O

LEMMA 10.7.11. If, under the conditions of Lemma 10.7.10, U UV 4is SCD,
then U is also an SCD set.

PrOOF. Let {V,,: n € N} be a determining family of slices of U U V. Denote
Ny ={neN:V,NU # 0}. Then S,, :=V,, NU, n € Ny, are slices of U. We are
going to demonstrate that the collection {S,: n € N1} is determining for U, which
will do the job. Let us use Proposition 10.1.2. Consider a slice S of U. Then, by
Lemma 10.7.10, S is at the same time a slice of UUV. So, there is n € N such that
V, C S, but this n automatically belongs to N;. O

LEMMA 10.7.12. The following conditions for a bounded non-empty subset U C
X are equivalent:
(i) U is SCD,
(i) Up1)U—(U®d1) is SCD,
(iif) Sym(U) is SCD.
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PROOF. Taking into account that Sym(U) = conv (U@ 1)U —(U @ 1)) the
equivalence (ii) < (iii) follows from Lemma 10.1.7.

(i) = (ii). Let {S,: n € N} be a determining family of slices of U. Then, the
Vo:=8,®1, n €N, form a determining sequence of slices of U & 1 and the —V,
form a determining sequence of slices of —(U @ 1). By Lemma 10.7.10, £V}, are
also slices of (U @& 1) U —(U @ 1). But then the countable collection {+V,: n € N}
forms a determining family of slices of (U@ 1)U—(U @ 1). Indeed, let V C X ®oc R
intersect all +V;,, n € N. Then, since {V,,: n € N} is determining for U @ 1, we
have conv(V) D U @ 1 and since (—V,,)nen form a determining sequence of slices
of —(U @ 1), we also have conv(V) D —(U @ 1), which completes the proof of the
implication (i) = (ii).

(ii) = (i). Applying Lemma 10.7.11 we obtain that U &1 is SCD, but U &1 is
a shift of U, so U is also SCD. 1

The next example is based on the elementary fact that the convex hull of the
union of symmetrised sets Sym(U;) U Sym(Us) is equal to the symmetrised union
Sym(U1 U UQ)Z

conv (Sym(Uy) U Sym(Uz)) = Sym(U; U Us).

Indeed, the left hand side is convex and symmetric, contains (U;UU;)@1, so contains
Sym(U; U Usy). Conversely, the right hand side is convex, contains Sym(U;) and
Sym(Uz), so it contains the convex hull conv(Sym(U;) U Sym(Us)).

THEOREM 10.7.13. In every Banach space Y with the Daugavet property there
are closed convex bounded symmetric sets Bl,BQ C Y which are SCD sets, but
whose union By U By is not SCD. If, additionally, Y is separable, then these
B1,By CY can be chosen to have non-empty interior.

Proor. It is sufficient to consider the case of separable Y (otherwise, sub-
stitute it by a separable subspace with the Daugavet property). Let X be a 1-
codimensional closed subspace of Y. Then X also has the Daugavet property.
Our Y is isomorphic to X @ R, so it is sufficient to construct the requested ex-
ample in X @, R. Let B and —B be SCD sets from Theorem 10.7.9, and take
B, = Sym(B), By = Sym(—B). Since B, —B are convex, bounded and have non-
empty interior, B; and By are convex bounded symmetric bodies which are SCD
by the previous Lemma 10.7.12. Also, conv(B; U Bg) = Sym(B U (—B)), so by the
same Lemma 10.7.12 conv(B; U By) is not SCD, and consequently By U By is not
SCD. To finish the proof define B; and B, to be the closures of By and By and
apply Lemma 10.1.7. O

In order to proceed with the symmetrisation of the example about the sum of
SCD sets, we first need a natural lemma.

LEMMA 10.7.14. Let Uy,U; C X be bounded not empty subsets. Then,

conv(U; + Usz) = conv(Uy) + conv(Us).

PROOF. Both the right hand side and the left hand side of the equality in
question are closed convex sets, so (see [156, Section 18.1.2, Lemma 6]) in order to
prove the equality it is sufficient to demonstrate that for every z* € X*

sup z* (conv(U; + Us)) = sup ™ (conv(Uy) + conv(Us)).
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This equality is easily seen to be true, because its right hand side and left hand
side are both equal to sup z* (Uy) + sup z* (Us). O

THEOREM 10.7.15. In every Banach space Y with the Daugavet property there
are closed convex bounded symmetric SCD sets (which in the separable case can be
chosen to be bodies) C1,Cy C'Y whose sum Cy + Cy is not SCD.

PROOF. As before, we can reduce the situation to a separable space of the
form X &, R, where X has the Daugavet property. Let By := A, By := D be
SCD subsets of X from Theorem 10.7.7 such that By + By is not SCD, and take
Cy = Sym(By), Cy = Sym(Bs), which are closed convex bounded symmetric SCD
bodies. It remains to demonstrate that C; + Cs is not SCD. Using Lemma 10.7.14
we can see that

C1+ Cy =conv((By & 1)U —(B1 @ 1)) + conv((B ® 1) U —(B; & 1))
=conv((B1®1)U—(B1@®1))+ (B:®1)U—(By @ 1))).
According to Lemma 10.1.7, it is sufficient to show that the set
(Biel)u=(Bi1@1)+((B:81)U—(B2®1))
= ((B1+ B2) ®2) U ((B1 — B2) ©0)
U((Bz = B1) ®0) U (—(B1 + B2) ® (-2))
is not SCD. With the help of Lemma 10.7.10 this can be deduced from the fact
that By + Bs is not SCD exactly the same way as in the implication (ii) = (i)
of Lemma 10.7.12, because (B + Bz2) @ 2 lies in the hyperplane of those elements

whose second coordinate equals 2, and the rest of the set lies at a distance at least 2
from that hyperplane. O

Before coming to the symmetrisation of the non-SCD intersection example, one
more easy remark.

LEMMA 10.7.16. Let Uy, Uy C X be non-empty subsets with Uy C Uy, and let
Uy be convex. Then, Uy := AUy 4+ (1 — MUy increases when X\ € [0, 1] increases.

PROOF. Let 0 < A < < 1. Then
U,_L = uUl + (1 — /J)UO = \U; + (,u — )\)Ul + (1 — /J)Uo
D AU+ (,u — )\)Uo + (1 — /J,)Uo
D)\Ul—l—(l—/\)UO:U)\. U
Remark that if U C X is convex, then Sym(U) C X @ R can be written as
Sym(U) = {(tu — (1 —t)v) & (2t — 1): u,v € U, t € [0,1]}.
In other words,
Sym(U) = |J (U -1 -U)e (2t - 1).
te[0,1]
This implies the following formula for the intersection of Sym(U;)NSym(Us) in the
case of convex Uy,Us C X:
Sym(Ur) NSym(Uz) = | ((#U1 — (1 = )Us) N (tU2 — (1 — t)U)) & (2t — 1).

te[0,1]



10.7. MORE OPERATIONS WITH SCD SETS 311

THEOREM 10.7.17. In every (separable) Banach space Y with the Daugavet
property there are closed convex bounded symmetric sets (bodies) which are SCD
sets, but whose intersection is not SCD.

PRrROOF. Again, it is sufficient to consider a separable space of the form X @ R,
where X has the Daugavet property. Let A C X be as in Proposition 10.7.1. Denote
Uy = A, Uy = —A. We are going to demonstrate that Sym(Uy ), Sym(Us) C X @R
are the requested non-empty bounded convex symmetric SCD bodies such that
W := Sym(U;) N Sym(Us) is not SCD.

Each element of X is of the form e + teg, e € F, t € R, and in order to avoid
misunderstandings we will not use the expression e ® t for e + teg in the current
proof. The notation xz@t is reserved for elements of X &R, and x* @7 for elements
of (X ®o R)* = X* @1 R.

For every t € [0,1] denote A; = (tA— (1 —t)A) N ((1 —¢)A —tA). Then,

W= |J (Ae@t-1). (10.7.8)
t€[0,1]

Geometrically this means that the lowest level section (with ¢ = 0) of W is the set
(An—A)@(—1) = Bp®(—1), when we move to higher levels the section transforms
up to 452 ©0 when t = 1, and then transforms back until (AN —A)&1 = Bg &1
when t = 1. The set W is not only centrally symmetric with respect to zero, but
also doubly mirror-symmetric in the following sense: for every e € E, a,b € R, if
(e +aep) ®b e W, then (fe + aeq) ® (£b) € W for all choices of +.

Let us assume to the contrary that W is SCD. From this assumption we are
going to deduce that Bg is SCD, which will be the desired contradiction. Let
Sy = Slice(W, w},&,) form a determining sequence of slices of W, w} = z} & 7,.
Denote also by e}, € E* and s,, € R those elements that represent the corresponding
xk,le., xk(etteg) = ef(e)+sytforalle € E, ¢t € R. By the Bishop-Phelps theorem
the set of functionals that attain their supremum on W is norm-dense in the dual
space, consequently, by a small perturbation argument, we may assume that each
w} attains its supremum R,, on W at some point w,, = x,, ®b,, = (e, +aneo) Db, €
W, b, =2t, — 1, that is,

R, := sup w)(w) = ), (Tn) + Tnbn = €, (en) + Snan + Tnbn.
weWw
We are going to show that S, = Slice(Bg, ef,e,), n € N, form a determining
sequence of slices of Bg. Fix an arbitrary e* € Sg« and € € (0,1). According to
Proposition 10.1.2, our task is to find n € N such that S, C Slice(Bg, e*,¢). Let us
extend e* to the whole X @&, R by the natural rule e*((e +t1e9) @ t2) := e*(e) and
consider the corresponding slice Slice(W, e*, 5). Due to the same Proposition 10.1.2
there is m € N such that S,,, C Slice(W, e*, 5). Remark that the corresponding e},
is non-zero, otherwise with every point (e+ ceq) @ d the slice S,, would contain also
(ceo) @ d, thus contradicting the inclusion S, C Slice(W,e*, 5). Without loss of

generality we may assume that s,,, 7, > 0 (here we use the symmetry of W and of

Slice(W, e*, §) with respect to corresponding changes of signs). Then we can also

assume a,,, b,, > 0 and consequently t,, > %
By the definition, =}, (x,,) = sup x}, (A, ). We claim that, in fact ,
zh (zm) =supxy, (1 — tm)A + t Bg)

— (1= ) supay(A) + bl (10.7.9)
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Indeed, A:, = (tmA — (1 —tm)A) N ((1 —tm)A —tmA) C (1 —tm)A —tn A, so
Ty € A, has a representation of the form z,, = (1 — t,,)y — tiz with y,z € A.
Consequently,

T (Tm) = (1=t )27, (y) + tm iy, (—2)

< (1 —ty)supz),(A) + tsupz), (—A)

= (L= tm)supay, (A) + tmlleg, |,
where we used the positivity of s,, in the last step. For the reverse inequality
in (10.7.9) we can use the inclusion A D Bpg, the inequality ¢, > 1 — t,, and
Lemma 10.7.16 which together give us the inclusion

(1 = tm)A+tmBg C tmA+ (1 — t,,)Bg.
This implies that
( —(1=tm)A) N (1 —tm)A—t,A)
( —(1=tm)Br)N (1 —tm)A —t,,Bg) (10.7.10)
=(tmA+ (1 —1t,)Bg)N((1—ty,)A+t,Bg)
(1—tm)A+t,Bg,
SO
xr (Xm) =supay, (Ar,) Zsupz), (1 —tm)A+tmBg).

Thus, the formula (10.7.9) is proved. It remains to prove that S C Slice(Bg, e*,¢),
or in other words that Sy, \ Sljce(BE, e*, &) = . Assume that this set is not empty,
and pick an arbitrary e € Sy, \ Slice(Bg,e*,2). Then e € Bg and e satisfies
simultaneously two inequalities:

er(€)>|esll—em, and e"(e) <1—e. (10.7.11)
Take an arbitrary g € A with z% (g) > supz},(A) — &m. According to (10.7.10),
(1 —=tm)g+tme € Ay, SO

(1 =tm)g +tme) @ bm = (1 —tim)g + tme) ® (2, — 1) € W.
Then, the following inequality
(L =tm)g +tme) ® bm) = 27, (1 — tim)g + tme) + Timbm
> (1= tm)(supay, (A) — &m)
+tm(llenll —em) + Tmbm

= x:n(xm) + Tmbm —€m = Ry —em

w,

implies that ((1—tm,)g+tme) Dby € Spm, and consequently ((1—t,,)g+tme) Dby, €
Slice(Bg, e*, §). This means that
€
(1 —tm)e"(g) +tme™(e) = e (1 —tm)g + tme) Dby) > 1 — 7

Together with the second condition from (10.7.11), this gives

1- % < (1= tm)e(g) + tme™(e) < (1 —tm) +tm(l— ) = 1 — tpe < 1_2

This contradiction proves that S,, \ Slice(Bg, e*,¢) = 0. O
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10.8. Notes and remarks

Section 10.1. The concept of SCD sets was introduced for convex sets in
[26, 27] ([26] is a short announcement of the results from [27]), and the main
results of this section are taken from those papers. The generalisation to the non-
convex setting together with Lemma 10.1.7 are taken from [166].

Section 10.2. This section is based on [167].

Section 10.3. This section is based on [26, 27]. Theorem 10.3.12 is from
[199], where a pointwise version of slice countable determination is introduced.
Namely, given a Banach space X and a bounded and convex subset A C X, we say
that a point a € A is a slicely countably determined point of A (SCD point of A) if
there exists a sequence of slices (Sp,)nen such that a € conv(B) whenever B C A
intersects all the slices S,,. The set of all SCD points of A is denoted by SCD(A)
and it is convex and closed (relative to A). Strongly regular points (in particular,
PCP points or even denting points) of a closed convex set A are SCD points of A.

In [199], this concept is deeply studied and there are some interesting conse-
quences. For instance, it is shown using this tool that a separable Banach space
X contains an isomorphic copy of ¢; and its unit ball does not contain strongly
regular points if every convex series of slices of By intersects the unit sphere [199,
Theorem 6.3]. Besides, if a Banach space X has the Daugavet property, then ev-
ery operator T' € L(X) for which there are elements in SCD(T'(Bx)) with norm
arbitrarily closed to ||T'|| satisfies the Daugavet equation [199, Theorem 6.5], giv-
ing a pointwise version of results like Corollary 10.4.8 above. Let us mention in
addition that this paper also contains Theorem 11.2.11 from the next chapter that
characterises those Lipschitz-free spaces whose unit balls are SCD.

Section 10.4. The first version of Lemma 10.4.6, parts (iv)—(vi), appeared
in [27] for the Daugavet property, its extension to Daugavet centres was done in
[60]; [147] is also relevant in this regard. The current version is a bit simpler: the
Baire property of ext(Bx~), which the authors of [27] and [60] were not aware of,
enables us to avoid the weak-star closure of ext(Bx~) in the statement and in the
proof, and thus do not care of the subtleties related to the fact that some elements
of the weak-star closure of ext(Bx+) may have norm smaller than 1. The idea of
this simplification comes from [162], where it was used in similar questions related
to the alternative Daugavet property.

HSCD operators were introduced in [26, 27] and HSCD-majorised operators
were introduced in [167], in particular Proposition 10.4.9 and Theorem 10.4.17
originate from [167].

Section 10.5 has its origin in [27].

Section 10.6. The results are taken from [167]. Remark that the construction
in Theorem 10.6.1, although it was discovered independently, is ideologically close
to Schachermayer’s construction of two Radon-Nikodym sets whose sum is not a
Radon-Nikodym set [280].

Section 10.7. The results in this section come from [166].

10.9. Open questions

In this section we collect different open questions and possible future research
lines derived from the results of this chapter.
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(10.1) Let X be a Banach space and let A be a convex bounded subset of X. If
A is SCD, does A have a countable m-base for the weak topology?

(10.2) Let X be an SCD space. Does every convex bounded subset of X have a
countable m-base for the weak topology?

(10.3) Let L be a compact subset of a locally convex space and let K be its
closed convex hull. If L has a countable 7-base, does it imply that K also
has a countable m-base? What if L = ext(K)?

Let us explain why this question is related to the above two. Observe that if D
is a dense subspace of a topological space E and B is a m-base for F, then {B N D:
B € B} is a m-base for D. In particular, if (A", o(X**, X*)) has a countable 7-
base, then so does (4, (X, X*)). Thus, a positive answer to the preceding question
combined with Theorem 10.5.4 would imply a positive answer to the previous two
questions.

(10.4) Is it true that every space that contains a separable bounded convex non-
SCD subset is isomorphic to a space with the Daugavet property?

(10.5) Is it true that every bounded convex subset of a Banach space with an
unconditional basis must be SCD?

(10.6) Let X be a space with the Daugavet property. Is it true that every
bounded linear operator T: X — X with T'(Bx) an SCD set, is necessarily
narrow?

Remark that in Theorem 10.4.10 a similar statement is demonstrated under
the stronger assumption that all subsets of T'(Bx) are SCD.

It is known that every operator in a space with the Daugavet property that
is dominated by an HSCD operator is narrow (Remark 10.4.16). This class of
HSCD dominated operators includes all the basic examples of narrow operators
and is a two-sided operator ideal (Theorem 10.4.17). Hence the following question
is reasonable.

(10.7) Is it true that the class of HSCD dominated operators forms the biggest
two-sided operator ideal in the class of narrow operators? What is the
description of HSCD dominated operators in the classical C'(K) and Ly
spaces?

(10.8) Given two Banach spaces X and Y such that Bx and By are SCD, is
Byg_y SCD?

(10.9) Does every separable Banach space that is not SCD possess the Daugavet
property in some equivalent norm?

(10.10) Does there exist a pair Uy, Us of hereditarily SCD subsets of a Banach
space such that Uy + Us is not SCD?

(10.11) Is every space with an unconditional basis an SCD space?

(10.12) Is it true that for every convex weakly compact set W C X and every
convex SCD (or HSCD) subset A C X the sum W + A is SCD (HSCD,
respectively)?

It looks like nobody has ever tried to prove this. An analogous fact for the
RNP sets can be found in [288, p. 46], for a more general result see [280, Propo-
sition 1.6(a)]. The same question can be asked for a set W that does not have
f1-sequences.

A kind of converse question is the following one.
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(10.13) Let W C C]0,1] be a closed convex set such that W 4+ A is SCD (HSCD)
for every convex SCD subset A C C[0,1] (for every convex HSCD subset
A C C|0,1], respectively). Must this W be weakly compact? Can such a
W contain an ¢;-sequence?

(10.14) Must the union of two hereditarily SCD subsets of a Banach space be an
SCD set?

Concerning the last problem, remark that conv(U; UUs) need not be hereditarily
SCD when Uy, Us are hereditarily SCD. Indeed, if Uy, Us are the hereditarily SCD
sets from [167, Corollary 2.2] whose Minkowski sum is not hereditarily SCD, then
conv(U; UU3) D %(Ul + Us), so conv(U; U Uy) is not hereditarily SCD either.






CHAPTER 11

Spaces of Lipschitz functions, Lipschitz maps, and
the Daugavet equation

In this chapter we consider only real spaces. In order to apply the results about
Daugavet centres to complex spaces, one needs to consider the same spaces as real
ones. This is not a problem, thanks to Corollary 5.1.3.

