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ABSTRACT

Operator Ideals in Lipschitz and Operator Spaces Categories. (August 2012 )
Javier Alejandro Chavez Dominguez, B. MA., Universidad de Guanajuato;
M. MA., Universidad Nacional Auténoma de México

Chair of Advisory Committee: Dr. William B. Johnson

We study analogues, in the Lipschitz and Operator Spaces categories, of several
classical ideals of operators between Banach spaces. We introduce the concept of a
Banach-space-valued molecule, which is used to develop a duality theory for several
nonlinear ideals of operators including the ideal of Lipschitz p-summing operators
and the ideal of factorization through a subset of a Hilbert space. We prove metric
characterizations of p-convex operators, and also of those with Rademacher type and
cotype. Lipschitz versions of p-convex and p-concave operators are also considered.
We introduce the ideal of Lipschitz (g, p)-mixing operators, of which we prove several
characterizations and give applications. Finally the ideal of completely (g, p)-mixing
maps between operator spaces is studied, and several characterizations are given.
They are used to prove an operator space version of Pietsch’s composition theorem

for p-summing operators.
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CHAPTER I

INTRODUCTION

Banach spaces have long been a central object in functional analysis due to their
versatility. Their structure, possessing both a linear and a metric/topological compo-
nent, is simple enough to provide for a unified treatment of many analytic situations
and yet rich enough to have a whole theory devoted solely to them. As with any
other branch of mathematics, the theory of Banach spaces is not only concerned with
the objects but also with the morphisms (normally called operators in this context)
between them. Of course such operators are usually not studied on a one-by-one
basis, but are grouped into families that have common characteristics. Many of the
most studied such families of operators are in fact operator ideals, in the sense that
they are closed under left and right multiplication. The interested reader can find out
more about the general theory of operator ideals in Banach spaces in [DF93, Pie80].
In this dissertation, we study generalizations of well-known ideals of operators acting
between Banach spaces to other categories. The study of such ideals of operators has
historically provided tools for proving a myriad of interesting results whose utility
goes beyond just Banach spaces, with applications to many other areas of analysis.
For various reasons to be detailed below, it makes sense to try to generalize some of
the ideas from Banach space theory to these other contexts. We will concentrate on
two such situations: first the nonlinear functional analysis that arises when Banach
spaces are replaced with general metric spaces, and then the operator space theory
that concerns the case where Banach spaces are replaced with their noncommutative

or quantized counterparts.

This dissertation follows the style of Proceedings of the American Mathematical Society.



1.1 Non-linear functional analysis

Ribe’s program, laid down by J. Bourgain [Bou86] as a consequence of a theorem
of M. Ribe [Rib76], is the pursuit of purely metrical formulations of the notions from
the local theory of Banach spaces. Such formulations have been achieved for a num-
ber of properties, like superreflexivity, p-convexity, type and cotype [Bou86, LNP09,
MNO08a, MNO8b, MNO7]. In addition to the obvious theoretical importance of these
results, many applications have been found to subjects like the study of bilipschitz,
uniform and coarse embeddings of metric spaces, metric Ramsey theorems, and Lip-
schitz quotients; some of these applications are particularly interesting due to their
connections to theoretical computer science. Even though the local theory of Banach
spaces is not only concerned with the spaces but also with the morphisms between
them, so far the maps have been largely absent from the literature on Ribe’s program.
There is a rich interplay between the local properties of Banach spaces and those of
the linear maps between them, and the corresponding results for metric spaces are
still mostly unexplored.

One of the most important classes of linear maps between Banach spaces is that of
p-summing maps, These operators are widely recognized as one of the most important
developments in modern Banach space theory, as attested to by the astonishing
number of results and applications that can be found, for example, in [DJT95].
Thus, it is not surprising that the first published paper on Ribe’s program for maps
[FJ09] dealt with their nonlinear generalization. In this paper, J. Farmer and W.B.
Johnson [FJ09] define Lipschitz p-summing operators between metric spaces and
show that they generalize p-summing operators between Banach spaces. The paper
ends with several interesting open problems, whose essence is summarized in the
last one: “what results about p-summing operators have analogues for Lipschitz
p-summing operators?”.

In Chapter II (see also [CD11]) we answer one of the problems raised by Farmer

and Johnson. Specifically, we identify the dual of the space of Lipschitz p-summing



maps from a finite metric space to a Banach space. The key contribution is the
concept that lends its name to the chapter, that is, the introduction of spaces of
Banach-space-valued molecules on a metric space. This idea is the vector-valued
case of an idea introduced by Arens and Eells [AE56], and it plays the role of a
sort of “tensor product” between a metric space and a Banach space. Along the
way, we develop a general theory of these spaces of molecules. In the Banach space
realm, there is a close relationship between tensor norms and operator ideals (see
the book [DF93]). Although there was some initial resistance in the Banach space
community to embrace the tensor product approach, the success that came with
thinking in terms of both tensor norms and operator ideals (for example, G. Pisier’s
solution to the problems stated at the end of Grothendieck’s “Resumé”) earned
tensor norms the respect they enjoy today. Some of the classical results carry over
to this new setting, for example: (1) There is a natural notion of a reasonable norm,
and among the reasonable norms there is a smallest one and a largest one. (2) A
“Hilbertian” norm on spaces of molecules can be defined, and it is in duality with
the ideal of maps that factor through a subset of Hilbert space.

In Chapter III we continue the work on Ribe’s program from the point of view
of operators rather than spaces. Our work is heavily based on several existing pa-
pers [LNP09, MN08a, MNO8b, MNO7], where the classical Banach-space notions of
p-convexity, Rademacher cotype and Rademacher type are given metric character-
izations. These three Banach-space properties have counterparts for linear maps
between Banach spaces, and the chapter is dedicated to showing the proofs of their
corresponding metric characterizations.

In Chapter IV we continue along similar lines, this time turning our attention to
Banach lattices. These are special Banach spaces endowed with an order structure
well-related to the norm, and this extra structure often allows us to obtain better
results than those available for general Banach spaces. The relationship between

this order structure and operators from or into a Banach lattice has of course been



extensively studied, and the most important classes of operators in this context,
at least from the point of view of their applications to more general Banach space
problems, are the p-convex and g-concave ones. In this chapter we develop nonlinear
counterparts of these two concepts, considering Lipschitz maps between a metric
space and a Banach lattice, and show how some of the elementary results from the
theory of p-convex and ¢-concave operators admit generalizations to the Lipschitz
setting.

In Chapter V (see also [CD12]) we close a circle by going back to the study of
Lipschitz p-summing operators. There are two theorems that can be considered as
the cornerstones of the theory of p-summing operators and are central to their ap-
plications. The first one is the factorization/domination theorem of Pietsch [Pie67],
whose version for Lipschitz p-summing operators was proved by Farmer and John-
son [FJ09]. The second one is the composition theorem also proved by Pietsch in his
seminal paper [Pie67] which, in spirit, says that if we take two p-summing operators
and combine them via composition we obtain a “better” operator (just as when two
Hilbert-Schmidt operators are composed we get a trace class operator). Such a way
to phrase the theorem suggests why it is useful, and moreover this is not the only
instance where such an “improvement” of p-summing operators happens. Inspired
by ideas of Maurey [Mau74], Pietsch [Pie80, Chap. 20| systematically studied the
subject and called such operators (g, p)-mixing. Another exposition of the subject,
with a more “tensorial” point of view, can be found in [DF93, Sec. 32]. Since the
spaces of molecules play a role somewhat similar to the tensor product, this sec-
ond point of view was particularly well suited for a study in the Lipschitz case. In
this chapter we introduce the natural notion of Lipschitz (g, p)-mixing operators,
modeled after Pietsch’s analogous definition in the linear case. After proving some
basic properties, three different characterizations of Lipschitz (g, p)-mixing operators
are presented. The first two are modeled after results in the linear case, and one

of them is used in two different applications: first, a different proof of a nonlinear



Grothendieck theorem of Farmer and Johnson [FJ09] is given, followed by an “inter-
polation style” result relating different Lipschitz (g, p)-mixing constants. This last
result is in turn applied in two situations: it is used to show nontrivial reversed
inequalities between Lipschitz p-summing norms, and also to give a different proof
of the nonlinear extrapolation theorem of D. Chen and B. Zheng [CZ11] (while also
improving the constant appearing in their proof). The third characterization relies

on the duality theory for Lipschitz p-summing operators developed in Chapter 2.

1.2 Operator spaces

The words ‘quantization’” and ‘noncommutative’ seem to get thrown around ev-
erywhere these days, and there is a good reason for that. Ever since physicists
came to the realization that our old notions of measurement and geometry do not
quite correspond to the real world, the development of new mathematical tools that
take into account this extra complexity of a quantized or noncommutative world
has proved very fruitful. Whenever a mathematical theory gets this treatment, we
come across a new theory that not only is mathematically attractive, but it is also
naturally well-positioned to have applications to quantum physics. In line with this,
operator spaces were developed in the late 80’s as the quantized or noncommutative
version of Banach spaces, and their study continues to this day.

In Chapter VI (see [CD]), we conduct an study very similar to the one carried
out in Chapter V|, but this time in the context of operator spaces. In this setting, G.
Pisier’s completely p-summing maps [Pis98] correspond to the p-summing operators
between Banach spaces. A natural modification of the definition yields the notion
of completely (g, p)-mixing maps, already introduced by K.L. Yew [Yew08], which
is the subject of this chapter. Some basic properties of these maps are proved,
as well as a couple of characterizations. A generalization of Yew’s operator space
version of the Extrapolation Theorem is obtained, via an interpolation-style theorem

relating different completely (g, p)-mixing norms. Finally some composition theorems



for completely p-summing maps are proved, including an operator space version of

Pietsch’s composition theorem.



CHAPTER II

BANACH-SPACE-VALUED MOLECULES*

2.1 Introduction

The origin of the work presented in this chapter was the following question: given
a normed space of Lipschitz maps from a metric space X into a Banach space E (e.g.
Lipschitz p-summing operators as in [FJ09]) how can one identify its dual?

A natural starting point would be to try to identify the dual of X#, the space of
Lipschitz functions from X to R that vanish at a specified point with the Lipschitz
norm. Unfortunately, duals of spaces of Lipschitz functions are known to be rather
large and somewhat pathological — e.g. in [Bou86] it is shown that (¢1)# does not
have finite cotype, and it is still unknown whether ([0, 1] x [0, 1])# has finite cotype
—, so ours would appear to be a futile task.

We may, however, flip the table and get back into a workable situation: the space
X7 is known to be a dual Banach space (and is sometimes even called the Lipschitz
dual of X), so we embark on the slightly different (but related) quest of finding
preduals of some spaces of Lipschitz maps from a metric space X into a dual Banach
space E*.

The key element in our work is the introduction of the concept of a Banach-
space-valued molecule, a generalization of the concept used by R. Arens and J.
Eells [AE56] to construct a predual of X#. Despite the fact that the Arens-Eells
space has been used repeatedly in the literature (e.g. [GK03, Kal04]), and Banach-
space valued versions of it have been considered (as in [Joh70]), as far as the author

knows the idea of Banach-space-valued molecules had escaped attention so far.

* Parts of this chapter are reprinted with permission from Duality for Lipschitz p-summing operators
by Javier Alejandro Chévez-Dominguez, 2011, J. Funct. Anal. 261 (2011), no. 2, 387-407, MR
2793117, Copyright 2011 by Elsevier Inc.



Let us fix the notation that will be used throughout the chapter. X, Y, Z will
always denote metric spaces, whereas F/, F', G will denote real Banach spaces. We
use the convention of having pointed metric spaces, i.e. with a designated special
point always denoted by 0. As customary, Bgr denotes the closed unit ball of E and
E* its linear dual, and L(E, F') is the space of bounded linear maps from F to F'. We
use the symbol = to indicate that two Banach spaces are isometrically isomorphic.
Lip,(X, E) is the Banach space of Lipschitz functions 7' : X — E such that 7'(0) = 0
with pointwise addition and the Lipschitz norm. As the reader will recall from the
previous paragraphs, we use the shorthand X# := Lip,(X, R). The letters p, r, s will
designate elements of [1,00], and p’ denotes the exponent conjugate to p (i.e. the

one that satisfies 1/p+ 1/p’ = 1).

2.2 Banach-space-valued molecules on a metric space

We start by recalling the definition and basic properties of the space of Arens
and Eells [AE56]. We follow the presentation in [Wea99].

A molecule on a metric space X is a finitely supported function m : X — R such
that > _ym(z) = 0. For z,2" € X we denote by my,s the molecule X1 — x{a'}-
The simplest molecules, i.e. those of the form am,,, with x,2’ € X and a a real
number are called atoms. It is easy to show that every molecule can be expressed
as a sum of atoms (for instance, by induction on the cardinality of the support of
the molecule). The Arens-Eells space of X, denoted A (X), is the completion of the

space of molecules with the norm

n

|m|| 5 := inf { Z |aj|d(z;, %)+ m = Zajmwjzg}. (2.2.1)
j=1

J=1

The fundamental properties of the Arens-Eells space are summarized in the following

theorem [AE56], [Wea99, pp. 39-41].



Theorem 2.2.1. (i) ||| ; is a norm on the vector space of molecules on X.

(ii) The dual of A(X) is (canonically) isometrically isomorphic to X#. Moreover,
on bounded subsets of X? the weak® topology coincides with the topology of

pointwise convergence.

(15i) The map v :  — My is an isometric embedding of X into A(X). Moreover,
for any Banach space E and any Lipschitz map T : X — E with T(0) = 0
there is a unique linear map T: A(X) — E such that ToiL=T. Furthermore,
IT|| = Lip(T).

Because of the universal property (iii), the space A(X) is sometimes called the
free Lipschitz space of X and denoted .#(X) (see [GK03,Kal04]). From that point
of view, it is natural to think of the space A(X) as the closure in (X#)* of the linear
span of the point evaluations d, : f — f(z), for x € X and f € X#. Such an
approach was used by J. Johnson [Joh70] to show that Lip,(X, E*) is always a dual
space, without any reference to molecules. Our Theorem 2.6.4 recovers Johnson’s
result as a particular case of duality for Lipschitz p-summing operators.

In the spirit of Arens and Eells’ original formulation [AE56], define an E-valued
molecule on X to be a finitely supported function m : X — E'suchthat ) m(z) =
0. The vector space of all E-valued molecules on X is denoted by M(X, E). An
E-valued atom is a function of the form vm,,, with v € E, x,2’ € X. Atoms are the
building blocks of the space of molecules in the same sense that elementary tensors
are the building blocks of the tensor product: every molecule is a sum of atoms. This
is proved by induction on the cardinality of the support of the molecule as follows. It
is clear if the support has cardinality 0 or 2 (1 is clearly impossible), so now suppose
the result holds for molecules with support of size at most n, and let m : X — E be a
molecule with support {zo,z1,...,2,} C X. Note that m =m—3"7_, L (20)Maga,
is a molecule with support of size at most n (since m(zg) = 0), so m is a sum of

atoms and therefore clearly so is m.
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Define a pairing (-, -) of Lip,(X, £*) and M(X, E) by

(T.m) =Y (T(z),m(z)), forme M(X,E), T € Lipy(X,E").
zeX
Note that this sum makes sense because m is finitely supported, and clearly (-, -) is

bilinear. For an atom m = vm,,, and T € Lipy(X, E*),

(T,m) =Y (T(x), vy ()

zeX

= (T(), vmary () + (T (W), vmary (v')) = (T(2") = T(¥/), v).

Therefore, for a general molecule m = > UM ot
J

(T,m) =Y (Tx; — T}, v)). (2.2.2)

J

Spaces of Banach-space-valued molecules will play a role similar to that of tensor
products of Banach spaces in our investigations about duality. We will define several
norms on the spaces of molecules that correspond to norms defined on tensor products
of Banach spaces, and obtain similar duality results. We start with the analogues of

the most basic tensor norms, the projective and injective ones.

2.3 The projective norm

The projective norm is considered the simplest way to endow the tensor product
of Banach spaces with a norm. Just as the algebraic tensor product linearizes bilinear
mappings, the projective tensor product linearizes bounded bilinear mappings. The
following defines a norm on spaces of molecules that is analogous to the projective

norm for the tensor product of Banach spaces, and we will also call it projective.
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Definition 2.3.1. For m € M(X, E) we define its projective norm by

. = inf { S d(ay.by) o]+ = Zvjmajbj}-
=1

j=1
Lemma 2.3.2. ||| is a norm on M(X, E).

Proof. It is clear that for any molecule m € M(X, E) and any scalar A, ||m|, >0
and [Amll, = [\l

Now let my,ms € M(X, E) and € > 0. We can choose a representation m; =
D i1 VjMab; such that

n

> d(az, b)) vl < [l + <.

j=1
Similarly, choose a representation mq = Z?:: 41 VjMaq,p; such that
n+k
> dlag,by) [losll < [lmall, + <.
j=n+1

n+k
=1 UjMajp, and

Therefore, my +mq =

n+k
> d(ag, by) llvill < llmall, + [[mall,, + 2,
j=1

so ||my +mae|. < +|mall, + [[me||, + 2¢, and by letting € | 0 we have the triangle
inequality for ||-||. .

Let T € Lipy(X, £*) be a map that admits a representation as a finite sum of
the form >, vifr with (vi)r C E*, (fi)r C X# (i.e. such that the linearization
T : B(X) — E* has finite rank). For such a T, set

o(T) = inf { 3 Iloil Lip(fi) }
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where the infimum is taken over all representations as above. Now, given m =
> UiMy,er € M(X, E), we have from the pairing formula (2.2.2) and the triangle

inequality

(T.m)| =

S vilo) [ulay) ~ i) <

J.k ik

(e[l - 7))
< Sl oyl Lin(fe) - o )
(vaknm ) (vajndx], 7).

Taking the infimum over all representations of both 7' and m, we deduce |(T,m)| <
|m||, 6(T). In particular, this applies to maps 7" of the form v* o f with v* € E*
and f € X%, so if m is such that ||m||_ = 0 then we have, using the pairing formula

(2.2.2),

0= (v o f,m) Zv ;)| — f(a})] for all v* € E*, f € X*.

By the duality between A(X) and X# (see Theorem 2.2.1), this means that the

real-valued molecule v*om is equal to 0 for all v* € E* and consequently m = 0. [

We’ll denote by M, (X, E') the normed space (M(X, E), ||| ,.), and by M (X, E)

its completion.

2.3.1 The dual norm

We now identify the norm dual to the projective norm on a space of molecules.
This is clearly a generalization of the duality result of Arens and Eells [AE56] already
stated in Theorem 2.2.1.

Proposition 2.3.3. The pairing (-,-) induces an isometric isomorphism between

M (X, E)* and Lipy(X, E*).
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Proof. Define Ty : M, (X, E)* — Lipy(X, E*) by ((Ti¢)(a),v) = ¢(vmg) for ¢ €
M (X,E)*, a € X and v € E. Since clearly |[vmgl|. < d(a,b) ||v]|, we have

[((Ty9)(a) — (T10)(b), v)| = [P(vman — Vo)
= [p(vma)| <[] d(a, b) [lv]| < [l d(a,b),

so taking the supremum over v € Bg we get that Lip(T1¢) < ||¢||. Also (T1¢)(0) = 0,
so indeed T1¢ € Lipy(X, E*). We conclude that T3 is a nonexpansive linear map from
M. (X, E)* to Lipy(X, E*).

Now define T5 : Lipy(X, £*) — M(X,E)* by (Tof)(m) = > .cx (f(a),m(a))
for f € Lipy(X, £*) and m € M(X, E). Observe that if m = 37| vjmg, then

(T2 (m |f}T2f(Zv]maJ )\—(Z (a)) = F(by).v,)

< Z [f(ag) = ) llosll < Lip(f) Y dlag, by) o]l

J=1

Taking the infimum over all such representations for m yields |(T5 f)(m)| < Lip(f) ||m]],-
Thus f € M, (X, E)* and ||T,f|| < Lip(f), so T, is a nonexpansive linear map from
Lipy (X, E*) to M, (X, E)*. Finally, a straightforward calculation shows that 77 and

T, are inverses, so that M, (X, E)* = Lip,(X, E*). O

2.3.2  Other properties

Many of the properties of the projective norm for molecules will be reminiscent
of the ones for the projective tensor product of Banach spaces. We begin with a
calculation showing that the projective norm of an atom is what one would expect

it to be.

Proposition 2.3.4. Forv € E, a,b € X, |[vmg|,. = ||lv| d(a,b).
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Proof. On one hand, it is clear from the definition that ||[vmgl| < ||v||d(a, b). By the
Hahn-Banach theorem (linear and metric versions) there exist v* € Bg+ and f € By#
such that ||v]| = (v*,v) and f(a) — f(b) = d(a,b). Consider T' € Lip,(X, E*) given
by z — f(x)v*. Clearly, Lip(T) <1 and

lwmasll, > (T, vmap) = (v*,0)[f(a) = f(0)] = |[v]l d(a,b).

]

It turns out that there is a very close relationship between the projective norm for
molecules and the projective tensor product of Banach spaces. In fact, the projective
norm on F-valued molecules on a metric space X can be identified with the projective
tensor norm between the free Banach space of X and E. The author wishes to thank

Richard Haydon for suggesting that this might be true.

Theorem 2.3.5. For a metric space X and a Banach space E, M (X, FE) = % (X)®,
E.

Proof. Define ¢ : M, (X, FE) — % (X) ®, E by
‘P< Z”ﬂ'mm}> = Z Majaf, & Vj-
J J
First of all, let us note that ¢ is well-defined. If > VM0, = > Wiy, then the
duality result in Proposition 2.3.3 implies that for all T € Lip, (X, E*),

> (Taj —Tal,v) =Y (Ty: — Ty, ws).
J i

Since each Lipschitz map X — E* extends to a linear map % (X) — E*, we have

that for any T € L(#(X),E")

N (D), v) = > (T (), wi).

J %
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Recall from the linear theory that (#(X) ®, E)* = L(Z(X), E*), so this means
that

E My R ;= E My, X w;.
j i

Hence, ¢ is well-defined.

Now we show that it is continuous. For m = > . v;my .
7 J Jx;0

- [Sorrs o] = Sl

[o(m #(X) |UJ||—Zd‘TJ> ;) [lv;l -

Taking the infimum over all representations of m, ||¢(m)|| < ||m]|.

From arguments similar to those above, it is clear that ¢ has an inverse given by

1 o )
( E My ! ® vj) = g VMg o -
J

J
(It should be remarked that every element of .#(X) ® E can be written in the form

> Maya, ®v;5). Let w € F(X)®-E, and let € > 0. By the definition of the projective
tensor product, there exist m) € .#(X) and v; € E such that w = >, mY ® v; and

Jw][ (1 +¢) = Z [ [l
For each i, find a representation m( = Z a m (z) (z) such that
@ (1 +¢) > Z ‘agi)‘d(x§i)7y§i))_
J
Putting everything together,
lwll (1 +e)* 2 D ol 5") = [l ()]
]

Letting & go to 0, we see that |j¢~!| < 1. O
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Theorem 2.3.5 implies that, given a metric space X, there is a Banach space A
such that ./T/l\ﬂ(X JE) = A®,E for every Banach space E. The author would like
to thank Jesus Castillo for pointing out a result in categorical Banach space theory
that shows this was to be expected. Without going into all the details, let us outline
the argument. First, a theorem of Fuks [Fuk66, Sec. 6] (a nice presentation can be
found in [Casl0, Prop. 5.6]) states the following: if F, G are two covariant Banach

functors such that for any Banach spaces E, ' we have
L(F(E),F)=L(E,G(F)),

then there exists a Banach space A such that for every Banach space E, F(E) =
A®,E and G(E) = L(A, F). Now consider a fixed metric space X. Note it induces
two covariant Banach functors M, (X, -) and Lipy(X,-). Arguments closely related
to those in the proof of Theorem 2.3.3 show that for any Banach spaces E and F we
have

ﬁ(ﬂW(X, E),F) = L(E,Lipy(X, F)),

so Fuks’ result applies.

This relationship between the projective norm for molecules and projective tensor
products allows us to obtain several results similar to those in the linear case. We
follow closely the presentation of [Rya02, Sec. 2.1] Let us start with what could be
called “projective tensor products of operators”. Compare to [Rya02, Prop. 2.3].

Proposition 2.3.6. Let S : X — Z be a Lipschitz map mapping 0 to 0, and T :
E — F a bounded linear map. Then there is a unique operator SX, T : M (X, E) —
M (Z,F) such that

(S, T)(vmay) = (T0)M(52)(Sy) forallve E,x,y € X.

Furthermore, ||S X, T'|| = Lip(S) ||T||.
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Proof. Since every molecule can be expressed as a finite sum of atoms, it is clear that
if such an operator exists it must be unique. Therefore, all we need to do is show
that such an operator is well-defined. For that, let us consider the linear operator
ST : F(X)®: E — F(Z) @, F (see [Rya02, Prop. 2.3]). Applying it to an atom

vmg,, withv € B, z,y € X, we get

~

(S @ T)(May @) = Mseysy @ (T0)

which corresponds to (T0)mgz)(sy) under the canonical identification between .7 (Z)®,
Fand M. (Z,F).
Let us now calculate the norm of S X, T'. For any m =}~ vjmg . in M(X, E),

158, TY ), < S ITol (S, 521) < Lin(S) TS Nyl sy, 2
J J

Taking the infimum over all representations of m we conclude that ||S X, T <

Lip(9S) ||T||. For the other inequality, it suffices to consider what happens to atoms

and use Proposition 2.3.4. O

The choice of the word projective, besides being in accordance with the usage in
the linear case, is justified by the following result which explains in what sense the
norm is actually projective. Before stating it, recall that a linear operator T": £ — F'
is a 1-linear quotient if it is surjective and ||w|| = inf {|jv]| : v € E, Tv = w} for
every w € F. On the other hand, a Lipschitz map S : X — Z is called C-co-Lipschitz
if for every € X and r > 0, f(B(z,r)) 2 B(f(z),r/C). Moreover, it is called a

Lipschitz quotient if it is surjective, Lipschitz and co-Lipschitz.

Theorem 2.3.7. Let S : X — Z be a Lipschitz quotient with Lipschitz and co-
Lipschitz constants equal to 1 and mapping 0 to 0, and let T : E — F be a linear
quotient map. Then SX, T : /T/l\,r(X, E)— M\W(Z, F) is also a linear quotient map.
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Proof. From the behavior of the projective tensor norm with respect to quotients
[Rya02, Prop. 2.5], it suffices to notice that if S : X — Z is a Lipschitz quotient
with Lipschitz and co-Lipschitz constants equal to 1, then the induced map S .
F(X) — F(Z) is a linear quotient. It is clear that S is surjective, and we know that
||§|| = Lip(S) = 1. Now let m € F(Z), and let ¢ > 0. There exists a representation
m = Y7 ayms such that [m| (1+¢) > 37, [a;]d(z;, 2}). For each j, choose

zj, 75 € X such that Sz; = z;, Sz} = 2} and d(z;, 7)) < (1 +¢€)d(z;,2}). Setting

; n Sl
m' =30 aymy., clearly S(m') =m and

n

I [| <) lajld(ay,25) < (1) Y lagld(z;,2)) < (1+¢)? [|m].
j=1

J=1

Since this holds for all € > 0, it follows that

Im|| = inf{|}m/|| : S(m') = m}.

In a similar manner, the projective norm respects complemented subspaces.

Theorem 2.3.8. Let Z be a Lipschitz retract of X, and let F' be a complemented
subspace of E. Then M (Z, F) is complemented in M(X,E) and the norm on
M (Z, F) induced by the projective norm of M, (X, E) is equivalent to the projective
norm on M (Z,F). If Z is Lipschitz complemented with a projection of Lipschitz
constant one and F is complemented by a projection of norm one, then M (Z, F) is

a subspace of M(X, E) and is also complemented by a projection of norm one.

Proof. This follows from the corresponding result for the projective tensor product
[Rya02, Prop. 2.4], after noting that a Lipschitz retraction r : X — Z extends to a
linear projection 7 : F(X) — % (Z) C Z#(X) with ||7]| = Lip(r). O
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Calculating the projective norm of a tensor in a tensor product of Banach spaces
is generally difficult, but there is a particular case where the calculation is relatively
easy: for any Banach space E, {; ®, E = (,(F) [Rya02, Ex. 2.6]. In the nonlinear
setting trees play a role analogous to that of £; in the linear theory, so the following

result is not surprising.

Proposition 2.3.9. Let T = (X, &) be a graph-theoretic tree, with vertex set X and
edge set £, G a Banach space. Then M, (T,G) is isometric to (1(E, Q).

Proof. Fix an arbitrary vertex yo in X. We say that a vertex is positive (resp.
negative) if it is at an even (resp. odd) distance from y,. Note that, since T is a
tree, the endpoints of every edge in £ have different parities. Every edge {z,y} in €
will be written as (z,y) with x negative and y positive. For a vertex x, denote by
d(x) its degree in the directed graph so obtained.

