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Introduction

.. 0 0€ aVeLeETQOTOS
Bros ov Prwos
avlpwrw ...

(Plato, Apology- 38.a)

The notion of tensor product was first given by R. Schatten [93], [94], but
A. Grothendieck was the first one which studied deeply this object. Indeed
he introduced the notion of "reasonable” crossnorm, and defined the greatest
and the least reasonable crossnorm: the projective and the injective tensor
norm. He also introduced the notion of integral operator between Banach
spaces, that is still very useful in the theory of Banach spaces. The strongest
impact of the tensor products in the geometry of Banach space, it was due
for the following facts:

LX,Y) = (X &, V) . I(X,Y")=(X & Y)

where L£(X,Y™) (resp. Z(X, Y*)) denoted the Banach space of bounded (resp.
integral) linear operators from X to Y*.

In the begining the Grothendieck’s work was not very well understood; only
after a period of sixteen years , Joram Lindenstrauss and Alexander Pelczyn-
ski reviewed the tensor product theory, extending many Grothendieck results
(especially Grothendieck’s Fundamental Inequality). Lindenstrauss and Pel-
czynski commented: 7 The paper of Grothendieck is quite hard to read and
its results are not generally known even to experts in Banach space theory ”.
After them, many other people attacked the tensor product theory, under-
standing the power of this object, establishing how the subject come in aid
to many problems of more classical aspects of mathematics, like harmonic
analysis, probability, complex analysis, geometry of convex bodies, real anal-
ysis and operator theory.

vii
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The first chapter of this dissertations is an outline of the theory of tensor
products, introducing the notion of reasonable tensor norm, the greatest and
the least reasonable tensor norms, how the projective tensor norm can be
injective and how the injective tensor norm can be projective (presenting for
that a deep result of Heinrich-Manckiewicz and Radrianantoanina). We close
the chapter with some applications of the approximation property (another
notion introduced by A. Grothendieck) in duality between the injective and
projective tensor product. After the injective and projective tensor norms,
other useful crossnorm were introduced, i.e. the Chevet-Saphar (see [11],
[92]) tensor norm was crucial to study the theory of p-summing operator,
but equally important was the Fremlin tensor norm. Indeed in the chapter 2,
after giving an outline of the theory of Banach lattices and semi-embeddings
notions, we introduce the Fremlin tensor product. In 1974 D. Fremlin intro-
duced a new tensor norm between two Banach lattices, and his norm was
useful specially for the fact that, if X and Y are two Banach lattices then

LMX, YY) = (X &p V)"

where £7(X, Y™") denote the the Banach lattice of the regular operators from
X to Y*. In the last section we solve an old question raised by Diestel and
Uhl (see [26]): given a tensor norm , is there stability of the Radon-Nikodym
property in the tensor product equipped with a such norm? indeed we close
the question relative to the Fremlin tensor norm, with the following

Theorem|83]
If X and Y are two Banach lattices, one of them atomic, then the Fremlin

A
tensor product X @p Y of X andY has the Radon-Nikodym property if both
posses this property.

Moreover we noted that the hypothesis of atomicity is crucial for the the-

orem; indeed it was proved that L,[0, 1] ® F L2[0,1] cannot have the Radon-
Nikodym theorem, even though L5[0, 1] a Hilbert space.

In the chapter 3 we come back to the projective and injective tensor norms,
studying two special geometry properties: the lu.st. property and the Gor-
don Lewis (or GL) property. First of all, we recall meant when a property is
local, introducing a very special class of Banach spaces, for which locally are
the same like the ¢, space: so called £, spaces. In some sense (see 3.1.6 for a
more precise definition) a Banach space is said to be an £, space if any finite
dimensional subspace can be contained in some £} space, for some n. Then
how the reader can note the meaning of the local property come out from the
behavior of its finite dimensional subspaces. In the local geometry of Banach
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space l.u.st. and GL properties are really important; l.u.st. was first intro-
duced in a paper by E. Dubinsky, A. Pelczyniski and H.P. Rosenthal ([27])
in a pretty difficult way that is equivalent to the more natural condition: X
has l.u.st. iff there exists a constant X > 1 such that, for each E € Fx, there
is an F' € Fx with E C F and ub(F) < A (where Fx denoted the family of
all finite dimensional subspaces of X and ub(F') denoted the unconditional
basis constant; see the section 3.2 for that notations). Our definition is due
to Y. Gordon and D.R. Lewis (]40]).