11.1. Preliminaries

Given a metric space (M, d) and a point € M, we will denote by B(z, ) the
closed ball centred at « with radius r. Let M be a metric space with a distinguished
point that we will call 0 for convenience; thus 0 € M. The couple (M,0) is com-
monly called a pointed metric space. By an abuse of language we will only say “let
M be a pointed metric space” and similarly in other sentences. The vector space
of Lipschitz functions from M to R will be denoted by Lip(M). Given a Lipschitz
function f € Lip(M), we denote its Lipschitz constant by

f”L:SUP{WZJJ,yEM7 x;éy}

This is a seminorm on Lip(M) which is clearly a Banach space norm on the space
Lipy(M) C Lip(M) of Lipschitz functions on M vanishing at 0. (An alternative
way of defining Lipy(M) is considering the quotient of the space Lip(M) over all
the constant functions. This quotient turns out to be isometrically isomorphic
to Lipy(M).) For the norm of f € Lipy(M) we use either ||f||;, or the generic
normed space theory notation || f|| when it is clear which normed space is considered.
The choice of the base point is immaterial since Lip,(M,p;) and Lipy(M, p2) are
isometrically isomorphic for each selection of base points py,ps. It is well known
that Lipy(M) is a dual Banach space whose canonical predual is the Lipschitz free
space
F(M) :=1in{6,: x € M} C Lipy(M)*

where 0, (f) := f(z) for every x € M and f € Lip(M) (see [120, 122, 294]). We
use the name molecule for those elements of F (M) of the form

0z — dy
My y 1=
Y d(a,y)
for x,y € M such that x # y, and we will denote by Mol(M) the set of all the
molecules of F(M).
REMARK 11.1.1. It is clear that

| fll; =sup {(may, f): z,y € M, x #y} for every f € Lipy(M),

so every slice S of Br(yy intersects Mol(M). Then Lemma 2.6.7 implies that
COHV(MOI(M)) = B]—'(]M)'
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If N is a dense subset of M, then F(N) and F (M) are isometrically isomorphic
Banach spaces as every Lipschitz function on N extends uniquely to a Lipschitz
function on M with the same Lipschitz constant. Thus the results about F(M) or
Lipy (M) can be stated for complete M without any loss of generality.

Every Banach space is a pointed metric space (with the canonical choice of the
zero vector as base point — hence the notation in the general case), so the above
notation is applicable in particular to Banach spaces M. Apart from Lipschitz
functions, we are also going to consider Banach space valued Lipschitz maps.

Let M be a pointed metric space and let Y be Banach space. The space
Lipy(M,Y) of all Lipschitz maps F': X — Y that vanish at 0 will be equipped with

henom |F(m1) — F(ma)]|
my) — £{Mm2
Il = sup{ L=
Remark that Lipy(M) = Lipy (M, R).

The most interesting case occurs when M = X is a Banach space. Clearly, in
this case, for a bounded linear operator from X to Y, the newly defined Lipschitz
norm coincides with the standard operator norm.

The map dx: « + 0, establishes an isometric non-linear embedding X — F(X)
since [0, — 0yl 7(x) = ||z —yl|x for all z,y € X. Some features of the Lipschitz-free
space which we are going to use below are contained in the following easy to check
result that may be found in [122] or Section 2.2 of the book [294].

tma 7é mg € M} (11.1.1)

LEMMA 11.1.2. Let X, Y be Banach spaces.
(a) For every F € Lipy(X,Y), there exists a unique bounded linear operator F:
F(X) = Y such that Foéy = F and HﬁH = ||F||lL. Moreover, the map
F s F is an isometric isomorphism from Lipy(X,Y) onto L(F(X),Y). The
map F may be constructed using extensions by linearity and continuity: it is

defined as
F\ (Z ak5£k> = Z akF(xk),
k=1 k=1

on finite linear combinations of elements of the form d, and is extended af-
terwards to the whole F(X) by continuity and density.

(b) There exists a norm-one surjective linear map fx: F(X) — X which is a left
inverse of dx, that is, Bx o 6x = Idx. It is called the barycentre map in
[122], and is defined, using the previous item, as Bx := ITi} In particular,

Bx (Z ak51k> = apwy,
k=1 k=1

on finite linear combinations of elements of the form 6.

(c) From the uniqueness in item (a), it follows that F = F o Bx for every F €
L(X,Y). O

11.2. The Daugavet equation in spaces of Lipschitz functions and
Lipschitz-free spaces

In this section we address the following question: given a metric space (M, d),
when does Lip,(M) enjoy the Daugavet property? A characterisation in terms of
the metric space M will be given at the very end of the section.
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Let us start by finding a necessary condition for Lip, (M) to enjoy the Daugavet
property. By the general theory, it is clear that for Lip,(M) € DPr, necessarily its
predual F(M) has to enjoy the Daugavet property. Now, the fact that Mol(M) is
norming for Lip,(M) allows us to obtain the following necessary condition.

THEOREM 11.2.1. Let M be a metric space and assume that F(M) has the
Daugavet property. Then, for every x,y € M and every function f € Svip (ar) such
that f(x) — f(y) > (1 —e)d(x,y) there exist u,v € M such that

fu) = f(v) > (1 =e)d(u,v) and d(u,v) < d(z,y).

€
(1—-¢)?

In order to prove Theorem 11.2.1, let us introduce some notation. Let M be a
pointed metric space. The metric segment in M that connects z,y € M is the set

[z,y] = {z € M: d(z,2) + d(z,y) = d(z,y)}.
Now, we will consider for every z,y € M, x # y, the function
2 d(t,y) +d(t,x)
The properties collected in the next lemma have been proved in [146]. They make
Jzy a useful tool for studying the geometry of Br(y) because the increasing quo-

tients of f,, measures how far the points are from the metric segment [z,y] (see
(c) below).

fay(t) ==

LEMMA 11.2.2. Let x,y € M with x #vy. We have
(a) Forallu#veM,
fzy(u) B fmy(v) < d(xa y)
d(u,v) = max{d(z,u) + d(u, y), d(z,v) + d(v,y)}
(b) fey is Lipschitz and || foyll, < 1.

(c) Letu#veM ande >0 besuchthat%>l—e. Then

(1 — &) max{d(z,v) + d(y,v),d(z,u) + d(y,u)} < d(x,y).

(d) futveM and% =1, then u,v € [z,y].

PROOF. Statement (a) follows from the next (easily proved) fact: for arbitrary
positive numbers uj, v1, us, v the function ¢ defined by q(u,v) = (u —v)/(u + v)
satisfies the condition
max{|u; — ug|, |vy — va|}
max{|uy + v1], |uz + va|}

lq(u1,v1) — q(ug, v2)| < (11.2.1)

Indeed,
2uqv9 — 2ugvy
(u1 + v1)(u2 + v2)
(u1 — ug)ve + ug(ve — vy)
(w1 +v1)(ug +v2)
max{|u; — ua|, |[v1 — va|}

|‘I(U1, 111) - Q(U27U2)| =

<2

U1+Ul
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Changing the roles of the pairs (uy,v1) and (us,v2), one obtains
max{|uy — uz|, vy — va|}
Uo + Vo

lq(ur,v1) — q(ug,v2)| < 2

which, together with the previous inequality, gives (11.2.1).
Finally, the statements (b), (¢) (respectively, (d)) are straightforward conse-
quences of (a) (respectively, (c)). O

The following result gives a characterisation of when two molecules are far
apart.

LEMMA 11.2.3. Let M be a metric space and x,y,u,v € M so that x # y and
u # v. Assume that ||my y £ My .|| > 2 —¢c. Then

(1 —e)(d(z,y) + d(u,v)) < min{d(z,u) + d(y, v), d(z,v) + d(y,u)}.
PROOF. Since ||my y + M. || > 2 — €, pick a function f € Sy, (ar) such that
(f, Mgy + Myy) > 2 —e. This implies that (f,ms,) = % > 1 — ¢ and,
similarly, % > 1 — e. Consequently

f@) = flo) _ flo) = fy) + flw) = fl0) + fy) = f(w)

1>

d(z,v) d(z,v)
o (A —e)d(z,y) + (1 —)d(u,v) — d(y,u)
- d(z,v) ’

Therefore, the inequality (1 — &)(d(z,y) + d(u,v)) < d(z,v) + d(y, u) holds. Using
the condition ||my,, — My || > 2 — €, one can see that the other inequality holds,
too. O

Now, we are ready to prove Theorem 11.2.1.

PROOF OF THEOREM 11.2.1. Let us consider the following functions:
fl :f7 fZ(t):d(yat)a fg(t):—d(l',t)7 f4(t) :fmy(t)

We have fi(z) — fi(y) > (1 — €)d(z,y) and fi(x) — fi(y) = d(z,y) for i = 2,3,4.
Moreover, clearly | f;||, = 1 for i« = 1,2,3, and || f4]|, = 1 as a consequence of
Lemma 11.2.2. Consider the function g = iZ?ﬂ fi. First notice that

fz 1 €
13 gl > Z Doy

Now, by a combination of Lemmata 3.1.10 and 2.6.6, there exist u # v € M so that
g(u) — g(v) > (1 — £)d(u,v), that is,

ES 0 - o > (1)

and so that [[myy — Myl > 2— . Since 2 — § < (g, May + Muy) < [|May + Mo,
we get from Lemma 11.2.3 that

(1 =¢)(d(z,y) + d(u,v)) < min{d(z,u) + d(y,v),d(z,v) + d(y,u)}.  (11.2.2)
Notice that each of these summands is less than or equal to d(u,v). Thus, we get

min{ fi(u) — fi(v): i € {1,2,3,4}} > (1 — &)d(u, v).
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The case i = 1 gives us f(u) — f(v) > (1 — €)d(u,v). Moreover, the cases i = 2,3
yield

min{d(y,u) — d(y, v),d(z,v) — d(z,u)} > (1 — &)d(u,v). (11.2.3)
By Lemma 11.2.2 and the case i = 4, we have
(1 — e)max{d(x,v) + d(y,v),d(z,u) + d(y,u)} < d(z,y). (11.2.4)

The above inequalities yield

d (11.2.4)
%’Z_) > d(x,u) + d(y,u)
(11.2.3)
29 i) + dy, ) + (1 — 2)d(uv)

VS0 = o)) + du, ) + (1 e)d(u,0)

and so,
e(2—e¢) 2e
2(1 — —(1- === =
(1= et o) < (12 - (1-2)) dlo) = 22 Do) < o)
as desired. O

Note that the previous lemma says that if 7 (M) has the Daugavet property,
then every Lipschitz function f: M — R approximates its Lipschitz norm at arbi-
trarily close points. This motivates us to introduce the following concept of local
metric space.

DEFINITION 11.2.4. Let M be a metric space. We say that M is:
(1) local if, for every f € Lipy(M) and every € > 0, there are two distinct points
u,v € M with d(u,v) < € and w > |fllz —&;

(u7v)
(2) spreadingly local if for every € > 0 and every Lipschitz function f: M — R
the set
{*’” € M jof [ lages |, > 171 - 5}
is infinite;

(3) a length space if, for every pair of points x,y € M, the distance d(z,y) is equal
to the infimum of the lengths of rectifiable curves joining them:;

(4) geodesic if, for every x,y € M, there exists a curve a: [0,d(z,y)] = M whose
length equals d(z,y) and so that «(0) =y and a(d(z,y)) = .

Bearing in mind the previous definition, one can formulate Theorem 11.2.1 as
follows: if F(M) has the Daugavet property, then M is local.

Let us now focus on the properties of Definition 11.2.4. The notions of length
spaces and geodesic spaces are classical and widely studied in the literature of metric
spaces (see e.g. [71] for examples and background); for the moment we just point
out that convex subsets of Banach spaces are geodesic and hence are length spaces.
Let us mention here a characterisation of length spaces and geodesic spaces among
complete metric spaces.

REMARK 11.2.5. A complete metric space M is a length space (respectively,
geodesic) if, and only if, for every pair of different points x,y € M and for every
e > 0 (respectively, e = 0), the set B(x, (1 + E)d(TTy)) N By, (1+ g)w) is non-
empty [71, Theorem 2.4.16].
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It is clear that if M is geodesic, then M is a length space. Making use of
the previous characterisation, it is clear that if M is compact, the converse holds
true. However, removing the assumption of compactness, there are complete length
metric spaces with are not geodesic.

EXAMPLE 11.2.6. There is a length metric space M which is not geodesic.
Let M :={0,1}U{zf: n €N, t € [0,141/n]} with 2 = 0 and 27, = 1 for every
n € N. We define the following distance: d(0,1) = 1, d(z},z7) = |t — s| for every
neNandte[0,1+4 1] and

d(zi,x{") = min{d(z},0) + d(z{",0), d(zf', 1) + d(z{", 1)}
. 1 1
:mln{t+8,2—ﬁ—— —s—t}.

It is not difficult to see that d defines a distance on M which is complete. Indeed,
given a Cauchy sequence in M then, either there exists a tail of the sequence con-
tained in {z}: ¢t € [0,1+ 1]} for some n (in that case the convergence is immediate)
or, in the other case, the definition of the distance and the Cauchy condition forces
the sequence to converge either to 0 or to 1, from where the completeness follows.
(The completeness of M can be also checked by identifying it with an appropriate
quotient space.)

To see that M is a length space, notice that it is immediate that, given x,y € M
with « # y and (z,y) # (0,1), then B(z, M) N B(y, @) # (). Moreover, given
£ >0, select n € N with 2 < ¢; then 7 € B(0, <) N B(1, 1<), where o = 1—;%.
This proves that M is a length space.

However, M is not geodesic since B(0, 3) N B(1,3) = 0.

The remaining properties in Definition 11.2.4 turn out to be equivalent when
M is complete.

PROPOSITION 11.2.7. Let M be a complete metric space. The following are
equivalent:

(1) M is a length space.

(2) M is spreadingly local.

(3) M is local.

PRrOOF. (1) = (2). Pick a non-zero Lipschitz function f: M — R. We can
assume, with no loss of generality, that || f|| = 1. Picke > 0 and take z,y € M with
x # y so that % > 1—¢2. Since M is a length space we can take a curve o
[0, (1+2)d(z,y)] = M with a(0) = y, a((1 +€?)d(z,y)) = = having the arclength
as parameter (and in particular « is 1-Lipschitz). Now, foa: [0, (1+¢)d(z,y)] = R
is 1-Lipschitz and

(1 —e*)d(z,y) < f(x) - f(y)
) (1+&?)d(z.y)
= (foa)((1+&7)d(z,y)) — (foa)0) =/ (foa).
0
(At this point we are using the classical fact that a Lipschitz function on an in-

terval is differentiable almost everywhere and it is the integral of its (a.e. existing)
derivative; see [294, Theorem 1.36].)



11.2. SPACES OF LIPSCHITZ FUNCTIONS AND LIPSCHITZ-FREE SPACES 323

It is not difficult to prove that the measure of the set

A= {te[0.(1+o)d@.y): (foa)(t)>1-c)

is bigger than (1 — ¢)d(z,y), and then it follows quickly that «(A4) C M is infinite.
In order to finish the proof, it only remains to prove that, for every ¢ty € A, the
inequality

ggg Hf|B(a(t0)’5)HL sioe

holds. To this end, pick § > 0 and, since (f o a)’(tp) > 1 — &, we can find ¢ # tg so
that |t — o] < ¢ and W > 1—¢. Now, since d(a(t), a(to)) < [t —to] < ¢
we get that

flat)) = flalto) _ fla(t) = fla(t))

1< < < inf |
c ‘t — t0| d(a(t ,Oé(to)) (%I>10 ”le(a(tg),(S) HL

as required.

(2) = (3) is obvious.

(3) = (1). Assume that M is not a length space. Then there exist x,y € M and
§ > 0 such that B(z, 20d(z,y) N B(y, *5%d(z,y))) = 0. Let us denote r := @.
Notice in passing that

dist(B(x, (1 + d§)r), By, (1 + §)r)) = or.
Let f;: M — R be defined by

1 .
fit) = max{r - md(m,t),O} and fo(t) = mln{ T+ md( t), }
Clearly || fillz < 1i5, so f = f1 + f2 is a Lipschitz function. Since f(z) — f(y) =
d(z,y), we have that || f|| = 1. Moreover, we have that

{z: fi(z) #0} C B(z,(1+96)r) and {z: fa(z) # 0} C By, (1 +)r).
It follows that if L= ~ 1_"then y € B(z, (14 6)r) and v € B(y, (1 + 6)r).

d(u,v) 1+6’
But then d(u,v) > or and so M is not local. O

THEOREM 11.2.8. Let M be a spreadingly local metric space. Then Lipy(M)
has the Daugavet property.

PRrROOF. In order to prove that Lipy(M) has the Daugavet property we will
prove, invoking Remark 3.1.12, that, for each f,g € Syip, (v) and every € > 0, we
have that

geconv ({ue (1+e)Brip,n: If +ull >2—¢}).

Fix n € N. Since M is spreadingly local we can find » > 0 and dg > 0 such that,
for every 0 < & < &g, there are z1,y1,...,Zn,yn € M such that d(z;,y;) < 9,

% > 1 — ¢ holds for each ¢ and such that B(x;,r) N B(z;,r) = 0 for all
i # j. Now, for every ¢ € {1,...,n} and for ¢ small enough, we can define a
(1 4 ¢)-Lipschitz function f;: M — R such that f; = g in M \ B(z;,7) U {x;} and
filys) == fi(x;) — d(24,y;). Indeed, up to an application of the McShane extension
theorem [294, Th. 1.33] it suffices to show that f; defined as above is (1 + ¢)-

Lipschitz when restricted to M \ B(z;,r) U {x;,y;}. To do so, notice that given
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z € M\ B(x;,r) we get that
[filys) = F(2)] _ lg(ai) = g(2) — d(zi, i)

< d(zi, 2) + d(s,y:) < d(yi, z) + 2d(zi, y:)
2d(x;, ;) 20
<14+ —72 _ L1+ —
* r—d(zi,y) s
and the previous quantity is smaller than 1+ ¢ as soon as § is chosen so small that

26
<E.
r—94
Since f;(x;) — fi(y;) = d(z;,y;) for every i, we deduce that the inclusion
fi € {u S (1 +€)BLip0(M): ||f + u|| >2— E}
holds for every i € {1,...,n}. On the other hand, notice that, given x € M, the

set {i € {1,...,n}: fi(x) # g(x)} is, at most, a singleton. From the definition of
the Lipschitz norm, we deduce that

1 o 4+ 2
- = < .
9= il <=,
1=1 L
Since n was arbitrary, we can conclude that
g econv ({u € (1+¢)Brip,m): If +ull >2—¢}). O

REMARK 11.2.9. The above proof actually shows that Lip,(M) satisfies the
uniform Daugavet property. Indeed, what we have proved is that, given f,g €
SLip, (M), 1 € N and € > 0, we have
4+ 2¢

n
which goes to 0 as n — co. As a consequence, we get that Lip, (M) has the Daugavet

property if and only if the ultrapower Lip, (M )¢ has the Daugavet property for every
free ultrafilter 4l on N.

dist (g,conv, ({h: ||hllL < 1+e, [|[f+h]L=2-¢})) <

Gathering together Theorem 11.2.1 in the already remarked equivalent form
“if F(M) has the Daugavet property, then M is local”, Proposition 11.2.7, Theo-
rem 11.2.8, and Remark 11.2.9, we are ready to establish the metric characterisation
of when Lipy(M) enjoys the Daugavet property.

THEOREM 11.2.10. Let M be a complete metric space. Then, the following are
equivalent:

(1) Lipy(M) has the uniform Daugavet property.
(2) Lipg(M) has the Daugavet property.

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

(4) M is a length space.

(5) M is local.