Define a map j : M. (X,G) — (1(€,G) given by

m(y) m(z)
- (Tyy) N W) (z,y)EE
Note that for a vertex yo € V/,
[ (i~ me] oo

= indegree(yo) o) m(yo)

m( -
500) — outdegree(yo) 50 (Yo),

since by definition of the orientation, either d(yy) = indegree(yy) and outdegree(yo) =

0, or d(yo) = —outdegree(yo) and indegree(yy) = 0. Therefore,

m(y) _ m(z)

(z,y)e€
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and thus
m(y) m(z)

o(y)  d(x)

Il < >

(z,y)€E

d(y,r) = Hj(m)Hfl(é‘,G) :

Now, consider z,y € X. Let n = d(z,y) and {x = 29, z1,...,2, = y} be the unique

minimal-length path joining x and y. Since
o]l d(z,y) = Z vl d(2i, zi-1),
i=1

in order to calculate ||m||_ it suffices to consider only representations with molecules
of the form m,, with (z,y) € £. By the triangle inequality, in the representation we
can consolidate all terms corresponding to the same elementary molecule m,,, so we

can consider only representations of the form

m = E Uy My

(z,y)EE

But there is only one such representation (easily seen by induction on the size of the

tree), the one given by (2.3.1), so [[m|. = [l7(m)|,, ¢ c)- O

More generally, in the linear case we have that Li(u) ®, E' = Li(u; F) for any
measure 4 [Rya02, Ex. 2.19]. In our nonlinear setting, a possible analogue will be
given by a generalization of Proposition 2.3.9 to a more general class of metric trees.
This will depend heavily on the identification of the free Lipschitz space of such trees
carried out in [God10]. Before stating the result, let us recall a definition. An R-tree
is a metric space X satisfying the following two conditions: (1) For any points a
and b in X, there exists a unique isometry ¢ of the closed interval [0, d(a,b)] into
X such that ¢(0) = a and ¢(d(a,b)) = b; (2) Any one-to-one continuous mapping
¢ :[0,1] — X has the same range as the isometry ¢ associated to the points a = ¢(0)
and b = (1).



21

Corollary 2.3.10. Let X be an R-tree and E a Banach space. Then there exists a

measure ji such that M, (X, E) is isometric to Ly(p; E).

Proof. By [God10, Cor. 3.3], there exists a measure u such that .#(X) is isometric
to Ly(p). From Theorem 2.3.5, M, (X, E) is isometric to .#(X) ®, E. Finally,
from [Rya02, Ex. 2.19] L;(u) ®, F is isometric to Ly (u; E). O

2.4 The injective norm

In a sense, the injective norm is the opposite of the projective one in the context
of tensor product of Banach spaces. The following defines a norm analogous to the

injective norm for the tensor product of Banach spaces.

Definition 2.4.1. For m € M(X, E) we define its injective norm by

|m||. = sup { Z [f(aj) = f(bj)]v*(v;) :m = Zvjma].bj,f € By#,v* € BE*}.
j=1 j=1
Note that the injective norm is given by an obvious embedding into C'(Bx# X Bg- ).
Moreover, the duality .7 (X)* = X# makes it clear that this injective norm for E-
valued molecules on X is nothing but the injective tensor product of .%(X) and E.
We will denote by M. (X, E) the normed space (M(X, E), ||-||.) and by /T/l\g(X7 E)

its completion.

2.4.1 The dual norm

The identification of M (X, F) with .#(X) ®. F makes it easy to figure out its
dual space. From [Rya02, Prop. 3.14 and Prop. 3.22] M (X, E) can be readily
identified with Z; (% (X), E*), the space of (linear) 1-integral operators from .#(X)
to E™.
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2.4.2  Other properties

As with the projective norm, the injective norm of an atom is precisely what one

would expect.

Proposition 2.4.2. For any v € E and a,b € X, |[vmg||. = ||v| d(a,b).

Proof. The quantity > 7 [f(a;) — f(b;)]v*(v;) does not, in fact, depend of the
representation m = 2?21 VjMg;p;, only on m,v* and f. Thus,

lomall. = sup {v*(0)[f(a) = f(B)] : v* € Bp-. f € Bxw} = [[o] d(a,b).

[]

Asin the projective case, the relationship between the injective norm for molecules
and injective tensor products allows us to obtain several results similar to those in
the linear case. This time we follow closely the presentation of [Rya02, Sec. 3.1] Let

us start with “injective tensor products of operators”.

Proposition 2.4.3. Let S : X — Z be a Lipschitz map mapping 0 to 0, and T :
E — F a bounded linear map. Then there is a unique operator SK.T : M (X, E) —
M (Z, F) such that

(S K. T)(vmay) = (TV)M(52)(Sy)5 forallve E z,y € X.

Furthermore, ||S X, T'|| = Lip(9S) ||T||.

Proof. The result follows from the linear result [Rya02, Prop. 3.2] together with

arguments very similar to those of Proposition 2.3.6. 0

From the linear results, it follows that the injective norm for molecules respects
inclusions and in general does not respect quotients. One of the few cases where it

is easy to calculate an injective tensor product is when one of the spaces is a C'(K)
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space. Since no metric space X with .% (X) = C(K) is known, there is no significant

result we can deduce here in the context of the injective norm for molecules.

2.5 Reasonable norms

After studying the projective and injective norms for spaces of molecules, we are
ready to take a look at other possible norms defined on spaces of molecules. Of
course, we will only be interested in norms that take into account the nature of a
space of molecules. What properties should such a norm have? Inspired by the

theory of tensor norms, we provide a possible answer.

Definition 2.5.1. A norm ||-|| on the space M(X, E) of E-valued molecules on a

metric space X is called reasonable if
(i) lvmew || < ||v|| d(z,2) for all z,2’ € X, v € E.
(ii) [{(v* om, f)| < ||v*|| Lip(f) [|m]| for all v* € E*, m € M(X,E) and f € X#.

Of course, the injective and projective norms are reasonable: part () in Definition
2.5.1 follows from Corollary 2.3.4 and Proposition 2.4.2. We now show that part (i) is
also satisfied. Let v* € E*, m € M(X, E) and f € X#. Writing m = Z;L:1 VMg,

[ om, )l = | 32 v )l () = £ ()]
j=1
<D ot @)If () = FIl < [l Lin(f) Y llogll ds, ;)
j=1 j=1
so, taking the infimum over all representations of m,

(" om, )l <[] Lip(f) [[mll, -
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Also,

n

[ om, Nl = | 32 v @)f () = £ ()]

j=1

= llo")| Lin(f)| S

2]

v* f

/
(Uj)[Lip(f)

Lip(f)

(z;) = ()| < [lv*[ Lip(f) [ml].. -

Moreover, just as in the linear case [Rya02, Prop. 6.1.(a)] the projective and

injective norms are the extremes among all possible reasonable norms.

Proposition 2.5.2. A norm ||-|| on M(X, E) is reasonable if and only if ||m|, <
Im|[ < lmll. for all m € M(X, E).

Proof. Suppose that ||-|| is reasonable. Write m = > vjmy,,,. Then

n

E : UM jy;

J=1

[l =

n n
< Z ijmfijjH < Z vl d(z5, ),
J=1 j=1

so by taking the infimum over all representations of m, ||m| < [m| . Also, by

definition of reasonability,
lmll, = sup {[{v" om, f)] + [|o*|| < L,Lip(f) <1} <1-1-|m].

Conversely, suppose that ||-||. < ||| < ||-||,.. Since both [-||, and ||-||. are reasonable,

for any x,y € X, v € E, v* € E*, m € M(X,E) and f € X# we have
[vmay|| < flomay |, < vl d(z, y)

and

[{(v"om, )l <[lo*|[ Lip(f) [[mll. < [[o"]| Lip(f) [ml],

so ||-|| is reasonable. O
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It turns out that the inequalities in the definition of a reasonable norm for

molecules can be strengthened to equalities. This corresponds to [Rya02, Prop.

6.1.(b)]
Proposition 2.5.3. Suppose that ||-|| is a reasonable norm on M(X, E). Then:
(i) |[vmge || = ||v|| d(x,2’) for all z,2’ € X, v € E.
(it) ||[v*|| Lip(f) = sup {(v* om, f) : ||m|| < 1} for allv* € E* and f € X#.
Proof. For all x,y € X and v € E, by Corollary 2.3.4, Proposition 2.4.2 and Propo-
sition 2.5.2

[oll d(z, y) = llomayll. < llomayl| < llomay|, = (o]l d(z, y),

80 |lvmyy,l| = ||v||d(z,y). Now fix v* € E* and f € X#. Clearly, ||v*|| Lip(f) >
sup {(v* om, f) : [|m|| < 1} from the definition of reasonable norm. Given § > 0,
there exist v € F with ||v]| = 1 and v*(v) > ||[v*|| — J, and = # y in X with
1£() = F)|/d(w,5) = Lin(f) = 8. Let m = 7=y Then [lm|] < 7d(z,y) = 1

because ||-|| is reasonable, and

[(v" om, f)] = v*(v) > ([[o*]l = 0)(Lip(f) — 0).

Letting 0 | 0, the result follows. O

In the remaining sections of this chapter we study several other reasonable norms
and their properties, most importantly identifying their dual spaces as nonlinear

ideals of operators between a metric space and a Banach space.



26

2.6 The Chevet-Saphar norms and duality for Lipschitz p-summing

operators

Absolutely summing operators are by now widely recognized as one of the most
important developments in modern Banach space theory, as attested to by the aston-
ishing number of results and applications that can be found, for example, in [DJT95].
Let us recall that for 1 < p < oo, a linear map T : £ — F' is p-summing if there
exists a constant C' > 0 such that regardless of the choice of vectors vy ...,v, in F

we have

n 1/p n 1/p
Slralr|<c s [ Swer]
]:1 U*EBx* ]:1
The infimum of such constants C' is denoted by 7,(T") and called the p-summing
norm of T'. Inspired by this useful concept, J. Farmer and W. B. Johnson introduced
in [FJ09] the following definition: a Lipschitz map T': X — Y is called Lipschitz
p-summing if there exists a constant C' > 0 such that regardless of the choice of

points xy,...,x,, 2}, ..., 2, in X and the choice of positive reals Ay, ..., A, we have

the inequality

1/p

Sonrnrey] <0 o [Sale) -6l

j=1 JeByx L5

The infimum of such constants is denoted by m(T). This is a true generalization
of the concept of linear p-summing operator, since it is shown in [FJ09, Thm. 2]
that the Lipschitz p-summing norm of a linear operator is the same as its p-summing
norm. For the sequel, it will be useful to note that the above definition is the same
if we restrict to A\; = 1 (see [FJ09] for the proof).

In order to shorten the notation and avoid having to treat the case p = oo
separately, we introduce some more symbols and terminology. [-||, denotes the norm
on ¢, of a sequence of real numbers. All sequences (of numbers and vectors) under

consideration in this chapter will be finite, so there will be no issues of convergence.
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For a sequence of vectors (v;); in a Banach space E, its strong p-norm is the £,-norm

of the sequence (]|v;||); and we denote its weak p-norm (cf. [DF93, p. 91]) by

wp((%‘)j) ‘= sup

v*EBEx

(U*<Uj))j

p

Analogously, for sequences of the same length ();); of real numbers and (x;);, (7});

of points in X, we denote their weak Lipschitz p-norm by

(AlF () = F@),

wyP ((Aj, w5, 75);) == Sup
X#

.

When the tensor product £ ® F' of two Banach spaces is endowed with a tensor
norm, its dual space can be interpreted as linear operators from E to F*. Under
(some of) the Chevet-Saphar tensor norms, introduced independently by S. Chevet
[Che69] and P. Saphar [Sap70] as generalizations of earlier work of Saphar [Sap65], the
operators from E to F™* obtained in this way are precisely the p-summing operators.
The main result of this section (Theorem 2.6.4) is the analogous result in the setting

of Lipschitz p-summing operators between a metric space and a Banach space, with

the space of molecules playing the role of the tensor product in the linear theory.

2.6.1 Definition and elementary properties

For a molecule m € M(X, E) we define its p-Chevet-Saphar norm by

csp(m) = inf{ H()\j |l )ijw;ip((Ajljxj,x;)j) Cm o= Zvjmxjx;, Aj > 0}.
’ (2.6.1)
The reader familiar with the theory of Chevet-Saphar norms on tensor products
of Banach spaces will recall that there are two versions of those norms for a given
index p; a left one and a right one. Such variants are also possible in the present

context, but we stick with only one for now and postpone the study of the other one
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until section 2.7, when we tackle the more general Lapresté norms. Let us start by

showing that our use of the word “norm” is justified.
Theorem 2.6.1. cs, is a norm on M(X, E).

Proof. 1t is clear that for any molecule m € M(X, E) and any scalar A, ¢s,(m) >0
and cs,(Am) = |Aesy(m). Let my,my € M(X, E) and € > 0. By definition of the
csp norm we can find a representation my = 3, vjmy,,. and a sequence of positive

reals (\;); such that
Lip (/-
H (A Nl )ij wy P (A x5, 25);5) < esp(ma) +e.
By replacing (\;); by an appropriate multiple of it, we may in fact assume that

H (A 1oy )ij < (esp(my) +¢) l/p, wL/ip(()\;l, zj,75);) < (csp(ma) + 8)1/}9/.

p
(2.6.2)
Similarly, there exist a representation my =) . WMy, and positive reals (k;); such
that
(i llwill )], < (esp(ma) +)"7, P (67w, 00)s) < (esp(ma) +2)"7
(2.6.3)

We now “glue” together these representations of m; and ms to get a representation
of my + my: let (uy), be the sequence obtained from concatenating (v;); and (w;);;
similarly obtain (zy, ;) from concatenating (z;, 2}); and (y;, y;); and construct (1 )x
from ();); and (k;);. Then the strong p-norm of (n,us ) is just the p-sum of the strong
p-norms of (\;v;); and (k;w;);, so from (2.6.2) and (2.6.3) we have

[ N ) ] < (esp(mma) + esy(ma) + 2¢) "7 (2.6.4)
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Similarly, the weak Lipschitz p’-norm of (n; ', 2, 2; ) is bounded above by the p/-sum

/

’); and (k7% vi,9.), so once more from

of the weak Lipschitz p’-norms of (A} L,

(2.6.2) and (2.6.3) we obtain
wp/((nk’l, 2k z,’g)k) < (csp(ml) + csp(ma) + 26)1/p ) (2.6.5)

But clearly my + my = ), ugm,, ./, so the product of (2.6.4) and (2.6.5) together
with the definition of cs, give cs,(my + mq) < ¢s,(mq) + esp(me) + 2¢. By letting €
tend to zero we have the triangle inequality for cs,.

Let T € Lipy(X, £*) be a map that admits a representation as a finite sum of
the form >, vifi with (vi)r C E*, (fi)x € X# (i.e. such that the linearization
T: KE(X) — E* has finite rank). For such a T, set

() = it { || (17 ]1), ]I, | (Lin(£),

v}

where the infimum is taken over all representations as above. Now, given m =
>, ViMae € M(X, E), and ();); a sequence of positive real numbers, we have from

the pairing formula (2.2.2) and Hélder’s inequality

(T m)] =

S vilo) [ulay) ~ Al <

j?k ]7k

(A5 fely) = 1))

A o)A [feles) — fulah)] \

< || Cyeiten) (2:6.6)

J,ka ,

p

For finite p, the definition of the £,-norm gives

|, = S Pl < Il P
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so after taking the p-th root we get

|wi)l| < [[utioa),]| Gz, 2.6.7)

and the same inequality is also trivially valid for p = co. On the other hand, by an

analogous argument,

H <)\j_1 [frlz;) — f’f(x;)Dj,k

/ < H ( Lip(f’f))k

p

wp (O 25,7),). (268)

p/

Together, equations (2.6.6), (2.6.7) and (2.6.8) imply

(o) < || Il || (5 i), ) 1ol )l I (i),

/)
D p

so after taking the infimum over all representations, |(T,m)| < ¢s,(m)6,(T). In
particular, this applies to maps T of the form v*f with v* € E* and f € X7, so if

m is such that cs,(m) = 0 then we have, using the pairing formula (2.2.2),

0= (" f,m)= ZU*(Uj)[f(xj) — f(a)] for all v* € E*, f € X#,
J
By the duality between A(X) and X# (see Theorem 2.2.1), this means that the

real-valued molecule v* om is equal to 0 for all v* € E* and consequently m = 0. [

We will denote by CS,(X, E) the normed space (M(X,E),cs,). Notice that
when X is a finite set the space CS,(X, E) is complete, since it is isomorphic to
EIXI=1 On the other hand, when the set X is infinite the elements of the comple-
tion of CS,(X, E) correspond to infinite representations as sums of atoms that are
analogous to the ones considered in (2.6.1), but we need not concern ourselves with
such technicalities for our present purposes.

Let us now show that the Chevet-Saphar norms for molecules are reasonable.
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Proposition 2.6.2. For 1 < p < oo, the p-Chevet-Saphar norm on spaces of

molecules 1s reasonable.

Proof. Let v € E, x,2’ € X. Then clearly, just from the trivial representation of
VMgary €Sp(vMmge) < |lv]| d(z,2"). Now, let v* € E*, m € M(X,E) and f € X7,

Writing m = 377, v}y, We have

[(v"om, f)] < Z [ (W) - [ (s) = f(25)],

SO

n

u /p / N 1/P
rom, < 1ol (SN el ) Lin(r) sup (324 lgta) — gl )|
j=1

QEBX# j=1

/

and hence |[(v* om, f)| < ||v*| Lip(f)es,(m). O

The next proposition shows that in the extreme cases p =1 and p = oo, cs, can
be calculated using a simpler formula. In particular, we obtain that the cs; norm is
just the straightforward generalization of the Arens-Eells norm to the Banach-valued

case (cf. (2.2.1)), that is, the projective tensor norm for molecules.

Proposition 2.6.3. For a molecule m € M(X, E),

cs1(m) = inf { Z [vsl d(y, %) = m = Zvjmw;} (2.6.9)
J J

and

CSoo(m) = inf { p Z ol | f(a;) = f(a5)| :m = Zvjmzjr; } (2.6.10)

su
feBxx i

Proof. Start by noting that given positive numbers \; and points x;, z’; in X,

onJép(()‘J'?Ij’x;‘)j) = Ssup
feBX#

(M) — @), = maxad(ay, o)), (2611)

oo J
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because for each j, }f(x]) — f(@})] is at most d(x;, 7)) whenever f € Bx# and
this upper bound is in fact achieved: given any two points z, 2’ € X, the function
f:X — Rgiven by f(-) = d(-,2") — d(2',0) is in Lip,(X,R), has Lipschitz constant
1 and satisfies | f(z) — f(2)| = d(z,2"). Now, given a molecule m = > VjMayq, and

positive reals (A;);, (2.6.11) gives

[ 1), | w5 25.29) =(§jAww)(myAfa@m9)
> S e sl = E:WHMxmj

Taking the infimum over all representations of m we get the inequality > in (2.6.9).
On the other hand, note that we may assume without loss of generality that z; #

for all j and thus (2.6.11) with the particular choice \; = d(z;, x;) > 0 gives

csp(m) < ||(d(%> )HUJH H lep((d(xjvx;‘)_lvzj?I;‘)j

(E:d%,]HwH)mw ”f = Sl

d(zj, %)

and after taking the infimum over all representations of m we obtain < in (2.6.9).

Now, given a molecule m =) UM and positive numbers \;,

(A llvsl ) w?p((/\{lﬁjjx})): max A; [ Sup D N (5) = £
j feB

x# 4

>fSUP Z)‘ loill Ay 1|f ;) ; = SuP ZHUJH‘JC ;) ()

X#j X#j
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so taking the infimum over all representations gives > in (2.6.10). On the other
hand, note that we can also assume without loss of generality that v; # 0 for all j,

SO

esacm) < || (o™ o),

wr® ((fvll 25, 25)) = 1 sup > o | £ ()= f(25)]
> fEBX# i
and taking the infimum yet again rewards us with < in (2.6.10). ]

2.6.2 Examples

We can use Proposition 2.6.3 to calculate explicitly the space CS1 in the case when
X is a graph-theoretic tree. First note that (2.6.9) can be interpreted as saying that
in general the space CS1(X, F) is a quotient of a weighted (with weight given by the

E),  —

distance d) ¢1-sum of copies of F; in fact the quotient map @ : (@ td

M(X, E) is given by

rx'e€X

Q ((Umx’)m,m’€X> = Z V! Mg -

z,x'€X
When X is a graph-theoretic tree, we will show that CS;(X, F) is again a weighted
¢1-sum of copies of E. In fact, by the fact that the cs; norm and the projective
one are the same, this has already been shown in Proposition 2.3.9. Moreover, in
Corollary 2.3.10 we have already calculated CS1(X, F) in the case when X is an
R-tree.

2.6.3 Duality

We show now that the duals of the Chevet-Saphar spaces of molecules can be

canonically identified as spaces of Lipschitz p-summing operators.
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Theorem 2.6.4. The spaces CS,(X, E)* and 11, (X, E*) are isometrically isomor-
phic via the canonical pairing. Moreover, on the unit ball of Hlf, (X, E*) the weak*

topology coincides with the topology of pointwise o(E*, E)-convergence.

Proof. First, let T € HI’;J, (X, E*). Consider a molecule m = Z]. VM0 € M(X, E)
and positive numbers ;. The pairing formula 2.2.2, Hélder’s inequality and the

definition of Lipschitz p’-summing naturally come together to give us

’(T,m)}:

Z (Tx; — T, v5)

J

<D Ty = T ol < 1 llos s,

J

<Y [Ty — Taly,v;)]

J

W7 = T,

p/
< Ol D511, 73 (Twy ™ (A 5, 25);).

p J

Taking the infimum over all representations of m and positive A; we conclude that
(T, m)| < Wlf,(T)csp(m).

Conversely, let ¢ € CS,(X, E)* with ||¢|| = C. Then we have |¢(m)| < Cecs,(m)
for any m € M(X, F). Note that ¢ can be identified with a mapping 7' : X +— E*

via the formula (Tz,v) = @p(vmy). Indeed, for z € X and v € E,

[Tz, v)| = [{p, vma0)| < Cesp(vmag) < Clvf| sup | f(2)=f(0)] = Clv]| d(z,0)

f€By 4
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so Tx € E*. Now, fix points xj,x;- in X and positive numbers \;, j = 1,...,n.
Let € > 0. For each j pick v; € E such that (T'z; — T@},v;) = ||[Tx; — Tx}|| and

|vj|l < 14 ¢e. Then, for any sequence (¢;); of real numbers,

‘ Z aj\j(Tx; — = ‘ Z QAU My, o <C- CSP(Zaj)‘jvij})
J

Li Li
<C H(|aj! [[oj )ijwp/p(Aj,xj,x}) <C(l+e) H(|ij|)ijwp/p(/\jal’j;l’})-
Taking the supremum over all sequences with H (|aj|)jH <1,
p

H(/\j<ij—Tx;,vj>)j <C(+e)w Llp(/\],:p],x')

J
4

Letting € go to 0,
H()‘j “ij - Tx;H )jH < CwL’lp()‘J»xJa ;)

i.e. T is Lipschitz p’-summing with 7Tz€’, (T) < C.

For the second part, suppose (T,)a C HI’;, (X, E*) converges in the weak* topology
to T' € I1L,(X, E*). Then, for any x € X and any v € E, (T,,vma0) — (T, vmy0),
ie. (T,(z),v) — (T(x),v). This means that (T,) converges to T in the topol-
ogy of pointwise o(E*, E)-convergence. Therefore, the identity on Hzf,(X ,E*) is a
continuous bijection from the weak* topology to the topology of pointwise o(E*, E)-
convergence. On the unit ball, the former is compact and the latter is Hausdorff, so

they must coincide. O

In order to answer Question 3 from [FJ09], i.e. identify the dual of the space of
Lipschitz p-summing operators from a finite metric space to a Banach space, we will
need to “reverse” the duality given by Theorem 2.6.4. Unsurprisingly, the principle

of local reflexivity will play a crucial role.
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Lemma 2.6.5. When X is a finite metric space, IL}(X, E)* and IL}(X, E**) are

(canonically) isometrically isomorphic.

Proof. As vector spaces, both spaces can be identified with the space of functions
from X to E** that vanish at 0, so it will suffice to show equality of their unit
balls. By Goldstein’s theorem, ang( x,p)+ 1s the weak*-closure of Bnﬁ( x,p)- Since X
is finite, the weak* topology on HIE(X, E)** is the topology of pointwise o(E™*, E*)-
convergence. Since the Lipschitz p-summing norm does not change if the codomain
is enlarged, Bng(x, p) embeds isometrically into BHHX’EM). By Theorem 2.6.4 the
weak*-topology in II}(X, E**) (as the dual of CS,(X, E*)) is also the topology of
pointwise o(E**, E*)-convergence. Therefore, Bt (x.m) C But(x g

Now fix T" € Lipy(X, £**). Let F be a finite dimensional subspace of E** con-
taining the span of the image of T" such that F'N E # {0}, and let A be the directed
set of all finite-dimensional subspaces of E*. Given ¢ € (0,1), by the principle of
local reflexivity (say, in the form given in [DJT95, p. 178]) for every A € A there
exists an injective linear map u, : F' — E such that: (a) ugv = v for all v € F'N E;
() lluall - [[uz'|| € 14 & and (¢) (wav™,v*) = (v**,v*) for all v** € F and v* € A.
Note that since F'N E' is not trivial, condition (a) guarantees that Huf” > 1 and
thus |Jua|| < 1+ € from condition (b). If we set Ty := ug o7 : X — E, Then
7 (Ta) < [lual| 7}(T) < (14 €)al(T) and for every v* € E*, since v* is eventually

in A € A condition (c¢) implies that
lim (7' Y =1li Tx,v*)y = (Tx,v"
Algl4< Az, v*) Algl4<u,4 x,v*) = (Tx,v"),

i.e. the net (T4)aca converges to T with respect to the topology of pointwise
o(E**, E*)-convergence. Since T' € Lipy(X, E**) was arbitrary, this implies that
Bnt(x g+ is contained in the closure of (1+ 5)BH£( x,E) With respect to the topology
of pointwise o(E**, E*)-convergence, that is, Bt (x,z=) C (1 +5)BH£(X7E)**. Letting

£ go to 0 we conclude that Bpz(x g © Bt (x,m)y- O
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Corollary 2.6.6. When X is a finite metric space, IIL(X, E)* = CSy (X, E*).

Proof. From Theorem 2.6.4 we have CSy (X, E*)* = II}(X, E**) and Lemma 2.6.5
gives us IIL(X, E)* = IIJ(X, E**), so CSy(X, E*)* = IIL(X, E)*™. Moreover, the
isometry implied in this last inequality is weak*-to-weak* continuous (reasoning as
in the proof of Theorem 2.6.4, weak*-convergence in CS,/ (X, E*)* implies pointwise
o(E**, E*) convergence, that is, weak*-convergence in IT/ (X, E)**), so it is the adjoint

of an isometry between CS, (X, E*) and II} (X, E)*. O

2.6.4 An application: a characterization of Lipschitz p-summing operators

between metric spaces

Even though we have been considering only Lipschitz p-summing operators from
a metric space into a Banach space, the Chevet-Saphar spaces of molecules can
be used to get a new characterization of Lipschitz p-summing operators between
metric spaces. Moreover, this characterization has the (potential) advantage of being
expressed only in terms of linear operators.

A Lipschitz map T : X — Y naturally induces a linear map Tp : M(X, FE) —
M(Y, E) given by

n n
TE( E /Ujmwjx’7-> = E UjmejTJ?;-‘
j=1 j=1

First, let us note that Tg : M(X, E) — M(Y, E) is well-defined, i.e. it does not
depend on the given representation of a molecule. For that, suppose that a molecule
m : X — FE has two representations Zj UMy o and ), WMy, - Then for all
v* € E* the real-valued molecule v* o m has representations }; v*(v;)my,,» and
> v*(wi)my,,,. Hence, by duality between /E(X) and X# (see Theorem 2.2.1), for
all f € X# we have that

>0t [Flag) = fa] = Yot (w) [Fw) — F )]

J %
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In particular, for any ¢ € Y# we have go T € X# and thus
> v () [9(Tay) — g(Ta)] = o™ (w) [9(Tws) — 9(Twh)].
j i
which means that ) VM T, = > wimry,ry (applying the same arguments in
reverse order).
Theorem 2.6.7. Let T : X — Y be a Lipschitz map. The following are equivalent:
(a) T is Lipschitz p-summing.

(b) For every Banach space E (or only E =Y¥), the operator
Tg:CSy(X,E) = CS1(Y,E)

18 continuous.

In this case,
T = ||Ty# : CSy (X, Y#) = CS1(Y,Y#)|| > ||Tg : CSp(X, E) — CS1(Y, E)]|.

Proof. Suppose that T': X — Y is Lipschitz p-summing. Let ¢ € (CSl(Y, E))*
with ||¢|| < 1. Since (CS1(Y, E))" = Lip,(Y, E*), we can identify ¢ with a function
L, € Lipy(Y, E*) with Lip(L,) = [[¢]| < 1. Let m = 3 vymy,n € M(X, E). Then
Tg(m) = Zvjmeij;, SO
<S07TE(m)> = Z <L4P(T$]) - LSO(T:U;’)7U]'> = <Ls0 © T7 m>7
J

and thus

(0. Te(m))| = [(Ly 0 Tym)| < m) (L, 0 T)esy (m)

< Lip(LW)WIf(T)csp/(m) < 7 (T)esy (m).

p
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Taking the supremum over all such ¢,
cs1(Tr(m)) < Wﬁ(T)csp/ (m),

50 T : CSp (X, E) — CS1(Y, E) is continuous and ||Tg|| < 7} (T).
Now, suppose that Ty# : CSy (X, Y#) — CS; (Y, Y#) is continuous and has norm
C. Let jy : Y — (Y#)* be the canonical isometric embedding. From the definition

of Lipschitz p-summing, it suffices to show that jy o T is Lipschitz p-summing. Let

m € M(X,Y#). Write m = > 95 M0, With g; € Y#. Then

Uy o T, m) = Z (y o T(x;) — jy o (Ta}), g5) = Y _ [9;(T;) — g;(T})]

= Z <]Y(y)7 ZgjmTa:sz;- (y)> = <jY7TY# (m)>’

yey
SO

‘<jy oT, m)‘ = }<jy,Ty#(m)>| < Lip(jy)esi (Ty#(m)) < 1-Cesy(m).