The GL-property was for first isolated in 1979 by S. Reisner ([88]) in a dif-

ferent way from us: for him a Banach space has (GL) if I} (X,Y) C T (X,Y)
for every Banach space Y and it’s not known if the two definitions are equiv-
alent (where II;(X,Y) and I'1(X,Y") denoted the absolutely summing and
1-factorable respectively operators space from X to Y; see section 3.2 for
the definition). Actually Gordon and Lewis [40] gave an elegant proof that
every Banach space having the l.u.st. property has the GL property (hence
the name of the property). To have an example of a GL-space failing l.u.st.
we had to wait for the 1980’s paper by W.B. Johnson, J. Lindenstrauss and
G. Schechtman ([49]). The following year T. Ketonen ([52]) did even better:
he found a subspace of an L;(u)-space without l.u.st.. But examples of Ba-
nach spaces space failing (GL) is due to Gordon and Lewis (1974): the space
L(l5,0) of all linear bounded operators from 5 to .
There is a vast literature on the subject, mainly paper of Junge, Gordon,
Lewis, Maurey, N.J. Nielsen, Pisier, Tomczak-Jaegermann, who have pub-
lished intensively on the gl and [.u.st constants and somming operators (see
[40], [39], [38], [80], [10], [55], to get other references there). Especially, a very
related to GL-property in injective tensor product result is the following:

Theorem([38])

Let X and Y be Banach spaces. Then gl(Xy é Yi) pmic NS for every in-
creasing sequence { Xy }72, and {Yi}32, of finite-dimensional subspaces of X
and Y respectively, if, and only if, X and Y not contain subspaces uniformly
isomorphic to 0% s (i.e. X and'Y have finite cotype).

After that, Y.Gordon gave a more general definition of GL property: the
GL(p, q) property (see [39]), giving many interesting application in Banach
space theory.

In the chapter 3 we prove the following
Theorem|86]
Let X and Y be Banach spaces. We have

1. If X is a L-space, then



A
X ®.Y has Lu.st. (or GL) property if Y does;

2. If X is a L1-space, then
X (}%W Y has Lu.st. (or GL) property if Y does.

In some sense the result above complete the work of Gordon and Lewis;
they proved that if £ and F' are L,-spaces (1 < p < o0), then none of

A A A A A A
E® F,E®, F, (FE®.F), (E®,; F)*, (F® F)* (F®, F)* etc... has
l.u.st.

In the chapter 4 we continue a job started by A. Grothendieck about the
compactness in the projective tensor product. Indeed he was able to show
that if X and Y are Banach spaces then substantially the compact set in

A
X ®, Y have the following lovely form: ¢o(Kx ® Ky ), where Kx is a com-
pact subset of X and Ky is a compact subset of Y. That was very useful in
the real life; i.e. using that in [1] the authors proved that

Theorem
Let X and Y be Banach spaces. For every relatively compact subset H of
K(X*,Y), there exist an universal Banach space Z, an operatoru € K(X*, Z),
a relatively compact subset {Br : T € H} of K(Z) and an operator
veK(Z,Y) such that T =vo Browu for allT € H.

Then in projective tensor product the compact subsets have a nice form,
but what about the weakly compact subsets? Actually in projective tensor
products weakly compact subsets look like very different that the compact
subsets; indeed if Wy and Wy are two weakly compact subsets of X and Y

A
respectively, then in general Wy ® Wy is not weakly compact in X ®, Y (i.e.

By, ® By, is not weakly compact in £, <§A§7r ¢5). Then we cannot have any rep-
resentation of weakly compact in projective tensor product as co(Wx @ Wy ),
where Wy and Wy are weakly compact subsets of X and Y. But not every
thing is lost. The following theorem explain why.

Theorem|24]

A
Let X and Y be two Banach spaces. Every weakly compact subset in X &,
Y can be written as the intersection of a finite union of sets of the form
co(U® V), where U and V are weakly compacts subsets of X and'Y respec-
tively.

In case either X or Y has the Dunford-Pettis property, then this condition
is also sufficient for the weak compactness of a subset of the projective tensor
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product. In the same chapter, it is noted that if one of the space has the
Dunford-Pettis property, then we get even better.

Proposition[24]
Let X , Y be Banach spaces, with X having the Dunford-Pettis property. If
Wx C X and Wy CY are weakly compact subsets then Wx @ Wy is weakly

A
compact subset of X ®, Y.

Corollary
Let X, Y be Banach spaces, such that X has the DP property. Then every

A
weakly compact subset in X ®, Y can be written as the intersection of a
finite unions of sets of the form co(U ® V'), where U and V' are weakly com-
pacts subsets of X and Y respectively.