We will finish the section proving a characterisation of when the unit ball of a
Lipschitz-free space F(M) is an SCD set; cf. Definition 10.1.3 for this notion.

THEOREM 11.2.11. Let M be a complete separable metric space (for instance,
if M is compact). The following are equivalent:

(i) Bruy is an SCD set;
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(ii) Bran = m(dent(B;(M))) .

We need a preliminary result which is interesting in itself. In accordance with
Definition 11.2.4, we say that a Lipschitz function f € Lipy(M) is local if, for every
€ > 0, there exist u,v € M with 0 < d(u,v) < € and % > |Ifllz —e&. In short,
a local Lipschitz function is a function whose Lipschitz norm can be approximated
by pairs of points which are arbitrarily close. The next lemma shows that only
non-local functions are needed to construct a sequence of determining slices for the
unit ball of a Lipschitz-free space.

LEMMA 11.2.12. Let M be a metric space. Assume that a sequence of slices

Sy = Slice(Br(ary, fns an), n € N, is determining for Bryy. Set
I:= {n e N: f,, is not local}.
Then {S,: n € I} is determining for By ).

PROOF. Assume, by contradiction, that {S,: n € I} is not determining for
Bz Consequently, for every n € I there exist z,, € S, and there exists p €
Sry satisfying that p ¢ conv({z,: n € I}). By the Hahn-Banach theorem, there
exist f € Spip,(amr) and a > 0 such that

f(p) > a>sup{f(2): z € conv({w,: n € I})}.
Furthermore, we can find 0 < 5 < « satisfying
f) >a>p> f(zn)
for every n € I. Let us also find €, > 0 small enough so that
(1—B)(n+2e)+n<a-4B. (11.2.5)

Now, set J =N\ I = {n € N: f, is local} and write J = {k,: n € N} (admitting
that (k,) may be eventually constant if J is finite). Choose a sequence (e,) of
positive real numbers such that 1 —e < [[°_,(1 —¢&,). Our aim is to construct, by
induction, a sequence (zy,) C Sk, with the property that

n n n
pt > N || > [H(l —si)] (1+Z|/\i\) (11.2.6)
i=1 i=1 i=1
for every n € N and Ay,..., A, € R. Let us construct zj,. Since fi, is local,

we can find a sequence of points u;,v; € M with 0 < d(uj,v;) — 0 such that

Jro (Mg ;) = % > 1 — ay, or, in other words, that m,, ., € Sk, for

every j € N. Since d(uj,v;) — 0, [152, Theorem 2.6] implies that
[ (R g o (]

holds for every v € F(M). Consequently, we can find j € N big enough so that
Tp, 1= My, o, satisfies

c1

5

Notice that an application of Lemma 2.8.7 ensures that

I+ Az, [| > (1 = 1) (14 [A])

holds for every A € R, hence equation (11.2.6) is satisfied for this choice of xy, .
Now, assume for the inductive step that xg,,...xk, have been constructed
with the desired property, and let us construct zy In order to do so, let YV :=

£ gy || > 2 -

n+1°



326 11. SPACES OF LIPSCHITZ FUNCTIONS AND LIPSCHITZ MAPS

lin{y, 2y, ..., %k, }, which is a finite-dimensional subspace of F(M). Since Sy is
compact as Y is finite-dimensional, we can select a finite set F' C Sy which is an
5"3“ -net for Sy. Once again the condition that f, ., is local allows us to guarantee
the existence of a sequence 1y, ;, € Sk, ,, such that d(u;,v;) — 0. Since

([ 4 10005 = 2

for every v € F, again by [152, Theorem 2.6], we can find j € N large enough so
that, if we select @, , := My, v, we have ||y £z, || > 2 — =52 for every v € F
(since F is finite). As F'is an €,41/2-net, a new appeal to Lemma 2.8.7 implies
that

||V + Lhpia ” >2—¢€nt1

holds for every v € Sy. From here, it can be proved that
v+ Azg, o ] > (1= enpn) (V]| + [A])

holds for every v € Y and every A € R. Let us prove that xy,,...,zy, ,, satisfy the
desired condition. In order to do so, select Aq,..., A,+1 € R. Observe that, since
n+1

w4 Yo Nizk, €Y, we obtain
M+ZAxk 1_5n+1) ( +|An+1|> .

Now, the inductive step implies ||+ Y7, > [T A —e)] (1+ 20 [Nl),

(1—ent1) ([ 4
> = ([T10 - 20] (4 o) + Tl - o

n+1 n+1

= [H(l - 51)} (1 + ; |/\1|)

i=1

n
w+ Z AiTg,

=1

n+1

M+Z/\zk

(1- Ei)] (1 + z": |>\i|> + /\n+1|>

& s.
Il : 3 | : 3
— =

which finishes the proof of the construction of zy,, ;.

As we have z,, € S, for every n € N and {S,: n € N} is determining for p,
we conclude p € conv({x,: n € N}). Consequently, we can find (\,) C [0, 1] with
5% A\ = 1 and only finitely many A, being non-zero, satisfying

n=1
oo
- Z Ay
n=1

<. (11.2.7)

If we evaluate at f, we obtain
n>f (N - Z /\nxn> = f(p) — Z A f ()
n=1 n=1
> Q*Z)\nf(xn) - Z)\nf(xn) >a7ﬂz>\n* an

nel neJ nel neJ

=a-— <1—ZA> D h=a-B8-(1-8)> A,

neJ neJ neJ
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hence

§}x>a_6 0 (11.2.8)
neJ ﬂ
On the other hand, by the construction of z,, n € J, we have from (11.2.6) that

i3 A > 175<1+§:A)

neJ neJ

These estimations imply that

n=1 neJ nel
1-9(1+3 M) =3 n
neJ nel
=91+ M) - (1= M)
neJ neJ
=2 (14 ) 223 A -
neJ neJ neJ
a—fF—n a—fF—n
2—— -2 — — 2¢.
> 1-3 e > 1-3 €
This, in turn, yields that o — 8 < (1 — 8)(n+ 2¢) +n, which disagrees with (11.2.5).
This contradiction finishes the proof. O

We are now ready to present the pending proof.

PROOF OF THEOREM 11.2.11. (ii) = (i) follows from Proposition 10.1.10.

For the proof of (i) = (ii), take a determining sequences of slices S, =
Slice(Br(ary, fns an), n € N, for Br(ypy. By Lemma 11.2.12 we can assume without
loss of generality that f, € Stip,(ar) is non-local for every n € N. Given n € N,
since M is complete and f,, is non-local, [293, Proposition 2.7] implies that there
exists a denting point x,, of Bx(yp) with x, € S, for every n € N. Since {S,,: n € N}
is determining, we get that Br(y;) C conv({zn: n € N}) C conv(dent(Bz(ar)), as
requested. O

11.3. The Daugavet property in spaces of vector-valued Lipschitz
functions

In the above section we have given a characterisation of when a space Lip,(M)
has the Daugavet property in terms of the property that M is a length space. A
natural question at this point is: if M is a length space, does Lipy(M, X) have
the Daugavet property regardless of X7 This would be analogous to the Daugavet
property of Lo, (1, X) for nonatomic p.

Observe that the proof of Theorem 11.2.8 cannot be performed in the vector-
valued setting because the McShane extension theorem is applied at a decisive
juncture, and the McShane extension theorem is false in the vector-valued setting
(cf. e.g. [51, Theorem 2.11]).

Because of that, a new approach is needed to prove the Daugavet property for
a vector-valued Lipschitz function space. The main aim of this section is to prove
the following result.
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THEOREM 11.3.1. Let M be a length metric space and let X be a Banach space.
Then Lipy(M, X) has the Daugavet property.

In the proof of this result we will need a couple of lemmata in order to find this
new approach. Let us start with the following result, which will be very useful in
the future. Recall that by segment in a Banach space we mean the convex hull of
two (distinct) points.

LEMMA 11.3.2. Let X, Y be Banach spaces, A = 0 and f: X — Y. If f is
A-Lipschitz when restricted to segments, then f is A\-Lipschitz.

LEMMA 11.3.3. Let X be any Banach space, a <b < c in R and f: [a,c] — X.
If f|[a7b] and f“bd are A\-Lipschitz for some A = 0, then f is \-Lipschitz.

PROOF. Let t # s € [a,c]. We may assume that ¢ € [a,b] and s € [b, ¢]. Then,

1f() = FIN<NFE) = FOI+N£0) = F(S)l
<At = b] + b —s]) = Alt — 5. O

LEMMA 11.3.4. Let X be a Banach space, let 0 < r < R, and consider a
function f: X — X. Assume that there are A, B,C > 0 such that

If ) = FWI

sup
cyeBOr)azy 1T =Yl

@1 _
r<llzllyli<Ray 1T =yl

vy @10,
z,yeX\B(0,R),z#y |z -yl

Then f is Lipschitz and || f]|;, < max{A, B,C}.

PRrROOF. A combination of Lemma 11.3.2 and Lemma 11.3.3 does the trick. O

The above lemma allows us to ease the proof of the following proposition.

ProprosIiTION 11.3.5. Let X be a Banach space and let 0 < a < b. Then the
function f: X — X defined by

0 i lall < a,

@)= 2 (1—“)x Fa< o] <b

Vo= U T <llell <,
. 5 < lle]l

is Lipschitz with ||f||z < ﬁ

In particular, for every xo € X and every R,e > 0, there exist 6 > 0 and a
Lipschitz-mapping 1: X — X such that ¢(x) = x holds for every x € X \ B(zo, R),
lllL < 1+4¢€ and ¥(z) =z holds for every z € B(xo, ).

PRrROOF. Let x,y € X with z # y. By virtue of Lemma 11.3.4, and since f is
clearly Lipschitz on B(0,a) and on X \ B(0, b), let us assume that a < ||z, ||y|| < b.
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Now, we estimate || f (
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as desired.

For the second part of the theorem, given g € X and R, e > 0, take § > 0 such
that R 75 < 1+¢, and consider the function f above with the parameters a = § and
b= R Then the function ¢¥: X — X, ¢(z) := xo + f(z — xo), does the trick. O

N

The following lemma shows that the set of Lipschitz functions which are injec-
tive on a given separated sequence is norm-dense.

LEMMA 11.3.6. Let M be a metric space and let X be a Banach space. Consider
a sequence (B(gcm T”))neN of pairwise disjoint balls in M. Then, for every Lipschitz
function F: M — X and € > 0, there exists a Lipschitz function G: M — X with
the following properties:
(1) ||F =G| <€ and,
(2) G(zy) # G(zy,) holds for every n # m.

PRrROOF. Given n € N we can take, by the McShane extension theorem, a
Lipschitz function ¢,: M — R such that ¢, (x,) # 0 for every n € N, |lon]lL =1
and ¢, = 0 on M \ B(x,,,). Let F' and ¢ as in the hypothesis, and consider
a sequence () of strictly positive numbers such that Y > e, < e. Take also
x € Sx.

We will construct by induction a sequence (d,) of positive numbers such that,
for every n € N, the following conditions hold:

(1) 0, < &y for every n € N, and

(2) F(z;)+ 0ip(xi)x # F(xn) + 0pp(zp)x for 1 <i<n—1.
For n = 1 take 0; = 1. Now, assume 6y, ...,d0, have been constructed and let us
construct d,41. In order to do so, observe that the set

{F(Tn41) + 0@nt1(Tnt1)2: 0 <0 < enyr}
is infinite since z is a non-zero vector. Since the set
{F(x;) + d;pi(zi)z: 1 < i< n}
is finite, we can find 0 < d,,4+1 < €,41 such that
F(@nt1) + Onrpns1(@ns1)r & {F (@) + 0ipi(wi)e: 1 < i <nj.

Then G = F + 220:1 Onpn ® x satisfies our requirements. To begin with, the
inequality ||[F — G||p < Yoo, dnllenllzllzl] < Yoo en < € holds. On the other
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hand, the construction of 4, together with the fact that supp(y,) C B(zn, ),
implies that G(z,) = F(xzy) + 0npn(xy)z, from where the proof follows. O

Now, we introduce the following result, whose proof is easy, and which will
save us a lot of notation in the following. The proof is straightforward, but let us
include it for the sake of completeness.

LEMMA 11.3.7. Let M be a complete metric space and X be a Banach space.
Let f,g: M — X be two Lipschitz functions. Assume that there exist m € M and
0<d < R so that

(1) g is constant on B(m,R),
(2) f(z) = f(m) holds for every x € M\ B(m,9).
Then || f + gll < max{|[f] [lg}(1 + #%).-
PRrROOF. Let C' := max{||f]|, HgH}, and let z,y € M with x # y. Let us estimate

4o I @) +9(@) = (fy) + 9D _ 1F(x) = f(y) +9(z) = 9(y)ll
d((E, y) d(.’b, y)
We observe that if f(x) — f(y) =0 or g(z) — g(y) =0, then A < C.

The unique possibility for the previous condition not to hold is that, up to
relabelling, © ¢ B(m, R) and y € B(m,d). In that case, f(z) = f(m) and g(y) =
g(m). Consequently

A < 1f@) = Fmll + llg@) —g(m)ll  ,dly,m) +d(x,m)
d(x,y) d(z,y)
Since d(xz,m) < d(x,y) + d(y,m), the above inequality yields
d(z,y) + 2d(y,m) 2d(y, m)
e o G i}
Now, using d(z,y) > d(x,m) — d(y,m) = R — §, we get

26
A< C’<1+5>

as desired. O

Let us end our preliminaries by recalling the following criterion of weakly null
sequences in Lipy(M, X) from [75].

LEMMA 11.3.8. Let M be a pointed metric space, let X be a Banach space, and
let (fn) be a sequence of functions in the unit ball of Lipy(M, X). For eachn € N,
we write Uy, := {x € M: f,(z) #0}. If U, NU,y =0 for every n # m, then the
sequence (fn) is weakly null.

PROOF. We shall establish the inequality
HZanJH 2max|a]| (a1,...,an € R, n€N).

The inequality 1mphes that the map e, — f, extends to a bounded linear operator
T: ¢y — Lipy(M, X); hence f, = T'(e,) — 0 weakly since e, — 0 weakly in ¢g.
To prove the above inequality, fix aq,...,a, and write f = Z?Zl a;fj. We

have to estimate
Yy J
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for x #y € M. If x and y do not belong to two different of the sets U;, we get
[

| <laxl

for a certain k since | f;|jz < 1. Otherwise, we have x € Uy and y € U, say, (with
k #1) and

Hf H g lef’“ k(y)

RS

MM+W\2mwMA

(Actually, one can show that (f,,) is even equivalent to the unit vector basis of ¢y
if inf || f||z > 0.) O

We already have all the needed ingredients to provide the pending proof.

PrROOF OF THEOREM 11.3.1. Let f,g € Svrip (a,x)- In order to prove that
Lipy (M, X') has the Daugavet property, let us prove that for every € > 0 there exists
a sequence (g,) C (1+¢)Brip,(a,x) such that g, — g weakly and || f +gnllz = 2—¢
holds for every n € N. This is enough by Lemma 3.1.19, for instance.

Since ||f]lr = 1, we can find y* € Sx~ such that y* o f: M — R, given by
y* o fm) = y*(f(m)), satisfies [ly* o fllz > 1~ 5.

Since M is a length space, it is spreadingly local (see Proposition 11.2.7), that
is, the set

13
A= M: inf ||[y* 1—--=
{me I lly™ o f|pmry | > 2}

is infinite. Hence we can take a sequence of pairwise distinct points (z,,) C A. After
passing to a subsequence we may also assume that (z,) satisfies the assumptions
of Lemma 11.3.6; cf. Lemma 3.5.24. An application of Lemma 11.3.6 allows us to
assume, up to a norm-perturbation argument, that g(x,) # g(ag) if n # k. As
above, after passing to another subsequence we can find, for every n € N, some
ay, > 0 such that the B(g(z,,), an), n € N, are pairwise disjoint (observe that since
llgllz <1 it is clear that then the B(x,, a,) are also pairwise disjoint).

Consider 0 < B, < ay, for every n € N such that - 1 and consider, by

virtue of Proposition 11.3.5, Lipschitz functions ¢y: X — X such that ||p,|lr <
o () = z for every z € X \ B(g(zy), ) and
on() = g(xn) for every x € B(g(zn), Bn)-

For every n € N write hy, := ¢, 0g9: M — X. Tt follows that limsup ||, || <1
(since [fnllz < llonlllgll < 2250

Now, we claim that (h, — ¢) is a sequence of mappings with pairwise disjoint
supports. Indeed, given n € N, it follows that h,(x) — g(z) # 0 implies g(z) €
B(g(zy), ) which, in other words, means that supp(h, —g) C ¢~ (B(g(zn), an))
for every n € N. The fact that the supp(h, — ¢g) are pairwise disjoint is now
immediate since the balls B(g(zy,), o, ) are pairwise disjoint. Consequently, (h, —g)
is weakly null in view of Lemma 11.3.8 or, equivalently, h,, — g weakly.

On the other hand, observe that h,, = @, 0g takes the value g(z,) on B(zy, ).
Indeed, given z € B(xy, By) it follows that ||g(z) — g(zn)| < gllzd(z, zn) < Bn,
which implies ¢, (g(z)) = g(x,) by the very definition of ¢,,.
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Now, consider a sequence (r,,) of strictly positive numbers such that 2r, < 3,
:n € N} C A, we can find y,, € M with 0 < d(zp,yn) <

r, such that
y*(f(yn)) = y* (f(2n)) €

1—-.

dymywn) 2
Define a function s,: M — R with |[s,]] < 1, sp(2) = 0if 2 € M \ B(xy,2r,),
sn(zn) = 0 and 8,(yn) = d(Tn,yn). This function may be constructed as the

McShane extension to M of the function
Spt (M \ B(2p,2r,)) U{zn,yn} = R
defined as it has just been stated, which is easily seen to be 1-Lipschitz.

Since [|y*|| = 1, one can find y € Sx such that y*(y) > 1 — 5. Consider
Sp = 8, @ y: M — X. Observe that ||S,| < 1. Moreover, (S,) is a sequence
of Lipschitz functions with pairwise disjoint supports, since the support of .S, is
contained in B(z,,2r,) C B(x,,a,). Consequently, we get S, — 0 weakly by
Lemma 11.3.8.

Define g, := hy, + S,, and we claim that the sequence (g,,) does the trick. On
the one hand, the convergence conditions on h,, and S,, imply that g, — g weakly.
On the other hand, given n € N, an appeal to Lemma 11.3.7 for m = z,,, R = 3,
and § = 2r,,, implies

o, 4r,
Hg H Qp — ﬁn ( * ﬁn - 27“n>

Consequently, there exists k € N such that g, € (1+€)Brip, (ar,x) forn > k. Flnally,
given n € N| taking into account that h,(x,) = h,(y,) since y, € B(xy, ), W
have that

17+ galy >y (L mon) = U b))
_ Y (f(yn)) — y*(f (@) + Y (Sn(yn)) — y* (Su(zn))
(ynaxn) d(ynyxn)
>1- 2+8”(Z’E;_j”)(x") W) 1-s+1-S=2-e O

As a particular consequence, we have the following corollary.

COROLLARY 11.3.9. Let M be a metric space. The following are equivalent:

(1) LlpO(M X) has the Daugavet property for every Banach space X # {0}.
(2) F(M)®x X has the Daugavet property for every Banach space X # {0}.
(3) Lipg(M) has the Daugavet property.

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

(5) M is a length space.

PROOF. We know from Theorem 11.2.10 that (2) = (3) & (4) < (5), and
Theorem 11.3.1 says that (5) = (1). It remains to argue that (1) = (2).