Therefore, from the duality between the p’-Chevet-Saphar norm and the Lipschitz

p-summing norm, after taking the supremum over all m with ¢s,y(m) <1 we get

sz(T) <C

and the proof is over because, now that we know that 7' is Lipschitz p-summing,
from the first part we get 72 (T') > C. O
2.7 Lapresté norms and duality for Lipschitz (p,r, s)-summing operators

In [Lap76], J.T. Lapresté defined a generalization of the Chevet-Saphar tensor

norms. In this section we study the corresponding definition for spaces of molecules.
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2.7.1 Definition and elementary properties

For a molecule m € M(X, F), let

fp,r,s(m) =

inf{ IO, P (A5 g, )5 ) ws ((5505),) ==Y 0 ar, Ajy K > 0}-

J

Recall that for 0 < 8 < 1, a non-negative positively homogeneous functional pu
defined on a vector space U is called a B-seminorm if p(u; +u2)? < p(up)? + p(ug)?

for all uy,uy € U. If in addition u vanishes only at 0, it is called a S-norm.

Theorem 2.7.1. Suppose 1/ :=1/p+1/r+1/s > 1. Then p,,s is a f-norm on
M(X,E).

Proof. 1t is clear that for any molecule m € M(X, E) and any scalar \, f1,,,s(m) > 0

and fp . s(Am) = || pp,rs(m).
Let my,my € M(X, E) and ¢ > 0. Choose a representation my = >~ vjmg

and positive reals A;, k; such that
H()‘J)]”p wiip(("q’]'_lkj_l? Ly, x;)3> Wy ((K’jvj)j) < :Up,r,s(ml) +e.

Multiplying ();); and (k;); by appropriate positive constants we may in fact assume

that

O < (prs(ma)® + )7,
ws((ﬁjvj)j) < (Npmﬁ(ml)ﬂ + 5) 1/8’

WP (570 25, 75);) < (pps(mn)? +2) 7"
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Similarly, choose a representation m, = ). w;my,,, and positive reals 7;,7; such that

IN

1)l < (prs(ms)® + )77,
we ((3iw)i) < (Hprs(ma)? + )",
i) <

wTLip(( ,y“yl (,ust 54_6)1/7«'

As in the proof of Theorem 2.6.1, concatenate these representations and accompany-
ing positive reals to get a representation of m; + msy and sequences of positive reals

that witness the fact that

1
fprs (M1 4 113) < (s (1) + 5 () 4 22) 7

and hence, letting ¢ | 0
fp,rs (M1 + m2)6 < Npm&(ml)ﬁ + Np,7"75<m2)6~

For a function 7' € Lipy(X, E*) that admits a representation as a finite sum of the
foom T = ), S\kv,“;fk with A\, € R, vi € E* and fp € X% (i.e. such that the
lincarization T : £(X) — E* has finite rank) set

) = int { || (5e), | I1CI00), L, N (LinC), L, }
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where the infimum is taken over all representations of 7" as above. For any such

T and m = Zj VMg o Aj,k; > 0 using the fact that 0 < 8 < 1 and Holder’s

inequality
()] = | 3 it )~ )|
< Zk: [N 0n (o)A T () — fu(ah)]|
< (Zk: M0 ()N R [ fa) — fila))] |B> "
< et 3555 ) Ao mio -
Note that

‘ (M) - H(;\k)k (Al
| O35 Uvta) = ), = ICRCAD L b (55 020))

| Gesvion) | < ICIEID L e (0);)

p

so by taking the infimum over all representations of both m and T', and all positive

numbers \;, k; we obtain
| (T, m) ‘ < prs(m)0p . o(T).

Therefore, if y1,,.s(m) = 0 we have (v*f,m) = 0 for all v* € E*, f € X#. By duality
between B(X) and X7, that means the real-valued molecule v* o m is equal to 0 for
all v* € E*, so we conclude that m = 0 and thus p,, s is a S-norm rather than just

a [-seminorm. ]

The S-normed space (M(X, E), p,,.s) will be denoted by M, . When 3 = 1,

what we get is not only a norm but even a reasonable norm on spaces of molecules.
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Proposition 2.7.2. When 1/p+1/r+1/s =1, ji,,5 is a reasonable norm on spaces

of molecules.

Proof. For an atom vm,, with v € E and x,2 € X, the trivial representation
shows that p,, s(vmg,) < d(z,2')||v]]. Now let m € M(X, E), and consider a
representation m = »_ UM and positive reals \;, x;. Fix v* € £*. Then Holder’s

inequality implies

0" om, £) < D Al (0) 5 X5 £ () = f(25)]

J

< NG, o™l ws ((rj05)5) Tip(f ™ (5727 25, 25)5).

Taking the infimum over all representations of m and all positive reals \;, k;, we

conclude that |[(v* om, f)| < ||v*|| Lip(f)prs(m). O

2.7.2  Duality

Just as in the linear case, the dual of the (p,r, s)-Lapresté norm is the (p/,r, s)-
summing norm. An operator T : X — F is called Lipschitz (p,r, s)-summing if there

is a constant C' such that for all z;, 2 € X, v; € E*, and \;, k; > 0 we have

H (Aj(v;, Tx; — Tay))

< CwP(Nwy ' g, ) ) ws ((k505),) (2.7.1)

Tlp

The smallest such constant C' will be denoted by «). (T), and II], (X, E) will
denote the set of all such operators. A few remarks about this definition are in
order. First, when EF = F* it suffices to consider only v; € F. Also, the case
(p,p, ) corresponds to Lipschitz p-summing operators from X to E as in [FJ09],

whereas the case (¢, p,00) corresponds to the Lipschitz (g, p)-summing operators

from X to E as in [JS09]. Moreover, by the same arguments as in [FJ09], we may
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take A; = 1 for all j in (2.7.1). Finally, it is easy to check that (II., (X, E),x}, )
is a normed space.

Theorem 2.7.3. The spaces M, , (X, E)* and 1%

v rs(X, E7) are isometrically iso-

morphic via the canonical pairing. Moreover, on the unit ball of HI’;J,J’S(X, E*) the

weak® topology coincides with the topology of pointwise o(E*, E)-convergence.

/
p,T,s

Proof. First, let T € I1L, (X, E*). Then, for any m = > VMt € M(X, E) and
Aj, K > 0, by the pairing formula (2.2.2) and Hélder’s inequality

|<T, m>‘ = Z (Tx; — Tx;,v])

J

< Z [(Tz; — Tm;,vj)}
J

< Wil |[(A Ty = Tl vy)) y
<DL, 7 o (DY (A5 5, ) ) ws (R 505)5)-

Taking the infimum over all representations of m and A;, x; > 0 we conclude that

}(T,mﬂ < L

/
p,Tr,s

(T) ptp.rs(m). Conversely, let p € M,, (X, E)* with ||¢| = C, so we
have |p(m)| < Cuyp,rs(m) for any m € M(X, E). Note that ¢ can be identified with
a mapping 7' : X — E* via the formula (T'z,v) = p(vmy). Indeed, for x € X and
veEFR,

(T, 0)| = [{p, v1mao)| < Caprs(vMa0)
<C sup (v)| sup [f(x) = f(O)] = Clv][d(z,0)

v*EBpx fEBX#
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so Tx € E*. Now, suppose z;, 7 € X, Aj,k; > 0. For any sequence («;); of real

numbers with [[(c;);[, < 1,

‘ Z()éj)\j(TZEj — T.T;,’Uj> = ‘<T, Zozj)\jvjmxjx;)
J J

< Clipr,s < Z Oéj)\jvjmxjx;)
J

< C ()1l wr® (k512,25 25) ) ws ((50;),)

< Cuy™ (571 Xy, @5, 25) ) ws((k505);).
Taking the supremum over all such «,

< CwlP((R7 Ny, 25, 7)) ) ws(#505)),

Jlp

H (A (Tx; — Tl v5)) .

i.e. T is Lipschitz (p/,r, s)-summing with 7T113:?7T7S<T) < C. For the statement about
the weak*-topology, we use the exact same argument as in the proof of Theorem

2.6.4. [l

2.7.3 A special case

Just as in the linear case, when 1/p+1/r +1/s =1 the dual of M,,, s(X, E)) has
another interesting characterization in terms of summing operators. We will make

use of the following elementary identity.

Lemma 2.7.4. Suppose 1 < p,r,s < oo and 1 = 1/p + 1/r + 1/s. Then For

a,b,c >0,

2P s N TR
abc = inf {—ap + K—bs + R CT}.
k>0 p S r

Proof. 1t is an easy calculus exercise to show that

p -7’ ,
a(bc) = inf {)\—ap + A —(bc)? }

A>0 | p P
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Applying the same idea again to the product bc we get the result. O]
The following theorem identifies the dual of M, , s(X, F) in this special case.

Theorem 2.7.5 (Domination/Factorization). Suppose 1/p+1/r+1/s =1 and
let T € Lipy(X, E*), C > 0. The following are equivalent:

(a) [{(T,m)| < Clyp,s(m) for allm e M(X, E).

(b) There exist reqular Borel probability measures p and v on the weak*-compact
unit balls By#, B+ (considering X# = A(X)*) such that for all z,2' € X and
veFl,

[Tz =Ta',v)| <C /BX# [f(x) = f(x')\Tdu(f)] N [/BE !v*(v)\sdu(v*)} 1/8-

(c) There exist a Banach space Z, a Lipschitz r-summing operator R : X — Z* and

a linear s-summing operator S : E — Z such that 7%(R) - 74(S) < C and

(Tx,v) = (Rx, Sv) forallx € X,v € E;

that is, T'= S* o R.

Note that condition (c¢) can be considered as a Lipschitz version of (linear) (r, s)-
dominated operators, i.e. those that can be factored as a composition of an r-

summing operator and the adjoint of an s-summing operator (see, e.g. [DF93, p.

241]).

Proof. We will assume p,r,s < oo for the sake of simplicity; the other cases have
similar proofs (for instance, the case s = oo follows from the domination theorem for

Lipschitz p-summing operators [FJ09, Thm. 1] and Theorem 2.7.3).
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(a) = (b) Consider a molecule m = 3" vjmy v, x;,2; € X, v; € E. By the

definition of ji,, s, for any A;, k; > 0

<

’ Z (Tx; — Ty, vy)

J Uy ) 1/r 1/s

c@)ﬁ %(Zgwwm—mm)sw(Z@ﬂwﬂ-
j feB% J

Lemma 2.7.4 gives for any v, > 0,

<

’Z (Tz; — Ty;,v))
j

—1”5—1" r
AT () = fa)].

P 5
C  sup Z {%)\I; + ;f@j\v*(%‘ﬂs +

fEBX#,U*EBE* ]

This means, after renaming variables, that for all A;, x; > 0

<

’ Z (Tx; — Tl )
J

C _swp ) {A—]‘; + K—;\U*(v')\s + M\f(ar-) — )], (27.2)
JEB 4 v*EBpx ; p S J r J J
We now use the same idea as in the proof of the Pietsch Domination Theorem [Pie67,

Thm. 2] to find the measures p and v. Working on the space C'(By# X Bg-), consider

the set L consisting of functions of the form

gA(f7U*> - Z <T$—TI,,U> -
(z,2' v,\K)EA
APk e ATTRTT r
c ¥ |FHSwors o - @l
(z,x’ w,\,k)EA p

where A is a finite subset of X x X x F x RT x RT. Then L is a convex set and

every function in L takes at least one non-positive value by (2.7.2). In particular, L
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is disjoint from the open positive cone P of C'(Bx# X Bpg«), and hence there exists
a regular (finite) Borel measure py on By# X Bp« that separates L and P. Arguing
as usual (see, for example, the proof of Theorem 2.8.3), we may assume that pug
is a probability measure and (fa, o) < 0 for every fa € L. Taking a singleton
A= {(x,x',v,)\, /4)} we get

[Tz — T4, v)| <

C/BX#XBE* [% + %S|v*(’0)‘s + A~ :_’" ‘f(m) _ f(x/)lrl dﬂo(fv U*)

AP gS

——i——/ v (V) |* dpo(f, v*
i BX#XBE*\ (0)[” dpo(f, v")

=C

N TR

r

+

/B . \f(x)—f(x’)}rduo(f,v*)l

Another application of Lemma 2.7.4 gives

ra-reonse(f woraen]” [/B £~ )] du(f)] ”7“

where p and v are the marginals of py.

(b) = (c) Let jx : X — L.() and jg : E — Lg(v) be given by
(Jxx)(f) = f(x), (Jev)(w*)=v"(v) forallz € X,v € E,f € By#,v" € Bg-.

Note that jx is Lipschitz r-summing (resp. jg is linear s-summing) since it factors
through the canonical injection C'(Bx#) — L,(u) (resp. through C(Bg+) — Ls(v))
and moreover 72 (jx) < 1 (resp. 7s(jr) < 1).

Let X := jx(X) C Ly() and Z := jg(E) C Ly(v). Define U : X — Z* by

(Ujx(z),je(v)) = (Tx,v) forall z € X,v € E.
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First note that this indeed defines an element of Z*, since by condition (b) we have

forallz e X andv e FE

[(Ujx (@), jp )| = (T2, 0)] < Clix @)l ¢ 17500 = Clix @)l 17@)l

and then we extend to all of Z by continuity. Moreover, U is Lipschitz with Lip(U) <
C: for any z,2’ € X, by definition of U and condition (b)

1Ujix (x) = Ujx ()]

7= sup  [(Ujx(x) = Ujx(a), je(v))]

HjE(U)”LS(V)Sl

= sup (Tz — T, v)]
175, ) <1

< osup o Cllix(x) = ix (@), 17()

. Ls(p)
||JE(U)||LS(,,)§1

= Cllix(@) = ix W)L, -

Therefore, we have (c) with S = jgp: E — Z and R = Ujx : X — Z*, since clearly
(T'x,v) = (Rx, Sv), and

TH(R)my(S) = mH(Ujx)me(S) < Lip(U)af (jx)ma(jp) < C-1-1=C.

(c) = (a) Suppose there exist operators R and S as in (c¢). Then for any molecule
m= Zj VMg o and any \;, k; > 0 the pairing formula 2.2.2 and Holder’s inequality

give

|<T,m)‘:

Z (Svj, Rr; — Ra’y)| < Z |(Sv;, Rz — Ra’)|
J J
< Z |.Sv;]| - HR@- — RZB;” = Z)\j/fj |.Sv;]| - )\]-_1/43]-_1 Hij — Rx;H
j J

J

1/p 1/s
< (Zz\?) (Z/@j ||Svj||s) (Z/\J-_%;THij—Rx;”r)
j j j

1/r
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Since R is Lipschitz r-summing and S is s-summing, the last expression is at most

1/p
w£<R>ws<s>(;A§)
sup (Zm;|v*<vj>|s)1/s sup (3077 ) - f(x})!r)l/r.

*€Bpx #
v*eEBER feBY;

Taking the infimum over all representations of m and all \;, k; > 0, we conclude that

}<T7 m>‘ < Cipyrs(m). [

2.8 The norm of Lipschitz factorization through subsets of Hilbert

space

One very common way of defining operator ideals is through factorization schemes.
A particularly interesting one, known as I's, is the ideal of operators that factor
through a Hilbert space. In this section we introduce and study a nonlinear counter-
part, and use molecules to identify its dual space. We start with a definition of when
a sequence of pairs of points in a metric space “dominates” another one. Compare

to [Pis86, Page 22].

Definition 2.8.1. Let z;, 2, y;,y; € X and py;, A\; € R. We write
(Nis Ui Ui )imy < (145 5, x;);n:1
if for all f € X#,
ST — SR < S () — FEE
i=1 Jj=1

In similarity with the linear case, there is an alternate characterization of dom-
inance that involves contractions between finite-dimensional Hilbert spaces. This

corresponds to [Pis86, Prop. 2.2]
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Lemma 2.8.2. Let x;, 2%, yi,y; € X and pj, Ay € R. Then (A, yi, yi)iey < (15, 5, 25) 7L,

if and only if there exists a matriz (a;;) such that

m

< [t for all ()7, € R™ (2.8.1)

J=1

2

n m
E ‘ E aijtj
=1 j:l

and for 1 <i<mn,

m
Aifyy = ) Qb 2.
j=1

Proof. Suppose that (A, s, y;)iy < (15, 75, 75)7%,. Let

S = {(w[fa) ~ FEp))T, - fe Xt} ey

Define a linear operator A : S — ¢4 by

A((s ) = £ = (L) = FED])L-

Note that the condition (Ai, yi, y;)ie; < (p5, 75, 7)1, implies that A is well-defined,
whereas (2.8.1) implies that ||A]| < 1. By Hahn-Banach, we can extend A to an
operator A : (" — (2 with ||A|| < 1. The matrix representation (a;;) of A with
respect to the canonical bases of £5* and ¢} clearly satisfies (2.8.1), and by definition

we have for all f € X# and 1 <i<n

m

N ui) = FWD] = agus[fx;) — f(a))].

J=1

By the duality between .Z(X) and X#, this means precisely that
AiMy,yr = Z Qij i M jal, -

=1

For the converse, we just reverse the preceding argument. O
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We now proceed to prove a characterization of Lipschitz maps that factor through
a subset of a Hilbert space. In the linear case one actually gets factorizations through
the whole Hilbert space, and that is because every subspace of a Hilbert space is
complemented. Since not every subset of a Hilbert space is a Lipschitz retract of it,
factoring through a subset or through the whole Hilbert space are different concepts

in the Lipschitz category. The proof follows very closely that of [Pis86, Thm. 2.4]

Theorem 2.8.3. Let X and Z be metric spaces, and C' > 0. For a mapT : X — Z

the following are equivalent:

(i) There exist a Hilbert space H and Lipschitz maps R: X — H, S: R(X) — Z
such that T = SR and Lip(R) - Lip(S) < C.

(i) Whenever x;, 2%, y;, y; € X and pj, \i € R satisfy (Ni, yi, ¥i)iey =< (1, 25, 05)7
we have that

Z Ndz(Ty;, Ty;)? < C? Z pdx (x, 25)?.

i=1 j=1
We denote by 5" (T) be the infimum of such constants C.

Proof. (i) = (i) Suppose we have such a factorization. By rescaling the Hilbert
space, we may assume that Lip(S) = 1 and Lip(R) < C. Let ;,2},y;,y; € X and
Ais ;. € R be such that (A, yi, vi)iey < (5, 25, 25)7%,. Note that for any v € H the

function x — (Rx,v) is in X%, so

Z/\?KR% — Ry}, v)|]* < Zu?](ij — Ral;,v)? for all v € H.
j=1

i=1

Let (va)aca be an orthonormal basis for H. Since ||v|* = > wen (v, 0a)|? for any

v € H, we conclude that

S 02| Ry — Ryl < w2 || Re; — R

i=1 j=1



53

Hence,

ZA dz(Ty;, Ty,)? ZA dz(SRyi, SRy})* < ZAZ Lip(S)® || Ry; — Ry;|”

i=1 i=1 i=1

=3 X2 |Ry, — RyJP <Y 42 || Ra; — Ra||”
i=1 j=1

< Z,u?Lip( dX(x], 2 < CQZILLQCZX xj,x ])2.
— =
(17) = (i) For each z € X, denote by J, its corresponding evaluation function in

C(Bx#). Consider the following subsets of C'(Bx#):

= {ZA?I% — 0y s N ER, D Ny (Ty:, Ty)” > 1}
=1

i=1
m

= {3 w0, 0y e RN (a2 <1},
j=1

Jj=1

Clearly, both K; and K5 are convex. Set

K = | J(pK: - K»).
p>C
Note that K is also convex: Let h € py Ky — Ky, I € p' Ky — Ky with p/ > p. Then
h = phy — ha, b = p'h| — hy with h,, h € K,, r = 1,2. Note that p'h| = p(p'/p)h}
and p'/p > 1, so in fact p'h) € pK; (since h € K1,n > 1 imply nh € K;). Therefore,
we in fact have h,h’ € pK; — K, from where, using the convexity of K; and K,
it is obvious that wh + (1 — w)h € pK; — Ky C K for any w € [0, 1]. Moreover,
the condition (ii) implies that every function h € K has a maximum > 0 on By#.

Otherwise, we would have p > C, x;, 2%, y;,y; € X, Ai, 1; € R such that

Z)\ZQdZ(Ty“Tyz Z Z dX {L‘J, J

=1
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and for all f € By,
p* ikflf(yi) — fl - iﬂ?lf(%) — [(z;)]* <o0.
i=1 Jj=1
But then
Zn:p2>\?|f(y¢) — fl* < Zm:uilf(xj) — f(z)]? for all f e X*
i=1 Jj=1
despite the fact that

i P°N2dy(Ty;, Ty))? > C? i pidx (g, )2,
i=1 j=1
in plain contradiction with (7).

Therefore, K is disjoint from the open cone N of negative functions in C'(Bx#).
By the Hahn-Banach and Riesz representation theorems, there exists a signed Borel
measure v that separates N and K, i.e. there exists a real number « such that for
all h € K, g € N [hdv > a > gdv. Since N is closed under multiplication by
positive constants, & > 0. Then [ gdv <0 for all g € N, so v is a positive measure
such that [hdv > 0 for all h € K. Define R : X — Ly(v) by R(xz) = 4, and
S:R(X) C Ly(v) = E by S(d,) = Tx. Note that T = SR and multiplying v by an
appropiate positive constant we may assume that Lip(R) = C.

Let x,2",y,y € X be such that x # 2’ and Ty # Ty'. From the definition of v

we have

2 1 () > D
T o VO~ OP) 2 s [ 1760 st

or equivalently

C 1

Ry — Ry > —
) ” Y Y HLQ(V) = dX(%f/)

d(Ty—Ty 1B = Bl
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Choosing z, 2" € X so that [|[Rx — Ra'||, () /dx(z, 2') is arbitrarily close to Lip(R) =

C', we conclude
16y = Oyl 1y = 1BY = RY || 1) = dz(Ty, TY') = dz(S(5y), S(5y))-

Therefore Lip(S) < 1, so we have condition (7). O

A few remarks are in order. First, by the Farmer/Johnson/Mendel/Schechtman
argument already referred to in the discussion of Lipschitz p-summing operators (see
Section 2.6), it suffices to consider the case where all \; and y; are equal to 1. Second,
as in the linear case, the measure in the previous proof is not necessarily a probability

measure. Finally, it is clear that 'y; " has the ideal property.

2.8.1 Duality

Let us now give the definition of the norm that is in duality with 72L P,

Definition 2.8.4. Let m be an E-valued molecule on X. Define

m

. " 1/2 1/2
. = mf{(z ol ) (3 (g, @) gy v € X M € R,
i=1 j=1

n
v € E,m = ZAivimyiyé and (Ai, yi, ¥)iey < (,uj,a:j,x;);”:l}
i=1
One could try to take a slightly different condition more closely related to the

one in the linear case, namely

n m

m = Z Zaijvipjmm]m; with (a;;) satisfying (2.8.1),

i=1 j=1
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which is equivalent to
* - * 2 1/2 < 2 1\ |2 1/2 # * *
@ om, £ < (10 @) (X el —fa)P) " forall f € X#,0" € B,
i=1 Jj=1

Unfortunately that is not the right choice, it turns out that we also need each of the

sums ZTZI il My o to be an elementary molecule.
Lemma 2.8.5. |||, is a norm on M(X, E).

Proof. 1t is clear that for any molecule m € M(X, E) and any scalar A, ||m|, > 0
and [y, = I\ Imll,
Let mi,my € M(X, E) and € > 0. Choose a representation my = D\ \jvimny,

and (/'L]’xﬁ ])] 1 - ()\l7y27y7,)7, 1 such that

(Z““@“) (S stitas )" < .+ <

By absorbing a constant into the v;’s, we may assume that

n

(S 0e?) " < (ol +)"* and (Zu vy a)?) < (fmll, + )7

=1

n+k
i=n-+1

m-+l

Similarly, choose a representation mgy = ) Aivimy,y and (g, 25, 05)500 ) -

(A, ¥i, y{)?:tfH such that

n+k m+1

(Z v ) < ([lmall,+¢)""*  and ( > pid(a, ) 2 < ([Imal,+¢)""*.

1=n+1 Jj=m+1

Then my + mo = Z”+k AV, (1, 5, xj)g'”rl (Ao, v, ¥)) ) and

n+k m+l

1/2
(Zuvzu) (Zu 25, 2)?) " < il + mall, + 22



57

so ||my +mall, < |lmall, + ||m2||, + 2¢, and by letting € | 0 we have the triangle
inequality for |||, .

Let T € Lipy(X, £*) be a map that admits a representation as a finite sum of
the form >, vifi with (vi)r C E*, (fi)r € X# (i.e. such that the linearization
T : B(X) — E* has finite rank). For such a T, set

o(1) = it { Y |loi| Lin(fe) |

where the infimum is taken over all representations as above. Now, given m =
> iy Aivimy,y € M(X, E), and assume (\i, yi, y;)iey < (p5, 75, 25)7%,. From Lemma
2.8.2, there exists a matrix (a;;) satisfying (2.8.1) and such that for 1 < i < n,
Ay, = D00 @;jj My, . We then have from the pairing formula (2.2.2), the
Cauchy-Schwartz inequality and the property (2.8.1) of the matrix (a;;),

(T.m)| =

> s o) — S]] |
: < Zk: Z 000 D au [file;) = )]
<X (X vz<vi>|2)”2(§:j |3 s i) — ) [)
< Sl (3 Hviw)m(iuﬂfk(a:j) = i)
<3 il Lip(flj)(; ||vi||2)”2(;@1@,9;;)2)

1/2

Taking the infimum over all representations of both 7" and m, we deduce |<T, m)‘ <

|m||, 6(T). In particular, this applies to maps 7" of the form v* o f with v* € E*
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and f € X#_ so if m is such that ||m||, = 0 then we have, using the pairing formula

(2.2.2),

0= (v*o f,m) = Zv*(vj)[f(xj) — f(&))] for all v* € E*, f € X7,

J

By the duality between AE(X) and X# (see Theorem 2.2.1), this means that the

real-valued molecule v*om is equal to 0 for all v* € E* and consequently m = 0. [
Moreover, let us now show that this norm is a reasonable one.
Proposition 2.8.6. The norm |||, is a reasonable norm.

Proof. As usual, the obvious representation of an atom shows that ||vmg.|, <
[v]| d(x,2"). Now, suppose m = > " Njvimy,, and (Ag, yi, yi)iey < (w5, 25, 25)7
Then

(™ om, )] < |[v7]] Z il - [l - 1 (ye) = S (i)

< o] (va,n )”Z(Zw ()~ F)E) "

< o] (an !2)1/2<Zug|f (@) - sae)”
< [|v*]] (Z ||Uz||2>1/2 Lip f)(z_:,u?d(l'j,m;)Q)l/Z

so taking the infimum over all representations of m we obtain the desired inequality:
[(v* om, f)l < [lv*[| Lip(f) [[m]l,. O

The following theorem is the main result of this section, and gives the duality for

the norm of Lipschitz factorization through subsets of a Hilbert space.

Theorem 2.8.7. Let T : X — E* and C' > 0. The following are equivalent:

(i) »™(T) < C.
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(i) |{T,m)| < C'|m|, for allm € M(X, E).

Proof. (i) = (i) Suppose that vy'*(T) < C. Let m € M(X, E). Let T, T, Yi, Ui €
X, Ai,p; € Rand v; € E such that m = Y77°, Nwymy,, and (A, s, ¥)ie; <

(g, 25, 2%)7,. Then, using Theorem 2.8.3,

(T m)| <> X[(Ty — Ty, 1)

i=1

n 12,2 5\ 1/2
< (D ll?) (D2 1Ty — Tl )
=1 =1
n 12, 1/2
< (0l ) (X ey, 2)?)
i=1 j=1

and therefore |(T, m)| < C'||m]|, for all m € M(X, E).

(43) = (i) Assume condition (i7). Suppose x;, 2%, yi, yi € X and p;, A; € R satisfy
(Ao ¥i, ¥i)iey < (g, w5, 25)52,. Then, by Lemma 2.8.2, there exists a matrix (a;;)
satisfying (2.8.1) such that for 1 <i <mn,

m
Aimyiyg = § :ai]':ujmzjrg-‘
Jj=1

Fix e > 0. For each 1 <i <n, choose v; € E* with ||v;|| < 1+e and (T'y; — Ty, v;) =
|Ty; — Ty||. Let a; € R be such that >, a? =1 and

n n 1/2
> i [Ty = Tyl = (DA 17w = Tyl )
=1 =1

Define a molecule by

n

m n
m = g E i OV My o = E ozi)\ivimyiyg.
i=1 j=1 i=1
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Then, by condition (i),

n 1/2 n
(S22 1Ty - Tyll?) =3 @ 1Ty — Tl

i=1 i=1

= Z @i)\i<Tyi - Ty;; Ui> = <T7 m>

i=1

<o(Yo w)”Q(iju?dmjw)“
SC’(1+5(Z )1/Q(ZM d(ayay)?)

=1

=C(1+¢) ( Z u?d(xjx;)2>

1/2

Letting € L 0
ZAZ 1Ty — Tyl <022u (5, 2%)%,

U

so by Theorem 2.8.3, 75" (T) < C.