Let X and Y be Banach spaces. By the universal property of the Lipschitz
free space, a Lipschitz function F: M — Y gets linearised to a linear operator
Tr: F(M) — Y of the same norm, and vice versa. In other words, Lip,(M,Y)
is isometrically isomorphic to L(F(M),Y). Now, suppose that ¥ = X*; then
L(F(M),Y) is isometrically isomorphic to (F(M) &, X)*. As a result, we have
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that (F(M) ®x X)* = Lipy(M, X*). Since a Banach space has the Daugavet
property once its dual has, the implication (1) = (2) follows. O

11.4. The Daugavet equation for Lipschitz maps

Our goal in this section is to transfer some known results for linear operators
on spaces with the Daugavet property to Lipschitz maps.

Remark that in the case of X € DPr, the Daugavet equation in the Lipschitz
norm (11.1.1) for a non-linear Lipschitz map T: X — X reduces to an analogous
equation for the linearisation ZA“, but this linearisation acts from the Lipschitz-free
space F(X) to X. Hence, in order to use this technique, we need to pass from the
Daugavet property of a space to the Daugavet centre Sx: F(X) — X. On the one
hand, this shows how Daugavet centres between two different spaces appear in a
natural way when one studies the ordinary Daugavet property and, on the other
hand, explains why the general setting of Daugavet centres is the natural framework
for the theory we build below.

11.4.1. Lipschitz slices. To deal with Lipschitz maps, we will use the fol-
lowing geometric notion which will play the role of the usual slices in the linear
case.

DEFINITION 11.4.1. Let X be a Banach space. A Lip-slice of Sx is a non-empty

set of the form
{ T £ 12, f(z1) — f(22) >a},
21 — 2| 21 — 2|

where f € Lipy(X) is non-zero and a € R. The following notation will be useful:
for f € Lipy(X) \ {0} and € > 0, we write

T — T2

fz1) — f(x2)

T # T2, ||.CL']_ _ .'L'QH

LipSlice(Sx, f, ) := { > flle 5}

and observe that this set is never empty and so, it is a Lip-slice of Sx; conversely,
every Lip-slice of Sx can be written in this form.

21 — 22l

Remark that for a real-linear functional f = z* € X*, the above definition
agrees with the formula for slices, generated by linear functionals

Slice(Sx, 2", e) = {z € Sx: 2*(x) > ||lz"| — ¢} .

Another relation with ordinary “linear” slices comes from the linearisation pro-
cedure explained in Lemma 11.1.2. As we have that Mol(X) C F(X) and
F(X)* = Lipy(X), every slice of Mol(X) is of the form

8oy — Oy
|71 — z2|

Slice(Mol(X), f,a) = { T # 73 € X, <fa w> > | fllz — a},

Ty
|1 — 22|
where f € Lip,(X) and « is a positive real number. Then

Bx (Slice(Mol(X), f,«)) = LipSlice(Sx, f, a).

Even though there are Lip-slices which are not slices, the next result ensures that
Lip-slices always contain ordinary “linear” slices. In order to show this, we need to
introduce a bit of notation. Let X be a Banach space and f: X — R a Lipschitz
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function. According to [85], the generalised derivative of f at a point € X in the
direction v € X is defined by

f°(z,v) ;= limsup w
y—z,t\0 t

This limsup always exists thanks to the Lipschitz condition. Moreover, it is a sub-
linear and positively homogeneous function in the variable v [85, Proposition 2.1.1].
In addition, the generalised gradient of f at x is defined as follows

Of(z) :={z" € X*: f°(z,v) > 2" (v) Yv € X}.
Given v € X, it follows that

°(x,v) = * Ve X
foe ) = max a*(v) Vi

(see [85, Proposition 2.1.2]). The previous equality will be the key to proving the
promised lemma.

LEMMA 11.4.2. Let X be a Banach space and S be a Lip-slice of Sx. Then,
for each x € S there exists a slice T of Sx such that

xeT CS.
PROOF. Assume that S := S(Sx, f,e). Consider z,y € X, x # y such that
“= e S ie.
Ty—=[l P

fy) = f@)> A —-e)lly—=|.
Define ¢: [0,1] — [x,y] by ¢(t) :== Ay+(1—N)z, ¢t € [0,1], and F := fo¢: [0,1] — R.
As Fis a Lipschitz function, it is differentiable a.e. Moreover,

1
(1 =e)lly — ]l <f(y)*f($):F(1)*F(0):/0 F'(t) dt.

From here we can find ¢ such that F’(t) exists and is bigger than (1 — &)|jy — z|.
Thus, given z = ¢(t), it follows that

lim sup fz+hly —2) = f(2) > (
h—0 h

L—e)lly — =[|.

Indeed, given h > 0 small enough, one has
dt+h)=0C+hy+(Q—-(t+h)z=ty+ (1 —-t)z+h(y —x).
Asty + (1 — t)z = ¢(t) = 2z, we conclude that

Flt+h) - F#) _ fe+hly—2)) = f(2)
h h '

As the limits

S OFGER) S F() by~ a) S
h—0 h T RS0 h

exist, we conclude that

g LR =) =) Sy @)~ T)
h—0 h h—0 h

< fzy—o).
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As the generalised derivative is positively homogeneous, we conclude that
fo(z, ﬁ) > 1 —e. Hence, there exists ¢ € df(x) such that w(\ly ”) 1—¢eby
[85, Proposition 2.1.2]. Consequently,

Y-

lly — iv||
We shall prove that 7' C S. Towards this aim, pick v € T, so p(v) > 1 —¢e. As

o(0) < £°(20) = limsup LY = FW)
y—z,t\0 t

eT :={veSx:p) >1-c}.

we can find ¢ > 0 and y close enough to z such that 1 —e¢ < w From the
definition of S, one has
y+itv—y tv

S > = =0
ly +to—yl — [tv]

y—x
8O, Ty=aT € TCS. O

11.4.2. Daugavet centres and SCD Lipschitz maps.
At first, we extend the basic description of Daugavet centres (Theo-
rem 5.1.2(iii)) to Lipschitz slices instead of the ordinary ones.

LEMMA 11.4.3. Let X, Y be Banach spaces, G € L(X,Y) be a Daugavet
centre, |G| = 1. Then, for every y € Sy, f € Siip,(x), and € > 0, there is
x € LipSlice(Sx, f,€) such that |Gz + y|| > 2 —e.

PROOF. This is an immediate consequence of the fact that every Lip-slice con-
tains a slice by Lemma 11.4.2 and of the definition of a Daugavet centre. O

The main result for Daugavet centres is the following one.

THEOREM 11.4.4. Let X, Y be Banach spaces and let G € L(X,Y) be a norm-
one operator. Then the following assertions are equivalent:
(1) G is a Daugavet centre;
(2) G: F(X)—Y is a Daugavet centre.

PROOF. (2) = (1). Consider the rank-one operator T: X — Y given by Tz =

2*(z)yo, where z* € X* and yo € Y. Then, T: F(X) — Y acts by the rule
described in Lemma 11.1.2(a):

T <Z ak51k> = Z arT(zy) = z* <Z akxk> Y0,
k=1 k=1 k=1

(extended afterwards to the whole space F(X) by continuity). So, T is also a rank-
one operator, and condition (2), together with the properties from Lemma 11.1.2(a),
gives us the desired Daugavet equation for 7" with respect to G:

IG+T|=G+T|=[G+T| =1+ T =1+

(1) = (2). Fixyo € Sy, f € Svip,(x) (that is, f € Sr(x)+) and € > 0. Our goal
is to demonstrate that there is u € Slice(Sr(x), f, ) such that |Gu+yol| > 2 —e.
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According to Lemma 11.4.3, there is o € LipSlice(Sx, f,¢&) such that |Gz + yol| >
2 — e. By the definition of LipSlice(Sx, f,€), this z is of the form

f(z1) — f(x2)

|71 — 22|

T — T2
r = ———"— where x1,z9 € X, x1 # x2, and

>1—e.
|71 — 22|

Let us show that the corresponding molecule
Op, — 06
U= Mgy gy = T
21 — 2]

is the element that we need. Indeed, ||u|| = 1, (f,u) = % > 1 — ¢, which
shows that u € Slice(Sx(x), f,€); and

G.’L‘1 Gmg
o — a2

For a map F' € Lipy(X,Y) we define the slope of F' by
F —F
slope(F') := {(961)(962) x] # X9 € X}.

|1 — 2|
Observe that if F € L(X,Y), then slope(F) = F(Sx). The motivation for consid-
ering slope(F') comes from the following equivalent definition:

|G + yol| = +yo|| = |Gz + ol > 2 —e. O

slope(F) = {ﬁ(mmm): Ty # Ty € X} = F(Mol(X)). (11.4.1)
According to Remark 11.1.1, conv(Mol(X)) = Br(x), so equation (11.4.1) implies

F(Br(x)) = conv(slope(F)). (11.4.2)

COROLLARY 11.4.5. Let X, Y be Banach spaces and let G € Lipy(X,Y) be a
Daugavet centre. If F € Lipy(X,Y) satisfies that slope(F) is SCD, then ||G+F| L =
1+ |Flz-

ProoOF. If G is a Daugavet centre, then G: F(X) — Y is also a Daugavet
centre by Theorem 11.4.4. Now, if F' € Lipy(X,Y") satisfies that slope(F') is SCD,
then formula (11.4.2) together with Lemma 10.1.7 imply that F(Br(x)) is an SCD

set, so F is an SCD operator. Therefore, |G + F|| = 1+ || F|| by Corollary 10.4.8.
Finally, this is equivalent to |G + F|| =1+ ||F||z by Lemma 11.1.2. O

COROLLARY 11.4.6. Let X, Y be Banach spaces and let G € L(X,Y) be a
Daugavet centre. If F € Lipy(X,Y) satisfies that conv(slope(F')) has the Radon-
Nikodym property, the convex point of continuity property or if it is an Asplund set,
or if it does not contain £1-sequences, then |G+ F|p =1+ ||F||L.

PROOF. As in the proof of Corollary 11.4.5 we consider G, F: F(X) — Y. Our
assumptions imply that every separable subset of F (Br(x)) is an SCD set, so we

may apply Corollary 10.4.11 and get that F' is G-narrow. So, ||G + F| =1+ || F||
and |G+ Fl|lr =1+ |F|z. O

REMARK 11.4.7. Changing in Corollary 11.4.5 the assumption that slope(F') is
SCD to conv(slope(F')) is HSCD, one can get that F is G-narrow, but it is unclear
what advantages this gives for the original F. Also, it is not quite clear what a
natural analogue of HSCD-dominated operator for the non-linear Lipschitz case is.
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This can be a motivation to introduce a concept of Lipschitz G-narrow maps and
to develop the corresponding theory. By now, such a theory does not yet exist.

11.5. Notes and remarks

Section 11.1. References for this section are [120], [122], [294]. The Lipschitz
free space also goes by the name Arens-FEells space or transportation cost space.

Section 11.2. The first (published) work in which the Daugavet property
is studied in spaces of Lipschitz functions is [145], motivated by the question of
whether the space of Lipschitz functions on the unit square has or does not have the
Daugavet property, explicitly asked in [300, Question (1)]. (The Daugavet property
for Lipy(M), with M a compact convex subset of a Banach space, can already
be found in the unpublished diploma thesis of D. Pokorny (Charles University
Prague; 2005) [253].) Most of the material of the section comes from the papers
[115, 145]. The proof of Theorem 11.2.1 is from [115, Lemma 3.7], where the
ideas of [145, Lemma 3.2] were extended. The Proposition 11.2.7 is from [115].
Finally, Theorem 11.2.8 is from [145]. Actually, some proofs in [145] were, in the
process of writing the paper, simplified to the extent that they became invalid; this
warranted a corrigendum to this paper [146] with correct proofs.

All the properties considered in Definition 11.2.4 are present in [145] (there the
terminology metrically convex (respectively, almost metrically convex) was used in-
stead of geodesic (respectively, length space)). Also, in [145] the following definition
is considered: a metric space M is said to have property (Z) if for every xz,y € M
with z # y and every € > 0, there exists z € M \ {z,y} so that

d(x,2) +d(y, z) < d(z,y) + emin{d(z, 2),d(y, 2)}.

This property was introduced in [145] as a (metric) characterisation of the Daugavet
property of Lipy(M) valid for compact metric spaces M. Later, it was proved in
[115] that a metric space M has property (Z) if, and only if, B,y does not have
any strongly exposed point [115, Theorem 5.4]. In view of the above mentioned
two results, it was conjectured in [115] that property (Z) and being a length space
are equivalent properties for complete metric spaces. Soon afterwards, making use
of transfinite methods, A. Avilés and G. Martinez-Cervantes gave a positive answer
to this conjecture in [28, Main Theorem]. As a consequence of all this collective
effort, the final characterisation of the Daugavet property in Lip,(M) can be stated
as follows'.

THEOREM 11.5.1. Let M be a complete metric space. The following assertions
are equivalent:

(1) Lipg(M) has the uniform Daugavet property.

(2)
(3) F(M) has the Daugavet property.

(4) The unit ball of F(M) does not have any strongly exposed point.
(5) M is a length space.

(6) M has the property (7).

LSince 2022, outside mathematics, the symbol Z has become the hallmark of the supporters
of the Russian invasion of and aggression against Ukraine. Therefore, we are especially glad that
we can avoid this symbol in the main body of the text.
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The idea behind Lemma 11.2.3 comes from [256, Theorem 3.1], where it is char-
acterised when the norm of F(M) is octahedral (see Definition 12.2.10). This idea
was elaborated further and applied in [21] in order to characterise those elements
€ F(M) which are limits of convex series of molecules.

Theorem 11.2.11 is from [199] where the notion of SCD points is used; with
this, separability assumptions are not needed and it is proved that SCD(Brar)) =
W(dent(B F( M))) for every complete pointed metric space M (see the Notes and
Remarks on Section 10.3 in Chapter 10 for the notion of an SCD point).

Let us also point out that the notion of local Lipschitz function was already
considered in the literature earlier. For instance, it appeared in [79], where it was
proved that if M is a compact metric space and f: M — R is a non-local Lipschitz
function, then f attains its norm (as a functional on F(M)) on a strongly exposed
point of Bx(yr), a result which found interesting applications to the study of strongly
norm attaining Lipschitz maps (see [79, Section 3] for details).

Companion results for the Daugavet property of spaces of C'-functions on R?
have been obtained in the above-mentioned diploma thesis of Pokorny [253] and in
the likewise unpublished diploma thesis of D. Dubray (FU Berlin; 2009) [102].

Section 11.3. The results of this section come from the recent preprint [230].
The motivation was the question [115, Question 4.1], where it was asked whether
Lipy(M, X) has the Daugavet property for every non-zero Banach space X if M is
a length space.

Let us point out that, before the definitive solution from [230], a step forward
towards the solution was made in [269], where partial positive results were obtained
making use of the contraction-extension property [51, Definition 2.10] proving the
Daugavet property for Lip,(M, X)), for instance, when M is a convex subset of a
Hilbert space.

Let us also mention the story behind Theorem 11.3.1. A first version appeared
on arXiv on May 10, 2023, where it was proved that (M) &, X has the Daugavet
property for any length metric space M and any Banach lattice X such that X*
has the metric approximation property.

Later, during the celebration of the congress “/Hasy to define, hard to analyse:
First conference on Lipschitz free spaces” held in Besancon (France) in September
2023, the third author of this book presented the above mentioned result, leav-
ing as an open question whether a weaker version of the “In particular” part of
Lemma 11.3.5 holds in general, with the corresponding implications on the Dau-
gavet property in F(M) &, X. After this conference, Richard Smith (University
College Dublin) kindly left the authors Lemma 11.3.5 together with its complete
proof. With this new lemma, the authors developed different methods which re-
sulted in the current version of Theorem 11.3.1 which is more general in the hy-
pothesis and stronger in its conclusion, appearing in v2 of the preprint, uploaded
to arXiv on October 26, 2023.

This altruist gesture is a sample of how science progresses when it is based on
cooperation instead of on competition.

Section 11.4. The idea of Lipschitz slices comes from [164], where the main
resuts were given for the identity operator and the ordinary Daugavet equation.
Those results were extended to Daugavet centres in [162, pp. 112-113]. An alter-
native form of such an extension can be found in [83].
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The proof of Lemma 11.4.2 is from [42, Lemma 2.3], where the authors proved
that, given a Banach space X, the topology generated by Lipschitz slices on Sx
agrees with the restriction of the weak topology to Sx.

In order to prove Lemma 11.4.3 in [164], the key is the following result: if
S = LipSlice(Sx, f, ) is a Lipschitz slice and (conv(A4)) NS # 0, then AN S #
[164, Lemma 2.4]. This lemma was shown to be equivalent to Lemma 11.4.2 in the
paragraph after [162, Lemma 7.2].

11.6. Open questions

In this section we collect different open questions and possible future research
lines derived from the results of this chapter.

(11.1)

(11.2)

(11.3)

(11.4)

How to generalise the concept of narrow operator to Lipschitz mappings?
Are there natural analogs for characterisations of narrow operators in
classical spaces C'(K) and L (p)?

For a metric space M embedded in a Banach space Y by an isometry J:
M — Y we can consider the equation ||J + T'|| = 1 + ||T|| for Lipschitz
mappings T: M — Y. For what natural pairs M C Y is this generalised
Daugavet equation valid for all T of rank one? For example, does this
work for Y being a space with the Daugavet property and M being a
convex subset of Y7 In particular, for M = By?

What kind of theory can be built for such pairs M C Y? Is there some
kind of “rich subsets” theory that generalises the theory of rich subspaces?

Are the Daugavet property and the WODP (see Definition 4.2.3) equiva-
lent on F (M) spaces or on Lip,(M) spaces?






CHAPTER 12

Geometric properties related to the Daugavet
property

This final chapter will touch upon variants of the Daugavet property. The first
section looks at general norm equations of the form ||g(T)| = f(||T|). It will turn
out that quite often the study of such an equation can be reduced to the Daugavet
equation, but we will encounter differences between the real and the complex case.
In the second section we will survey a farrago of diameter two properties, and the
theme of the third section is the alternative Daugavet property and the numerical
index of a Banach space. Finally, the anti-Daugavet property, when only the small-
est collection possible of operators satisfies the Daugavet equation, is presented in
the last section.

12.1. Norm equalities for operators on Banach spaces

The Daugavet equation
[Id+T| =1+ T

implies, by its very nature, that for such operators the norm of Id + 7T is a function
of |T||, viz., fo(|T||) for fo(t) =1+ ¢t. One might wonder whether there are other
functions f that lead to other interesting Daugavet type properties. However, we
shall see in Proposition 12.1.1 that fy is basically the only sensible choice.

PROPOSITION 12.1.1. Let f: R& — R{ be an arbitrary function. Suppose that
there exist a,b € K and a non-null Banach space X over K such that the norm
equality

lald + b7 = f([T1])
holds for every rank-one operator T € L(X). Then, f(t) = |a| + |b|t for every
te RS‘. In particular, if a # 0 and b #£ 0, then X has the Daugavet property.