Let us finish the section by noting that Theorem 2.8.7 means that ngp(X L E*) =
(MX, E), I-[],)"
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CHAPTER III

RIBE’S PROGRAM FOR MAPS

As in the rest of mathematics, classification problems for Banach spaces are fun-
damental within the theory. One kind of classification problem can be paraphrased
as follows: if two Banach spaces are the same in some category, are they the same
as Banach spaces (that is, linearly isomorphic/isometric)? As a first example, an
old result of S. Mazur and S. Ulam [MU32] shows that the metric structure of a
Banach space determines its linear structure. On the other extreme, the topological
structure does not determine the linear one: M. Kadec [Kad67] proved that any
two separable Banach spaces are homeomorphic. Somewhere in between these two
extremes, we may ask what happens if two Banach spaces are uniformly homeomor-
phic. A very important result of M. Ribe [Rib76] states that then the two Banach
spaces have the same finite dimensional subspaces in the following sense: there is a
number C' > 0 with the property that every finite-dimensional subspace of one of
the spaces is embeddable in the other by means of a linear mapping 7" such that
7]l 7 <

J. Bourgain [Bou86| observed that, in particular, Ribe’s result implies that the
notions from local theory of normed spaces are determined by the metric structure of
the space and thus have a purely metrical formulation. Furthermore, he proposed a
“next step”: studying these metrical concepts in general metric spaces in an attempt
to develop an analogue of the linear theory. This is nowadays known as Ribe’s
program, and it has seen several remarkable successes. A number of linear properties
of Banach spaces — like superreflexivity, p-convexity, type and cotype — have been
characterized in nonlinear terms, often giving rise to a new and useful metric concept
inspired by the linear theory [Bou86, LNP09, MN08a, MN, MN08b,MNO07]. In addition
to the obvious theoretical importance of these results, many applications have been

found to subjects like the study of bilipschitz, uniform and coarse embeddings of
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metric spaces, metric Ramsey theorems, and Lipschitz quotients. This applications
to the study of metric spaces are particularly interesting due to their connections to
theoretical computer science.

As with any other mathematical theory, the local theory of Banach spaces is
not only concerned with the objects but also with the morphisms between them.
Although Bourgain did mention the local theory in general when laying down the
program, so far the emphasis in the literature has been on properties of spaces.
The first such result was obtained by Bourgain himself [Bou86], who proved that a
Banach space FE is not superreflexive if and only if hyperbolic trees of arbitrary height
admit uniformly Lipschitz embeddings in E. More recently, works of J. Lee, A. Naor
and Y. Peres [LNP09] and M. Mendel and A. Naor [MN08a, MN] give a nonlinear
characterization of p-convexity, where the martingales of the linear characterization
are replaced by Markov chains. Further work of Mendel and Naor [MNO08b, MN07]
gives nonlinear characterizations of the classical notions of Rademacher type and
cotype.

Not much has been done for operators, but a look back at the history of Banach
spaces shows that there is potential in pursuing such an avenue of research. For
example, a well-known result of S. Kwapien [Kwa72| states that a Banach space
that has both type 2 and cotype 2 is isomorphic to a Hilbert space. The operator
version of this states that the composition of a type 2 operator followed by a cotype
2 operator factors through a Hilbert space (see, for example, [TJ89, Cor. 25.11]).
Moreover, the operator versions of this and other results are slightly stronger than the
corresponding ones for spaces [TJ89, §25]. More generally, paraphrasing A. Pietsch
and J. Wenzel [PW98], spaces are needed to understand operators and operators are
needed to understand spaces. There is a rich interplay between the local properties of
Banach spaces and those of the linear operators between them, and the corresponding

results for metric spaces are still mostly unexplored.
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All the Banach-space properties for which Ribe’s program has been successful
(superreflexivity, p-convexity, Rademacher type and cotype) can be generalized to
properties of linear operators between Banach spaces, so the rest of this chapter is
devoted to showing how the characterizations from [LNP09, MN08a, MN, MNO8b,

MNO7] admit generalizations to operators.

3.1 Markov p-convexity for operators

3.1.1 Introduction

A linear operator T : ' — F' is said to be uniformly p-convex with constant C' if

for all x,y € E we have

r+y
2

HTx - TyH <0 (Hxll’”r lyll”
= 2

. p) Up. (3.1.1)

Uniformly p-convex linear operators are characterized by beautiful martingale in-

equalities [Wen05] in the spirit of Pisier’s classical work [Pis75], but that point of
view will not play a direct role for us. Nevertheless, it should be mentioned that
Pisier’s martingale techniques were the inspiration for the non-linear arguments of
Mendel and Naor [MNO08a, MN] that we are generalizing here.

More generally, the linear operator T : £ — F'is said to be p-convex if there exists
an equivalent norm on E such that T considered as an operator from E equipped
with the new norm into F' is uniformly p-convex. Although it may seem somewhat
mysterious at first sight to consider only renormings of the domain, the choice is
justified by the fact that this definition of p-convexity for operators is equivalent to
having Haar cotype p. We refer the interested reader to [DJPO01, Sec. 10] and [PW98,
Sec. 7.9] for the details.
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3.1.2 Definition and elementary properties

By a Markov chain with state space 2 we will mean a sequence of (2-valued

random variables {X;};cz with the Markov property, i.e.
P(X1 = 2| Xs = x5 forall s <t) =P(Xyy = 2| Xy = 2¢)

for all t € Z and z,x; € ). In what follows, the state space will always be assumed
to be finite. Given a non-negative integer k, {X,(k)}ez denotes a process such that
{)N(t}tgk equals {X;}i<k, and {)N(t}t>k and {X;};>, are independent and identically
distributed.

The following definition is the natural adaptation to mappings of the concept of

Markov p-convexity for metric spaces [LNP09].

Definition 3.1.1. A mapping 7' : X — Y is called Markov p-convex with constant
C' if for every Markov chain {Z;},cz on a state space €, and every f: Q — X, we

have

< E|dv(Tf(Z), Tf(Zi(t - 2"))"
ZZ [ | 2kp ) } SCp'ZE[dX(f(Zt)af(Zt—l))p]. (3.1.2)

k=0 teZ teZ

The least constant C' above is called the Markov p-convexity constant of T, and is

denoted C,(T"). We will say that T"is Markov p-convex if C,,(T") < oo.

Although it is technically necessary to consider (2-valued Markov chains and
functions f : £ — X, whenever possible we will strive for simpler notation to get
better readability and consider X-valued Markov chains.

The set of all Markov p-convex maps from X to Y will be denoted by €,(X,Y).
From the definition, it is easy to observe that Markov p-convex operators possess

the ideal property: that is, C;,(A o T o B) < Lip(A) - C,(T) - Lip(B) whenever the
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composition makes sense. Indeed, if B : Xog - X, T : X - Y, A:Y — Yj are
Lipschitz maps, and {X;};cz is an Xy-valued Markov chain,

© E [dYO (ATB(X,), ATB(X,(t — zk)))p}

2.2 o

k=0 teZ

E[dy (TB(X,), TB(X, (¢ — 2))"]

S Llp Z Z 2kp

< Lip(A)"C,(T)* Y "E[dx(B B(X;-1))"]
< Lip(A)PC,o(T)? Lip(B)? Y " E[dx, (X1, X;-1)"].

Also, a simple argument shows that when the codomain is a normed space, the
set of Markov p-convex maps with a fixed domain is also a normed space. Indeed, let
X be a metric space and F a Banach space, and consider Markov p-convex operators
T,S : X — E. Then for any X-valued Markov chain {X;}cz, using the triangle

inequality in ¢,(E),

2kp

liz E[|(S +T)(X,) — (S + T)(Xult - 2k>||p] ””

k=0 teZ

-| (2-’f<<s FT)() — (8 + Tt~ 2))

tEZ,k>0

tp(B)
ok
H — S(X,(t -2 ))>tez,k20 tp(B)
ok
H — T(X,(t —2 )))tez,kzo t(E)
y 1/p
< ZEdX(Xt7Xt—1)p +G(T ZEdX(Xt,Xt_l)p]
2 teZ
1/p
= (Co(S) + Cp(T)) | D Bdx (X, Xp)? ] |
teZ
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which implies that S + T is Markov p-convex and C,(S + T) < C,(S) + C,(T),
so Cp(-) satisfies the triangle inequality. Quite obviously C,(-) is non-negative and
positively homogeneous, so it is a seminorm. In order for it to be a bona fide norm
we resort to the usual trick: consider X as a pointed metric space with a designated
special point denoted by 0, and restrict our attention to the maps that send 0 € X
to 0 € b.

Figuring out the dual of €,(X, F) (when X is a finite metric space, say) could give
a clue as to what a conceivable non-linear notion of smoothness is. Unfortunately,
it does not seem that the point of view of molecules introduced in 2 is going to be

useful for this.

3.1.3 p-convexity implies Markov p-convexity

The arguments in this section follow closely those of [MN]. It should be mentioned
that the author’s efforts to adapt the arguments given previously in [LNP09] to
the operator case were unsuccessful, but it is still unknown whether or not that is
possible.

We start with a technical lemma, where the inequality that defines a p-convex
linear operator is adapted to a slightly different one much better suited to the metric

setting in that it only involves norms of differences of vectors rather than sums.

Lemma 3.1.2. (Compare to [MN, Lemma 2.3].) Let T' : E — F be a uniformly
p-convex linear operator with constant C'. Then for any x,y,z,w in E we have

[z —wl” + 1z ==|” | [Tz =Tw]|"

2y — 2l + lly = wll” + )z =yl > = Tics

Proof. For every x,y,z,w in E, the definition of uniformly p-convex operator with

constant C' implies

lz —wl® 2 '

Tr+ Tw
o | T

ly = =[” +lly —wll” = 5

Ty
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and

Iz — | 2 '

Tz+Tx
e

Iz =yl + lly = 2| 2 :

Ty

Adding together both inequalities and using the convexity of the map u — [Jul|” we

obtain

2ly = =" + ly —wl” + Iz = yII”

xT w ||P z x || P
w4l —alf 4 [Ty = BT+ [Ty — |
- 2p—1 Cr 2
S lz —wl’ + ||z —=z|F 4 ||Tz—-Twl|f’
= op—1 cr 4
from which the conclusion follows. O

Next, the technical Lemma 3.1.2 is used to give a rather straightforward proof of

the fact that a p-convex linear operator is Markov p-convex.

Theorem 3.1.3. (Compare to [MN, Prop. 2.1].) Let T : E — F be a uniformly
p-convex linear operator with constant C'. Then T is Markov p-convex with constant

4C, and thus every p-convex linear operator is Markov p-convew.

Proof. Consider an E-valued Markov chain {X;};cz. Using Lemma 3.1.2 we see that

for every t and k,

| Ximpe = Xalt = 2 D[P+ | Xo = Xl | [T = TXo(t = 24|
201 4r=1CP
< 20X gkt = Xy on [P+ (| X gr1 — Xt(t - Qkil)Hp + [ X = Xygra [P

Taking expectation, and remembering the definition of )?s(k),

E|[ X, — X, P E|TX, — TX,(t — 26=1)||P
202 + i
S 2E||Xt_2kfl - Xt_Qk Hp + QEHXt - Xt_Qkfl ||P
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Dividing by 2:~DP+2 we obtain

E|X; — X, _or|P E|TX, — TX,(t — 25-1)|P
9kp + 2P(k+1)CP
< Bl Xigo = Xy P E[[X = X[
= o(k—T)p+1 2(k—1)p+1

Adding the inequalities corresponding to k = 1,2,...,m and t € Z we have

EllX: — Xt 2P O BIITX, = TX (8 — 25|
>y 2.2 20D G
k=1 t€eZ k=1 teZ
EHXt 2k—1 _Xt 2]€Hp " E”Xt Xt 2k— 1“p
Y D DD D v
k=1 teZ k=1 teZ
m—1
EHXS - Xs—QjHP
:ZZ . . (3.1.3)
7=0 s€Z

In order to prove the inequality (3.1.2) (that is, the inequality defining Markov p-
convexity), we may assume without loss of generality that ), , E[|X; — X;_||P < oco.
By the triangle inequality, for every & € N we then have ), , E[| X, — X;_o|[|? < oc.

Therefore, it is possible to cancel terms in (3.1.3) to arrive at

Z Z E|TX, — TXt(t —2k=1y||p

2P k+1)C
k=1 teZ
EllX; — Xi_om||P
< Y B Xy - Y X
teZ teZ

<Y E|IX - X"

teZ

Shifting the index k& and multiplying by (4C)?,

m—1 >
E||TX, — TX,(t — 25)||P
Yoy Hr S < (CP S E|X, — X |

k=0 teZ teZ
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By letting m go to infinity, we conclude that every uniformly p-convex linear operator
with constant C' is Markov p-convex with constant 4C'. The second part of the

conclusion follows immediately. O

3.1.4 Markov p-convexity implies p-convexity

The arguments in this section follow closely those of [MNO08a].

Theorem 3.1.4. (Compare to [MNO8a, Thm. 4].) IfT : E — F be a linear operator
which is Markov p-convex with constant C', then T is p-convexifiable. More precisely,

for every e € (0,1) there exists a norm |||-||| on E such that for all z,y € E,

A=)zl < ll=lll < =]l

and

r—yl||”

2

7 i Sl € Bl

= 2 ACP(p + 1)

Tx+Ty
2

Thus, the operator T : (E,|||-|||) — F satisfies (3.1.1) with constant K = O(C/e'/P).

Proof. Recall that the fact that T': £ — F is Markov p-convex with constant C
implies that for every Markov chain {X}}cz with values in E we have
m_ 2m ]EHTXt Tt - 2’“)Hp 2
o <CPY E|X - X (3.1.4)

k=0 t=1 t=1
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For z € E we shall say that a Markov chain {X;}2" _ is an m-admissible repre-
sentation of z if X; =0 for ¢t <0 and EX; = ta for t € {1,2,...,2™}. Fixe € (0,1),

and denote n =1 — (1 — &)P. For every m € N define

I, =

1 — 1 NN E|TX, — TX,(t— 202\ 7
1 — —_— p——._
int (Qm;mxt Nl =g g - )

(3.1.5)

where the infimum in (3.1.5) is taken over all m-admissible representations of . Note
that such a representation of x always exists, since we can define X; = 0 for ¢t < 0

and X; = tx for t € {1,2,...,2™}. Moreover, this example shows that

2m 1/p
1
el < (5 Xl = (¢ = Vel ) =l
t=1

On the other hand if {X;}?" _ is an m-admissible representation of x then

2m m 2™ >
U E|TX, — TX,(t — 2|7
SEI - Xl - 33
t=1 k=0 t=1
2m
>(1=n)) E|X,— X" (3.1.6)
t=1
2m
> (1-e) ) |EX, — EX, | (3.1.7)
t=1

=(1—e) Y fta— (¢t =Dl = 2"(1 — &) |lz||"

where in (3.1.6) we used (3.1.4), and in (3.1.7) we used the convexity of the function

z+ ||z||” (and Jensen’s inequality). In conclusion we see that for all © € E,

(1 =e) [lzll < ([}l < ll=]l- (3.1.8)
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Now take z,y € E and fix 6 € (0,1). Let {X;}2"___ be an m-admissible represen-

t=—o00
tation of z and {Y;}2" _ be an m-admissible representation of y which is stochasti-

cally independent of {X;}2" _  such that

t=—00"

2m m 2™

TX TX — 2K ||P
S (X - X ZZ EITX, — f( W <o, +9) (3.1.9
t=1 k=0 t=1

and
2m m 2™m
TY, — TY,(t — 2F)||P
SCENY - Vil ZZ E|TY: - t( W < om iyl + 8). (3.1.10)
t=1 k=0 t=1

Define a Markov chain {Z,}2"" in F as follows. For t < —2™ set Z, = 0 while

t=—o00

with probability 1/2 we let (Z_omy1,Z _omya, ..., Zom+1) equal

(0,...,0, X1, Xo, ..., Xom, Xom + Y7, Xom + Yo, ..., Xom + Yom)
——
2™ times

and with probability 1/2 we let (Z_gm 1, Z _omia,..., Zom+1) equal
(0,...,0,Y1,Ya, ..., Yom, You + X1, Yom + Xo, ..., Yom + Xom).
———

2™ times

Hence, Z; = 0 for t < 0; for t € {1,2,...,2™} we have EZ; = %(]EXt +]EY;) =
t(x+y)and for t € {2 +1,2m 4+ 2...,2™*'} we have

EZ, = %E(sz + Yt—QM) + %E(YQW + Xt—2m)

Tty

= 1(27ngc+(t—2m)3.1) +%(2my+(t—2m)x) =t —

2
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Thus {Z,}?"". is an (m + 1)-admissible representation of =¥ The definition of

||-]],,, (that is, equation (3.1.5)) implies that

2m+1 m+12m+1

E|TZ TZ t — 28|
gm+1 Tty < ZEHZt—Zt—al Z Z H t t( )”
m+1 t=1 k=0 t=1
(3.1.11)
Note that, from the definition of {Z;},
2m+1 2m+1 2m+1
S BN~ Zall = BN~ Xl + LB - Yl (2112
t=1 t=1
Moreover,
m+1 2™ m+1 om+1

E|TZ TZ t— 2P 1
Z Z || t t( )H Z ]EHTZt TZt( 2m+1)”p

2m+1
k=0 t=1

7

m ZUB|TZ, - TZ(t — 2)
+> Z S (3.1.13)

k=0 t=1

We bound each of the terms in (3.1.13) separately. Note that by construction we
have for every t € {1,2,...,2™}

X —Y, with probability 1/4,

- - Y, — X, with probability 1/4,
Zt - Zt(t - 2m+1) == Zt - Zt(l - 2m+1) -

X, — X,(0) with probability 1/4,

| Y = Yi(0)  with probability 1/4.
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Thus the first term in (3.1.13) can be bounded from below as follows: using the pre-
vious remark, Jensen’s inequality and some calculus (in particular, we can exchange

the expectation and 7" because X; is a finite-state Markov chain.)

2m+1 om
~ 1
SO ITZ = TZ(t = 2| 2 5 Y E|TX, - TY|p

t=1 t=1

2m 2m
1 1
> 5> IETX, —ETY,|" = 2 3" |TEX, - TEY|"
t=1 t=1
2m 2m
||Tx—TprZ ||va—Ty||p/
_ > “I0 trdt
2 p— 2 0
Tz =Tl L s T Tyl L g
2 p+1 - 2 p+l
T2 — Tpr 9(m+1)(p+1) /1 1 P+l o(m+1)(p+1) <1 1 )p+1 7 T ”p
= P = o = '
2 p+1 \2 2ml 2p+2 \2 27+ !

(3.1.14)

We now bound the second term in (3.1.13). Note first that for every k € {0,1,...,m}

and every t € {2™ +1,...,2™"!} we have

Zt — Zt(t — Qk) —
(Xom + Yiom) — (Xom (t — 25) + Vi _gm (t — 2™ — 2%))  with probability 1/2,
(Yom + Xy _gm) — (Yam (t — 2) + X, _gm(t — 2™ — 2F))  with probability 1/2.
By Jensen’s inequality, if U, V are X-valued independent random variables with

EV =0, then
E|U+ VP >E|U+EV|]F >E|U|".
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Thus, since {X;}?~ _ and {Y;}?____ are independent,

t=—o00

E HTYHm TV gt — 2 — 25) 4 T Xgm — T Xom (t — 2’“)””

>E HTYt,Qm TV (- 27— 2’“)Hp
and

E HTXt_Qm T Xy g (t— 2™ — 2F) & TYam — TV (t — 2’“)””

~ p
>E HTXt_zm CTX, gt — 27 — 2’“)” .
It follows that for every k € {0,1,...,m} and every t € {2™ +1,...,2™ !} we have

E||TZ, — TZ(t - 25|
1 v m N
> E||TXean ~ TRt — 27— 2

+ 5E HTYt_W TV gt — 2™ — 2 )H .

Hence,

m 2m+1 ~
E|TZ;, — TZ,(t — 2%)||P
> o (3.1.15)
k=0 t=1
L AR|TX, — TX(t — 25)|]P + LE||TY; — TYi(t — 2%)||P

m 2
EZZ Qkp

m m—+1 ~ m
— LE[TX;gm — T Xy gm(t — 2™ — 25)|P

+> Y o (3.1.16)

k=0 t=2"+1

m m+1 ~ m
= LE[TYiom — TV, gm(t — 2™ — 2F)||P

+Y ) o (3.1.17)

k=0 t=2m+1
m 2™ o m 2™ <
E|TX, — TX(t — 25" E|TY; - TVi(t — 25|

k=0 t=1 k=0 t=1
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Combining (3.1.9), (3.1.10), (3.1.11), (3.1.12), (3.1.13), (3.1.14) and (3.1.18), and
letting 0 tend to 0, we see that

z+yll”

2

lll?, +lwllle, n 1 (1 1 ypt
< 5 —@-2p+2(§—2mﬂ) Tz — Ty|P. (3.1.19)

m—+1

Define for w € E,

[lwl[| = Tim sup [[jw]]],, -
m—0o0

Then a combination of (3.1.8) and (3.1.19) yields that

(X =e) [lzll < [l < =]l

and
R T B
2 - 2 Cr(p + 1)2r+2
p p Tx— Tyl
el gl o ||Te-Ty (3120
2 4CP(p+1) 2

Note that (3.1.20) implies that the set {x € E : |||z||| < 1} is mid-point convex, so

that |||-]|| is a norm on E. This concludes the proof of the theorem. O

3.2 Metric cotype
3.2.1 Introduction

The classical concepts of (Rademacher) type and cotype of Banach spaces emerged
in the early 70’s and quickly earned a prominent place within the theory because of
its various applications. Its seemingly innocent quantification of the interplay be-
tween geometry and probability in Banach spaces turned out to be a powerful tool in
the study of Banach spaces and the operators between them. Thus, it was a natural

step in Ribe’s program to find a metric characterization of both type and cotype.
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The breakthrough was finally achieved by Mendel and Naor [MNO8b|, who came
up with a definition of metric cotype for metric spaces and gave various remarkable
applications of it. The following definition is the natural adaptation to mappings of
their definition for spaces. Let ¢ > 0. A Lipschitz map T : X — Y is said to have
metric cotype q with constant I" if for every integer n € N there exists an even integer

m € N such that for every f:Z} — X
> Eody (Tf(x + 2e;), Tf(2))" < T9mEepdx (f(x +€), f(2))") (3.2.1)
7j=1

where the expectations are taken with respect to uniformly chosen z € Z and
e € {—1,0,1}", and {e;}}_, is the standard basis of R". The smallest constant for
which inequality (3.2.1) holds is denoted by I',(T") and called the metric cotype ¢
constant of T'.

The main result of this section is the following theorem.

Theorem 3.2.1. (Compare to [MNO8b, Thm. 1.2].) Let E, F be Banach spaces,
T:E — F alinear map and q € [2,00). Then T has metric cotype q if and only if

it has Rademacher cotype q. Moreover,

2= CullT) < T, (T) < 206,(7),

Furthermore, following the footsteps of Mendel and Naor we also define a weak
variant of metric cotype in the spirit of Bourgain, Milman and Wolfson [BMWS&6].
Let 1 <p<gqgand T : X — Y a Lipschitz map. We say that T has weak metric
cotype q with exponent p and constant T' if for every integer n € N there exists an

even integer m € N such that for every f : Z!' — X

> Eody (Tf(x+ e;), Tf(x))” < TPmPn! PR dx (f(z+2), f(2)’,  (322)
j=1
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where the expectations are taken with respect to uniformly chosen =z € Z and
e € {—1,0,1}". The smallest constant T' in 3.2.2 is denoted by I'")(T). Clearly,
I(T) = To(T).

The following theorem is analogous to Theorem 3.2.1.
Theorem 3.2.2. (Compare to [MNO8b, Thm. 1.4].) Let E, F' be Banach spaces and
T:FE — F a linear map. Suppose that T' has weak metric cotype q with exponent p
for some 1 < p < q. Then T has Beauzamy-Rademacher cotype; that is, for some

p > 1 (equivalently, any p > 1) the sequence a?) (T') defined by

,m1/p
aP(T) = inf [IEE } Tt || T > 1

n
E :63%'
j=1

converges to 0. If p > 2, then T has weak Rademacher cotype q and hence has

Rademacher cotype r for every r > q. On the other hand,
F((]p) (T') < pgCy(T)

where cp, s a constant depending only on p and q.

It should be mentioned that Theorem 3.2.2 is clearly less satisfying than Theorem
3.2.1. In the corresponding theorem for spaces [MNO8b, Thm. 1.4], Mendel and Naor
achieve Rademacher cotype r for every r > ¢ (and even cotype 2 when ¢ = 2) where
we only obtain the much weaker notion of Beauzamy-Rademacher cotype, but that
is not a complete surprise. Even in the linear setting, the results involving cotype
for operators also suffer from analogous shortcomings when compared with what one

can get for spaces (compare, for example, 4.6.7 and 4.6.18 in [PW98]).

3.2.2 Notation and preliminaries

X, Y will always denote metric spaces, whereas E, I’ denote Banach spaces. The

letters € and § will always denote elements of {—1,1}" and {—1,0, 1}" respectively.
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n
m?

We denote by p the uniform probability measure on Z, and by o the uniform
probability measure on {—1,0,1}". The notation E. will denote expectation with
respect to ¢ uniformly distributed in {—1,1}".

Given a linear operator T': F — F and 1 < p,q < oo, we denote by C'q(p) the

infimum over all constants C' > 0 such that for every n € N and every vy,...,v, in

E
n 1/q n PN\ 1/p
(ZHTUJ-H;) gC(EE > e ) : (3.2.3)
j=1 j=1 E

We also denote Cy(T) := C’éq)(T). Note that, from the Kahane-Khintchine inequality,

Y

C¥(T) < ¢pgCq(T') where the constant ¢, depends on p and ¢ only.
Following [PW98, 4.5.7], for 2 < ¢ a linear operator T : E — F is said to have

weak Rademacher cotype q if there is a constant C' > 0 such that for any v, ..., v,

in £
n 1/2 n 2\ 1/2
(Siroi) <owrn(m] e )
j=1 j=1 B

The infimum of such constants C' will be denoted by WC,(T'). Equivalently [PW9S,

Prop. 4.5.9], for any 2 < p < ¢ there exists C’ > 0 such that for any vy,...,v, in F

I;) 1/,3- (3.2.4)

Recall from the introduction that a linear operator 7' : £ — F' is said to have

n 1/p
(Z HijH’}) < 'l (E
=1

n
E :%Uj
j=1

Beauzamy-Rademacher cotype [Bea76] ! if for some p > 1 (equivalently, any p > 1)
we have that the sequence a) (T') defined by

n p11/p
S e } Tl [Tl > 1
j=1

aP)(T) = inf { {Eg

!This is not standard terminology. Beauzamy used the term opérateurs de cotype Rademacher.
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converges to (0. These operators have a nice characterization due, of course, to
Beauzamy [Bea76, Thm. 2]: T has Beauzamy-Rademacher cotype if and only if T’

does not uniformly factor the identity operators of £ .

3.2.3 Metric cotype implies Rademacher cotype

The structure of this section follows very closely that of [MNO8b]. Thus, in this
section we prove the “easy” directions of Theorems 3.2.1 and 3.2.2: the metric notions
of cotype imply the linear ones.

Mendel and Naor emphasize that the intuition behind the proof is relatively
simple: given a linear operator T : E — F of metric cotype ¢, if we apply inequality
3.2.1 to functions f : Zy, — E of the form f(x) = >°7_, x;v; (where vy, ..., v, in
E are fixed), then by homogeneity the m would cancel and we would obtain the
inequality that defines Rademacher cotype ¢q. This argument does not work as is
because the addition in Z7, is modulo m, so we will resort to using functions of
the form f(x) = Z?zl exp (@)vj, where the structure of Z,, is clearly present.
Of course, for this to make sense we need to use complex Banach spaces. That is
not a problem because one can complexify an operator between real spaces without
changing its metric cotype or Rademacher cotype constants.

Before proceeding, let us recall the contraction principle from [LT91, p. 95]: for

any p > 1, ay,...,a, € Rand vy,...,v, € F,

E. < ( max |aj|p) - E.

1<j<n

n
§ :*fjajvj
j=1

n
E :ﬁjvj
j=1

p p
)
E E
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where the expectations are taken with respect to € € {—1, 1} uniformly distributed.
If the coefficients a4, ..., a, are complex, separating them into real and imaginary
parts plus the convexity of ||-||” give

n p
]Eg E €ja;V;
Jj=1

< <maX ;[P )
E 1<j<n

n p
€ E :€jvj
j=1 B

Lemma 3.2.3. Let E, F be Banach spaces and'l : E — F' a linear operator of weak
metric cotype q with exponent p for some 1 < p < q. Then for any vy,...,v, in K

we have

ZHTUJHP (27TP/(T)) ! ~#/9E,

n p
§ :ﬁjvj
j=1 B

Proof. Fix T" > F(Sp), vectors vy,...,v, in X and let m be any even positive integer.

Define f : Z — E by

flxy,...,x,) = Zexp (%)vj
j=1
Then
f) ITf (@ + 5e;) = Tf()]|7 dplx)
Zn
j=1"Zn

= Z/Zn ‘eX 2mix; —|—7r2) _ exp 2mxj }p HTU]HP d# — QPZ HTUJHP ) (3.2‘5)
7j=1 m

On the other hand,

AAMW/HW@+®—f@W%w@Md®
- /{—1,0,1}n /% il P (2”%) (eXP (27;?j) - 1>vj

pd,u(ac)da(é). (3.2.6)
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Observe that for every ¢ € {—1,1}", when (z;)j_, runs over Z}, so does (xj +

o m (1 25]))]_ Therefore,

- p
/ / exp 27”1‘]) (exp (%) — 1) vj|| dp(x)do(9)
(—r0m Jzp |1 4 E
2mid g
:/ / Zexp Haj+m(1 —ej)/4))(exp (%)—1)1@- du(z)do(8).
{-1,013n Jzp, E
Noting that exp (W) = ¢;, we obtain
p
/ / Zexp mx” ( Xp (27”5 ) — 1>vj dp(x)do(9)
(—1,0,13» Jzp, E
2ria 2mid; 8
= / / ZEj exp (22 (eXp (=22) — 1>vj du(x)do(9).
{,1,071}n ;Ln 7j=1 E

Taking expectation with respect to e € {—1,1}" and using the contraction principle

/ / Z exp (QW%) (exp (27:15]') — 1) vl dp(z)do(d) =
{_170,1}n TanL j:l E
, p
/ / E ; exp (%ﬁj) <e Xp (27”5 ) — 1>vj du(x)do(9)
{71»071}71 m E

pdu(x)da(d). (3.2.7)

7=1
< 2P max
{—1,0,1}" n 1<j<n

S p
exp (@) B 1‘ E. iUj
E
Observe that for § € [0, 7], |e?’ — 1] < 6. Therefore, we have
2 5 p
2" max |exp (7 || du(e)do (s)
/{—1,0,1}n /%2 1<j<n ( J .

(3.2.8)

p
<() @
m
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Combining (3.2.2), (3.2.5), (3.2.6), (3.2.7) and (3.2.8) we get

2”2 | Tv;||% < TPmPnt P/ ( ) U]
j=1
or equivalently,
p
ZHTUJHP (27D)Pnl—P/9E, Z%
E

]

Armed with the previous lemma, we will prove the easy implications of Theorems
3.2.1 and 3.2.2. If a linear operator T' : F — F has metric cotype ¢, Lemma
3.2.3 implies immediately that 7" has Rademacher cotype ¢ and moreover C,(T") <

270, (T). If p < ¢, note that when ||Tvq|| 5, ..., ||Tv,]|z > 1 we obtain
n py1/p 1/q
n n—oo
E| S| > e
j=1 27y (T)

showing that 7" has Beauzamy-Rademacher cotype.

Although Beauzamy-Rademacher cotype of an operator is equivalent to uniformly
preserving ¢~ ’s, in the operator case this does not imply having non-trivial cotype
(unlike in the case of spaces). This is one of the unavoidable shortcomings that
are encountered when one goes from spaces to operators, a fact mentioned in the
introduction.

In the case p > 2, Lemma 3.2.3 implies that 7" has weak Rademacher cotype ¢
(compare to equation (3.2.4)). This implies, in turn, that 7" has Rademacher cotype
¢ for every ¢ > ¢ by [PW98, Thm. 4.5.10]. Unfortunately, quantitative estimates
do not appear to be easy to come by. The only exception is the case p = 2, where

we get immediately WC,(T) < 2xT52(T).
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3.2.4 Rademacher cotype implies metric cotype

Mendel and Naor start by treating the case of K-convex spaces first, before
proceeding to the general case. Not only is the proof easier, also the dependance
of m with respect to n is sharper. This improved dependance is crucial for several
applications, so it is not a matter of getting better estimates just for the sake of it.
One of the most important problems left open in [MNO8b] is whether this sharper
estimate holds in the general case. We also start with the K-convex case, and come
across something interesting. At least with the current proof, it is not sufficient to
have K-convexity of the operator to obtain the improved estimates. We need the

much stronger assumption of K-convexity of the domain of the operator.

The K-convex case

Theorem 3.2.4 (Compare to Thm 4.1 in [MNO8b]). Let E be a K-convexr Banach

space and T : E — F a linear operator with Rademacher cotype q. Then for every

onl/a

————, we have
Cq" (T)Kp(E)

integer n and every m an integer multiple of 4 such that m >

LT m,m) < 1508 (1)K, (E).

Proof. For f:7Z — E we define the following operators:

0if(x) = f(x +e;) — flx—ej)
Eif(x) = Esf<$ + Z€z€e>7

(]

and for e € {—1,0,1}",
0-f(z) = f(z +e) = [ (@).
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From [MNO8b, eqn. (17)], it follows that

LB el o) - g6 - )| dute)
< KBP [ EN0f@I duto). (329)

By the previous equation and the definition of Cép ) (T), for every C' > C’ép ) (T) we
have that

K,(E)’CPE. / 1@+ ) — F(@) 5 dp(e)

Zz,

ch-Es/
Zn

m

n

Zgj [Eif(x4¢;) —Eif(x—ej)]

J=1

p

dp(z)

A

- | <§Z;||€ij<x+ej>—6ij<x—ej>||%)p/qdu<x>

1 n
] Zl /Z |ET(x+¢;) = ETf (@ — eIy da(x). (3:2.10)
= o

ni-

Note that we have made crucial use of the fact that T is linear. Now, for j €

{1,...,n},

| 876+ 3e) - &7 dute)
m/4

= (%)p_l ; /Z:; €T f (@ + 2se5) — ETf (2 +2(s — D) ||} dpu()

_ (%)p/z IET f(z +e;) = ET f(x — e;) % dp().  (3.2.11)
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Putting together (3.2.10) and (3.2.11),

()7 pyeme. [ 15 e) = @i
>Z/ |ET (@ + 2e;) — ETF()|[% dpa(a)
> 3,,,12 L e ge) — sl du

—22 / &7 (2) ~ TH @)} dua)
- o Z:/Zm T (@ + Ze;) — TF@)|" da(z)

E, (Tf (a: + ; 6464) - Tf(@) .

> o> [ 1T+ ge) — TH @) duta)

_QZEE/n (Tf(a:JrZegeg)—Tf(l’)) )

j:l m Z;é]

1 p
zgpﬂ;/muﬂw%e - 75|} dut)
~ E, / ITf G + &) — T () du(a)

dp(z)

dp(x)

—2”21}3/ ITf(x+ee;) — T @) dulz). (3.2.12)

Thus the desired result follows from Lemma 3.2.6 below, since the assumption on m
implies that
n=n"Paptp < nl‘p/‘?%pmp(]ép) (TYK,(E).
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The general case

The reverse implications of Theorems 3.2.1 and 3.2.2, are much harder to prove,

just as in the case of spaces. First we will need several lemmas, some taken verbatim

from [MNO8b] and some others adapted.

Lemma 3.2.5 (Lemma 2.6 in [MNO8b]). For every n,m € N, any metric space X,
and any f : Z7, — X and any p > 1,

S [ ax(sta e, £ dnto

< 3.2 1 /{_170’1}71 /n dx (f(z +9), f(x))" du(z)do ().

m

Lemma 3.2.6 (Compare to Lemma 2.7 in [MNO8b]). Let T : X — Y be a Lipschitz

map. Assume that for an integer n and an even integer m we have for every integer

(<n and every f: 7' — X,

Z /Zl dy (Tf(z + Ze;), Tf(x)) dp(z)

m

Then T (T;m,n) < 4C.
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Proof. Fix f : Z* — X and A a nonempty subset of {1,...,n}. The assumption
implies that

Z/n dy (Tf(z + me,), Tf(x)) dpu(z)

JEA
< CPmpPn/r/e (]EE/ Fla+ ejes), fx)) dp(x)

m JEA

yA| Z/Ze dx (f(z +€;), f(x))pdu(x)) (3.2.13)

For a fixed j € {1,...,n} note that

24 1 N fn—1) ., 2 2
+1 n—1
T = ;:0 ( . >2 =53 =1 (3.2.14)

A3j

so multiplying (3.2.13) by 24/ /3" and summing over all nonempty subsets of {1,...,n},

we obtain

§Z [ @r s ge) @) auto

A
_ 2 Z/ dy (Tf(z + ™e;), Tf (2)) dpu(z)

®¢Ac{1 ..... n} jeA
_ 214l
< CPmPn! p/q( Z 3—nE5/ I+Z€]6] ) dp(z)
0£AC{L,....,n} jeA
2| |
+ Z flz+ej), f(x))pdu(x)) (3.2.15)

0£AC{1,...,
Observe that by a simple counting argument,

9lA| ,
> TR [ (e Y e, f@) dute)

PAAC{L,...n} " jEA

:/{—101}" / dx (f(z + 8), £(x)) dp(x)do(6). (3.2.16)
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Now, for a fixed j € {1,...,n} we have

214l 1
Z A5 S <- (3.2.17)

since

"on2 fn—1 " 9k /n "IN o\ /n 1 2\"
(o) =25 () -2G) 6) ()=G+3)

Thus, (3.2.15), (3.2.16) and (3.2.17) yield

: > [ (s e, 7 du
PynPnl—P/d < (f(x )\ du(z)do
<o ([ L ixttes 0, 5@) inteiote

F23 [ dn(ie ) @) i) ). G215)

An application of Lemma 3.2.5 now gives

2. / dy(Tf(z + 3e), TH()) du(a)
gCPmPnl p/a(3. 2P~ 4 1) /n dx (f(z +5>»f($))pdu(x)da(5),

(3.2.19)

{-1,0,1}»

which together with

w

3
§(3-21“—1+1)g5-2-3-217—1:3-3-2?33-319341’

show that T (T;n,m) < 4C.
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Lemma 3.2.7 (Lemma 5.1 in [MNO8b]). For every integer n € N, any even integer
m € N, every Banach space E, every function f : Z% — E, every j € {1,...,n},

every odd integer k < m/2 and every p > 1,

s

&9 1@~ 1) duta) < PWE. [ f@+e) - @)l duto)

n
m

+ 27 [ e+ e) = F@I duta)

Before proceeding, a little bit of notation is in order. Having fixed an integer
n € N and an even integer m € N, for an odd integer k < m/2 and a j € {1,...,n},
we define S(j, k) as the set of all y € Z7, all of whose coordinates are between —k and
k, with the j-th coordinate being even and all the others being odd. For f : Z!' — E
define

e ) = sty L T vy

These definitions will not play a direct role in our arguments here, and are only

needed to state and use certain lemmas from [MNOS8b].

Lemma 3.2.8 (Lemma 5.4 in [MNO8b]). For every integer n € N, any even integer
m € N, every Banach space E, every function f : Z' — E, every e € {—1,1}",

every odd integer k < m/2, and every p > 1,

p

dp(z)

Z £; [E;k)f(x +ej) — E;k)f(x — ej)]
<3t [ et o) - Sl -2 duto)

2 [ W) = @l duto)
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Proof of Theorems 3.2.1 and 3.2.2. The easy implications have already been proven
in Section 3.2.3. Taking expectations with respect to ¢ € {—1,1}" in Lemma 3.2.8

we get that

p

dp(x)

n

sl e ey -g0na o)

7=1

< 3, / 1 +e) — fx— o)L duz)

Z / 1f(@+ ) — F(@) 5 du(z). (3.2:20)

4pn2p !

Note that by convexity of ||||” we have for any 2 € Z", and € € {—1,1}"

't )~ f@I+ 1) — S - I

2 Y

Hf(ﬁé‘)—f(w—é?)
2

E

So
If(x+e) = flz =)l <227 (1 f(x+e) = f@) + 1 f(2) = flz—2)l%)

and thus (3.2.20) gives

E. /n Z&“j [Ej(k)f(x +e;) — S;k)f(a; — ej)} du(z)
<GB [ 15+ f) 1 du)

n

24Pn p—1 Z/ 1f(x+e;) — f(@)|5 du(z). (3.2.21)

Fix € Z? and let m be an integer multiple of 4 such that m > 6n**/7. Fixing

C > CP(T) and applying the definition of C(T) (see equation (3.2.3)) to the
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n

: k) ¢ _ o(k)
; , and also noting that TE™ f = E7Tf

J=1

vectors {E;k)f(x +e;) — S(k)f(x — ej)}

because T is linear, we obtain

n p
E. Z £; [é';k)f(as +e;) — E}k)f(:r — ej)]
J=1 E
>__ L Zn: ) EVTf(w+e;)— EVTF@ —e)| . (3.2.22)
= C’pnl_p/‘? — 7 J 7 J P /N
‘]:
Now, for every j € {1,...,n} the convexity of ||-||” gives
m/4 »
}:p#h7@+a%g—5WTﬂx+ms—nq)F
s=1
o (O (o4 mey) — s (3223
> (1) eM s+ ge) - e 3223

Integrating the previous inequality over = € Z, we have

m

: EFTf(x+e;) — ENTF(a —e))
zy,

()

Integrating (3.2.22) over z € Z7, in combination with (3.2.24) imply

I; dp(x)

ENTf(x 1 me;) — g](k)Tf(x)Hi du(z). (3.2.24)

n
m

p

dp(x)

D e [c‘f}(k)f(x +e;) — EF fx - 6]')}

- 1 4\? &
= Crpl-v/a \'m 2 "
j: m

ENTf (o + Be;) — ENTF()|| duta). (3.225)
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Now, for every j € {1,...,n}, the convexity of ||-|[” implies

/

P
ENTF(x+ 2e;) — EXT f(x)HF dp(z)

n
m

1 P
> gt | 175+ 3e) = TI@)duta)

/Z%

n
m

ENT (04 5e) — fa+ 3e)

),

3;011 /Zn |Tf(z+ Fe;) = Tf ()| du(z)

-2,

By Lemma 3.2.7, the previous inequality implies

A

1; dp(z)

eNTf(w) = Tf(@)|| duz)

n
m

E;k)Tf(x + Fej) — Tf(x)HZ du(z).

n
m

p
ENTF (v + 3e;) = ENTS(@)|| dulx)

1 P
> gt | ITF e+ 3e) = TI@)duta)

—2PHRE. | | Tf(z+e) = Tf(2)|} du(z)

L,

2 [ ITf @t ) = TH@) I dula). (3:226)

n
m
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Equations (3.2.26) and (3.2.25) together yield

p

dp(z)

~PUWE, [ TS+ ) - T dula)

n

> e [5§k)f(fﬂ +e;) — EM f(z - ej)}

Jj=1

2 [ 15+ 6) - TI@I du(fv)] ,

which, after some rearranging and simplification becomes

> [ s+ 5e) - @) duto

3Cm)Pnt—r/a &
< %Eg / SoeeP @t e) — &P fla - ey)]

j=1

p

du(z)

+ % - 67 kP nE. / ITf(x+e) = Tf(@)llF dp(x)

n

+ & Z / ITf(x+e;) = Tf@)|[% dula). (3.2.27)
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Using (3.2.21) we obtain

> /Z T+ Fey) = T @) du)

m)Pnl—pr/a [ gP
s%[% 159 = s dnte)

4p 2p—1
P [ e - @l dut)]

+ 2 gwE, / ITf(z+ ) — Tf(@)|} du(x)

Z

67 )
+§2/n ITf(x+e;) = Tf(z)|y du(x)

18C'm)Pnl—pP/a 2
= [ 2 e e | e +€) = S dute)

(ch)pnlip/q 24pn2p71 6p n
% s Tl 2 / f @) = F(@)I dulx)

(3.2.28)

From here, the choice of m large enough will give good results to feed into Lemma

3.2.6. Explicitly, m > 6n>t/¢ allows us to arrange 4n? < k < ™ 3 17 and therefore

(18Cm)Pnt—r/a 2 (18Cm)Pnt=r/a 2
—. TP < Z L GPEPRCP
0.1 +36kn|| II” < T +36k:nC
(18Cm)Pni=P/a 2 (18Cm)P _ _
< o 1 +3 Tnl P/4 < (5C'm)PntP/1 (3.2.29)
and
3C'm)Pnl—P/4  24pPp2r—1 67’ 18C'm \Pnl—r/a+2p—1 P
(3Cm)Pn 24%n ||T||p < (18Cm)Pn —|—6—C”
3 -4 kP 3k 3
18C'm)P 1 —p/at2p=l 9 1
< (18Cm)"n + 3 (5Cm)P < —(5Cm)Pn~?/1. (3.2.30)

- 3 - 4rn?2p

S
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Equations (3.2.28), (3.2.29) and (3.2.30) together with Lemma 3.2.6 lead us to con-
clude that TP (T) < 20C%(T), including the case T'y(T') < 20C,(T). O

3.3 Metric type

After obtaining their results on metric cotype, Mendel and Naor went further
and gave a metric characterization of type [MNO7]. The following definition is the
natural adaptation to mappings of their definition of scaled Enflo type. Let p > 0.
A Lipschitz map T : X — Y is said to have scaled Enflo type p with constant T
if for every integer n € N there exists an even integer m € N such that for every

f:zZr - X

E..dy (Tf(z+ 2¢),Tf(z))" < 7Pm? ZEde (flxz+ej), f(z)", (3.3.1)
j=1
where, as before, the expectations are taken with respect to uniformly chosen = € Z,
and ¢ € {—1,1}", and {e;}}_, is the standard basis of R". The smallest constant for
which inequality (3.3.1) holds is denoted by 7,(7") and called the scaled Enflo type p
constant of 7.

The main result of this section is the following theorem.

Theorem 3.3.1 (Compare to Thm. 1.1 in [MNO7]). Let E, F be Banach spaces,
T:E — F alinear map and p € [1,2]. Then T has scaled Enflo type p if and only
if it has Rademacher type p. Moreover,

1
%TP(T) < 71,(T) < 15T,(T).
As with the case of metric cotype, we define a corresponding weak notion. It

should be noted that Mendel and Naor did not consider the corresponding weak

notion for spaces in [MNO7]. Let 1 < p < ¢. A Lipschitz map T : X — Y is said to



96

have scaled Enflo type p with exponent q and constant 7 if for every integer n € N

there exists an even integer m € N such that for every f : Z' — X

E..dy (Tf(z+ 2e), Tf(x))! < TImIn/P~1 2”: E.dx(f(z+¢€;), f(z))". (3.3.2)
j=1
The smallest constant for which inequality (3.3.2) holds is denoted by 30 (T') and is
called the scaled Enflo type p with exponent ¢ constant of T'.
The next theorem relates this weak metric type to Rademacher type. It should
be mentioned that there is no analogous result in [MN07]. Before proceeding, let
us recall a couple of definitions. First, a linear operator T : E — F' is said to have

Beauzamy-Rademacher type ? if for some p > 1 (equivalently, any p > 1) we have
that the sequence b (T') defined by

n py1l/p
b®)(T) = sup { {]EE > T ] gl (o) < 1}

j=1
converges to 0. These operators have a nice characterization due, of course, to
Beauzamy [Bea76, Thm. 1]: 7" has Beauzamy-Rademacher type if and only if T
does not uniformly factor the identity operators of ¢}. Following [PW98, 4.3.7], for

1 < p < 2 we say that a linear operator T': £ — F' has weak Rademacher type p if

there exists a constant C' such that for every vy,...,v, in E we have
n 2\ 1/2 n 1/p
(EE Zé‘jTUj ) S C’nl/2_1/p(z ||U]||Z})7‘> '
j=1 E j=1

Equivalently [PW98, Prop. 4.3.9], for any p < ¢ there is a constant C' such that for

every vy, ..., v, in I/ we have
1/q

n a\ /g n
(]Eg > T ) < Cnl/p_l/q(z ||vj||;) : (3.3.3)
j=1 E j=1

2 Again, this is not standard terminology. Beauzamy used the term opérateurs de type Rademacher.
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Theorem 3.3.2. Let E/, F' be Banach spaces andT' : E — F a linear map. Suppose
that T has weak scaled Enflo type p with exponent q for some 1 < p < q. Then T
has Beauzamy-Rademacher type. If ¢ < 2, then T' has weak Rademacher type p and
hence has Rademacher type r for every 1 < r < p. On the other hand, Rademacher

type p implies weak scaled Enflo type p with exponent q. To be precise,
T;Eq)(T) < g Ip(T)

where cpq 15 a constant depending only on p and q.

3.3.1 Scaled Enflo type implies Rademacher type

As in the case of metric cotype, the proof of the easy implication will proceed by
applying the metric inequality to functions of a specific form. Again, we will assume

that the Banach spaces are complex in order for the arguments to work.

Lemma 3.3.3 (Compare to Lemma 2.1 in [MNO7]). Let E, F' be Banach spaces and
T : E — F a linear operator of weak scaled Enflo type p with exponent q for some

1 <p<gq. Then for any vy,...,v, in E we have

E.

n
E SjTUj
Jj=1

q n
< (2rr{ (1)) P ol
F j=1

Proof. Fix 7 > 7\ (T) and vectors vi,...,v, in E. For an even integer m, define

f:Z — E by
flz,. . xy,) = Zexp (%%)UJ
j=1
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Then, using the fact that |¢/ — 1] < 6 for 6 € [0, 7]

> [ ) = F@f dute) = |expl2) - 1] Zrmnq
j:l m
s(%)}jmmg (3.3.4)
j=1

and on the other hand

du( )-

E. /Zn |Tf(z+ Ze) — Tf(x)Hquu(x)

m

*J,

Ze Xp 2M$J)TUJ

7j=1

(3.3.5)

Whereas using the contraction principle and the same arguments as in the proof of

Lemma 3.2.3,

A

du(x)

n ' q
> exp ()T
j=1

q
/ 22510, +m(l - 2)/4)Tv; | du(a)
F
A q
= / E (27;?")€ij]» du(z)
% F
q
Tuj|| . (3.3.6)
Combining (3.3.2), (3.3.4), (3.3.5) and (3.3.6) gives the desired result. O

Now, let us prove the easy implications of Theorems 3.3.1 and 3.3.2. If a linear

T : F — F has scaled Enflo type p, Lemma 3.3.3 implies immediately that 7" has
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Rademacher type p and moreover T,(T") < 2n7,(T). If 1 < p < g, note that when

lv1llgs-- - lonllg < 1 we obtain
- {Ee Z@‘T%‘ } < 27 (TPt 25 0,
=

showing that T has Beauzamy-Rademacher type. In the case ¢ < 2, Lemma 3.3.3
implies that 7" has weak Rademacher type p (compare to equation (3.3.3)). This
implies, in turn, that 7" has Rademacher type r for every 1 < r < p by [PW98, Thm.
4.3.10].

3.3.2 Rademacher type implies scaled Enflo type

In order to prove the harder implications of Theorems 3.3.1 and 3.3.2 we will
use a Lemma from [MNO7], and in order to state it let us introduce some notation.
Given m an integer multiple of 4, k an odd integer, ¢ € {—1,1}" and f : Z — E,
define A®) f . Z" — E by

Lemma 3.3.4 (Lemma 2.2 from [MNO7]). For every p > 1 and every f : Z' — E

we have

n
m

[ 1A% 56 = Flf dut) < 0= 0 S [+ ) = S dunto),

Proof of the hard implications of Theorems 3.53.1 and 3.3.2. For the sake of simplic-
ity, we will only do the calculations for scaled Enflo type p. The argument works
equally well for the weak version just by adding an appropriate factor of n'/4=1/? in

the step where Rademacher type is used, much as in the proof of Theorem 3.2.2.
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Suppose that T : E — F is a linear operator with Rademacher type p. In [MNO8b]

(see equation (39) there) it is shown that for every z € Z7 and every ¢ € {—1,1}",

(kiﬂ)”_l (A® f(z+e) — AP f(z — <))

3

J

= Zsj [Sj(k)f(x+ e;) — EW f(z— )] + Ulz,e) + V(z,e),

where, by inequalities (41) and (42) in [MNO8b],

max{ [ W@ o). [ 10@)Idn)}

8qn2p 1 n
/'fo+% F@)IE du(a).

Thus, we have by the convexity of ||-||%

k \p(n-1)
(e0)" B [ 49T sw )~ AT ) e
n p
< 3R, / Z E; [5§k)Tf(:1: +ej) — E;k)Tf(l’ —¢)]|| du(x)
Zn =1 "

2421 &
T t/|u7x+q» Tf(x - el du(z). (3.37)
Since 7 is linear, Té';k) = 5§k)T and thus for every C' > T,(T)

k (n—1) )
(k—Jrl)p EE/ JAWT f(x + ) = AVT f(x = &)|[ dp(x)
< 3P ICPZ/

L 24T 24Pn2p 1 HTHP Z/n If(+e;) — f(z—e))|%du(z). (3.3.8)

£ f(a+ e5) — £ 5z - )

 du(a)
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Note that for each fixed j € {1,...,n},

L.
< or-t /
- z

EWfx+e) —EP fw—¢;)

J J

Zdu(x)

eV f(w+ep) =N f @) +||e f@) — e @ —ey)

:gp/

” dula)

n
m

EP Fx +e5) — EF f(2)

J

” du(a)

szﬁé\uw+e»—f@w9mmx (3.3.9)

n
m

where the last inequality follows from the fact that S;k) is an averaging operator and

hence has norm 1. Combining (3.3.7), (3.3.8) and (3.3.9)

E. /Z” H.A(k)Tf(:L' +&)— AWTf(z — 5)H§,du(x)

1\ [67CP  24Pn2=1 ||T||
(1+3) 5

k 3 k

<

} XZ;/Zm (x4 e;) — fa)|2 du(z).

(3.3.10)
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On the other hand, the convexity of ||-||%. once again gives

E. /Zn |Tf(z+ Ze) — Tf(x)HZ;du(x)

m

cve, [ APTSe s 3 - AT
7,
+ 3771, / |7 @+ 5e) = ADTf (2 + §2) [ diala)
z,

+978, [ AT @) - 77(0) [ duo)
Zy,
m/4

= ()R [ 3D AR o 2te) — AOT (o 200 102 o)

m t=1

#28, [ AT - T )

— 3! R%)pEs /m AT f(x +e) = ADTf (2 — e) ||}, dpa(2)

#28, [ A1) - T )

n
m

(3.3.11)

Since T is linear, TA® = A®T and thus Lemma 3.3.4, (3.3.10) and (3.3.11) imply

E. /Zn HTf(:r—l— D) — Tf(:v)H?du(x)

P 1\p(=1) [6PCP 24P~ ||T||P
<o |(3) (1 )" S 2 -

>y / G+ ) = F(@)I dpa)

Recall that C' > ||T||. Now, if m > 3n3~%? we may choose k such that 4n?~1/P <
k < 3m/(2n'~'/P) and thus

el ruEpe-n <y <

—1 .
(k= 1)~ < (3/2)"m?; W S
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A bit of elementary algebra then reveals that T has scaled Enflo type p with constant
157,(T) O
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CHAPTER IV

LIPSCHITZ p-CONVEX AND p-CONCAVE OPERATORS

4.1 Introduction

The classical examples of Banach spaces of functions or sequences (say, L, or ¢)
come naturally endowed with an order structure that is compatible with the norm,
and this is often a useful tool. Banach spaces with such “extra” order structure
are called Banach lattices, and this additional ingredient makes the theory of Ba-
nach lattices in some regards simpler, cleaner and more complete than the theory
for general Banach spaces [LT79]. There is of course a theory of linear operators
involving Banach lattices, and two of the most important classes of such operators
are the p-convex and p-concave ones. These two notions play an important role
in the study of isomorphic properties of lattices, for example uniform convexity in
Banach lattices [LT79, Sec. 1.f] and the study of rearrangement invariant function
spaces [LT79, Sec. 2.e]. Let us recall their definitions. Consider 1 < p < co. A linear
map 1T : £ — L from a Banach space E to a Banach lattice L is called p-convex if

there exists a constant M < oo such that for all vy,...,v, € E

(o)

=1

i 1/p
<M(Y il ) " if1<p<oo
L j=1

or

< M&ljag};”UjHE’ if p = oc.

\/ T
j=1

L
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The smallest such constant M is denoted M@ (T). On the other hand, a linear

operator S : L — F from a Banach lattice L to a Banach space E is called p-concave

if there exists a constant M < oo such that for all v1,...,v, € L
“ 1/p - 1/p
(D lswily) " < MH(DW) ifl<p<o
j=1 j=1 L
or
n
max [1Svsl],; < _\/1|vj| . ifp=oo.
= L

The smallest such constant M is denoted M, (T). The constants M®(T) and
M (T) are called the p-convewity, respectively p-concavity constant of T

In this chapter we develop nonlinear counterparts of these two concepts, consid-
ering Lipschitz maps between a metric space and a Banach lattice, and show how
some of the elementary results from the theory of p-convex and ¢-concave operators
admit generalizations to the Lipschitz setting. The basic background and notation

not covered in this introduction can be found in [LT79].

4.2 Lipschitz p-convex operators

The concept of Lipschitz p-convex operator was inspired by our discovery of the
following non-linear version of the Maurey-Nikishin factorization theorem. The proof

presented here follows very closely that of [AK06, Thm. 7.1.2]

Theorem 4.2.1. Let X be a metric space and p be a o-finite measure on some
measurable space (Q,X) and 1 < p < q¢ < oo. Suppose that T : X — L,(u) is a

Lipschitz operator and C' > 0. The following are equivalent:

(a) There exists a density function h on § such that
[ / Tax —Ta'
{h>0}

q 1/q
i hd,u] < Cd(z, 2", 2’ € X (4.2.1)
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and

p{|Te —T2'| >0,h=0}=0 z,2' €X. (4.2.2)

(b) For every xy,...,xp, oy, ..., 2, € X and A\y,..., \, >0,

n 1/q
j=1

n 1/q
< C(ijd(xj,x;)Q) (4.2.3)
j=1

Lp(p)

As in the linear case, condition (a) is equivalent to the existence of a factorization

diagram

o

Ly(hdp) ="~ Ly (hdp)

where S is a Lipschitz function with Lip(S) < C and the isometry j has, in fact,
range L,(A, p) where A = {h > 0}. Also, if we consider X as a pointed metric space
with a designated point 0 € X and impose the condition 7°(0) = 0, condition (4.2.2)

can be replaced by the somewhat simpler one
p{|Tz| >0,h=0}=0 ze X\ {0}

Proof of Theorem 4.2.1. Without loss of generality, via a first change of density, we

may assume that y is in fact a probability measure.
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(a) = (b) Let z1,...,x,,2%,...,2,, € X and A\y,...,\, > 0. Since p is a prob-
ability space and p < ¢, the L,(hdy) norm is smaller than the L,(hdp) norm and

thus

n 1/q

_ (ZW% _ s:c;.w)
Ly(p) =t Ly (hdp)

n 1/q
(Z Aj|Sa; — Sf"}\q)

=1 Lq(hdp)

1/q

(Z/\ S — SxJHLq(hd,u))

(J(Z Ad(z, @ ;)Q) Uq.

n 1/q
j=1

IN

(b) = (a) Assume C is the best constant in (4.2.3). Without loss of generality,
we can assume C' = 1 (by considering 7'/C' instead of T').
Let

n p/q n
Wo=<Rf:Q=R:0<f< (Z/\j|ij—Tx;-|q> CY Nd(z )T <1y,
j=1 j=1

and let W be the closure of Wy in Ly(u). Since 1 is the best constant in (4.2.3),

sup{/Qfdu:fEWD}:sup{/gfdu:fEW}:1. (4.2.4)

CLAIM 1: WP is a convex set.