PrOOF. If ab = 0 we are trivially done; so we may assume that a # 0, b # 0 and
we write wg = %%I € T. Now, we fix zg € Sx, x§ € Sx« such that z{j(z¢) = wp
and, for each t € R}, we consider the rank-one operator T; = txf ® xg € L(X).
Observe that || T;|| = t, so we have

SO =lald+bT (e RY)
Then, it follows that

la| + [b t > f(t) = [laTd + b T3] > ||[ald + b T3] (zo)||

= ||lazo + bwotzo|| = |a + bwot| ||zo]|
b |al b
=la+b——t|=|—a+b—t| =|a| +|b|t.
b1 |al a bl
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Finally, if the norm equality
lald +bT| = [a| + [b]| T
holds for every rank-one operator on X, then X has the Daugavet property (we

just have to use Remark 2.6.2 as ab # 0). 0

With the above Proposition in mind, we have to look for Daugavet-type norm
equalities in which Id + T is replaced by another function of 7. If we want such
a function to carry operators to operators and to be applied to arbitrary rank-one
operators on arbitrary Banach spaces, it is natural to consider power series with
infinite radius of convergence. Let us introduce some notation. We say that g:
K — K is an entire function if g is represented by an everywhere convergent Taylor
series; in other words, when K = C this is the usual definition of an entire function,
but when K = R, g is the restriction to R of a complex entire function which carries
the real line into itself. Given an entire function g, for each operator T € L(X) we
define

o0
9(T) = Z ap T,
k=0
where g(¢) = Y pe,axr C" is the power series expansion of g. The following easy
result shows how to calculate g(7") when T is a rank-one operator.

LEMMA 12.1.2. Let g: K — K be an entire function with power series expansion

9(Q)=>_a¢*  ((€K),
k=0

and let X be a Banach space over K. Forz* € X* andx € X, we write T = z* Q@
and o = x*(z). Then, for each A € K,

aold + a1 AT ifa=0
g(AT) =3 "° 5304,\) ;
aold + =T ifa #0,

where
3¢ =9(¢) —a  (¢E€K).
ProOOF. Given A € K| it is immediate to check that
AD)F = IN\*T (K eN).
Now, if a = 0, then T? = 0 and the result is clear. Otherwise, we have

g(A\T) = apld + Z ap P LNET
k=1

1« glax
= aold + <a > a ak)\k> T = aold + %T. O
k=1

We would now like to study norm equalities for operators of the form

(D)l = £AIT]), (12.1.1)

where f: Rf — R{ is an arbitrary function and g: K — K is an entire function.
Our goal is to show that again the Daugavet property is the only non-trivial
property that one can obtain from this approach. More precisely, if one requires all
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rank-one operators on a Banach space X of dimension greater than one to satisfy
a norm equality of the form (12.1.1), then X has the Daugavet property.

We start by proving that g has to be a polynomial of degree < 1, and then we
will deduce the result from Proposition 12.1.1.

THEOREM 12.1.3. Let g: K — K be an entire function and f: ]RS' — RS‘ an
arbitrary function. Suppose that there is a Banach space X over K with dim(X) > 2
such that the norm equality

lg(D)] = FAITID

holds for every rank-one operator T on X. Then, there are a, b € K such that
g(Q)=a+ b (CGK).

PROOF. Let g(¢) = Y 3, ar (" be the power series expansion of g and let
g =g — ap. Given « € D, the set of scalars of modulus < 1, we take z} € Sx~ and
Zo € Sx such that a}(z,) = a (we can do this since dim(X) > 2), and we write
T, = ¥ ® x4, which satisfies ||T,|| = 1. Using Lemma 12.1.2, we obtain for each
A € K that

g(A\To) = apld + a1 A Tp
and
g(AT) = aold + éﬁ(x\a) T,  (a£0).
Now, for fixed A € K, we have
FUAD = llg(NTo)[| = [laold + a1 ATy,

and

FUAD = lgAT) [l =

1
aoId + Eﬁ()\a)Ta

Therefore, we have the equality

1_
apld + ag()\a)Ta = |lapld + a1 ATp || AeK, 0< |af <1). (12.1.2)

In the complex case, it is enough to consider the above equality for « = 1 and to
use the triangle inequality to get that

9] < 2laol + |ar] [A] (A€ C). (12.1.3)

From this, it follows by just using Cauchy’s estimates, that g is a polynomial of
degree < 1 (see [125, Theorem 3.4.4], for instance), and we are done.

In the real case, it is not possible to deduce from inequality (12.1.3) that g is
a polynomial, so we have to return to (12.1.2). From this equality, we can deduce
by applying the triangle inequality that

g( A g
0| ) < faol + Jan A and - Jaa] I3~ fao] < [ Z2D | 4
for every A € R and every a € [—1,1]\ {0}. It follows that
g
Hg(ao‘) — |ay| |/\‘ < 2|ag| (AeR, ae[-1,1]\{0}). (12.1.4)
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Next, for t € (1,+00) and k € N, we use (12.1.4) with A = t* and a = 7= to
obtain that
- 2|aq|
150~ lar ] < 2],

and so, letting k£ — oo, we get that

G| =laslt  (t € (1,+00)).

Finally, an obvious continuity argument allows us to deduce from the above equality
that g coincides with a polynomial of degree < 1 in the interval (1,400), thus the
same is true on the whole line R by analyticity. O

We summarise the information given in Proposition 12.1.1 and Theorem 12.1.3.

COROLLARY 12.1.4. Let f: Rf — R{ be an arbitrary function and g: K — K
an entire function. Suppose that there is a Banach space X over K with dim(X) > 2
such that the norm equality

lg(D)] = FAITI)

holds for every rank-one operator T on X. Then, only three possibilities may hap-
pen:

(a) g is a constant function (trivial case).

(b) There is a non-null b € K such that g(¢) = b( for every ¢ € K (trivial
case).

(¢) There are non-null a,b € K such that g({) = a+b( for every ¢ € K, and
X has the Daugavet property.

In addition to the previous study the paper [160] also considers

[1d + g(T)|I = f(lg(T)I]) (12.1.5)

for a continuous function f on [0,00) and a nonconstant entire function g on K €
{R, C}. Here one obtains slightly different results in the real and complex case. Let
us start with the latter.

THEOREM 12.1.5 (Complex case). Let g: C — C be an entire function and f:
]RS' — ]R(‘)Ir a continuous function. Suppose that there is a complex Banach space X
with dim(X) > 2 such that the norm equality

11d + g(T)Il = f(llg(T)I)
holds for every rank-one operator T on X. Then:

(a) IfReg(0) # —3, then X has the Daugavet property.
(b) IfReg(0) = —3, then there is w € T\ {1} such that |[Id+wT|| = |[Id+ T
for every rank-one operator T.

Let us comment that in the case (b), X need not have the Daugavet property
(a counterexample being X = C10, 1] @2 C[0,1] [284]). If w is not a root of unity,
then even ||Id + £T'|| = ||Id + T'|| for every £ € T, but also this does not guarantee
that X € DPr (the same counterexample works).

In the real case, one obtains the same results under the additional assumption
that g: R — R is surjective.
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THEOREM 12.1.6 (Real case). Let g: R — R be a surjective entire function and
f: Rsr — R(J{ a continuous function. Suppose that there is a real Banach space X
with Aim(X) > 2 such that the norm equality

1+ g(T)|I = f(llg(T)I])

holds for every rank-one operator T on X. Then:
(a) If g(0) # —3, then X has the Daugavet property.
(b) If g(0) = —1, then |[Id — T|| = |[Id + T|| for every rank-one operator T

The exceptional norm equality in the real case is then the following one:
Id+ 7T = |Id =T (12.1.6)

As in the complex case, the validity of this equation for all rank-one operators
does not imply the Daugavet property (again C[0,1] @2 C[0,1] is a counterexample
[284]). Therefore, we shall now study this equation.

DEFINITION 12.1.7. We say that a Banach space X has the plus-minus property
and write X € Dy if (12.1.6) is satisfied for all finite-rank operators on X.

Incidentally, we do not know whether it is sufficient for the plus-minus property
that all rank-one operators satisfy (12.1.6); see Question (12.1) in Section 12.6.

We record one easy consequence of this definition. Consider a Banach space X
such that (12.1.6) holds true for every rank-one operator T' € L(X). If we apply
this equality to an operator P which is a rank-one projection, we get

[1d = P|[ =2,

i.e., every l-codimensional projection in L(X) is at least of norm 2. Such spaces
were introduced in [144] and called “spaces with bad projections”; so every X € Dy
is a space with bad projections.

In much of this monograph it has become clear that working with the geo-
metrical characterisations of the Daugavet property is much more convenient than
working with the original definition. We shall now introduce a geometric analogue
of the plus-minus property called strong plus-minus property, which indeed implies
the plus-minus property (see Theorem 12.1.11 below); but it remains open whether
the two properties are actually equivalent. (See Question (12.2) in Section 12.6.)

DEFINITION 12.1.8. We say that a Banach space X has the strong plus-minus
property and write X € SD_ if for every relatively weakly open set U in By and
every element y € X

sup ||z + y|| = sup ||z — y||.
xeU xeU

We remark that a finite-dimensional space cannot have the strong plus-minus
property because in such a space there are weakly open sets of arbitrarily small
diameter. The same argument rules out reflexive spaces, RNP spaces, and even
CPCP spaces.

We will now give a characterisation of the strong plus-minus property which is
more appropriate to work with.

LEMMA 12.1.9. For a Banach space X the following conditions are equivalent:
(i) X has the strong plus-minus property;
(ii) for every x € Sx, every y € X, every relative weak neighbourhood U of z in
Bx, and every € > 0, there exists z € U such that ||z — y|| = ||z + y|| —e.
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PROOF. First let X be a space with the strong plus-minus property. Consider
arbitrary = € Sx, y € X, a relative weak neighbourhood U of z in Bx, and ¢ > 0.
Since X € SD4, we have that ||z + y|| < sup,cy ||+ y|| = sup,ey llu —y||. So
there exists z € U such that ||z — y[| > sup,cy [lu —y|| —€ > [z + y|| — €, and we
are done.

Conversely, let X satisfy (ii). Take an arbitrary relatively weakly open set U
in By, y € X and € > 0. We first show that we can choose x € U N Sx such that
lz+y| > sup,cy [lutyl|—e. Let 2o € U be such that ||zo+y| > sup,cy [[utyl|—e.
If g € Sx we are done; so suppose that ||zg]| < 1. U is a weak neighbourhood of
zg in Bx and so U = V N By for a weakly open subset V' C X. Now, it follows
from our observation following Definition 12.1.8 that X is infinite-dimensional and
thus there exists a straight line [ in X such that zo € l and [ C V. Since ||zo|| < 1
and xy € [, we have that [ has two points of intersection with Sx — say x; and
x2. Then x1,29 € U and zg € [x1, 22]. Now, because the function f(u) = |ju + y||
is convex, we get that max;—1 2 ||z; + y|| = ||zo + y|| > sup,cy llu + y|| —e. This
means that taking z = z; for an appropriate ¢ we’ll obtain € U N Sx such that
|z + y|| > sup,ep |lu + y|| —e. Now, we can use (ii) to find z € U such that
Iz =yl = ||z + y|| — e. Then we get that

sup [lu —yll = [z —yll = |z +yl| — e > sup [lu +y[| — 2,
uelU uelU

and since € was arbitrary this proves that sup, ¢y [|u — y|| = sup,cp [|u + y||. The
converse inequality can be obtained by taking (—y) instead of y.

REMARK 12.1.10. The above characterisation allows us to prove the following:
given a Banach space X with the strong plus-minus property then, given x € Sy,
given any non-empty weakly open set U of Bx with x € U and € > 0, there exists
z € U with ||z — z|| > 2 — ¢ (simply apply the above lemma to y = x). This implies
that if X has the strong plus-minus property then X has the diametral diameter
two property (see Definition 12.2.1), a property formally stronger than the property
of X having bad projections (see Subsection 12.2 for more information).

Using this characterisation we can prove that the strong plus-minus property
implies the plus-minus property.

THEOREM 12.1.11. Let X be a Banach space and X € SD. Then every strong
Radon-Nikodgm operator T: X — X satisfies the equality ||Id +T|| = |[Id — T||. In
particular, every finite-rank operator satisfies this equality and so X € SD4 implies
XeD..

PRrROOF. We first prove that ||Id — T'|| > ||Id 4+ T'||. Fix € > 0 and consider
A={z € Bx: |(Id+T)z| > [[Id+T| —€}.
Fix some zy € A and choose z* € Sx« such that z*((Id + T)xzg) = ||(Id + T)xo||,
i.e., x* is a support functional for the element (Id + T')xy. Then the set
V={zeBx:2*(Id+T)z > |ld+T| — ¢}

is a slice of Bx and V C A.

Let us consider T'(V'). Since T is a strong Radon-Nikodym operator we can find
a slice W of T(V) with diam W < e. Take U = VN T~Y(W). We have that U is
an intersection of two slices and is therefore a relatively weakly open subset of By.
Choose an arbitrary element x € UNSx. Then U is a weak neighbourhood of z in
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Bx and, since X € SD., we can apply Lemma 12.1.9 for z, U, and y = Tz to get
an element z € U such that ||z —y|| > ||z +y|| —e. Since x,z € U =V NTH (W),
we have that Tz, Tz € W. But diam W < ¢ and thus ||Tz —y|| = [|Tz — Tx| < e.
Also, since x € U C V C A, we have that ||z + Tx| > ||Id+ T — <.

Now, we can make the following estimates:

[d =T > [z = Tz = [|[(z —y) = (Tz = y)
zlz =yl =Tz =yl > Iz —yll —¢
>l +yll —26=||lx+Tz|| — 2¢ > ||Id + T|| — 3e.

So we have finally proved that ||[Id — T|| > ||Id + T|| — 3¢ and, because of the
arbitrariness of €, we get that ||Id — T'|| > ||[Id + T'||.

The converse inequality is just the same inequality for the strong Radon-
Nikodym operator (—T'). O

The next proposition will give us a lot of examples of spaces with the strong
plus-minus property.

ProproOSITION 12.1.12. The Daugavet property implies SD..

PROOF. If a space X possesses the Daugavet property, then from the character-
isation of this property from Lemma 3.1.15 it easily follows that for every = € S,
every y € X, every weak neighbourhood U of z, and every € > 0 there exists z € U
such that ||z —y||=lz+ (—y)| = 1+ |lyl| —¢ = ||z + y|| —€ and so X € SD4 by
Lemma 12.1.9. (]

One can show that C[0,1] &9 C[0,1] is an example of a Banach space with the
strong plus-minus property that does not have the Daugavet property [284].

We next provide more examples of Banach spaces with the strong plus-minus
property.

PrROPOSITION 12.1.13. The strong plus-minus property is inherited by finite-
codimensional subspaces.

PrOOF. Let X be a Banach space, X € SDy, and Y be a subspace of X of
finite co-dimension. We want to prove that then Y € SD.y. First we note that
the “e-neighbourhood” Y, = {z € X: dist(z,Y) < €} of Y is weakly open in X
for every € > 0. Indeed, Y is the pre-image of the open ball B, of radius € under
the quotient map ¢: X — X/Y, and B; is weakly open in X/Y since this space is
finite-dimensional.

Now, let x € Sy, U be a weak neighbourhood of z in By, y € Y and ¢ > 0.
According to Lemma 12.1.9; it is enough to find z € U such that ||z—y|| > ||z+y|—e.
Without loss of generality, we can assume that

U={u€By:|filu—x)| <0, icln}
for some fi1,..., fn € Sy~ and § > 0. Let fz € Sx- be a Hahn-Banach extension of
fi for i € 1,n. Then
V = {u € Bx: |filu — )] < 6/2, ieln}

is a relatively weakly open set in X. Take ¢y = min{e,d§}/4 and consider Uy =
V' NY,,. Since Y., is weakly open, Uy is a weak neighbourhood of x € Sy C Sx in
Bx. So we can use that X € SDy to find zy € Uy such that ||zo—y| > |lz+y|—e/2.
Since zg € Uy C Yz, there is 2 € Y such that ||2 — 2| < €o.
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The problem now is that this Z does not necessarily belong to By. So there
are two possibilities: ||2]] < 1 and ||2]] > 1. In the first case, we take z = 2 and so
we’'ll automatically have that ||z — zo|| < €o. In the second case, we take z = 2/||2||
and prove that ||z — zo|| < 2e¢. Since

Iz = 20l < [lz = 2l + 12 = 20|l <[z = 2]l + <o,

it is enough to prove that ||z — 2| < g9. We have

—Z
H 121l

<12 = 2ol + 20l = 1 < <o,

=2l = N2l =1

because zg € Uy C Bx and so ||zo]| < 1. So, in both cases we have got some z € By
such that ||z — 2| < 2¢0.

We'll prove that this z meets all our requirements, i.e., that z € U and ||z—y]|| >
lx + y|| —e. To prove that z € U, it is enough to show that |f;(z — x)| < 0 for
all ¢ € 1,n because we already know that z € By. Since zy € Uy, we have that
|fi(z0 — )| < 6/2 and so,

filz =) = |fi(z = @) < |fi(z = 20)| + |fi(z0 — )|
<Iill-llz =20l +6/2 < 20 +6/2 <6
because g9 < §/4 by its definition. Thus, we have that indeed z € U. Finally,

Iz =yl = llz0 =yl = llz0 = 2l > lz +yll —=€/2 = 2c0 = |z +y] —¢

since g9 < /4, which completes the proof. O

Let us finish the section with another possible norm equation for operators.
Let us first comment that it is not known if Theorem 12.1.6 remains valid when
one removes the surjectivity hypothesis on g. A testing case could be g(t) = t? for
every t € R (observe that for X = R, |1 + 2| = 1 + [t|? for every t € L(R) = R).
Discussing these topics in 2005, Gilles Godefroy asked the authors of [160] whether
there could exist a real Banach space X of dimension greater than one satisfying

I1d+ T2 =14+ ||T?|  forall T € L(X). (12.1.7)

Some comments are needed. Suppose the real space X admits a complex structure,

e., there is a real-linear J € L(X) with J?> = —Id. (Such a J allows one to
consider X as a vector space over C by means of (a+b)x := ax +bJx; J simulates
multiplication by 4.) Then (12.1.7) is clearly violated. For example, if X is the
“square” of another Banach space Y, meaning X is isomorphic to Y & Y, then
J(y1,y2) = (—y2,y1) defines a complex structure on X. Therefore, a real Banach
space in which (12.1.7) is valid is as remote from a complex space as possible and
hence is called extremely non-complex.

It seems that Dieudonné in 1952 was one of the first authors who found an ex-
ample of an infinite-dimensional real space X admitting no complex structure (X
being the James space). The famous Gowers-Maurey hereditarily indecomposable
space of 1993 provides another example of a Banach space without a complex struc-
ture. We refer the reader to the recent paper [235] for a discussion of differences
between real and complex Banach spaces and to [23, 110] as a sample of papers
dealing with complex structures.
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Hence, to prove the existence of extremely non-complex spaces is quite a
nontrivial matter, and this was first accomplished in [189], building on work by
Koszmider [188] and Plebanek [251]. The starting point is the following observa-
tion.

LEMMA 12.1.14. Let K be a perfect compact Hausdorff space and consider the
real space C(K). Let h € C(K), and let My, denote the multiplication operator
f = hf. Further, let S € L(X) be weakly compact and suppose that h > 0. Then
My, + S satisfies the Daugavet equation.