It suffices to show that Wg/p is a convex set. Let f,g € Wy and a,b > 0 with
a+ b = 1. From the definition of Wy, there exist z1,...,x,,2),...,2), € X and
A, ..., Ay > 0 such that

n p/q n
0<f< (Z | Tz — Tx;»|q> and Zx\jd(xj,$;->q <1,

J=1 J=1
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and there also exist y1, ..., Ym, ¥, Y., € X and oy,...,0, > 0 such that

k=1 k=1

m p/q m
<0< (Samn-rir)  ma Sty

Now

n m p/q
0< (afq/p -+ bq/p)p/q < (az/\j\T:cj — Ta|" + bZJk|Tyk — Tyfc]q>
k=1

Jj=1

" m p/q
< (Z aX| Ty — Ta|?+ ) boy|Tys — Ty12|q> :

j=1 k=1

and since
n

Z ajd(x;, %)+ Z bord(ye, yp,)! < a+b=1,

j=1 k=1

we conclude that (af?? 4 b p)p/q € Wy and therefore W'” is a convex set.

CLAIM 2: There exists h € W such that [ hduy = 1.

Since p is a probability measure, the map f ~— [ fdu is a continuous linear
functional and therefore it will suffice to show that W is a weakly compact set in
Lyi(p). By definition, W is norm closed. Moreover, it is convex so W is weakly closed.

In order to show that W is weakly compact, all that is left to check is equi-
integrability. Suppose that W is not equi-integrable. Then there exist § > 0, a
sequence (E,)>; of disjoint subsets of 2 and a sequence (f,,)5%, in W such that for
all n € N,

fndp > 0.

En
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Thus given any N € N, since the sets (£,,) are disjoint,
N
N <Y fnduﬁ/maX{fl,---,fn}du
n=1 En

N p/q
<o [ (z %m/ﬁ) o
n=1

By Claim 1, this last integral is at most 1, so § < N?/%7'. Since p/q < 1, this is a
contradiction for large enough N.

Now, let f € W and 7 > 0. By Claim 1,

1
= (pa/p q/p e Wwa/p
147 ( +rf ) ’

so from (4.2.4)

(147 > / (/P 4 7 foP)l1 (4.2.5)
But
/(hq/p+ffq/P)p/qu. > / hd,quTp/q/ fdu =1 +7‘p/q/ fdp.
{h>0} {h=0} {h=0}
so, since 0 < p/q < 1,
(14 7)1 -1

0< dpy < —— — 0
_/{ho}f o= TP/4 0+

from where we get (4.2.2). by considering f of the form |Tx — Tx'|/d(x, z').
From (4.2.5),

p/q _ T a/p\P/1 _
(1+ 1)/ 12/ (1+7(f/h)2/P) 1
T {h>0}

T

hdp. (4.2.6)




110

Letting 7 — 0%, the left-hand side of (4.2.6) converges to p/q. By Fatou’s lemma,

q/p
()
q J{n>0} h

By considering once more f of the form |Tx — T2'|/d(x,x") we get (4.2.1). O

the right-hand side is at least

Since condition (@) in Theorem 4.2.1 is nothing but the fact that the linear
extension T : .F(X) — L,(u) of T: X — L,(u) is g-convex, the following definition

is a natural one:

Definition 4.2.2. Let X be a metric space and L a Banach lattice. A Lipschitz
map T : X — L is called Lipschitz p-convex if there exists a constant C' > 0 such

that for any z;, 2z} € X,

” T-—T’pl/p <C nd ; ’pl/p
Z‘ Lj | = Z (2, 2) .
=1 I j=1

The smallest such constant C'is the Lipschitz p-convezity constant of T' and is denoted
by M{f(T).
One could be tempted to follow the footsteps of [FJ09] and “add constants” to

the Lipschitz p-convexity condition; that is, checking that the condition is equivalent

to having inequality (4.2.3):

n 1/p
< C(Z)\jd<l‘j,l’;>p> .

L J=1

n 1/p
( Z N Tz — T yp>
j=1

for any z;, 2 € X and \; > 0. Unfortunately, the convergence issues in the context

of general Banach lattices are more delicate and we will not explore that route.
The situation of Theorem 4.2.1, where a Lipschitz map turned out to be Lipschitz

p-convex if and only if its linearization is p-convex, is in fact the general case as

demonstrated below.
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Theorem 4.2.3. Let X be a metric space and L a Banach lattice. A Lipschitz map
T : X — L is Lipschitz p-convex if and only z'fT : Z(X) — L is p-convex. Moreover,

in this case the p-convexity constants are the same.

Proof. The “if” part is trivial: p-convexity of T clearly implies Lipschitz p-convexity
of T" with no increment in the constant, since [[mew || zx) = d(z,2") and Ty =
Tex—Tx'.

Now suppose that T is Lipschitz p-convex. Let ¢j € L* be arbitrary. For any

r;, 2 € X with x; # 2, we obviously have

<Z‘ %,T% Tx})

l'j, ]

N 1/p

p 80] ’ T':C] Tx ])
= sup (67
> Z Z ’ d(x.ﬂ ZE])

oy [P <1

Using [LT79, Prop. 1.d.2.(iii)], the latter is bounded by

/ 1/p’ ‘T&T'—T.T,-‘p 1/p
sup |¢|P) )(< |a~|p#> )
Ej|aj|p§1((; ’ ; ! d(l’j,x;)p
_ PN\ /P
(Sl Sia) |

N\ VP
O e
J
The Lipschitz p-convexity of T allows us to bound this by

Zj loyj[P<1

L*

A d(x;, )P 1/p
|90’f|p) ME(T)  sup ( oy [P == >
H(ZJ: ! e P 32 leylP<1 Zj: ! d(x;, x5)P
) A\ VP
- v |( i)
J L*
Therefore,
— (T @) P\ _ ) )
Z ‘ < MLlp(T> Z |90]| )
xj,x]) 7 L.
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so taking the supremum over all pairs z;, 2 € X with z; # 2/ we conclude

. 1/p
(Z\%l”)
i

Since the @7 € L* were arbitrary, this means that T*: L* — X#is p’-concave with
M(p/)(T*) < MW (T'), and by duality [LT79, Prop. 1.d.4] T F(X) — L is p-convex

Lip

with M@(T) < MP\(T). 0

/ 1/p'
P (p)
x# ) — Llp( )

T @;

(=

L*

Let us note that the argument in the previous result is based on the duality
between p-convexity and p’-concavity, so it seems unlikely that it could be used
to prove a more similar result for other classes of operators obtained by replacing
the expression (Z i |x]~|p>1 ’ by other homogeneous functions given by the Krivine

functional calculus for Banach lattices.

4.3 Lipschitz p-concave operators

Following up on the previous work on p-convexity we now point our attention to

the natural companion concept, that of Lipschitz p-concavity.

Definition 4.3.1. Let X be a metric space and L a Banach lattice. A Lipschitz
map T : L — X is called Lipschitz p-concave if there exists a constant C' > 0 such

that for any v;, v} € L,

n 1/p
<Zd(ij,TU;)p) <C
j=1

n 1/p
(X hi-ur)
j=1

L

The smallest such constant C'is the Lipschitz p-concavity constant of T and is denoted

Lip
by M7 (T).

We will primarily be interested in the case when X is a Banach space. Note that
when X is a Banach space and T is linear, clearly T" is p-concave if and only if it is

Lipschitz p-concave.
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The following factorization theorem and its proof are inspired by [LT79, Thm.
1.d.11].

Theorem 4.3.2. Let X, Y be metric spaces with'Y complete and L a Banach lattice.
Suppose that T : X — L 1is Lipschitz p-convex and S : L — Y 1is Lipschitz p-
concave. Then the operator ST can be factorized through an L,(1) space. Moreover,
we may arrange to have ST = SiTy with Ty : X — L,(p), S1 : Ly(p) = Y,
Lip(T1) < M{)(T) and Lip(S;) < M{P(S).

Proof. Let I be the (in general non-closed) ideal of L generated by the range of 7.
We define new operations on I7 as in the usual p-concavification procedure, that is

for x,y € Iy and real o put
TDY = (xp—i—yp)l/p, a®r =o'’y

and let I7 denote the vector lattice obtained when I is endowed with the original

order and the operations @, ®. Set

Fy := conv {x € Ip: |z| < ANTwv— TV

for some v, v’ € X, A > 0 with Ad(v,v) < 1/M£€2(T)}
and

F, := conv {x € Iy : x> 0 and nd(Sy, Sy') > M(I;ﬁi)p<s)

for some y,y' € L,n > 0 with n|y — ¢/| < x}

where both convex hulls are taken in the sense of I, i.e. using the operations @, ®.
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If x belongs to Fi, then it can be written the form @j a; ©® x; where a; > 0,
>y =1and |z;| < N|Tw; — Ty with A\;d(v;,v}) < 1/MIE€?)(T). Therefore,

1/p 1/p
bl - H<z ) | < [ (S - i) |
1/p
Llp <Za] (vj,v ] ) < 1.

On the other hand, if x belongs to F; then it can be written as @j Bj ® xj where
B > 0,58 = 1and &; > nly; — vl with n; > 0 and 7;d(Sy;, Syj) > M{P(S).

Therefore

||x||=H(Z|ﬂl/%j|p |2 Zﬂmyj—ym)

MLlp (ZBJ Syj,Sy})p)zl.

Hence, I} N Fy, = () and since 0 is an internal point of £} it follows from the
separation theorem that there exists a linear functional o on I such that ¢(z) < 1
for all x € Fy and ¢(x) > 1 for all z € F5. Note that from the definition of F, for
any positive real o, any positive z in Iy and any z, € F, we have that o ® z & z
belongs to Fy. It follows that ¢(z) > 0 whenever 0 < z € Ir and, thus, we can define

a seminorm on I7 by putting
I2llg == @ (lz)?, e Ir.
Let a be a real number and z € Iy. Then

Y
lazlly = e(lallz)? = ¢(lal” © o))" = [lalPe ()] = lal |z, -
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Let z,y € Ir. Note that |z| + |y| = (Jz[*/? & |y|*/?)”. On the other hand, from the
lattice functional calculus and Holder’s inequality, whenever o and [ are positive

reals with o + 87 = 1 we have
(lzl"P @ [y['?)" <a™? O |zl + 5P O lyl.
Hence

lz+yll§ = ¢ (lz +yl) < @l +1yl) = o((="" @ ly''")")
<o+ 0 yl) =ae(lz)) + B e(lyl)

= a P |lzllg+ 577 lyllg -

Therefore, setting

1/p’ 1/p’
" awmd e — "
(Tllly + Ilyll) (Tlzlly + Iyl

we satisfy the condition o + 57" = 1, while

S 9 1Y

25 Il

so we conclude

(lzlly + [lyllo)P~*
—1
lll

(lllo + Ilyllp)""

lz +yllg < =
(&1

(16 +

Iyllg = (ll=llo + llyly )",

and thus ||z +yll, < [zl + [yl

Observe now that for any z,y € Iy we have

1/
2|+ |y] > (|z]P + [yP) " > || V |y
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since these inequalities are valid for reals. By the fact that ¢ is non-negative, we get

that

[+ 1ylllo = el +1yl) = e((2” + [yI") ") = e(lz] @ lyl) = e(l2]) + (1Y)

= ||l2l? + lyllE = e (l=] v ly]) = ][l v [y]]|%-

This inequality concerning ||-||, clearly remains valid in the completion Z of I mod-
ulo the ideal of all x € Iy for which ||z||, = 0. Therefore, if |z| A |y| = 0 for some x

and y in the lattice Z then (recalling that |z| A |y| = |z| + |y| — |z| V |y|) we obtain
1]+ Tyllly = =115 + 115 -

i.e. Z is an abstract L, space. It follows from the L, version of Kakutani’s repre-
sentation theorem that Z is order isometric to an L,(4) space for a suitable measure
L.

Let T : X — Z be defined by Tiv = Twv, v € X, i.e. the same as T but considered
as an operator into Z. For v,v" € X and A > 0, if Ad(v,v’) < 1/ML‘?IZ( ) then A\(Thv—
Tyv') € Fy, which implies that ¢(A(Tiv — T7v')) < 1 and thus ||A(Thv — T10') ||, < 1,
from where it follows that ||Tyv — T10/||, < M&Z(T)d(v,v’), i.e. Lip(Ty) < M&))(T)

Let Sy : Ip/ker(||-|[,) = Y be defined by S1z = Sz, x € Iy. Note that this is well

MLlp LlP S
defined: if Sz # S/, then S@;m,ﬂx — 2| belongs to Fy, so @(%ﬁ — x/|) >1

and in particular ||z — 2’|, # 0. By an argument similar to the one for 77, this
defines a Lipschitz map from Ip/ker(||||,) to Y with Lipschitz constant at most
M(I;i)p(S). Since Ir/ker(]|-||,) is dense in Z and Y is complete, this can be extended
to a Lipschitz map S; : Z — Y with the same Lipschitz constant, giving the desired

factorization. N
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CHAPTER V

LIPSCHITZ (g, p)-MIXING OPERATORS*

5.1 Introduction

The theory of p-summing operators plays a very important role in modern Banach
space theory, not only for its intrinsic beauty but also for its far-reaching applications
among a wide spectrum of subjects like Banach space geometry, harmonic analysis,
approximation theory, operator theory and others. When working with p-summing
operators, it is not unusual to come across an operator 1" with the property that SoT
is p-summing whenever S is g-summing. One example of such situation appears in
A. Pietsch’s composition theorem, a very useful tool already present in his seminal
paper [Pie67]: whenever p,q,r € [1,00] satisfy 1/p = 1/q + 1/r, the composition of
a g-summing operator followed by an r-summing operator is p-summing. Another
example with 7" being the identity on an L, space is provided by a celebrated theorem
of A. Grothendieck, stating that every continuous linear operator from L; into Hilbert
space is 1-summing; therefore, any 2-summing operator with an L; space as domain
is 1-summing. More generally, by a theorem of B. Maurey any 2-summing operator
defined on a cotype 2 space is 1-summing. Similarly, any continuous linear operator
from a C'(K) space into a cotype 2 space is 2-summing.

Inspired by ideas of Maurey [Mau74], Pietsch [Pie80, Chap. 20] systematically
studied the situation described in the previous paragraph and called such operators
(¢, p)-mixing. Another exposition of the subject, with a more “tensorial” point of
view, can be found in [DF93, Sec. 32]. On the other hand, J. Farmer and W. B.
Johnson [FJ09] recently introduced the concept of a Lipschitz p-summing opera-

tor between metric spaces. They proved that this is a true extension of the linear

* Reprinted with permission from “Lipschitz (g, p)-mixing operators” by Javier Alejandro Chavez-
Dominguez, 2012. Proc. Amer. Math. Soc. 140 (2012), no. 9, 3101-3115. Copyright 2012 by
Javier Alejandro Chavez-Dominguez.
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concept, and obtained a nonlinear counterpart of one of the cornerstones of the the-
ory of (linear) p-summing operators: Pietsch’s celebrated domination/factorization
theorem.

In the present chapter, the corresponding concept of Lipschitz (g, p)-mixing oper-
ators is defined and studied. We start by recalling the necessary theory of Lipschitz
p-summing operators, and then introduce the main definition. Afterwards three dif-
ferent characterizations of Lipschitz (g, p)-mixing operators are presented. The first
one is an integral inequality along the lines of Pietsch’s domination theorem, while
the second one corresponds to his (g, p)-mixed sequences. The third one relies on
the recently developed [CD11] duality theory for Lipschitz p-summing operators. Fi-
nally these characterizations are used to prove relationships between (g, p)-mixing
constants and s-summing norms in various situations, in particular obtaining re-

versed inequalities for Lipschitz p-summing norms.

5.2 Notation and preliminaries

The letters X, Y, Z will denote metric spaces, whereas F, F, G will denote
Banach spaces. All metric spaces under consideration will be pointed, i.e. each one
has a special point designated by 0. For a mapping 7" between metric spaces, Lip(T")
denotes its Lipschitz constant. Given a metric space X, the Banach space of real
valued Lipschitz functions defined on X that send 0 to 0 with the Lipschitz norm
Lip(+) will be denoted by X#. As customary, Bg denotes the closed unit ball of a
Banach space E. The letters p, g, r, s will designate elements of [1, o], and p’ denotes

the exponent conjugate to p (i.e. the one that satisfies 1/p+1/p’ = 1).
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The remainder of this section is all from [FJ09]. Recall that for 1 < p < oo a
linear operator T : ' — F'is called p-summing if there is a non negative constant C'

such that for any vectors v; in E, the inequality
Do NTwlP < CP osup Yot (v
j 'U*GBE* ]

holds. In this case, the p-summing norm m,(T") of T' is the infimum of such constants
C. Inspired by this useful concept, Farmer and Johnson defined the Lipschitz p-
summing norm 7r£ of a (non necessarily linear) mapping 7 : X — Y as the smallest

non negative constant C' such that for any z;, 2 in X and any positive reals a;,

2 asd(Tep, THY < O swp 5 asl () = S
i St

This definition remains unchanged if we consider only the case a; = 1, a very useful
observation in [FJ09] also credited to M. Mendel and G. Schechtman. The set of
all Lipschitz p-summing maps from X to Y is denoted by H[f(X ,Y). Note that the
condition that would naturally correspond to being Lipschitz oco-summing is just the
Lipschitz condition, and we adopt this convention for notational convenience.

It is clear from the definition that the Lipschitz p-summing norm of a mapping
is equal to the supremum of the Lipschitz p-summing norms of all the restrictions of
said mapping to finite subsets of its domain. Also directly from the definition, it is
clear that the Lipschitz p-summing norm has the ideal property: 7r£ (AoToB) <
Lip(A) - «}(T) - Lip(B) whenever the composition makes sense. We next state the
domination/factorization theorem for Lipschitz p-summing operators [FJ09, Thm.
1], a particular case of the general Pietsch-type domination theorems considered

in [BPR10].

Theorem 5.2.1. For a mapping T : X — Y and a constant C > 0, the following

are equivalent:
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(a) 7H(T) < C.

b) There is a probabilit on By such that for any x.2' € X
(b) p Y 1 X y T,

d(T, Tr') < c[ IICE f(x'w’du(f)} "

By

(c) For some (or any) isometric embedding J of Y into a 1-injective space Z, there

is a factorization

with w a probability and Lip(A) - Lip(B) < C.

The domination theorem immediately implies the monotonicity of the Lipschitz
p-summing norms, that is, Wlf (T) > W(f(T) whenever p < q.

It is important to stress that the concept of a Lipschitz p-summing operator is
a true generalization of that of a (linear) p-summing operator: for a bounded linear
operator 1" between Banach spaces, T' is Lipschitz p-summing if and only if it is

(linearly) p-summing, and moreover m,(T) = 7}(T) [FJ09, Thm. 2].

5.3 Definition and elementary properties

Let 1 < p,q < oo. An operator T' : X — Y is said to be Lipschitz (q,p)-
mizing with constant K if for any metric space Z and any Lipschitz ¢g-summing
operator S :' Y — Z, the composition S o T is a Lipschitz p-summing operator and
) (SoT) < Krl(S). The smallest such K will be denoted by m/ (T').

A first example of such an operator already appears in [FJ09], where a nonlinear
Grothendieck inequality is proved. Namely, any Lipschitz map T from a metric tree
X into a Hilbert space is Lipschitz 1-summing and in fact 7£(T') < K¢ Lip(T') where

K¢ is Grothendieck’s constant. This result together with the factorization theorem
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5.2.1, imply that the identity on X is Lipschitz (2, 1)-mixing with constant at most
K. D. Chen and B. Zheng [CZ11] gave another proof of this nonlinear Grothendieck
inequality, showing that m%,(idx) < A;' where A, is the constant in Khintchine’s
inequality.

Note that in order to determine if a mapping 7' : X — Y is Lipschitz (g, p)-
mixing, it suffices to consider its compositions with mappings from Y to ¢, (or any
other infinite-dimensional L, space, in fact). First, we may assume without loss of

generality that X and Y are finite metric spaces. Now suppose that
sz(R oT) < C’WLZL(R) forany R:Y —/{,, (%)

and let S : Y — Z be a Lipschitz ¢-summing map. Let J : Z — W be an isometric
embedding of Z into a 1-injective space W. By the factorization theorem for Lipschitz

g-summing operators, we can find a factorization

Loo(pt) ——="— Ly(p)

with Lip(A4) - Lip(B) = «}(S). Since Y is a finite set, the range of I 0 A is a
finite subset of L,(x) and therefore is almost isometric to a subset of ¢,. Thus, for

the purposes of computing Lipschitz summing norms we may assume that I, ,0 A

is a map from Y into £, so condition (x) applies and therefore 7} (Iq0 Ao T) <

Cm}(Iso40A). The ideal property for Lipschitz g-summing operators implies 7} (1o 40
A) < Lip(A) - 7l (1) < Lip(A) - 1, whereas the ideal property for Lipschitz p-

summing operators gives us

T (JoSoT)=ny(Bolg,0AoT)

< Lip(B) - 74 (Iosq© Ao T) < Lip(B) - C - Lip(A) = Cry(S5).
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But since J is an isometric embedding J oS oT and S o T have the same Lipschitz
p-summing norm, so we conclude that 7/ (S o T) < Cnl(S), i.e. T is Lipschitz
(¢, p)-mixing with constant C'.

The ideal property for Lipschitz p-summing operators implies that for any oper-
ator T, m} (T') = Lip(T) whenever ¢ < p and m/, (T) = n(T), so only the case
1 < p < g < oo gives something new. Moreover, Lipschitz (g, p)-mixing operators
also satisfy the ideal property and m’ (AoToB) < Lip(A)-m’ (T)-Lip(B) whenever
the composition makes sense.

Just from the definition, we obtain a trivial composition formula for Lipschitz
(¢, p)-mixing operators: regardless of the values of p, ¢ and r in [1, 00|, the compo-
sition of a Lipschitz (p,r)-mixing operator T followed by a Lipschitz (g, p)-mixing
operator S is Lipschitz (¢, r)-mixing and moreover m’ (ST) <ml (S)-ml (T).

Additionally, the monotonicity of the Lipschitz p-summing norms implies a mono-
tonicity condition for the Lipschitz (g, p)-mixing constants: whenever p; < py and

L (T') for any T.

L
g2 S q1, mqg,pg (T) S mQI7P1

5.4 Characterizations

In this section three different characterizations of Lipschitz (g, p)-mixing operators

are presented, all of them somewhat inspired by analogous results in the linear theory.

5.4.1 Domination

The first characterization is close in spirit to the characterization of Lipschitz
p-summing operators via a dominating measure [FJ09]. Compare with [DF93, Prop.

32.4].

Theorem 5.4.1. Let 1 < p < q < oo, T : X — Y Lipschitz and C > 0. The

following are equivalent:

. . . . . . L
(a) T is Lipschitz (q,p)-mizing with my (T) < C.



123

(b) For any probability measure p on By there exists a probability measure v on

Bx# such that for all x,x' € X,

1/p

1/q
[/B 9(Tx) — g(Ta)|"du(g)| < C [/B |f(z) — f(2")]P dv(f)

(c) For any xq,...,0pm,2}y,...,20" € X and g1,...,9, € Y7,

p/q] /P

> [Z |9(Tz;) — gi(T)|*

j=1 Lk=1

<C

n 1/q m 1/p
ZLip(gk)q] ' Sup [Z}f(fﬂj)—f(évé)}p] :

k=1

(d) For any xi,...,xm, 2, ..., 2, € X and any probability measure p on By,
m p/q] /P
> </ |9(T;) — g(va})\qdu(g)>
j=1 \’By#

m 1/p
< C sup [Z\f(xj)—f(mm”] . (5.4.1)

feByx j=1

In this case, m} (T) is equal to the infimum of such constants C in either (b), (c) or
(d).

Proof. The case ¢ = oo reduces to the Domination Theorem for Lipschitz p-summing
operators (Thm. 5.2.1), so we will assume 1 < p < ¢ < 0.

(a) = (b): Suppose that T : X — Y is Lipschitz (g, p)-mixing, and let u be a
probability measure on By+. By restricting to Y the canonical inclusion C(By#) <
L,(p), we get a Lipschitz ¢-summing operator j, : Y — L,(u) with Lipschitz ¢-
summing norm at most 1. Hence, since T' is Lipschitz (¢, p)-mixing, the composition

JuoT : X — Ly(p) is Lipschitz p-summing. By the Pietsch domination theorem
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for Lipschitz p-summing operators (Thm. 5.2.1), there is a probability measure v on

By# such that for all z,2’ € X,

HJAL(TZE) - ju(TI,)HLq(M) < W;f(ju © T)

1/p
/B () - f(x/)lpdV(f)] ,

1.e.

1/q 1/p
[/B Ig(Tm)—g(Tx/)\qdu(g)] S?Tﬁ(quT)/B !f(l‘)—f(fv’)]pdv(f)] :

so we have condition (b) with C' =7} (j, 0 T) <m] (T)mk(j.) <ml (T).

(b) = (c): By homogeneity, we may assume without loss of generality that
> reg Lip(gr)? = 1. Then p:= > 7, Lip(gk)%0q, /Lip(g,) (Where 4 is the Dirac mea-
sure at g € Y#) is a probability measure on By, so there exists a corresponding v

as in (b). Therefore,

m [ n p/q m p/q
> [Z |on(Tz) = (T [*| =D [/B |9(Tzj) — g(T})|" du(g)
<oX [ 1@ - fPan < sw Sl - 6P,

so we have (¢) with the same constant C.
(¢) = (d): Condition (c¢) means that all finitely supported probability measures
i on By already satisfy (5.4.1). Since the set of all finitely supported probability
measures on By« is J(C’(By#)*, C(By#))—dense in the set of all probability measures
on By, it follows that inequality (5.4.1) holds for all probability measures p on By#.
(d) = (a): Now let S : Y — Z be Lipschitz g-summing. Appealing to the

domination theorem again, there is a measure u on By# such that for all y,y’ € Y,

p/q

dz(Sy, Sy)" < wh(S)P [/B l9(y) — 9(v)|" du(g)

Yy #
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Fix z1,...,xm, 2}, ..., 2, € X. Then, from the previous inequality
m 1/p
[Z dz(S(Tx;), S(T}))"
j=1
m p/q] /P
= ACEDY [/ |9(T;) — g(TfE;)quu(g)] :
j=1 L/ By#

which together with (5.4.1) implies

m 1/p m 1/p
[Z dz (STx;, STa))" < Crl(S) sup [Z | f(z) — f(x')|p]

J=1

s0 S o T is Lipschitz p-summing and 7(S o T') < Cm(S). Therefore, T' is Lipschitz
(¢, p)-mixing and qu’p(T) <C. -

5.4.2  Lipschitz (g, p)-mixed sequences

Linear (g, p)-mixing operators were given such a name by Pietsch [Pie80] because
a linear operator is linearly (gq,p)-mixing if and only if it maps every weakly p-
summable sequence into a (g, p)-mixed sequence, i.e. one that can be expressed as
the pointwise product of a weakly g-summable sequence and an r-summable scalar
sequence where 1/p = 1/q+1/r. The analogous result in the nonlinear case will follow
from Theorem 5.4.1 as soon as we find an appropiate nonlinear counterpart of (¢, p)-
mixing sequences. We will use Ky Fan’s minimax lemma as stated in [Pie80, Lemma
E.4.2]. A collection of real-valued functions </ defined on a set K is called concave
if given ®y,...,®, € & and ay,...,a, > 0 such that Y77 a; = 1, there is ® € &/
satisfying ®(z) > >0, a;®;(z) for all z € K. Now we prove a result analogous

to [Pie80, Thm. 16.4.3] (credited mostly to [Mau74]).
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Proposition 5.4.2. Let 1 <p<qg<oc and 1/p=1/q+ 1/r. Then, for any points

Tlyeony Tpy Ty ooyl in X
n p/q 1/p
sup Z [/ ‘f(x]) - f(x;)}qd,u(f)] : 1 s a probability on Bx«
j=1 X#

n 1/r n 1/q
= inf [Z A;] sup [Z A f () — f(x;)|q] tA>00. (54.2)
j=1

fe€By# j=1

Proof. Define o to be the supremum on the left hand side of (5.4.2) (noting that it
is finite). Let u = r/p and v = ¢/p, so that 1/u + 1/v = 1. We now consider the

compact, convex subset

K = {5 = () Y €l < o? and & > 0}
j=1

of /. For € > 0 and p a probability on By#, observe that the equation

n

o) =S (& +o) / £(2;) — £ | du(f)

j=1 By#

defines a continuous convex function ® on K. Take the special vector £ € R™ with

1/uv
§j=</B {f(%)—f(f})(qdu(f)) :

Then £ € K and ®(£) < oP. Since the collection o7 of all functions ¢ obtained in
this way is concave, by Ky Fan’s lemma we can find ¢° € K such that ®(£°) < o?
for all ® € o/ simultaneously. In particular, considering the Dirac measure d; at a

function f € Byx# we obtain

n

S0 +2) 7 flay) — fla|" < o”.

Jj=1
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Set \;(e) :== (£) +¢)"/?. Then

1/r n 1/r n 1/r
o= [ng/p] = [Zﬁ“] < oM =gt/

J=1 Jj=1

]:

and, for f € Bxx#

- 1/q
[Z Ai(e) | f () = f(m;.)|q] -
. 1/q
[Z 50 +¢) v flx;) — f(x;)‘q] < gPl1 = g\,

Therefore, the right-hand side of (5.4.2) is less than or equal to the left-hand side.
Conversely, let A\; > 0 be arbitrary. Then, by Hoélder’s inequality for any proba-

bility measure p on By# we have

1/p

n

p/q
2 [ |- f<x;>\qdu<f>]

_ n 1/q7] P 1/p

- 12| ([, st - s an)
[ n 1T n . 1/q

<> (2 [ A1) = s aut)
Li=1 ] j=1"Bx#
[ n 11T n 1/q

=12 < [ oA G = [ ant)
o — Tji 1/1' n 1/q

S| (Sl - )

Together, Theorem 5.4.1 and Proposition 5.4.2 immediately give us another char-

acterization of Lipschitz (¢, p)-mixing operators, stated below.
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Corollary 5.4.3. Let 1 < p < q < o0 and 1/p = 1/q+ 1/r. A Lipschitz map
T:X —Y is(q,p)-mizing if and only if there exists a constant C' such that for all

Tlyeooy Tn, Ty 2 € X,
n 1/r 1/q
[Z )\;] sup [Z)\ Ng(Txy) — g(T2)|"] A, >0
j=1 gEBY# —

1/p
< C' sup [Z}f ;) ;)}p] .

f€Byu

. L . .
In this case, m; (T') is equal to the infimum of such constants C'.

5.4.3 Chevet-Saphar spaces

The expression on the right-hand side of (5.4.2) looks reminiscent of the Chevet-
Saphar norms introduced in [CD11|. This section is devoted to a characterization of
Lipschitz (g, p)-mixing operators in terms of such norms. Let us recall the pertinent
definitions first.

An E-valued molecule on X is a finitely supported function m : X — FE such that
> sex M(x) = 0. The space of E-valued molecules on X, denoted M (X, E) is clearly
a vector space under pointwise addition. Given z, 2’ € X, define m,, 1= Xz} — X{2'}-
The simplest non-zero molecules, i.e. those of the form vm,, for some x, 2’ € X and
v € E, are called atoms. Note that any molecule may be expressed (in a non-unique
way) as a finite sum of atoms. The p-th Chevet-Saphar norm of a molecule m is

given by

- f(ﬂ«"})!)l/p/

Dm = Zvjmzjz;,)\j > O}.

J

esp(m) mf{(zvuwup) e (Z
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The space of E-valued molecules on E, endowed with the norm cs,(-), is denoted
by CS,(X, E). There is a canonical way of inducing a pairing between E-valued
molecules on X and functions from X to E*: given m € M(X, E) and a func-
tion T : X — E*, define (T\m) = > (T(x),m(x)). If we know an expres-
sion of the molecule as a sum of atoms, say m = }_ vjmy ., then (I'm) =
> (Txj —Taj,v;). The main theorem in [CD11] states that with this pairing,
the dual space of CS,(X, F) is canonically identified with the space of Lipschitz
p/-summing operators from X into E*. Also from [CD11], recall that for any Banach
space E a Lipschitz map 7' : X — Y naturally induces a well-defined linear map

Tg : M(X,E) - M(Y, E) given by

n n
TE( E /Ujmxjx;-> = E ’UjmejTJ?;-‘
j=1 j=1

Now we come to the third characterization of Lipschitz (g, p)-mixing operators.
Theorem 5.4.4. Let T : X — Y be a Lipschitz map. The following are equivalent:
(a) T is Lipschitz (q,p)-mizing.

(b) For every Banach space G (or only G = £, ), the operator
Tq - CSP/(X, G) — CSq/(Y, G)

18 continuous.

In this case,

mk (T) = Hn L CS (X, L) — CSy(Y, Ly)

9,p

‘ > [T : CSy (X, G) = CSy (Y, ).

Proof. First, suppose that T is Lipschitz (¢, p)-mixing. Let ¢ € (CSq/ (Y, G))* with
el < 1. Since (CS,(Y,G))" = T} (Y, G*), we can identify ¢ with a map L, €
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(Y, G*) with 7 (Ly,) = |l¢|| < 1. Let m = > UMy € M(X,G). Then Tg(m) =

Z UjmszTac;-a S0

(0, Ta(m)) = Y (Ly(Ta;) = Lo(Ta}),v5) = (Ly o T.m),

J

and thus

(. Ta(m))| = [{Ly 0 T,m)| < 1 (Ly 0 Tesy (m)

L’ (T)esy(m) < qu,p

(T)esy (m).

Taking the supremum over all such ¢ we obtain, csy (Tg(m)) < mk (T)esy(m), ie.
T : CSy(X,G) = CSy (Y, G) is continuous and || T[] < ml (T).

Now, suppose that T;, : CSy (X,ly) — CS,(Y, 4,) is continuous and has norm
C. and let S :Y — {, be a g-summing operator. Let m be an {y-valued molecule

on X, say m=)_; VM with v; € £y and x;, 7 € X. Then

(SoT,m) =Y (v;,STx; — STa}) = <5, Zvjmhjm> — (S, Ty, (m)).
J J

By the duality between the Lipschitz ¢-summing norm and the ¢’-Chevet-Saphar

norm, together with the boundedness of qu,,

(S o T, m)| = |(S, Ti,, (m))| < 72 (S)esy (qu, (m)) <@l (S)-C-csy(m).

q

Taking the supremum over all m with ¢s,y(m) <1 and invoking the duality between
the Lipschitz p-summing norm and the p’-Chevet-Saphar norm, we conclude that
7l (SoT) < Crl(S). By the remarks in Section 5.3, we conclude that T is Lipschitz
(¢, p)-mixing with m} (T') < C. O

Of course, the space ¢, in the preceding theorem may be replaced by any other

infinite dimensional L, space.
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5.5 Applications
5.5.1 The Lipschitz (2, 1)-mixing constant of the identity on a tree

As already mentioned in Section 5.3, Farmer and Johnson [FJ09] proved a non-
linear Grothendieck inequality which, in our language, means that the identity on a
metric tree is Lipschitz (2, 1)-mixing with constant at most Grothendieck’s constant.
While both their proof and the one given in [CZ11] make explicit use of the lifting
property for trees, using Theorem 5.4.1 we can reobtain the same bound without

explicitly appealing to the lifting property.

Lemma 5.5.1. When T is an unweighted graph-theoretic tree on n + 1 points and

H is a Hilbert space, Lip(T, H) is isometric to (% (H).

Proof. From [CD11, Sec. 4.2], CS;(T, H) is isometric to £}(H) in a natural way. By
the duality result [CD11, Thm. 4.3], Lip(7, H) is then isometric to ¢ (H). O

Proposition 5.5.2. Let T be a finite unweighted graph-theoretic tree. Then the

identity on T is Lipschitz (2,1)-mizing with constant at most Kg.

Proof. Let xy,..., 2y, 2, ...,2, € T and let u be a probability measure on Bps.

rYm

Note that

sup S [f(ay) — ()]

fGBT# 7j=1
is the norm of the linear operator A from T# to (7" given by f > (f(z;) — f(x;));n:l
By Lemma 5.5.1, T# can be identified with /Y for some N, so the operator A under

consideration goes from (X to ¢7*. The classical Grothendieck inequality gives us

A = € (La(n) = 6 (La()]| < Ko ||A: € — 67
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But another application of Lemma 5.5.1 reveals that ¢ (Ly(p)) can be identified

with the space of Lipschitz functions from 7" to Lo(), so in fact one has

sup D F@) = F@)ll,,,, < Kgfsup > | fay) = £
j=1 <

Lip(F:T—Lz(p))<1 T# j=1

In particular, consider the pointwise evaluation ¢ : T — Lo(u). For any x,2" € T' we

have

1/2
16(2) — 61, 00 = [ / CE g(m'>|2du<g>] < d(x, ),

hence Lip(6 : T'— Lo(p)) < 1 and thus

m 1/2 m
2
> [/ |g(z;) — g(x)] du(g)] < Kg sup Y _|f(z;) — f())].
j=1 L/ Bry €Br# j=1

By Theorem 5.4.1, we conclude that the identity on 7' is Lipschitz (2, 1)-summing

with constant at most K. O

5.5.2  An “interpolation style” theorem

As it so often happens with many constants associated to mappings, it is not easy
to calculate the Lipschitz (g, p)-mixing constant of a specific map. The following
“Interpolation style” theorem is based on [Puh77, Lemma 5] and gives useful bounds

that are sufficient in some cases.
Theorem 5.5.3. Let 1 < p,q,r < oo with 1/r+ 1/q = 1/p. Then every Lipschitz

p-summing map T : X — Y is Lipschitz (q, p)-mizing and satisfies

ml(T) < 7 (TP Lip(T)"/".

q,p

Proof. The fact that T is (g, p)-mixing is obvious from the ideal property of Lipschitz

p-summing operators. Now, let xy,...,x,,2],...,2, € X. For any probability
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measure g on By, from the pointwise inequality |g(y) — g(v")| < Lip(g) - d(y,y’) for
any y,9 €Y and g € Y# we have that

n p/q] /P
Z (/B |g(Taz;) — g(Tx})quu(g)>
n p/q 1/p
= Z (/B |9(T') —g(Trc})!pdu(g)> d(Tzy, Ta)@Pr/e| - (55.1)

Noting that (¢ — p)r/q = p, Holder’s inequality lets us bound the latter expression
by

1/q n 1/r
[Z/ 9(Txy) — g(Ta})|” dp( )] [Z d(Tx;, Tx})? (5.5.2)
j=1
On one hand, the fact that T is Lipschitz p-summing means that
n 1/r 1/r
[Z d(Txj, Tx})? <k TP sup [Z | f(z5) : ‘p] , (5.5.3)
= feByy |55
whereas on the other a simple pointwise estimate gives
1/q
[Z [, lotra) — o)l auto
1/q
< Lip(T)?/? sup Z ’f ;) f ‘ . (5.5.4)
feBx# —
Bringing (5.5.1), (5.5.2), (5.5.3) and (5.5.4) together we have
n p/a] VP
> (/ |9(Tz;) — g(TﬂfQ)quu(g)>
j=1 \’By#
1/p
< sz(T)p/T Lip(T)?? sup [Z ‘f ;) : ‘p]
feBx# j=1
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and thus the desired conclusion follows from Theorem 5.4.1. O

The identity on a finite discrete metric space

Denote by D, the discrete metric space on n points. Theorem 5.5.3 allows us
to explicitly evaluate the (g, p)-mixing norm of the identity on D,,. In fact, if 1 <
p < g < oo then the Lipschitz (g, p)-mixing norm of the identity on D,, is equal to
(2 —2/n)V/P=Y4, To see it, let 1 < r < oo satisfy 1/r +1/q = 1/p. From [FJ09] we
have that 7% (idp,) = (2 — 2/n)"/* for any s € [1, 00, and therefore

7wl (idp, oidp,) (2 —2/n)\/?

my(idp, ) 2 7k (idp, ) (2 — 2/n)i/a

(2 —2/n)V/P7 Ve,
On the other hand, from Theorem 5.5.3,
my,(idp,) < m; (idp, )"’ Lip(idp, )"/ = (2 = 2/n)"/" - 1 = (2 — 2/n) /7711

and thus mf (idp,) = (2 — 2/n)!/?=1/4. Let us remark what this means: for every
metric space X and any T : D, — X, «(T) < (2 — 2/n)"*="97L(T) and this
inequality is sharp.

Reversed inequalities between Lipschitz p-summing norms

The next result goes along the same theme: using Theorem 5.5.3 together with

known estimates for Lipschitz p-summing norms.

Theorem 5.5.4. (a) For anyn € N and 1 <p <gq,

1/p
mip(idgg) < 057/73’1 where Cpn = [/ ]x1|pd)\(x)] ,
Snfl
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A being the normalized rotation invariant measure on S,_y. Hence, 72(T) <

)
cﬁ,/;i’lvrg(T) for any Lipschitz map T : {5 — Y.

(b) For any finite-dimensional normed space E and 2 < g,
mby(idg) < [dim(E)] />

Hence, & (T) < [dim(E)}l/%l/qﬂqL(T) for any Lipschitz map T : E — Y.

(c) There exists an universal constant C' so that for any finite metric space X on n

points and 1 < q,
i (idx) < CV [logn] ¥

Hence, wt(T) < CY7 [logn] l/q/quL(T) for any Lipschitz map T : X — Y.

Proof. Everything follows from Theorem 5.5.3, together with the fact that the Lips-
chitz p-summing norm and the linear p-summing norm of a linear operator between
Banach spaces coincide (see [FJ09, Theorem 2]), and the following estimates on

p-summing norms:
(a) mp(ide) = ¢, (see, for instance, [TJ89, Theorem 10.3]).

(b) ma(idg) = [dim(E)] Y2 for any finite-dimensional space E (see, for instance

[TJ89, Proposition 9.11]).

(c) m(idx) < C'logn, essentially proved in [Bou85] as remarked in [FJ09].

5.5.3 The general “interpolation style” theorem

Theorem 5.5.3 is in fact a particular case of the following more general one.
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Theorem 5.5.5. Let 0 <0 <1 and 1 <p < qo,q1 < 00. Define1/q:=(1—0)/q0+
0/q,. For a Lipschitz map T : X — Y,

Proof. Set 1/r:=1/p—1/q, 1/ro :==1/p—1/qo and 1/ry :=1/p — 1/q;. Note that
1r:=(1-=0)/ro+0/r1. Let z1,...,x,,2],...,2), € X. Given € > 0, from Corollary
5.4.3 for each k = 0,1 there exist A;, >0, 1 < j < n such that

n 1/rg 1/qx
[Z )‘;,kk] sup [Z X |g(Tay) — g(Ta) qu]
j=1

9€Byy |5
1/p
< (1+e)mk my Sup [Z‘ij }] )

X# 7=1
Moreover, dividing by the appropriate constant we may assume that in fact

n 1/rg m 1/p
[Z A;’“k] < (l+¢&)ml (T) sup [Z | f(z;) — f(:)s;)‘p]

j=1 j=1

n 1/aqx
D N g(Tay) — g(Tx}){q’“] <1

For 1 <j <mn,set \; = )\1 9)\9 Then, by Holder’s inequality,

(1=6)/ro

n 1/r n n 0/r1
[Z AE] < [Z Ajo > /\21]
=1 j=1 =1

||'M3
i
5

< (1t emf, ()" "my; ,(T)" sup [
feBX#

On the other hand, it follows from

MY Fs) = @) = NSO ) — £ TN ) — fa)
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that
1/q

sup Z ;! 9(Txy) — g(Ta)|”

gEBY#

j=1

n 1/ax
<[] suw [ZAJIZkIg(ij)—g(TI})1q'“ <L

k=0,19By# | j=1

Therefore, using the other direction of Corollary 5.4.3,

m,(T) < (1+ e)mb (T)' ', (T

q,p

and by letting € | 0, the proof is finished. m

For ¢ > p > 1, we say that a metric space X is (¢, p)-mixing if the identity on
X is (¢, p)-mixing. The following lemma shows that the class of (¢, p)-mixing spaces
does not depend on p. This result is basically the nonlinear extrapolation theorem

of Chen and Zheng [CZ11, Thm. 2.2], presented in a different language.

Corollary 5.5.6. Let X be a metric space and 1 < py < p1 < q. Then X is
(q, po)-mizing if and only if it is (q, p1)-mizing. Moreover,

m (idx) < mE

q,p1 4:po (idX) < m,

q;P1

(idx )",

where 0 is defined by 1/py = (1 —6)/q + 0/po.

Proof. The monotonicity property for (¢, p)-mixing constants from Section 5.3 gives

ml (idyx) < m?

o apo(idx), whereas the composition property from the same section

(idx) - mEZ  (idx). Now, from

provides us with the inequality m}  (idx) < m) Lo

q,P1

Theorem 5.5.5

g (i) < mgy (idx) ™7 - my  (idy)” = my, (idx) ™7 1



138

So we obtain

mg,po (idX) < qu,m (idX) ) mg,po (idX)l_e

from which the result follows. O
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CHAPTER VI

COMPLETELY (¢, p)-MIXING MAPS

6.1 Introduction

Operator spaces are a quantized or noncommutative version of Banach spaces,
and can be thought of as the result of combining Banach space theory with the
noncommuting nature of operator algebra theory. Many of the concepts and results
of Banach space theory have counterparts for operator spaces, and in particular p-
summing operators are replaced by the completely p-summing maps of Pisier [Pis98].
Just as in Chapter V| there is of course a natural notion of completely (g, p)-mixing
maps that has already been introduced in [Yew08]. Unfortunately, no systematic
study of these maps was done there. The present chapter aims to fill that void, and
it is structured as follows. We start by recalling some basic notation and results
from operator space theory, before formally introducing the definition of completely
p-summing maps and proving some of their elementary properties. Afterwards, two
different characterizations of completely (g, p)-mixing maps are presented. The first
one is a “domination” result along the lines of the Pietsch domination theorem for
completely p-summing maps due to Pisier [Pis98]. The second one does not clearly
correspond to any of the characterizations in the classical case that can be found
in [DF93, Sec. 32], but nevertheless it is used to prove an “interpolation” theorem
relating different completely (g, p)-mixing norms which actually is inspired by the
classical case. As a byproduct, a strengthening of Yew’s quantized extrapolation
theorem [Yew08, Thm. 8] is obtained. In the final section several composition
theorems are proved, culminating with a composition theorem for completely p-
summing maps: if 1/r = 1/p+1/q, then the composition of a completely p-summing

map and a completely g-summing one is completely r-summing.
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6.2 Notation and preliminaries

We only assume familiarity with the basic theory of operator spaces; Pisier’s
book [Pis03] is an excellent reference for that. We will follow very closely Pisier’s
notation from [Pis98, Pis03]. The letters E, F' and G will always denote operator
spaces. For an operator space F, a Hilbert space K and 1 < p < oo, let us define
the spaces Sy, Sp[E] and S,(K). For 1 < p < 00, S, (resp. S,(K)) denotes the space
of Schatten class operators in ¢5 (resp. on K). In the case p = oo, we denote by
Soo (resp. Sp(K)) the space of all compact operators on f5 (resp. on K) with the
operator space structure inherited from B(¢y) (resp. B(K)). We define Sy[E] as
the minimal operator space tensor product of S, and E, and S;[E] as the operator
space projective tensor product of S; and E. In the case 1 < p < 0o, S,[E] is defined
via complex interpolation between S, [E] and Si[E].

Let E, F' be operator spaces and u : £ — F' a linear map. For 1 < p < oo, we

will say that u is completely p-summing if the mapping
Is, ®u: Sy @min £ — Sp[F]

is bounded, and we denote its norm by 7g(u). By a result of Pisier [Pis98, Corollary
5.5], in the case 1 < p < oo we in fact have that the cb-norm and the norm of the map
Is, ® u are equal. For notational convenience, we will use the convention 7 (-) =
|llp- Completely p-summing maps satisfy the ideal property (that is, mp(uvw) <

|ull,, 75 (v) [|w]| 4, Whenever the composition makes sense), and being completely p-

o
P
summing is a local property: the completely p-summing norm of u : £ — F is
equal to the supremum of the completely p-summing norms of the restrictions of u

to finite-dimensional operator subspaces of E. In fact,

™(u: E— F)=sup{mo(ul) : T:5) = En>1|T|, <1}
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The following theorem, due to Pisier [Pis98, Thm. 5.1] is an important characteri-

zation of completely p-summing maps.

Theorem 6.2.1 (Pietsch domination). Assume E C B(H). Letu : E — F be
a completely p-summing map (1 < p < oo) and let C' = 7(u). Then there is an
ultrafilter U over an index set I and families (a)acr, (ba)acr in the unit ball of

Sop(H) such that for alln € N and all (x;;) in M,,(E) we have

|| [(uzij)] Hsg[F] < thﬁn [ [(aaziba)] Hs,,(eg@H) (6.2.1)

and

)l < €l o))l s (6:22)

Conversely, if an operator u satisfies either (6.2.1) or (6.2.2) then it is completely

p-summing with 7o (u) < C.

One consequence of the domination theorem is the monotonicity of p-summing
norms: if 1 < p < ¢ and wu is completely p-summing, then u is completely g-summing
and moreover 70 (u) < 77(u). The standard (although not canonical) example of a

completely p-summing map is a multiplication map. To be precise, we have [Pis98,

Prop. 5.6]

Theorem 6.2.2. Let K be any Hilbert space. Consider a,b in Ss,(K) and let
M(a,b) : B(K) — S,(K) be the operator defined by M(a,b)x = axb for all x in
B(K). Then mp(M(a,b)) < |lalls,, ) 1Plls,, ()-

Following [Jun96], we say that a linear map u : E — F is completely p-nuclear

(denoted u € NY(E, F)) if there exists a factorization of u as
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with a,b € Sy, and «a, 8 completely bounded maps. The completely p-nuclear norm

of u is defined as

vp(u) = inf{ leelley, ”aHsgp HbHst Hﬁch}

where the infimum is taken over all factorizations of uw as above.

6.3 Definition and elementary properties

Let 1 <p,qg <oo. Amap u: E — F is said to be completely (q, p)-mizing with
constant K if for any operator space G' and any completely g-summing map v : F' —
G, the composition v o u is a completely p-summing map and 7p(v o u) < Kng(v).
The completely (q,p)-mizing norm of u is the smallest such K and will be denoted
by mg (u). Note that it is indeed a norm.

This definition (albeit worded in a different way) appears in [Yew08], where sev-
eral upper and lower bounds for the completely (2, p)-mixing norms of the identity
on OH, are computed (for 1 < p < 2). For an infinite-dimensional example of a
completely mixing map, Junge and Parcet prove in [JP10, Corollary A2] that the
identity map on the operator Hilbert space OH is completely (g, 2)-mixing for any
1 < g < 2 (in sharp contrast with the commutative case, Yew [Yew08] proved that
this same map is not completely (2, 1)-mixing). In fact Junge and Parcet proved a
more general result, and in order to state it we will need some definitions. A map
u: F — Fis called completely (q,1)-summing if

W;ﬁ(u) = |lid @ u : €y @min B — Lg(F)]],, < 00,

and it is said to have cb-cotype q if

¢ (u) = ||t ® Rady(E) = £,(F)l|, < oo,

q
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with
Rad,(E) = {Zeja:j L) € E} C L,(FE)
J

where the ¢;’s are independent £1 Bernoulli random variables, and ¢(¢;) = §; where
the ¢;’s form the canonical basis of /,. If a map u has cb-cotype ¢ then it is completely
(¢, 1)-summing, and moreover 7% (u) < ¢*(u) [JP10, Lemma 3.1]. The following

result is a straightforward generalization of [JP10, Cor. 3.7].

Theorem 6.3.1. Let p > 2. Ifu: E — F is completely (p,1)-summing (in par-
ticular, if u has cb-cotype p), then it is (¢, 2)-mizing for any q > p. Moreover

m, o (u) < e(p, q)msh (u), where c(p,q) is a constant depending on p and q only.

Just from the definition, we obtain a trivial composition formula for completely
(¢, p)-mixing maps: regardless of the values of p, ¢ and r in [1, 0], the composi-
tion of a completely (p, r)-mixing operator u followed by a completely (g, p)-mixing
operator v is completely (¢,r)-mixing and moreover my (vu) < mg (v) - m? (u).
Many of the properties of completely p-summing maps immediately give rise to
corresponding properties of completely (¢, p)-mixing maps. For starters, the dom-
ination characterization (in its factorization version, as in [Pis98, Rem. 5.7]) for
completely p-summing maps implies that for any map u, m{ (u) = [Jul|,, whenever
q < pand mg, (u) = 7)(u), so only the case 1 < p < ¢ < oo gives something

new. Moreover, completely (¢, p)-mixing maps also satisfy the ideal property and

o

o o(u) - |lwll,, whenever the composition makes sense.

mo,(vouow) < [ully - m
Additionally, the monotonicity of the completely p-summing norms implies a mono-
tonicity condition for the completely (g, p)-mixing norms: whenever p; < p, and
g2 < qi, mg, (u) <mg  (u) for any u. Finally, being completely (g, p)-mixing is a
local concept. As in the proof of [Yew08, Prop. 5.(2)], for any map u : £ — F,

mg (u) = sup{m ,(ulg,) : Ey C E,dim(Ey) < co}.
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6.4 Characterizations
6.4.1 Domination

The following theorem is the completely (g, p) mixing counterpart of the domi-

nation theorem for completely p-summing maps of Pisier.

Theorem 6.4.1. Let E C B(H) and F C B(K) be concrete operator spaces. Let

1<p<qg<oo,u:FE — F alinear map and C > 0. The following are equivalent:
(a) u is completely (g, p)-mizing with m? (T) < C.

(b) For any ultrafilter U over an indez set I and families (aq)acr, (ba)acr in the unit
ball of Soy(K) there exist an index set J, an ultrafilter V over J and families
(cg)pes, (dg)ges in the unit ball of Sop(H) such that for all n and all (x;;) in
M, (FE) we have

llm H [ (@ (uzij)by

< C’li]l;n H [(C,sz‘jdﬁ)} ‘

] HMn Sy(K)) = Mn(Sp(H))

(¢) For any ultrafilter U over an index set I and families (aq)acr; (ba)acr in the unit
ball of Sou(K) there exist an index set J, an ultrafilter V over J and families
(cg)pess (dg)ges in the unit ball of Sap(H) such that for all n and all (x;;) in
M, (E) we have

hm | [(aa(uzi;)b < Cli\gn | [(cpzijds)]

] HS”[Sq K)] Hsp(zge@H) :

Proof. We only show that (a) and (b) are equivalent, the equivalence with (c) follows
similarly (as in Pisier’s [Pis98] proof of Theorem 6.2.1).

(a) = (b) Suppose that u is completely (g, p)-mixing, and let I be an index set,
U an ultrafilter over I and (@a)acr, (ba)aer families in the unit ball of Sy, (K). The

ultraproduct m of the multiplication maps M (aq, b,) : B(K) — S,(K) is completely
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g-summing with completely g-summing norm at most one and therefore, if j is the
completely isometric injection of B(K) into the ultrapower B(K)Y, m o j o u is
completely p-summing with 7°(m o j ou) < C. By the domination theorem for
completely p-summing maps (Theorem 6.2.1), there exists an ultrafilter V over an
index set J and families (cg)ges, (dg)ges in the unit ball of Sy,(H) such that for any
n € N and any (z;;) in M, (E),

[ [((mju)z; ]”Mn[Sq(K)u] < Ch)ﬂn [ [(caiids)] HMn(Sp(H))’

that is,

lim || [(aa (uzi;)ba < Clim [|[(ci;ds)]

] HMn(Sq(K)) HMn(Sp(H)) '

(b) = (a) Let v : FF' — G be a completely g-summing map. By the domination
theorem for completely ¢g-summing maps, there exists an ultrafilter &/ over an index
set I and families (aq)aer, (ba)acr in the unit ball of Sy, (K') such that for any n € N
and any (y;;) in M, (F),

||[(“yia‘)}HMn[G]§”q( hmH[%yw ]HMn Sa(K)) "

By hypothesis, there exist an index set .J, an ultrafilter V over .J and families (¢3)se s,

(dg)ges in the unit ball of Sy,(H) such that for all n and all (z;;) in M,,(E) we have

tim || [(aa (uzi;)ba < Clim [ [(cpmids)]

] HMn(Sq(K) HJ\4n(Sp(H)) '

The two previous inequalities put together give us

[ {vuzip)] | 4,6 < Cmg () lim || [(cazisds)] ]y, 5, 1)
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which means, by the domination theorem for completely p-summing maps, that vou
is completely p-summing and 7p(v o u) < C7(v), meaning that u is completely
(¢, p)-mixing with m¢ (u) < C.

O

6.4.2 Mixed norms

We will now prove another characterization of completely (g, p)-summing maps,
based on mixed S,-norm inequalities (Theorem 6.4.3). First we need the following

lemma, which is a generalization of [Pis98, Theorem 1.5].

Lemma 6.4.2. Suppose 1/p = 1/q+ 1/r. Let X € S,[E] (resp. X € S}[E]) and
let (z;5) € Moo(E) (resp. (xi;) € M,(E)) be the corresponding matriz with x;; € E.
Then || X||g, 5 (resp- ||X||S§[E}) is equal to

inf {|[Alls,. IVl 5,11 1Bl s, }

where the infimum runs over all representations of the form

with A, B € Sy, and V' € Sy[E] (resp. A,B € S} andV € M,(E)).