PrROOF. We will rely on the method suggested in Section 1.4 and use the no-
tation from there. If (us)scx denotes the kernel of S, then (h(s)ds + ps)sck is the
kernel of My, + S. By Lemma 1.4.1, it is enough to show (cf. (1.4.1))

sup(h(s) + ps({s})) =0 for all nonvoid open sets U C K.
seU

But this is so by Lemma 1.4.2 and since h > 0. (]

Now, suppose T' = My + S € L(C(K)); then T? = My + (M,S + SMy + S?),
and Lemma 12.1.14 tells us that T? satisfies the Daugavet equation if K is perfect
and S is weakly compact. The punchline here is that there exist perfect compact
Hausdorff spaces K (even connected ones) such that all T € L(C(K)) have the
form T'= M, + S with S weakly compact ([251]; C'(K) has “few operators” in the
parlance of [188]). Consequently, for these C(K)-spaces (12.1.7) is valid. Hence:

THEOREM 12.1.15. There exist extremely non-complex Banach spaces; in fact,
there exist extremely non-complex C(K)-spaces.

The papers [189] and [190] contain more results along these lines; in particular,
in the latter paper the following result is proved.

THEOREM 12.1.16 ([190, Theorem 6.2]). Given a separable real Banach space
E, there exists an extremely non-complex Banach space X whose dual contains E*
as an L-summand.

The space in the theorem above is actually constructed with the additional
property that the only surjective isometries on X are £Id [190, Theorem 6.2]. As
E* is an L-summand of X*, it clearly follows that every surjective isometry on E*
extends to a surjective isometry on X™*. Therefore, using the result for £ = /5, we
obtain the following very surprising example.

ExXAMPLE 12.1.17 ([190, Example 6.3]). There is a (extremely non-complex)
Banach space X whose group of surjective isometries reduces to {Id,—Id}, while
the group of surjective isometries of X* contains the group of surjective isometries
of s (which are the unitary operators) as a subgroup.

12.2. Big slices and big weak neighbourhoods

Observe that Lemma 3.1.15 yields that in Banach spaces with the Daugavet
property slices, non-empty relatively weakly open subsets of Bx, and convex com-
bination of slices are big in many senses (in diameter, in Chebyshev radius, etc.).
In recent years, these geometric properties of slices, weakly open subsets and con-
vex combinations of slices have generated a research topic of its own with a vast



350 12. GEOMETRIC PROPERTIES RELATED TO THE DAUGAVET PROPERTY

literature. In this section we pursue to present a humble survey on these prop-
erties. Because of the amount of results, we decided not to include any proofs.
In addition to the long list of references given throughout the section, we refer
the reader interested in the phenomenon of big slices to the following PhD theses
[195, 227, 237, 250, 266]

12.2.1. Diametral diameter two properties. We begin with the properties
that are probably closest to the Daugavet property.

DEFINITION 12.2.1. Let X be a Banach space. We say that X has:

(1) the diametral local diameter two property (DLD2P) if, for every slice S
of Bx, every x € SN Sx and every € > 0 there exists y € S so that
lz =yl >2—¢;

(2) the diametral diameter two property (DD2P) if, for every non-empty rel-
atively weakly open subset U of Bx, every x € U N Sx and every € > 0
there exists y € U so that ||z —y|| > 2 —¢;

(3) the diametral strong diameter two property (DSD2P) if given a convex
combination of slices C of Bx, z € C and ¢ € RT there exists y € C such
that

lz—y| > 1+ ||z] —e. (12.2.1)

In the case of a dual Banach space X, the weak-star diametral local diameter two
property (w*-DLD2P), the weak-star diametral diameter two property (w*-DD2P),
and the weak-star strong diameter two property (w*-DSD2P) are defined in a natu-
ral way just replacing the concept of slices and weakly open set by its corresponding
weak-star version.

Before establishing the main results on the diametral diameter two properties,
let us take a break to explain where these properties have originated and to recall
the different terminologies under which these properties have been known. One
of the first places where this property appeared is [64], where the authors exhibit
a Schur subspace of L1[0,1] with the following property: For every z € Sx and
every € > 0, it follows that « € conv({y € Bx: ||y — z| > 2 — ¢}) (this property
is clearly equivalent to the diametral local diameter two property by a standard
Hahn-Banach separation argument).

Later, in [144, Theorem 3.2], it was proved that this property, under the name
of spaces with bad projections, is inherited by 1-unconditional sums (in contrast to
what happens with the Daugavet property by Corollary 7.5.7). This terminology
was motivated by the following result.

THEOREM 12.2.2. [144, Theorem 1.4]. Let X be a Banach space. The following
assertions are equivalent:
(1) X has the DLD2P.
(2) For every rank-one projection P : X — X the following inequality holds

1d— P > 2.

This allowed these authors to prove that the DLD2P is actually different from
the Daugavet property.

As far as we know, this property remained unnoticed until the paper [2]. In
that paper, the authors aimed to construct a midpoint locally uniformly rotund
(MLUR) Banach space where every slice of the unit ball has diameter two. In [2,
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Section 2] they constructed a renorming of C[0, 1] which is MLUR with a “rather
strong form of the local diameter two property”, which they called LD2P+.

Finally, the terminology exposed here (and which continued later on in the di-
ameter two properties community) is from [43], introducing the versions for weakly
open sets and convex combinations of slices. The epithet “diametral” is added
because the DLD2P (respectively, the DD2P) means exactly that every slice (re-
spectively, every non-empty relatively weakly open subset of Bx) has diameter two
and every point of its intersection with the unit sphere is diametral.

Let us also indicate that the variant of convex combination of slices was defined
in such a way because, in general, a convex combination of slices of Bx does not
have to intersect the unit sphere. This fact is easy to believe if we deal with spaces
where convex combinations of slices of small diameter exist. However, it turns out
that even in the case that every convex combination of slices has diameter two, it
is possible that there are convex combinations of slices which do not intersect the
unit sphere (see [210, Section 3]).

Let us consider the following diagram

(1) (2) ®3)
DP ——— DSD2P ——— DD2P ——— DLD2P

(@H (@H (G)H
(7) (8)
w*-DSD2P = w*-DD2P — w*-DLD2P

FIGURE 12.1. Relations between diametral
diameter two properties

It is known that none of the vertical implications can be reversed. For instance,
observe that the Daugavet property implies the DSD2P and, for a dual space X, if
the predual has the Daugavet property then X enjoys the w*-DSD2P. Consequently,
C[0,1]* is an example having the w*-DSD2P but containing slices of arbitrarily
small diameter (the Dirac measures d; are strongly exposed points of Bcpg,1j+), so
in particular fails the DLD2P.

For the horizontal arrows, the following results were proved in [43] for two
Banach spaces X and Y.

o Given 1 < p < oo, the space X @, Y has the DD2P if, and only if, X and
Y have the DD2P.

0 X Bs Y has the DLD2P if, and only if, X and Y have the DLD2P.
Moreover, X @, Y fails the DLD2P for every 1 < p < 0.

This shows that neither implication (2) nor implication (7) can be reversed. In
recent years, a big effort has been done in different ways (by studying stability re-
sults with respect to absolute norms [130], by studying inheritance of the diametral
properties by subspaces [250, Section 2.3], or by studying intermediate properties
[4]) in order to know if the converse of (1) holds. Finally, the solution was proved:
yes, it does.
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THEOREM 12.2.3. [157, Theorem 2.3] Let X be a Banach space with the
DSD2P. Then X has the Daugavet property.

12.2.2. Diameter two properties. Observe that, in the language of Cheby-
shev radius (see the paragraph preceding Definition 8.6.7), a Banach space X has
the DLD2P (respectively, the DD2P) if given any slice S of By (respectively, any
non-empty relatively weakly open subset U of Bx) it follows that rg(S) = 2 (re-
spectively, riy (U) = 2). It is natural to study the weaker condition that the previous
objects have diameter two rather than radius two. In this spirit, we consider the
following definition.

DEFINITION 12.2.4. Let X be a Banach space.

(1) X has the slice diameter two property (slice-D2P) if every slice of Bx has
diameter two.

(2) X has the diameter two property (D2P) if every non-empty relatively
weakly open subset of Bx has diameter two.

(3) X has the strong diameter two property (SD2P) if every convex combina-
tion of slices of Bx has diameter two.

In dual Banach spaces, the weak-star slice diameter two property (w*-slice-
D2P) (respectively the weak-star diameter two property (w*-D2P), weak-star strong
diameter two property (w*-SD2P)) are defined in the natural way just replacing
slices and weakly open sets with their weak-star versions.

As in Subsection 12.2.1, let us start with a brief historical summary to ex-
plain where these properties came from and the different terminologies for these
properties.

Probably the first appearance of the diameter two properties was in duality
with other geometric conditions related to a non-differentiability condition on the
norm like rough norms [149], average rough norms [93] and octahedral norms [93,
119]. Moreover, there is a big presence of the diameter two conditions in all the
characterisations of the Daugavet property that appeared in the first few years of
the present century.

However, it is fair to set the starting point of the diameter two properties as a
research topic of its own in the geometry of Banach spaces in the paper [238]. This
is because the main theorem of that paper states that every non-void relatively
weakly open subset of the unit ball of an infinite-dimensional uniform algebra has
diameter two.

This motivated a series of papers [15, 33, 34, 35, 209] where these properties
(actually the slice-D2P and the D2P) were studied in concrete classes of Banach
spaces without giving any name to these properties.

In his 2006 paper [143], Y. Ivakhno defined the r-big slice property if rg(S) > 1
and the d-big slice property if every slice of Bx has diameter two (i.e., the slice
diameter two property). He simply called the slice-D2P the big slice property in
[142].

Finally, to the best of our knowledge, the diameter two properties were formally
defined in [7] with a small difference; namely in that paper the slice-D2P is called
the local diameter two property. As far as we are aware, the term slice diameter
two property appeared first in the paper [16] (submitted in 2012). Since then, both
notations have survived, and we have maintained the use of slice-D2P since, in our
opinion, it is more descriptive.
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Let us start with giving some examples. Clearly, one list of examples of spaces
with the SD2P comes from the Banach spaces with the Daugavet property thanks
to Lemma 3.1.15. Here is another example.

EXAMPLE 12.2.5. ¢¢ has the SD2P. Indeed, let C' := Y | A\;S; be a convex
combination of slices. Find an element c¢ := Z?:1 Nix; € C, where each z; € S;
can be assumed, by a density argument, to have finite support. Consequently, we
can find m € N so that z;(k) = 0 holds for every k > m and every 1 < i < n.
This implies z; £ ex € S, for every 1 < ¢ < n and every k£ > m. Moreover,
observe that since e — 0 weakly, x; £ e — x; weakly. Since each 5; is weakly
open there is a sufficiently big kg € N so that ky > m and so that z; + e, € S;
holds for every k > kg and 1 < i < n. In particular, given k > ko, it follows that
ctep =1 Ni(z; £ ex) € C. Consequently

diam C > ||(c+ ex) — (c —ex)|| = 2]ex|| = 2.

We also observe that every x € S, is reasonable (see Definition 8.6.7). Indeed,
pick k € N such that |z3| = 1, say o = 1 without loss of generality. For the £}
unit vectors e € S, and e} € Sy, we have ef(x) =1, and for z = (21,22,...) €
Slice(ef, €) it follows z; > 1 — € so that ||z — || < 1.

In general, it is known (from [143]) that if X has the slice-D2P then rg(S) > 1
for every slice S of Bx. The previous example shows that we cannot, in general,
improve the constant 1 above. On the other hand, Ivakhno [143, p. 102] posed the
question whether the converse holds, i.e., if a Banach space X such that rg(S) > 1
for every slice S of Bx necessarily has the slice-D2P. It has recently been answered
in the negative in [128, Theorem 3.7], where it is shown that taking X as the
predual of the James tree space JTo, then rg(S) > 1 holds for every slice S of Bx,
but there exists ¢ € Sx« satisfying

ir;f;) diam Slice(Bx, ¢, @) < V2.

This example was improved in [271], where it was proved that there exists a Banach
space X such that rg(S) > 1 holds for every slice S but

inf{diam(S): S slice of Bx} = 1.

We have proved in Example 12.2.5 that ¢q is an example of Banach space with
the SD2P but failing even the DLD2P. Before giving a more exhaustive list of
examples, let us consider the general diagram of implications for the diameter two
properties:

The same example as for their diametral versions proves that none of the verti-
cal implications reverse. For the horizontal arrows, observe that a Banach space X
has one of the diameter two properties if, and only if, X** has the corresponding
weak-star version. This fact is an easy consequence of the w*-density of Bx in
Bx»+ and the w*-lower semicontinuity of the norm of X**.

For that reason, we will focus on (1) and (2) because, if a Banach space X is a
counterexample to one of them, then X** is a counterexample for the corresponding
w*-version.

Let us start with (1), for which a counterexample comes from the study of the
diameter two properties under £,-sums. Let X and Y be two Banach spaces. Then:

(1) X @ Y has the slice-D2P (respectively the D2P, SD2P) if, and only if,
either X or Y has the slice-D2P (respectively the D2P, the SD2P).
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(1) (2)
SD2P ———= D2P —— slice-D2P

(@H (‘QH (@H
(6) (7) )
w*-SD2P —— w*-D2P —— w*-slice-D2P

FIGURE 12.2. Relations between diameter
two properties

(2) X @1 Y has the slice-D2P (respectively the D2P, SD2P) if, and only if,
both X and Y has the slice-D2P (respectively the D2P, the SD2P).

(3) If 1 < p < oo, then X @, Y has the slice-D2P (respectively the D2P) if,
and only if, X and Y have the slice-D2P (respectively the D2P).

(4) If 1 < p < oo then X &, Y fails the SD2P.

The cases of p = 1 and p = oo were considered in [33, 209]. On the other hand,
the “if” part for case (3) was proved in [7, Section 3] (the authors also reproved the
cases p = 1, p = 00). Moreover, the complete study of the diameter two properties
under {,-sums was performed in [16]. Observe that (4) was also proved in [126]
and, later, reproved in [241].

Anyway, as a consequence of the results exposed above, ¢y @2 ¢y is an example
of Banach space with the D2P but failing the SD2P.

The possible counterexample for the difference between the slice-D2P and the
D2P proved to be a harder task. The solution appeared in 2015.

THEOREM 12.2.6. [37] Every Banach space containing co admits an equivalent
renorming with the slice-D2P but whose unit ball contains non-empty relatively
weakly open subsets of Bx of arbitrarily small diameter.

REMARK 12.2.7. Very recently, another example of a Banach space X with the
slice-D2P but whose unit ball contains non-empty relatively weakly open subsets
of arbitrarily small diameter has been constructed in [6, Section 4].

Observe that the isomorphic nature of this theorem provides a wide range of
non-isomorphic counterexamples for the difference between the slice-D2P and the
D2P. On the other hand, the extreme difference in the previous theorem between
the diameter of slices and the diameter of weakly open sets motivated the question
of whether such extreme counterexamples could be constructed for the D2P and
the SD2P. After showing that the convex combinations of slices of co @, ¢y have
diameter > 1 for 1 < p < 0o, in [39] the following result was obtained.

THEOREM 12.2.8. Fwery Banach space containing co admits an equivalent
renorming with the D2P but whose unit ball contains convexr combinations of slices
of arbitrarily small diameter.

REMARK 12.2.9. Later, in [2, Section 2|, a new example of a Banach space with
the D2P and whose unit ball contains convex combinations of slices of arbitrarily
small diameter was constructed.
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Let us now pass to exhibit a list of concrete examples of Banach spaces enjoying
the diameter two properties.

(1) Every Daugavet space enjoys the (D)SD2P and its dual enjoys the w*-
DSD2P.

(2) Every Banach space whose dual norm is 2-rough has the slice-D2P [149].

(3) Every infinite-dimensional uniform algebra enjoys the SD2P (implicitly
proved in [238], but pointed out in [7]).

(4) Non-reflexive JB*-triples (in particular, infinite-dimensional C*-algebras)
have the D2P [34].

(5) Every non-reflexive M-embedded Banach space X satisfies that X** (and
hence X) has the SD2P (proved in [7], a previous version for the D2P was
proved in [209]).

(6) Every Banach space with infinite-dimensional centraliser has the SD2P
(proved in [16], a previous version for the D2P was proved in [47]).

(7) If X and Y are Banach spaces with infinite-dimensional centraliser then
X ®, Y has the D2P [17].

Let us mention that, similarly to the Daugavet property, when dealing with
the diameter two properties on X you need to have a good knowledge of the topo-
logical dual (in order to determine the shape of slices) and of the norm of X (in
order to compute distances and diameters). This double knowledge is, sometimes,
difficult to obtain (one can think for instance of projective tensor products, where
the expression for the norm is difficult to deal with).

Because of this reason, we will point out here some characterisations of the
diameter two properties which only require detailed knowledge of the dual (we can
call them “dual characterisations”). Investigating these characterisations turned
out to be of importance because, on the one hand, valuable connections with some
open problems from the end of the 1980s were thus established and, on the other
hand, progress on diameter two properties in new classes of Banach spaces (e.g., in
tensor product spaces or in Lipschitz free spaces) could be obtained.

As we pointed out at the beginning of the section, there is a characterisation for
the slice-D2P (respectively, the SD2P) in terms of an (average) roughness condition.
However, the new properties have turned out to be much more applicable in concrete
Banach spaces.

Let us start with a well-known definition.

DEFINITION 12.2.10. Let X be a Banach space. We say that (the norm of)
X is octahedral if, given any finite-dimensional subspace Y of X and £ > 0, there
exists x € Sx so that

[y + Azl| = (1 =&)([[yll + [A)

holds for every y € Y and every A € R (in other words, z is (g, 1)-orthogonal to Y
according to Definition 2.8.5).

REMARK 12.2.11. If we compare the definition of an octahedral norm with
Lemma 3.1.14, we observe that Daugavet spaces are octahedral. The difference
between octahedral spaces and Daugavet spaces is that, for the Daugavet property,
we require in the setting of Definition 12.2.10 that, given Y and €, the set of those
x € Sx witnessing the definition of octahedral norm is weakly dense. Observe also
that indeed almost Daugavet spaces are octahedral (Lemma 9.2.4).
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According to [94, p. 121], the definition of octahedral norm comes from an
unpublished paper of G. Godefroy and B. Maurey from 1987, where it is proved
that every separable Banach space X containing an isomorphic copy of ¢; admits an
equivalent renorming which is octahedral. This result was improved in [119] where
the separability assumption was removed and, in the conclusion, even non-zero
L-orthogonal elements in the bidual are obtained.

In [93] it is proved, using average rough norms, that if X is octahedral then X*
has the w*-SD2P, leaving as an open problem whether or not the converse holds
true. Observe that the validity of the converse is stated in [119, Remark I1.5], but
no proof is given. The first complete published proof for the converse is in [36].

THEOREM 12.2.12. Let X be a Banach space. Then:
(a) X is octahedral if, and only if, X* has the w*-SD2P.
(b) X has the SD2P if, and only if, X* is octahedral.

Later, in the paper [129], different and useful characterisations of octahedral
norms were exhibited (e.g., it is proved that, in the definition of octahedrality, one
can replace “every finite dimensional subspace Y’ with “every finite subset of Sx”).
Moreover, the authors of that paper obtained a characterisation of the w*slice-D2P
and the w*-D2P in terms of weaker versions of octahedrality.

THEOREM 12.2.13. Let X be a Banach space.

(1) X* has the w*-slice-D2P if, and only if, X is locally octahedral (LOH),
i.e., for every x € Sx and € > 0 there exists y € Sx such that ||z £ y| >

2—¢.
(2) X* has the w*-D2P if, and only if, X is weakly octahedral (WOH), i.e.,
for every x1,...,x, € Sx, ¥ € Bx~ and € > 0 there exists y € Sx such

that ||z; £ty = (1 —e)(Ja*(z;)| + t) for alli e {1,...,n} and t > 0.

As we have pointed out before, Theorem 12.2.12 opened the door to great
progress in the study of the SD2P and of the octahedrality of the norm in tensor
product spaces and the Lipschitz-free spaces. Let us list some of the highlights in
this area.

(1) Let X and Y be two Banach spaces. If X and Y have the SD2P, then
so does X @, Y [40]. However, the result is not true if we remove the
SD2P from one factor [197]. Analogously, if X and Y are octahedral, then
so is X ®. Y [196]. However, the result is no longer true if we remove
octahedrality from one factor [197].

(2) Let X be a Banach space with the SD2P. If Y is a Banach space with the
metric approximation property and Y is finitely representable in £1, then
X @, Y has the SD2P [200, Theorem 3.2].

(3) Let M be a metric space. If the Lipschitz free space F (M) has the SD2P,
then F(M) ®, X has the SD2P [200, Theorem 3.3].

12.2.3. Symmetric strong diameter two property. In the proof of the
fact that ¢y enjoys the SD2P, it is even proved that ¢y actually enjoys the following
stronger property.

DEFINITION 12.2.14. Let X be a Banach space. We say that X has the symmet-
ric strong diameter two property (SSD2P) if, for every k € N, every finite family of
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slices S1,..., Sk of Bx, and every € > 0, there are x; € S; and there exists ¢ € Bx
with |¢|| > 1 — € such that z; £ ¢ € S; for every i € {1,...,k}.

When X is a dual space, the weak-star symmetric strong diameter two property
(w*-SSD2P) is defined in the natural way replacing slices with weak-star slices.

Also this property has been implicitly used many times until it was formally
defined. Probably one of the first places where this property was implicitly used is
[238, Theorem 2]. Actually, in [7, Lemma 4.1] it is proved, without the language of
the SSD2P, that if a Banach space has the SSD2P then it actually has the SD2P.
Moreover, it is also pointed out in the same paper that infinite-dimensional uniform
algebras actually enjoy the SSD2P.

The first place where this definition was formally exhibited is [9, Definition 1.3].
In that paper, the authors prove that certain classes of subspaces of a Cy(L) space,
which they call somewhat regular, enjoy the SSD2P. See the introduction of [127],
where a list of examples of Banach spaces with the SSD2P is presented includ-
ing infinite-dimensional L;-predual spaces, Banach spaces with infinite-dimensional
centraliser, or Miintz spaces.

In the above mentioned paper [127], a big effort is made in order to understand
how the SSD2P is preserved by absolute sums of Banach spaces or how this property
is inherited by taking subspaces. Among all these results, let us point out that
no absolute sum, except the f,,-sum, inherits the SSD2P from its factors. As a
consequence, the authors obtain that L;[0, 1] is an example of Banach space with
the SD2P (actually with the Daugavet property) but failing the SSD2P.

At first glance, it seems that this property is nothing but a mere generalisation
of the SD2P. Let us point out, however, that this is not true because of the following
result proved in [127, Theorem 2.1].

THEOREM 12.2.15. Let X be a Banach space. The following assertions are
equivalent:

(1) X has the SSD2P.

(2) For every n € N, for all x1,...,7, € Sx there are nets (y) C Sx,
1<i<n, and (24) € Sx so that (y') — x; weakly, (zo) — 0 weakly and
vl + 24| < 1 for every a.

As we pointed out before Definition 12.2.10, if one wants to play with the SD2P
in a given Banach space X, one requires a good knowledge of the norm of the space
and the topological dual (for describing slices). On the other hand, in order to
prove that X* is octahedral only a good access to the dual space is needed.

However, the good point of the SSD2P is that, thanks to Theorem 12.2.15, one
only needs to have a good description of the norm of the space and a criterion of
weak convergence on the space X. This simple idea has found strong applications
in the context of Lipschitz function spaces because, thanks to Lemma 11.3.8, the
following result was obtained.

THEOREM 12.2.16. [200, Theorem 2.2] Let M be a metric space. If M is
unbounded or not uniformly discrete, then Lipy(M) has the SSD2P. In particular,
the norm of F(M)** is octahedral.

Let us point out that previous results on the w*-SSD2P in spaces of Lipschitz
functions were obtained in [127, Section 5]. This work was pushed quite a bit
further in [243], where the author obtained a characterisation of when Lip,(M)
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enjoys the w*-SSD2P in terms of a geometric condition on M. See also [244] for
another characterisation in terms of a geometric condition on F(M).

12.2.4. Almost square Banach spaces. Let us start with the definition of
three new properties.

DEFINITION 12.2.17. Let X be a Banach space. We say that X is:

(1) locally almost square (LASQ) if for every x € Sx there exists a sequence
(yn) in By such that || £ y,| — 1 and |lyn| — 1;

(2) weakly almost square (WASQ) if for every x € Sx there exists a sequence
(yn) in Bx such that ||z £ y,|| = 1, [|yn|| = 1 and y,, — 0 weakly;

(3) almost square (ASQ) if for every x1,...,z; € Sx there exists a sequence
(yn) in Bx such that |ly,|| — 1 and ||z; £y, || — 1 for every i € {1,...,k}.

The properties LASQ and WASQ appeared in [193], where they are implicitly
used to study the slice-D2P and the D2P in Cesaro spaces. The terminology of
Definition 12.2.17 is from [5], where the authors also introduced the strongest notion
(ASQ). Among all these properties, the most studied one in the literature has been
that of ASQ spaces.

It was proved in [5] that every Banach space which admits an ASQ renorming
contains an isomorphic copy of ¢g. The converse was proved in [41] (note that a
version for separable spaces already appeared in [5]).

One of the main open problems in this line, posed in [5], is whether or not
there is any dual ASQ Banach space. This problem was solved in the positive way
in [3].

The study of ASQ spaces has shown to be useful in the study of the SD2P in
projective symmetric tensor products of Banach spaces [41, 267]. Furthermore,
the study of a stronger variant of the ASQ, the unconditional almost squareness,
was used to prove that certain spaces of vector-valued Lipschitz functions are not
isometrically isomorphic to dual Banach spaces [114, 116].

We finish the section including a list of examples of Banach spaces which are
LASQ, WASQ or ASQ:

(1) ¢ is ASQ.

(2) More generally, every non-reflexive M-embedded space is ASQ [5].

(3) The (James-) Hagler space JH is ASQ [38].

(4) X & Y is ASQ (respectively, LASQ, WASQ) if either X or Y is ASQ
(respectively, LASQ, WASQ). Moreover, LASQ and WASQ is preserved
by taking absolute sums [5].

(5) L1]0,1] is WASQ but not ASQ [5].

(6) If X is ASQ and Y is a non-zero Banach space, then X ®.Y is ASQ [196].

(7) The space of little Lipschitz functions over a locally compact and totally
disconnected metric space which is not uniformly discrete is ASQ [116].

12.3. The alternative Daugavet property

In Proposition 1.4.8 and Remark 1.4.10, we have shown that every operator
T: C(K) — C(K), no matter whether K is perfect or not, satisfies the following
variant of the Daugavet equation, called the alternative Daugavet equation:
mla>§ IHd + wT|| =1+ ||T]- (12.3.1)

|w
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(In the case of real scalars there are of course only two choices for w: w =1 or
w=-1.)

Before proceeding, let us tie the alternative Daugavet equation to the theory
of numerical ranges. The (spatial) numerical range of an operator T' € L(X) is the
set of scalars given by

V(T) = {z*(T2): ||lz*[| = [|z| = =" (2) = 1},
and its numerical radius is
v(T) =sup{|\: A e V(T)}.

It is clear that v(+) is a seminorm in L(X) and that v(T") < ||T|| for every T € L(X).
The concept of numerical range was introduced by F. Bauer in 1962 and there is a
related concept introduced by G. Lumer in 1961. Both are different generalisations
of Toeplitz’s field of values of an operator (matrix) on a (finite-dimensional) Hilbert
space, but they produce the same concept of numerical radius. We refer the reader
to the monographs [56, 57] from the 1970s for a detailed discussion of this. The
following result from [103] relates the numerical range with the Daugavet and
alternative Daugavet equations.

LEMMA 12.3.1. For T € L(X) we have:
(@) | Id+T| =14 ||T| if and only if supRe V(T) = ||T.
(b) ‘m‘a)i ITd + T =14 ||T| if and only if v(T) = ||T||.
wl=

PROOF. It is a well-known and important fact in the theory of numerical ranges
that

L d+aT|-1 . |ld+aT| -1
1nf—: hm —_—

a>0 « a—0t (0%

supRe V(T) = (12.3.2)
(see [56, §9]).
Suppose supRe V(T') = ||T'||; then it immediately follows from the above that

IT|| =supReV(T) < |Id+T| — 1,

i.e., T satisfies the Daugavet equation. Conversely, if T satisfies the Daugavet
equation, then so does o for each o > 0 (see Remark 3.1.2), and (12.3.2) implies
supReV(T) = ||T|.

To derive (b) from (a), just observe that v(T') = v(wT) for each w € T and that
v(T') = max|,|—1 sup Re V(wT). O

The numerical index, n(X), of a Banach space X is the best constant k € [0, 1]
in the inequality

|| <o(T)  forall T € L(X).

While there are real Banach spaces of numerical index 0 (for example, R? with
the Euclidean norm or ¢s), it is a surprising fact that for complex Banach spaces
one always has n(X) > 1/e [56, §4, Theorem 1]. Combining this notion with
Lemma 12.3.1, one immediately gets:

COROLLARY 12.3.2. A Banach space X has numerical index n(X) = 1 if and
only if every T € L(X) satisfies the alternative Daugavet equation (12.3.1).
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Thus, Proposition 1.4.8 says that C(K)-spaces have numerical index one, as
do Lq(u)-spaces for all measures u (see Corollary 1.4.9 or Example 12.3.5 below).
On the other hand, for an infinite-dimensional Hilbert space H, depending on the
scalar field n(H) = 0 (K = R) or n(H) = 1 (K = C) [56, p. 87]. Incidentally,
the numerical index of Ly-spaces for p # 1,2, 00 has not been computed yet (but
there are successive improvements for the two-dimensional case in the recent papers
[231], [234], and [232]) although it is known that it is not zero for any p # 2 [222].

In keeping with the approach to the Daugavet equation put forward in Defini-
tion 3.1.1, we now introduce the following notion.

DEFINITION 12.3.3. A Banach space X has the alternative Daugavet property
(ADP for short) if every rank-one operator T: X — X satisfies the alternative
Daugavet equation, that is,

max ITd +wT|| =1+ ||T].

|w

Definition 12.3.3 and Corollary 12.3.2 provide the implications

(X has the Daugavet property] = [X has the ADP] — |n(X)=1}

neither of them can be reversed: ¢y has the ADP (even n(cp) = 1), but not the Dau-
gavet property, and X = C([0, 1], ¢3) has the ADP (even the Daugavet property),
but its numerical index is n(X) = n(f2) < 1 (and ¢y @1 X serves both directions at
once).

One way to rephrase the difference between the Daugavet property and the
alternative Daugavet property is that the Daugavet property means, given a rank-
one operator T, one has [|[Id+wT|| = 1+||T|| for all w € T whereas the ADP means
I Id +wT|| = 1+ ||T| for some w € T.

REMARK 12.3.4. An obvious duality argument shows that X has the ADP when
X* does (and likewise n(X™*) < n(X)), in complete analogy with the Daugavet
property. However, unlike the Daugavet property (see Corollary 3.1.6) the ADP
depends on the choice of the scalar field: The simplest example to show this is C,
which has the ADP when considered as a one-dimensional complex space, but does
not when considered as a two-dimensional real space, viz. R? with the Euclidean
norm.

ExaMPLES 12.3.5.

(a) We have already pointed out at the beginning of this section that C(K)-
spaces have numerical index one and hence the ADP. The same is true for
Co(L)-spaces and (complex) uniform algebras [299].

(b) The duality argument in Remark 12.3.4 implies that all L;-spaces and their
isometric preduals have numerical index one and hence, the ADP.

(¢) The case of C*-algebras and, more generally, JB*-triples was studied in [223]
and [218]. We present the most important results on the alternative Daugavet
property for C*- and von Neumann algebras without proof.

e For a von Neumann algebra A with (unique) predual A,, the following
assertions are equivalent:
(i) A has the ADP;
(ii) A has the ADP;
(iii) |z(x.)| =1 for all z € ext(Ba), . € ext(Ba,);
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(iv) A = C @ N for a commutative von Neumann algebra C' and a
nonatomic (= diffuse) von Neumann algebra N.

e For a C*algebra A, the following assertions are equivalent:
(i) A has the ADP;

(ii) |a**(x*)] = 1 for all ** € ext(Ba~), ©* € w*-stexp(Ba-), the set of
weak™ strongly exposed points;

(iii) there exists a closed two-sided ideal J such that A/J is nonatomic;

(iv) all atomic (= minimal) projections are central.

Since the ADP is defined in terms of operators of rank one, it can be char-
acterised in terms of slices. This is the content of the following lemma (cf. Theo-
rem 3.1.5 for the Daugavet property).

LEMMA 12.3.6. For a Banach space X, the following assertions are equivalent:
(i) X has the ADP.

(ii) For every x € Sx, for every e > 0 and every slice S of Bx, there are some
y €S and w € T such that

lwz +y|| >2—e.

PROOF. The proof follows the lines of the proof of Theorem 3.1.5; in the case of
the alternative Daugavet property, one simply observes that the rank-one operator
¥ ® wx satisfies the Daugavet equation for some w € T. O

Also the proof of the following result follows the lines of the argument for the
Daugavet property, cf. Theorem 3.2.6; hence we omit it.

ProrosiTiON 12.3.7. If X has the ADP, then every strong Radon-Nikodgm
operator (in particular, every compact or weakly compact operator) satisfies the
alternative Daugavet equation.

In fact, this also holds for operators whose restrictions to separable subspaces
are SCD-operators, and this provides the following interesting particular case; see
[27, §5] for details.

ProroSITION 12.3.8. Let X be a Banach space with the ADP. Then every
operator which does not fix copies of £1 satisfies the alternative Daugavet equation.

From the above two propositions, we get the following important consequence.

COROLLARY 12.3.9. Let X be a Banach space with the ADP. If X has the RNP
or it does not contain copies of £1, then n(X) = 1.

We now come to a geometric characterisation of the alternative Daugavet prop-
erty from [223]. We write

[:={(z",2%): 2" € ext(Bx+), 2™ € ext(Bx++), |™(z")] = 1}.
We first formulate a lemma.
LEMMA 12.3.10. For T € L(X) we have
v(T) = sup{|z™* (T"z")|: (z*,2*) € T'}.
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PROOF. One notes that
conv(V(T)) = {o(T): » € L(X)", [loll = ¢(Id) =1}
(see e.g. [56, Theorem 9.4]) and
{p € LX) lloll = (1) = 1} = conv" {py: y € T'}
with ¢, (T) = «**(T*z*) for v = (z*,2**), by a Hahn-Banach argument. O
ProrosiTION 12.3.11. A Banach space X has the ADP if and only if
Bx-g_x-» =conv” (I). (12.3.3)

PROOF. Let us start with the “if” part. We define ¥ = X &; X* so that
Y* = X* @ X**; then (12.3.3) means that ' C Y™ is l-norming. That is,
whenever yo = (zg, z3) € Y, then

1yoll = llzoll + llzll = sup{|z" (o) + =™ (z)|: (z*, ™) € T'}. (12.3.4)

Now, consider the rank-one operator T’ = z§ ® xo; i.e., Tx = z{(x)zo. Then,

for € > 0 there is some (£*,£**) € T' such that (by (12.3.4))

1€ (w0) + €7 (25)| = llwoll + llzoll — &
Therefore,

18" (@o)| = [lwoll =&, [€7(20)| = llzoll — e
On the other hand, by Lemma 12.3.10,
o(T) 2 [§7(T7¢)| = 1€ (x) 1€ (wo)| = (5]l — ) (llzoll — ).

Since € > 0 is arbitrary, we get v(T") > ||T||, and Lemma 12.3.1 shows that T
satisfies the alternative Daugavet equation. This completes the proof of the “if”
part.

Conversely, suppose that X has the ADP; we shall verify (12.3.4). To this end,
let zg € X, 2 € X* and consider the rank-one operator T' = z§ ® xg as above.
Let € > 0. We know from Lemma 12.3.1 that v(T) = ||T|| = ||zoll||lz{ll, and by
Lemma 12.3.10 there exists (£*,&**) € T" such that

(1 =&)llzollllzgll = (1 —e)v(T) < [E(T7E)| = €7 (x0) 1€ (o).
For suitable wy,ws € T we get
w1 (zo) =
w2 ()
Now, (w1&*,w2&**) € T' and
w1 €7 (z0) + w2 (25)] = (1 = &) (llzoll + llzol]);
since € > 0 is arbitrary, we have obtained (12.3.4) and thus (12.3.3). O

£ (o))
£ (o)

> (1 = ¢)llzoll,
2

(1 = &)llg]l-

Incidentally, the same reasoning provides the following characterisation of the
Daugavet property.

ProrosiTiON 12.3.12. A Banach space X has the Daugavet property if and
only if
Bx g x = convw*(l—‘/)
where T = {(x*, 2**): x* € ext(Bx+), ™ € ext(Bxx), a**(x*) = 1}.
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In contrast to the Daugavet property, there are Asplund spaces like ¢y, RNP
spaces like £1, and certain finite-dimensional spaces (in particular, reflexive spaces)
with the ADP. However, we can use Proposition 12.3.11 to give a different proof
of a result from the 1999 paper [208] (where it is stated for Banach spaces with
numerical index one, but only the ADP is used in its proof) on the impossibility of
having infinite-dimensional real reflexive spaces with the ADP. First, we need the
following consequence of the ADP on the behaviour of denting points and weak-star
denting points.

PROPOSITION 12.3.13 ([208, Lemma 1]). Let X be a Banach space with the
alternative Daugavet property. Then:

(a) |z*(x)] =1 for every x* € ext(Bx~) and every x € dent(Bx).

(b) |z**(z*)| =1 for every x** € ext(Bx=-) and every weak-star denting point x*
Of Bx* .

PRrOOF. (Sketch using Proposition 12.3.11.) We start with (b). Let us write
Y = X @; X* and observe that Proposition 12.3.11 and Milman’s Theorem (see
Lemma 2.6.17(a)) give that

ext(Bx«) X ext(Bx«) = ext(By~) C i

(we have used Remark 2.9.10 in the identification of the first two sets). It follows
that given x{* € ext(Bx»«) and a weak-star denting point zj of Bx~ (hence z{ €
ext(Bx-)), one may find nets (z3) in Bx~ and (z}*) in Bx~- which converge in the
weak-star topology to z§ and x{*, respectively, and (z},z3*) € T for every X. As
x4 is weak-star denting, it is a point of weak-star norm continuity of the identity
map restricted to Bx-, hence (z}) — z{ in norm. Now,

a\"(23) — @3 ()| + 23" (w5) — 5" (x5)

e = 5]l + |23 (25) — 25" ()| — 0.

|23 (23) — 5" (20) ]

NN

Therefore, |z§*(xf)| = 1 as desired.
To prove (a), observe that if 2o € dent(Bx) then Jx(z¢) is a weak-star denting
point of Bx«« and a completely analogous argument gives the proof. O

This result, with the help of Proposition 2.6.18, immediately gives the following
preclusive condition for a Banach space to have the alternative Daugavet property
from [208].