Proof. 1f (z;j) = A-V - B, then by [Pis98, Lemma 1.6.(ii)], we have that

@il < [Allsy, 1V s, 1Blls,, -

and hence

@), < inf {1 AN, 1Vl 1Blls, }
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For the opposite inequality, recall from [Pis98, Theorem 1.5 that

”(xij)Hsp[E] = inf {||A||52p ||Y”Moo[E] ”B||52p Dry) =AY B} -

Therefore, given € > 0 there exists a factorization (z;;) = A -Y - B such that

”(xij)Hsp[E] +ez2 ||A||52p ||Y||MOO[E] ||B||52p -

By [DJT95, Thm. 6.3], we can choose A', B’ € Sy, and A", B” € Sy, such that
A=A"- A" and HAHSQI0 is equal to HA/HSQQ HA”HSQT, and B = B’- B"” and HBHSQP is
equal to [|B'l, [|B"|s, - Then using [Pis98, Theorem 1.5] again,

HAHSzp HYHMOO[E] ||B||SQp - ||A”||SQT ||A,||52q ||Y||MOQ[E] ||B/||52q ||B”||52T

> A", 1A Y - Blllg, g 1Bl s,,

> inf { | Alls, IVlls,z 1 Blls,, : (2i) = A-V - B},

where the last inequality follows from the fact that A”-A"Y-B"-B" = A-Y-B = (x;;).

Letting € go to zero, we get the desired inequality. O]

With this lemma we can prove the announced characterization of completely
(¢, p)-mixing maps, one that has the advantage of not having any ultrafilters involved.
As far as we can tell, it does not directly correspond to a known characterization of

(¢, p)-mixing operators (in the Banach space case).

Theorem 6.4.3. Let E C B(H) and F C B(K) be concrete operator spaces. Let

1<p<qg<oo,u:FE — F alinear map and C > 0. The following are equivalent:
(a) w is completely (q, p)-mizing with m? (T) < C.

(b) For all n and all (x;;) in M,(E) we have

sup {[[(a(wig)b) ||, s, @b € Bsaros a:0= 0} < Cll@y)llg o,
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Proof. (a) = (b): Suppose that u is completely (g, p)-mixing with mg (T') < C.
Let a,b be positive elements in the unit ball of Sy, (H). By [Pis98, Proposition 5.6],
the multiplication map M(a,b) : B(K) — S,(K) is completely g-summing with
constant at most one, and thus so is its restriction to F'. Therefore, the composition
M(a,b)ou: B — S,(K) is completely p-summing with 77 (M (a,b) ou) < C, that is,

the norm of the map
[Sp (29 (M(a, b) @) u) : Sp & min FE — Sp[Sq(K)]
is at most C. This means that for any (z;;) in M, (E) we have

{auz)p) |, 5,000 < O M@l 0,

Taking the supremum over all @ and b we obtain the desired conclusion.

(b) = (a): Suppose that for all n and all (z;;) in M, (E) we have

sup { || (@) |5 15,010y * @b € Bossytrys 0,020} < Cll(wig) g, (64)

Let v : F — G be a completely g-summing map. By the domination theorem for
completely g-summing maps (Theorem 6.2.1) and [Pis98, Theorem 1.9], there exist
an ultrafilter U over an index set I and families (aq)aer, (ba)acr in the unit ball of

Saq(K') such that for all n € N and all (y;;) in M, (F') we have

1035 sy < o00) i (0t s, (642)

In particular, for every (x;;) in M, (E) we have

H(quij)HS{;[G] < W;}(U) 115{11 H (aa(uxij)ba) S2[Sq(K)] * (643)
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Let r be such that 1/p = 1/¢+ 1/r, and let € > 0. For each o € I, Lemma 6.4.2
implies the existence of A, and B, positive matrices in the unit sphere of 53, such

that
| A - (aa(uzij)ba) - Ba Hsn xy S (1 +e) H(aa(wij)ba)Hsg[sq(m]'

By compactness, the limits A = limy; A, and B = limy, B, exist in the positive part

of the unit sphere of S7.. It follows then from the previous inequality that

hm | A - (an(uai;)b BHSn 15, (5)] < <(1+¢) liLI{n | (a0 (uzi;)bs) HS;}[SQ(K)} . (6.4.4)

Now, using Lemma 6.4.2 again together with (6.4.3), (6.4.4), (6.4.2) and (6.4.1) we

have

[(vuzis) || gpie) < 1A - (vuzis) - Bllgnq

< 7y (v) hInHA (aa(uxw ) B”S"Sq(K}

< 7o) (1 + &) lim || (aa(wig)ba) || g5, )

<m(v)(1+¢)C ||(xij)||sp®mmE

Letting € go to zero, this shows that vu is completely p-summing with 7 (vu) <

Crg(v). Therefore, m (u) < C. O

6.5 The “interpolation” result

The main result of this section is the following operator space version of [Pie80,
Prop. 20.1.13], which will imply a strengthtening of Yew’s quantized extrapolation

theorem.
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Theorem 6.5.1. Let 0 <0 <1 and 1 <p<qo,q1 < 0. Define 1/q:=(1—0)/q +
0/q1. For a map u: E — F C B(K),

Proof. Let Cop =m? (u) and C} = m?

q0,P q1,p

(u). By Theorem 6.4.3,

sup {H(G(U$ij)b)||sp[sqo(;<)} ta,b € Bg,, (k) a,0> 0} < Coll@ip)llg, o -

and

sup {H (a(uxij)b)||sp[sq1(1{)} : a,b € Bs,, (x), a,b> 0} < Cill(@i)lls, @ -

Now, by [Yew08, Lemma 7| (or alternatively, as Yew himself says, by a typical
application of the Generalized Hadamard three line theorem and the fact that the
spaces S,(K') form an interpolation chain; see [Yew05, Lemma 3.5] for the detailed
proof), for any positive a, b in S1(K) we have
1/2 1/2
[ (a P2 e ;)bY ) Hsp[sq(K)] <

H (a1/2q0 (uxij)blﬂqo) H 1-6

SpSao (K)] | (a2 (uzs;) b/ 200

0
”Sp[scn (K]
Therefore,

up {1 (@(wz)0) | g5, © 0 € Bt 0> 0}

1-0
< sup {H(a(uwzj)b)HSP[SqO(K)] : a,b € Bs,, (x), a,b> O}

0
sup 4[| (@) [ s, ey * 3D € B0y arb >0}
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and thus

sup {H(a(uxij)b)||5p[sq(K)] : a,b € Bs, k), a,b> O} < ci0c? 1(@i)ls, e

Another appeal to Theorem 6.4.3 gives the desired conclusion. O

Let E be an operator space and 1 < py < p; < ¢. In [Yew08, Thm. 8] it is shown
that

mg, (idg) < [2V/7omg , (idg)]"*.

Our next corollary improves on this result by removing the power of 2, while also
emphasizing the fact that for identity maps being completely (g, p)-mixing (¢ > p)
is independent of p.

Corollary 6.5.2. Let E be an operator space and 1 < py < p1 < q. Then idg is
(q, po)-mizing if and only if it is (q, p1)-mizing. Moreover,

m"’pl (ZdE) < m?’ (idE)l/e,

q 4,po (ldE) < my

q,p1

where 0 is defined by 1/py = (1 —0)/q+ 0/po.

Proof. The monotonicity property for (¢, p)-mixing constants from Section 6.3 gives

me  (idg) < m?

- o o (idE), whereas the composition property from the same section

(idg)-m  (idg). Now, from The-

provides us with the inequality m?, (idg) < m? .

q,P0 q;p1

orem 6.5.1

mzo'l’po (ZdE) < m;po (idE)l_e ’ mZO,Po <ZdE)0 = mg,po (idE)l_e - 1.

So we obtain

mg7p0 (ZdE) S mgvpl

(ZdE) -m? (idE)l_e

q,P0

from which the result follows. O
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6.6 Composition theorems

We now proceed to prove various composition theorems for completely p-summing
and completely p-nuclear operators. Our starting point is the following duality due

to M. Junge:

Theorem 6.6.1. [Jun96, Cor. 3.1.3.9 ] When E and F are operator spaces and
1 < p < o0, trace duality yields an isometric isomorphism between N;(E, F)* and

HZ,(F, E*). In the finite-dimensional case, the duality is also true for p = co.

From here we can deduce our first composition result, stating that in the finite di-
mensional setting, the composition of a completely p-summing map and a completely

p’-nuclear one is completely 1-nuclear.

Theorem 6.6.2. Let u : E — F and v : F — G be linear maps between finite-

dimensional operator spaces. Then v} (vu) < vg,(v)mp(u) and vi(vu) < mp(v)ve (u).

Proof. We only prove the first inequality, the second one may be obtained using an

analogous argument. Consider a linear map w : G — E. Then by Theorem 6.6.1,
| tr(wou)| < mp(u)vy (wo) < mp(u)vy () [Jwl]g, -

Taking the supremum over all w of ch-norm at most 1, another appeal to Theorem
6.6.1 (recalling that completely oo-summing is the same as completely bounded)

shows that vf(vu) < mp(u)v;, (v). O

A proof very similar to that of Theorem 6.6.2, together with the fact that g is

in trace duality with itself [Lee08, Lemma 2.5], allow us to prove the following.

Theorem 6.6.3. Let v : E — F and v : F — G be completely 2-summing
maps. When the operator spaces are finite-dimensional, v¢(vu) < w§(v)m§(u). In

the infinite-dimensional case, localization gives 7$(vu) < w§(v)m(u).
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The following lemma is at the heart of the proof of the composition theorem for

completely p-summing operators with conjugate indices.

Lemma 6.6.4. Let u: E — F C B({3) be a completely p-summing map and a,b in
Sop. Let M := M(a,b) : B(ly) — Say be the multiplication map induced by a and b.

Then 7§(M o) < [l [blly 75(w).

Proof. Let € > 0. There exist orthonormal sequences (e;), (f;) in ¢, and a sequence
of nonnegative numbers (7;) such that a = 3~ 7;¢;® f;, and (3_; szp/)l/(zp/) = [lally,-
Let ();) be a sequence of real numbers greater than one and increasing to infinity
such that (3 )\?p,TjQp/)l/@p/) < (1+¢)|lally,. Define ' =37 \jje; ® f; and let k
be the composition of the orthogonal projection onto the span of (e;) followed by
the operator that sends e; to )\j_lej. Then we have a decomposition a = a’k; where
ki is compact with [|k[] < 1 and [la/[l,, < (1 + ¢)lally,. Similarly, we can find
a decomposition b = keb’ where ky is compact with norm at most 1 and [[0'[|,, <
(1+¢€) [|blly, - Therefore, we may factor Mou = M'oM"ou, where M" := M (ki, k2) :
B(ly) = Soc and M’ := M (a’, V') : Sso — Sapy. Note that M’ is completely p’-nuclear,
and V(M) < [ ¥ - From [O1k10], M7, < [}zl By localization we
may assume that F is finite-dimensional, and thus by the proof of Theorem 6.6.2,

vy (M"o M" o) < v (M")mg(M" ou). Since 7§(M ou) < vf(M'o M" ou), we have

(M o u) < la|lop [0 ll2pr |7, 7 ()
< /[l 1812 [l 12l mp () < (1 €)* [lallyyy [1Bl]5, 7 ().
Letting € go to 0, we get the desired result. O

Now we can prove the composition theorem for completely p-summing operators

in the case of conjugate indices.
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Theorem 6.6.5. Let v : E — F be completely p-summing and v : F — G be
completely p'-summing. Then vu is completely 1-summing, and moreover m{(vu) <

w0 (V) (u).

Proof. By localization, we can assume that the operator spaces are finite-dimensional
and thus F' C B({;). Hence, the result follows immediately from Theorem 6.4.3 and
Lemma 6.6.4. [

We will obtain the full composition theorem from the particular case of conjugate
indices using interpolation. Before proceeding to the argument, let us recall [Pis03,

Corollary 2.7.7], which states that
(X ®min E07 X ®min El)e =X ®min (E07 El)@

whenever X is a completely complemented subspace of S...

Lemma 6.6.6. Let 1 < p,q,r < oo with 1/r = 1/p+ 1/q. For a completely p-
summing map u : See — F and any completely q-summing map v : F — G we have

m(vu) < wo(v)mo(u).

Proof. If r = 1 the result follows from Theorem 6.6.5, so we may assume r > 1. Note
that then p’ < ¢, so 0 = p/'/q is in (0,1). Consider a completely isometric embedding
J : F — B(K). Define a multilinear map ® : (S} ®min Soo) X Sos(K) X Sos(K) —
SPS.(K)] by

®((wi7), a,b) = (a(Juzi;)b).

By Theorem 6.6.5 we have
Hq)«xij)’% b)Hsmsp,(K)} < H(mz‘j)Hs{L@mingm ||a||52p,(1() ||b||52p,(K)

for any (z;;) € ST ® S and a,b € Sy (K), that is, ® has norm at most 1 when ¢ =1

and s = p/. Similarly, by the ideal property for completely p-summing operators ®
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has norm at most 1 when ¢ = p, s = co. Observe that 1/¢ = (1 — 6)/oo + 6/p" and
1/r = (1 —0)/p+6/1. Therefore, multilinear complex interpolation gives that ®
has norm < 1 when t = r and s = ¢. From Theorem 6.4.3, we obtain that u has

completely (g, 7)-mixing norm at most m9(u), the desired result. O

Let us now apply the previous lemma to estimate the completely (g, r)-mixing

norm of completely p-nuclear operators.

Lemma 6.6.7. Let 1 < p,q,r < oo with 1/r = 1/p+1/q, and u : E — F be a

completely p-nuclear map. Then m (u) < vg(u).

Proof. Consider a completely p-nuclear factorization of u : E — F' as

E—"> S

with a,b € Sy, and let v : ' — G be a completely ¢g-summing map. By Lemma
6.6.6,

m(vBM(a,b)) < mo(v)my(BM(a,b)) < 73 (v) |8l llalls,, [1b]ls,, -

Thus, by the ideal property for completely p-summing operators,

w2 (vu) < llallg, 77 (v8M (a,0)) < w3 (v) lally, 1B, lalls,, [1P]ls,, -

Taking the infimum over all such representations of u we obtain 77 (vu) < 7 (v)vy(u)

giving the desired result. O]

Together with the duality theorem, the previous lemmas will yield the full com-

position theorem.

Theorem 6.6.8. Let 1 < p,q,r,< oo with 1/r = 1/p+1/q. Letu : E — F
be completely p-summing and v : F' — G be completely q-summing. Then vu is

completely r-summing, and moreover m;(vu) < mo(v)m)(u).
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Proof. By localization, we may assume that all the operator spaces involved are
finite-dimensional, so in particular we can assume F' C B({;). By Theorem 6.4.3 we
may assume that v is of the form M (a,b) : B(¢3) — S, where a and b are in the unit
ball of Sy, and thus v (M(a, b)) <1. Let w: S, = E be completely 7’-nuclear with
v%(w) < 1. By Theorem 6.6.1,

| tr(vuw)| < vy (v) T (uw).

q

Since 1/¢' = 1/p+ 1/r', Lemma 6.6.7 implies that

| tr(vuw)| < vy (v)mp(w)v) (w) < mp(u).

Taking the supremum over all w with v%(w) < 1, the duality theorem 6.6.1 gives

w2 (vu) < 7o(u), and the result follows. O

As an application, we now prove an operator space version of [DF93, 32.2.(3)],

which in turn is part of a result of Saphar [Sap72].

Corollary 6.6.9. For an operator space E and 1 < q < 00, idg is completely (q, 1)-
mizing if and only if CB(Se, E) = 117/ (Sec, E).

Proof. First, suppose that idg is completely (g, 1)-mixing. By localization, it suffices
to prove that there is a constant C' such that for all n and all w : M,, — E we have
7 (w) < O]l

We need to show that w is completely ¢’-summing, so we might as well assume
that E is finite-dimensional. Let v : E — M, be a completely ¢-nuclear map

(hence completely g-summing). Since E is completely (g, 1)-mixing, v is completely
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l-summing and moreover 7{(v) < vg(v)mg,. Applying the duality theorem 6.6.1 for

two different pairs of conjugate indices (¢ and ¢/, 1 and oco) we have

7o(w) < vo(w) = sup {|tr(vw)| : 7o(v: B — M,) <1}
< m?, (E)sup {|tr(ow)| : wf(v: B — M,) <1}

=mg, (B)vg(w) <mg, (E) [wlg

[e.9]

where in the last step we have used that v (w) = ||w||,, obvious since w has domain
M,.

Now suppose that CB(S, E) = 119/ (Sx, £). By the closed graph theorem, there
exists a constant C' such that for all w : S — E we have mp,(w) < C|wl|y,.
Let v : E — F be a completely ¢-summing map. Let n € N and w : M,, — E be a
completely bounded map. By the assumption, 77, (w) < C' |lw||,,. By the composition
theorem 6.6.8, 7{(vw) < 7g(v)7mo (w) < 79 (v)C[|w| . Taking the supremum over

all n and all such maps w with cb-norm at most one, we find that 7{(v) < C7(v).

Therefore, idg is completely (g, 1)-mixing with constant at most C'. O

We finish the section with a natural open question. In the Banach space setting,
there are other composition formulas for p-summing, p-nuclear and p-integral maps
(see [PP69]). Do their operator space analogues hold? Specifically, do we have
ve(vu) < mo()e(u), ve(vu) < ve(v)me(u), @(ou) < m2(0)s(u), 2(vu) < 2(v)me(u)

whenever the compositions make sense?
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CHAPTER VII

SUMMARY

In the final chapter we give a brief summary of the results proved in this disserta-
tion, together with some natural open questions that are in need of further inquiry.

For the notation and terminology please refer to the corresponding chapter.

7.1 Banach-space-valued molecules

The main point in this chapter was the introduction of the concept of Banach-
space-valued molecules, which allowed us to obtain the following three duality theo-

rems for several nonlinear ideals of Lipschitz maps.

Theorem (cf. Thm. 2.6.4). The spaces CS,(X, E)* and IT},(X, E*) are isometrically
isomorphic via the canonical pairing. Moreover, on the unit ball of Hzf, (X, E*) the

weak* topology coincides with the topology of pointwise o(E*, E')-convergence.

Theorem (cf. Thm. 2.7.3). The spaces M, (X, E)* and I1% (X, E*) are isometri-

/
p,T,s

cally isomorphic via the canonical pairing. Moreover, on the unit ball of HI’;“,M(X ,E%)

the weak* topology coincides with the topology of pointwise o(E*, E)-convergence.

Theorem (cf. Thm. 2.8.7). The spaces (M(X, E), |-|l,)* and T5™(X, E*) are iso-
metrically isomorphic via the canonical pairing. Let T': X — E* and C > 0. The

following are equivalent:

Naturally, this chapter only lays down the basics of the study of spaces of Banach-
space-valued molecules on a metric space. Further research is still needed to exploit
the duality that they provide, and any other extra properties they may have. Among

the natural open questions in this regard, we have:

(1) Of all the normed spaces of molecules introduced in this chapter, the only specific

examples that have been identified so far are the CS; spaces for certain kinds of
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metric trees (see Proposition 2.3.9 and Corollary 2.3.10). The identification of

other specific examples would be useful for practical calculations.

(2) As Banach spaces, what properties do these spaces of Banach-space-valued molecules
have? For example, Arens-Eells spaces are special cases of Chevet-Saphar spaces

and they have the Schur property under certain conditions [Kal04].

(3) What can we say when the metric space involved is in fact a Banach space? What
properties (if any) does, for example, a Chevet-Saphar space inherit from it? It
is known that a Banach space has the bounded approximation property if and
only if its Arens-Eells space has the bounded approximation property [GKO03],

so similar results might hold for other norms on spaces of molecules.

(4) Does any of these classes of spaces of molecules behave well under some Banach-

space operation (for example, interpolation)?

7.2 Ribe’s program for maps

The focus of this chapter was to prove metrical characterizations of several prop-
erties of linear operators between Banach spaces, namely p-convexity, Rademacher
cotype and Rademacher type.

The equivalence between p-convexity and Markov p-convexity is shown in the

following two theorems.

Theorem (cf. Thm. 3.1.3). Let T': E — F be a uniformly p-convex linear operator
with constant C'. Then T is Markov p-convex with constant 4C, and thus every

p-convex linear operator is Markov p-convex.
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Theorem (cf. Thm. 3.1.4). If T : E — F be a linear operator which is Markov p-
convex with constant C, then T is p-convexifiable. More precisely, for every € € (0,1)

there exists a norm |[|-||| on E such that for all z,y € E,
(=) [lzl < [l < =]l

and

S 7 i el € Bl ’

- 2 4CP(p+1)

L=y
2

Tx+Ty
2

Thus, the operator T : (E, |||-|||]) — F satisfies (3.1.1) with constant K = O(C/e'/?).

In the case of Rademacher cotype, the next two results show the relationship

between Rademacher type both the regular and weak versions of metric cotype.

Theorem (cf. Thm. 3.2.1). Let E ,F be Banach spaces, T : E — F' a linear map
and ¢ € [2,00). Then T has metric cotype g if and only if it has Rademacher cotype

q. Moreover,

L o (T) < T,(T) < 20C,(T).

% q
Theorem (cf. Thm. 3.2.2). Let £ ,F' be Banach spaces and T : E — F' a linear
map. Suppose that T has weak metric cotype ¢ with exponent p for some 1 < p < gq.
Then T has Beauzamy-Rademacher cotype, that is, for some p > 1 (equivalently,

any p > 1) the sequence a'” (T') defined by

p11/p
|75 izl iz 21

aP(T) = inf { {EE Zejvj
j=1

converges to 0. If p > 2, then T has weak Rademacher cotype ¢ and hence has

Rademacher cotype r for every r > ¢q. On the other hand,
ng) (T') < ¢pgCy(T)

where ¢, is a constant depending only on p and g.
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Finally, for Rademacher type the situation is reminiscent of what we just saw for
cotype. The following two results express the relations between Rademacher type

and both scaled Enflo type and its weak version.

Theorem (cf. Thm. 3.3.1). Let E, F' be Banach spaces, T : E — F' a linear map
and p € [1,2]. Then T has scaled Enflo type p if and only if it has Rademacher type
p. Moreover,

1

—T
o P

Theorem (cf. Thm. 3.3.2). Let E, F' be Banach spaces and T : E — F' a linear map.

(T) < 7(T) < 15T,(T).

Suppose that T has weak scaled Enflo type p with exponent ¢ for some 1 < p < q.
Then T has Beauzamy-Rademacher type. If ¢ < 2, then T has weak Rademacher
type p and hence has Rademacher type r for every 1 < r < p. On the other hand,
Rademacher type p implies weak scaled Enflo type p with exponent ¢q. To be precise,

Téq) (T') < epTp(T)

where ¢, is a constant depending only on p and g.

One piece of the Ribe program that has resisted all attempts to solve it so far
is giving a metrical characterization of g-smoothness in Banach spaces. In the lin-
ear case, both g-smoothness and p-convexity can be characterized in terms of the
beautiful martingale inequalities due to Pisier [Pis75]. In the case of p-convexity
the arguments of Pisier were the inspiration behind the argument by Mendel and
Naor [MNO08a] in the nonlinear setting, replacing the martingales by Markov chains.
I believe it should be possible to give a metrical characterization of g-smoothness in
terms of inequalities involving Markov chains in a somewhat similar fashion. Some
further evidence in favor of this idea is given by the results of [NPSS06], where it
is proved that a ¢-smooth Banach space satisfies an inequality involving Markov
chains known as Markov type ¢, introduced by K. Ball [Bal92]. In fact, Ball himself

conjectured that Markov type 2 implies 2-smoothness.
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7.3 Lipschitz p-concave and p-convex operators

In this chapter we introduced the nonlinear notions of Lipschitz p-convex and
p-concave operators. For the p-convex case, the relation between the classical and

Lipschitz concepts is expressed in the following theorem.

Theorem (cf. Thm. 4.2.3). Let X be a metric space and L a Banach lattice. A
Lipschitz map T : X — L is Lipschitz p-convex if and only if T:F (X) = L is

p-convex. Moreover, in this case the p-convexity constants are the same.

For Lipschitz p-concavity, the equivalence with the classical concept in the case
of linear operators is a trivial matter. Thus, here the most important result is not
one showing an equivalence between the concepts, but rather a nonlinear version of

a factorization theorem through L,,.

Theorem (cf. Thm. 4.3.2). Let X, Y be metric spaces with Y complete and L a
Banach lattice. Suppose that T : X — L is Lipschitz p-convex and S : L — Y is
Lipschitz p-concave. Then the operator ST' can be factorized through an Ly, (p) space.
Moreover, we may arrange to have ST = 51717 with T : X — L,(p), S1: Ly(p) = Y,

Lip(T1) < M{)(T) and Lip(8y) < MP(S).

It would be interesting to investigate whether a result similar to Theorem 4.2.3
1/p
is true if one replaces (Z ; |xj|p> by other expressions in the Krivine functional

calculus for lattices.

7.4 Lipschitz (¢, p)-mixing operators

In this chapter the concept of Lipschitz (¢, p)-mixing operators was introduced,
and several characterizations of it were proved. They are summarized in the following

theorem.

Theorem (cf. Thm. 5.4.1, Cor. 54.3 and Thm. 5.4.4). Let 1 < p < ¢ < o0,
T : X — Y Lipschitz and C' > 0. The following are equivalent:
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(a) T is Lipschitz (g, p)-mixing with my (T') < C.

(b) For any probability measure i on By there exists a probability measure v on

By such that for all z,2" € X,

1/p

/B (@) — F()P dv(f)

x#

1/q
[/ \Q(Tx)—g(Txlﬂqdﬂ(g)] <c

(¢) For any x1,...,2Zm,2),...,2, € X and gy,...,9, € Y7,

p/q] /P

Z [Z \gu(Tx;) — gi(T})|*

j=1 Lk=1
n 1/q m 1/p
<c|) Lip(gk)q] - sup [Z | fa;) — f(l’})}p]
k=1 FeBx# | =1
(d) For any x1,..., %y, 2, ..., 2., € X and any probability measure p on By,
m p/q] /P
> (/ |9(T;) — g(Tw})}qdu(g)>
j=1 \’By#
m 1/p
< C sup Z ‘f(:z:j) f(a:;)}p
feBX# J=1
(e) For all zy,...,x,,2),...,2/, € X,
n 1/r n 1/q
inf [Z )\;] sup [ A g(Tay) — g(Ta)|*| : A >0
j=1 gEBy# ]:1

n 1/p
SCfesgp [Z}f(fﬂj)—f(w})}p] -



164

(f) For every Banach space G (or only G = /), the operator
1o CSp/(X, G) — CSq/<Y7 G)

1S continuous.

In this case, m. (T is equal to the infimum of such constants C' in either (b), (c),
(d) or (e).

As a consequence, we proved the following “interpolation” theorem relating dif-

ferent Lipschitz (g, p)-mixing constants for the same operator.

Theorem (cf. Thm. 5.5.5). Let 0 < § < 1 and 1 < p < qy,q1 < oo. Define
1/q:=(1—=0)/qo+ 6/q. For a Lipschitz map T : X — Y,

The most important open problem in this context is the one that inspired the
work of this chapter [FJ09, Question 3]: if 1 < p, ¢, r, < oo satisfy 1/r =1/p+1/q, is
the composition of a Lipschitz p-summing operator and a Lipschitz ¢g-summing one

in fact Lipschitz r-summing?

7.5 Completely (¢, p)-mixing maps

In this chapter, similar to the previous one but in the context of operator spaces
rather than metric spaces, we studied the concept of completely (g, p)-mixing maps.

The several characterizations we obtained are summarized in the following theorem.

Theorem (cf. Thm. 6.4.1 and Thm. 6.4.3). Let £ C B(H) and F C B(K) be
concrete operator spaces. Let 1 < p < ¢ < o0, u: E — F a linear map and C' > 0.

The following are equivalent:

(a) wis completely (g, p)-mixing with m? (1) < C.
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(b) For any ultrafilter & over an index set I and families (a4 )acr, (ba)acr in the unit
ball of Sy, (k) there exist an index set J, an ultrafilter V over J and families
(cg)pes, (dg)pes in the unit ball of Sy,(H) such that for all n and all (z;;) in
M, (E) we have

11m H [ (ao(uz;)b < Cligl H [(Cﬁxijdﬁ)}

] HMn (Sq(K)) HMn(Sp(H))

(c) For any ultrafilter U over an index set I and families (a4 )aer, (ba)acs in the unit
ball of Sy, (K') there exist an index set J, an ultrafilter V over J and families
(cg)pes, (dg)pes in the unit ball of Sy,(H) such that for all n and all (z;;) in
M, (E) we have

lim || [ (@ (uzi; )b < Clim ||[(cpzids)]

] Hsn[sq K)] Hsp(zg@w) :

(d) For all n and all (x;;) in M,,(E) we have

sup {H (a(uxij)b)HSp[Sq(K)] : a,b€ Bg, k), a,b> 0} <C ||(a:ij)\|sp®minE

As a consequence, we were able to prove a version of Pietsch’s composition the-

orem for completely p-summing maps.

Theorem (cf. Thm. 6.6.8). Let 1 < p,q,r,< oo with 1/r = 1/p+ 1/q. Let
u : E — F be completely p-summing and v : F' — G be completely g-summing.

Then vu is completely r-summing, and moreover 7y (vu) < 70 (v) ) (u).

Some logical open questions stem from this theorem, since in the Banach space
setting there are other composition formulas for p-summing, p-nuclear and p-integral
maps (see [PP69]). Do their operator space analogues hold? Specifically, do we have
vy (vu) < mg(v)vp(u), v (vu) < vg(v)mp(u), (vu) < mg(v)e(u), o(vu) < g(v)my(u)

whenever the compositions make sense?
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