THEOREM 12.3.14 ([208]). Let X be a real Banach space with the ADP.
(a) If the set of denting points of Bx is infinite, then X contains a copy of ¢y or
X contains a copy of £;.
(b) If the set of weak-star denting points of Bx+ is infinite, then X* contains a
copy of {y.
In particular, a reflexive real Banach space with the ADP must be finite-
dimensional.

Remark 12.3.4 mentions the inequality n(X*) < n(X). It was an open problem
for many years whether this is in fact an equality. The first counterexample was
exhibited in [67] where spaces with n(X) = 1, but n(X*) < 1 were constructed.
The construction is based on the geometric notion of a lush Banach space; a Banach
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space X is lush if for all x,y € Sx and every € > 0, there exists y* € Sx such that
y € S := Slice(Bx,y*,¢) and

dist(x, conv(TS)) < e.
The following results from [67] are important for the discussion.

REMARKS 12.3.15 ([67]).
(a) Lush spaces have numerical index one.
(b) C-rich subspaces of C(K) (Definition 8.4.2) are lush.

(¢c) Let u e C(K)*. Then, ker u is C-rich if and only if supp(p) does not intersect
the set of isolated points of K.

Using these results, we can now present the already mentioned example of a
Banach space whose numerical index does not coincide with the numerical index of
its dual.

EXAMPLE 12.3.16 ([67, Example 3.1]). The space
X ={(2,9,2) € cPoo cBoo ¢ limz + limy + limz = 0}

is C-rich in ¢ ® o, ¢ oo ¢ (which is a C(K) space), so it is lush and hence n(X) = 1.
On the other hand, n(X™*) = 1/2 since X* contains a two-dimensional L-summand
whose unit ball is a hexagon. See [67, Example 3.1] for details.

REMARK 12.3.17. Let us comment that it is possible to make constructions
similar to the one above to get spaces X satisfying that n(X) = 1 and n(X*) =0
in the real case and n(X*) = 1/e in the complex case, see [67]. Even more, it is
possible to construct a Banach space X such that X** is a C*-algebra, n(X) = 1,
and there is a norm-one T € L(X*) with v(T) = 0 (hence, not only n(X™*) = 0 but
also, v(+) is not a norm on L(X™*)), see [219].

Lush spaces have been shown to be very useful when working with the ADP
and numerical index one. Let us present two interesting results in this regard.

First, the fact that no infinite-dimensional real reflexive space satisfies the ADP
has been improved in [27] using SCD sets and lush spaces as follows.

THEOREM 12.3.18 ([27, Corollary 4.9]). Let X be an infinite-dimensional real
Banach space with the ADP. Then X* contains a copy of ¢1.

The proof of this result follows four steps:

(1) If X has the ADP and does not contain ¢, then it is lush by [27, Corollary
4.8] (this improves Corollary 12.3.9). If, otherwise, X contains ¢;, then X*
contains ¢; by the lifting property of /1, see Theorem 2.3.8.

(2) Hence, we may reduce to the case that X is a lush space. Moreover, lushness
is separably determined (in the sense that every separable subspace of X is
contained in another separable subspace which is lush, see [66, Theorem 4.2]),
so we may reduce to the case that X is an infinite-dimensional separable lush
space.

(3) If X is a separable lush space, there is a subset A C Sx+ which is norming
for X such that |z**(a*)| = 1 for every z** € ext(Bx~-) and every a* € A by
[161, Theorem 4.3] (an appropriate use of the Baire category theorem gives
the result).
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(4) Finally, as X is infinite-dimensional, A has to be infinite; so, in the real
case, Proposition 2.6.18 shows that X™* contains cg or X* contains ¢;. But a
dual Banach space which contains ¢y actually contains ¢, hence £1 (see [97,
Theorem V.10] for instance).

Another application of lush spaces to spaces with numerical index one is the
following.

THEOREM 12.3.19 ([66, Corollary 3.6]). If X is a Banach space containing a
copy of cg, then X admits an equivalent lush morm, hence with numerical index
one.

12.4. Alternatively convex or smooth spaces and related properties

It is easy to see that an operator 7' € L(X) for which the number ||T|| belongs
to the spectrum of T satisfies the Daugavet equation, viz.

I1d + 7| > max{|Al: A € o(Id + T)} = max{|A: A € 1 + o(T)} > 1+ |T].

This motivated Abramovich, Aliprantis and Burkinshaw [14] to introduce the fol-
lowing definition.

DEFINITION 12.4.1. A Banach space X is anti-Daugavet if for all T € L(X)
the following equivalence holds true:

d+T|=1+|T| < |T|eaoT) (12.4.1)

So, in anti-Daugavet spaces the set of operators that satisfy the Daugavet
equation is the smallest possible.

In addition to the above definition, we will say that a Banach space X has
the anti-Daugavet property for a class M C L(X) of operators if the equivalence
(12.4.1) holds for T' € M.

The authors of [14] demonstrated that all uniformly convex spaces, as well as
all uniformly smooth ones, are anti-Daugavet. There is a relation of this result to
the theory of numerical radius, remarked by Espid and Alizadeh [107].

Recall from the previous section that v(T) denotes the numerical radius of
T € L(X), and that v(T) = ||T|| if and only if there exists § € T with

|IId + 6T =1+ ||T|
(see Lemma 12.3.1). This implies the following result.

PROPOSITION 12.4.2. Let X be anti-Daugavet for a class M C L(X). Then
for every T € M with v(T) = ||T|| the spectral radius of T is equal to ||T|| as well,
so p(T) =v(T) =||T||. In particular, in uniformly convex spaces and in uniformly
smooth ones, this is applicable to all operators with v(T) = ||T|.

In this section we present the complete geometric description of finite-
dimensional anti-Daugavet spaces given in [173] and some related results from
[178].

DEFINITION 12.4.3. A Banach space X is said to be alternatively convex or
smooth (X € (acs) for short) if for every z,y € Sx and z* € Sx~ the following
implication holds

2 (z)=1, |z +y[|=2 = z*(y)=1 (12.4.2)
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Geometrically, the property (acs) means some kind of smoothness at the end-
points of every linear segment that lies on the unit sphere. Namely, X € (acs) if
and only if any two quasi-codirected z,y € Sx are smooth points of Sy, (s 3. This
means that every strictly convex space as well as every smooth space is (acs).

LEMMA 12.4.4. Suppose that X € (acs) and that T € L(X) is a weakly compact
operator with | T|| =1 and |Id + T'|| = 2. Suppose in addition that |z + Tx| = 2
for some x € Sx. Then 1 is an eigenvalue of T.

ProOF. First remark that | Tz| < |[|T||||z|| < 1 and
1 Tz]| > [l + Tl — [l=f| = 1,

so Tz € Sx. Consider a functional z* € Sx« such that *(z) = 1. By the (acs)-
property of X, one has #*(T'z) = 1. Therefore z} := T*(z*) attains the value 1 at
x and hence belongs to Sx+. Again, using (12.4.2) we obtain z}(Tx) = 1. Applying
the same argument inductively shows that z*(T™z) = 1 for all n € N. This implies
that

K :=conv({T"z: n € N}) C {v € X: 2*(v) =1} N Bx C Sx
so, in particular 0 ¢ K. Also, K is a weakly compact convex set, since
{T"z:n 21} =T{T"z: n > 0}),

which is relatively weakly compact, and 7" maps K into K. By the Schauder-
Tikhonov fixed point theorem, T has a fixed point in K, which is a non-zero eigen-
vector for the eigenvalue 1. O

DEFINITION 12.4.5. Let X be a Banach space.

(a) We say that the space X is locally uniformly alternatively convex or smooth
(luacs) if for all z,,y € Sx and z* € Sx+ the implication

2 (xp) = 1, |lzn+y| 22 = 2% (y)=1 (12.4.3)
holds.

(b) We say that the space X is uniformly alternatively convex or smooth (uacs)
if for all @, yn € Sx and x} € Sx« the implication
o (xn) = 1, |[2n+yn]l 22 = ) (yn) — 1 (12.4.4)
holds.

Remark that uniformly convex spaces and uniformly smooth spaces are (uacs),
and locally uniformly convex spaces are (luacs). In general

X € (uacs) = X € (luacs) = X € (acs),

and (acs), (luacs) and (uacs) are equivalent in finite-dimensional spaces by a com-
pactness argument.

THEOREM 12.4.6. For a Banach space X, the following conditions are equiva-
lent:

(i) X has the anti-Daugavet property for compact operators.
(ii) X has the anti-Daugavet property for operators of rank-one.
(iii) X 4s (luacs).
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PRrROOF. (i) = (ii) is evident. For the proof of (ii) = (iii), assume that X
fails to be (luacs). Then there is a functional z* € Sx- and there are elements
T,y € Sx such that z,,y € Sx and ||z, +y| = 2, 2*(z,) — 1, but Rez*(y) < 1.
Consider the operator T: X — X defined by Tv = z*(v)y. Then ||T|| = 1 and
|[Id + T'|| = 2, since

|Td + T'|| = limsup ||z, 4+ T, |
= limsup ||z, + 2™ (x,)y||
= limsup ||z, + y|| = 2.

Thus T satisfies the Daugavet equation, but 1 ¢ o(T') because of Rez*(y) < 1; so
X fails the anti-Daugavet property for rank-one operators.

(iif) = (i). Let U € L(X) \ {0} be a compact operator that satisfies the Dau-
gavet equation. Then, by the usual quasi-directedness argument, for the compact
operator T' := ﬁ we have that |T'|| = 1 and ||[Id+T'|| = 2. Then there is a sequence
(xn) C Sx for which ||Tz, + z,| — 2. By compactness of T', we may assume that
Tz, — y € Sx. Now, consider z* € Sx~ such that *(y) = 1; then z*(Tx,) — 1.
Put y* = T*z*; then we have ||y*|| < 1 and, from y*(x,) = 2*(Tz,) — 1, we
deduce that actually ||y*|| = 1. So we have ||z, + y|| — 2 and y*(x,) — 1, and
from (12.4.3) we get that y*(y) = 1. But now,

ly+ Tyl > 2" (y+Ty) = 2" (y) +y"(y) = 2,
so Lemma 12.4.4 implies that 1 € o(T); hence ||U| € o(U) and we obtain (i). O

THEOREM 12.4.7. For a finite-dimensional Banach space X the following as-
sertions are equivalent:
(i) X is an anti-Daugavet space;
(ii) X € (acs).

PRroOOF. (i) = (ii). Since X has in particular the anti-Daugavet property for
operators of rank one, Theorem 12.4.6 implies that X € (luacs), which is equivalent
to (acs) in the finite-dimensional setting.

(ii) = (i). In finite-dimensional spaces (acs) implies (luacs), so X has the
anti-Daugavet property for compact operators (Theorem 12.4.6), but in finite-
dimensional spaces every operator is compact. O

We now turn to the relation of the (uacs)-property and the anti-Daugavet
property; see Definition 2.2.9 for the notion of superreflexivity.

LEMMA 12.4.8. If X is (uacs), then X is superreflexive.

PROOF. The (uacs)-property provides a uniform restriction on the structure
of 2-dimensional subspaces of X: For all ¢ > 0 there exists some § > 0 such
that if |z +yl| > 2 -6, 2,y € Sx, and 2* € Sgin{eyy+ With z*(z) > 1 -4,
then 2*(y) > 1 — . Therefore, not every 2-dimensional Banach space is finitely
representable in X and so, it has to be superreflexive by [172]. (In fact, X is
uniformly non-square, which is enough to imply superreflexivity by a theorem due
to James; see [32, p. 261].) O

The next theorem is another application of the ultrapower technique in our
book.

THEOREM 12.4.9. If X € (uacs), then X has the anti-Daugavet property.
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PROOF. Let T: X — X be an operator of norm 1 such that ||Id + T'|| = 2.
Consider an ultrapower X*. Define T*: X% — X" by T%((z,)] = [(Tz,)] as in
Definition 2.2.6.

The main advantage of considering T% is that Id" 4+ T¥ attains its norm. (In-
deed, if 20 € Sx are chosen so that ||T2%| — 1, then 2% := [(22)] € Sxu and
|T(z°)|| = 1.) By Lemma 12.4.8, X* is reflexive and thus, T* is weakly com-
pact. It is evident from the definition that if X is (uacs) and Y is finitely repre-
sentable in X, then Y is (uacs), i.e., (uacs) is a superproperty. Thus we conclude
that X* is (acs), and we may apply Lemma 12.4.4. So there is an eigenvector
! = [(z})] € Sxu with TH2! = 2!, This means that |Tzl — x1|| tends to zero
along {1, and 1 is an approximate eigenvalue of T, in particular 1 € o(T). (]

As we said, it is evident that (uacs) is a superproperty. Also, the super anti-
Daugavet property coincides with (uacs), but we doubt whether the anti-Daugavet
property is a superproperty itself; cf. Question (12.8) in Section 12.6.

We would like to conclude this section with the following remark. There is no
mathematical definition of a “property that is opposite to the given one”. What
“an opposite property” is depends on the standpoint and peculiarity of the problem
under consideration. In particular, apart from anti-Daugavetness, there are other
good contenders for the role of something very opposite to the Daugavet property,
among them the SCD property from Chapter 10 that is, as to our taste, the best
one.

12.5. Notes and remarks

Section 12.1. The discussion of possible norm equalities for operators is taken
from the paper [160].

The plus-minus property and its strong version were studied in [284]. There, it
was also shown for a Banach function space E and a space X with the strong plus-
minus property that the Bochner space F(X) has the strong plus-minus property as
well. Likewise, if X1, Xo € SDy, then X1 ®g X5 € SD4 whenever the direct sum is
equipped with an absolute norm (see Subsection 2.9.1 for the definition). Note that
the Daugavet property is only preserved by ¢1- and £,.-sums, cf. Corollary 7.5.7.

The results on extremely non-complex Banach spaces are taken from [189,
190].

Section 12.2. All the relevant references have been given in the text.

Section 12.3. The notion of the alternative Daugavet property was introduced
in [223]; the first results in Section 12.3 come from that paper. However, the
importance of the equality v(T") = ||T|| for rank-one operators was already realised
in [208].

The quintessential reference for numerical ranges are the Bonsall-Duncan vol-
umes [56, 57] from the 1970s; see also the 2006 survey [165] and Sections 2.1
and 2.9 of the recent book [73]. The relation between the alternative Daugavet
equation and the numerical radius in Lemma 12.3.1 is an old result from [103].

The contents of the section are mainly taken from (cited chronologically) [208]
(1999), [223] (2004), [67] (2007), [218] (2008), [219] (2008) [66] (2009), [161]
(2009), [27] (2010).

The monograph [162] contains a wealth of results explaining the interrelations
of the ADP, numerical index one and lushness in many classes of Banach spaces.
This work also puts forward a generalisation of the alternative Daugavet equation
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in the spirit of Daugavet centres; namely, an operator G: X — Y is called a spear
operator if

‘mlaXHGerTH =1+|T] forall T € L(X,Y).

w|=1

If the above norm equality holds only for rank-one operators, we say that G is an
ADP operator. There is also a notion of lush operator. We refer to [162] for a
detailed discussion of these topics.

There is also a notion of alternative polynomial Daugavet property, studied in
[72], [81], and [276] among others.

Finally, the very recent paper [198] introduces the notion of super ADP, which
lies strictly between the ADP and the Daugavet property. It is defined using rela-
tively weakly open subsets of the unit ball: a Banach space X has the super ADP
if for every € Sx and every non-empty relatively weakly open subset U of By,
we have that

sup max ||z + wyl|| = 2.

yeU |lw|=1
(We caution the reader that this is not an instance of a superproperty as defined
in Definition 2.2.9.) Tt follows from Corollary 3.1.16 that the Daugavet property
implies the super ADP, while Lemma 12.3.6 gives that the super ADP implies the
ADP. The three properties are different and this shows that the ADP does not
behave like the Daugavet property with respect to relatively weakly open subsets
of the unit ball, that is, Shvydkoy’s lemma 3.1.15 does not have an ADP analogue.
See more details in [198]. Incidentally, the property analogous to the super ADP
but using convex combinations of slices instead of weakly open sets is actually
equivalent to the Daugavet property [198, Proposition 4.12].

Section 12.4. As we have already said in the text, the notion of the anti-
Daugavet property is due to Abramovich, Aliprantis, and Burkinshaw [14], and
most of the results of this section come from [173] and [178]. A detailed study
of the properties (acs), (luacs) and (uacs) along with some generalisations and
variants, especially in the context of absolut sums and Kéthe-Bochner spaces, was
performed by Hardtke [131, 132]; for the Bochner L,-spaces see also [287].

12.6. Open questions
In this section we collect different open questions and possible future research
lines derived from the results of this chapter.

(12.1) Is it enough for a Banach space to satisfy the plus-minus property that
|IId 4+ T'|| = ||Id — T'|| for all operators of rank one?

(12.2) Are the plus-minus property and the strong plus-minus property equiva-
lent?

(12.3) Does every extremely non-complex Banach space have the Daugavet prop-
erty? Does it have numerical index equal to one?

Some partial results on the question above can be found in [220].
(12.4) What is an analogue of the uniform Daugavet property for the ADP?

(12.5) Let X be a complex Banach space whose underlying real space Xg has
the ADP. Must X have the Daugavet property?

We don’t know about the validity of the complex analogue of Theorem 12.3.14
(here “infinitely many” has to be understood as meaning “infinitely many C-linearly
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independent”, as &()Z) contains infinitely many denting points, even up to multipli-
cation by scalars w € T). In particular, the following question remains open to the
best of our knowledge.

(12.6) Does there exist an infinite-dimensional complex reflexive Banach space
with the ADP?

As for isometric properties, it is proved in [161, Theorem 2.1] that the dual
of a Banach space with the alternative Daugavet property cannot be smooth
nor strictly convex, extending the corresponding result for the Daugavet prop-
erty (Corollary 3.2.5). Analogously to Questions (3.3) and (3.4), we may ask the
following.

(12.7) Does there exist a strictly convex or smooth Banach space with the ADP?
Finally, from the last section of the chapter, we present the following open
question.
(12.8) Is the anti-Daugavet property a superproperty? If so, does it coincide
with (uacs)?
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diametral local diameter two,
350



diametral strong diameter two,
350

DLD2P, 350

DSD2P, 350

KMP, 39

Krein-Milman, 39

lifthing of ¢4, 21
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weak operator Daugavet prop-
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Radon-Nikodym derivative, 37
representable, 86

S
Schauder decomposition, 20
coordinate projections associated
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partial sum projections associ-
ated to, 20
Schur property, 27
segment, 27, 319
sequence
~convergent, 149
asymptotic £1, 255
basic, 20
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determining, 277
double-norming, 256
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f1-sequence, 21
l1-type, 40
Rademacher, 119
weakly Cauchy, 25
series
unconditionally convergent, 22
weakly absolutely convergent, 23
weakly unconditionally Cauchy,
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set
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Asplund property for, 280
bipolar, 14
Chebyshev radius of, 244
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dentable, 38
directed, 16
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RNP, 37
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segment, 27

Sidon, 251

slicely countably determined,
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small combinations of slices, 282

strongly regular, 283

symmetrisation of, 308

total, 14

uniformly integrable of L;, 199

Shmulyan’s test, 51
slice, 28

Lip-, 333
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weak-star slice, 28

spear operator, 369
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almost rich, 167
asset of, 274
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tensor product
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injective, 55
projective, 53
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topological space
completely regular, 73
perfect (Hausdorff), 68

topology
convergence in measure, 199
Daugavet, 162
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u-ideal, 49

strict, 49
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trivial, 16
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