In [18] the authors studied the injective tensor product of two weakly
compact operators. Indeed they proved that

Theorem
Let X4, Xs, Y1,Y5 be Banach spaces. Let Ty : X1 — Y] and Ty : Xo — Y5
be two bounded linear operators. Then

1. If T1 is compact and Ty is weakly compact, then the injective tensor

AN AN AN
product T1 ®. Ty : X1 ® Xo — Y] ®c Yy of T1 and Ty is weakly
compact.

2. Suppose X1 be a Banach space whose dual space possesses the approx-
imation property and the Dunford-Pettis property. If Ty and Ty are
both weakly compact operators, then then the injective tensor product

A A A
TT®Ty: X1 ® Xo— Y] ® Yo, of T1 and Ts, is weakly compact.

As an easily consequence of the results above we have
Corollary
Let X1, Xs, Y1,Y5 be Banach spaces. Let T} : X1 — Y1 and Ty : X9 — Y,
be two weakly compact operators. Suppose either Y1 or Yo has the Dunford-
A A
Pettis property, then the projective tensor product Ty ®, Ty : X1 ®, X9 —

A
Y1 ®x Ys, of T and Ty, is weakly compact.

Daniele Puglisi
September 2007
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Notations and Basic Facts

We will use standard notations about Banach spaces (see [72], [16], [62], [63]),
measure theory (see [46] , [13], [26]), tensor products theory (see [19], [89],
[14]), operator theory (see [22]), descriptive set theory (see [52]), and topol-
ogy (see [58], [30]); anyway some clarification is in order.
In the sequel K will denote the field of scalars R or C unless explicitly men-
tioned to the contrary. If X is a Banach space, then X* denotes the dual
or conjugate space of X. If Y is a closed linear subspace of X then Y+, the
annihilator of Y, is defined by Y+ = {z* € X* : 2*(y) =0 forally e Y}.
Clearly Y* is a closed linear subspace of X*. For us L(X,Y’) will be the vec-
tor space of all the linear maps between two vector spaces X and Y, instead
L(X,Y) will be the Banach space of all the bounded linear maps between two
Banach spaces X and Y. A bounded linear operator 7" : X — Y is called
an isomorphism if it is one-one with closed range (thus an isomorphism from
X to Y need not to be a surjection). X and Y are isometrically isomorphic
if there is an isomorphism 7' from X onto Y with ||T|| = ||77!|| = 1. In the
same way Bil(X,Y; Z) will be the vector space of all the bilinear maps from
two vector spaces X and Y to a vector space Z, and B(X,Y; Z) will be the
Banach space of all the bounded bilinear maps from two Banach spaces X
and Y to a Banach space Z. A closed linear subspace Z of X is said to be
complemented in X if there is a projection (i.e. a bounded linear projection)
from X onto Z. Note that an bounded linear operator P : X — X is a
projection onto Z if and only P(X) C Z and P(z) = z for all z € Z.

We will indicate with F the family of all finite dimensional Banach spaces
and with Fx the family of all finite dimensional Banach subspaces of a certain
Banach space X. If E' € Fx we label the canonical inclusion as

ig: B — X.

The symbol Cx means the collection of all closed, finite codimensional
subspaces of X and, if Z € Cx, the natural quotient map will be:

4 X — X7

XV
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Let X be a Banach space, and {z, : « € I'} a subset of X. The closed
linear span of {z, : « € I'}, denoted by span{z, : « € I'} or span{z,}, is
the smallest closed linear subspace of X containing {z, : a € I'}.

As usual, if 1 < p < o0, £, is the Banach space of all sequence (), such

that ||(zn)nll, = Oo0r,y ]a:n]p)% < o00. Instead /., is the Banach space of all
bounded sequences (), with |[(Z,)n]lcc = SUP,en |Zn], and ¢ is the closed
linear subspace of £, consisting of all sequences (x,,), in ¢, converging to 0.
If 1 < p < oo, then £} is the n-dimensional Banach space having norm

(@1, s )l = (2, |Ii|p)% if p < oo and [|(z1, ..., ¥n) e = maxi<icy [7i].
Let  be a set. Recall that an field (or algebra) on € is a collection of subsets
of Q containing ), 2, and closed under complements and finite unions (so
also under finite intersections). It is a o-field (or o-algebra) if it is also closed
under countable unions (so also under countable intersections). A pair (€2, X)
is called a measurable space, where () is a set and X is a o-field on 2. The
members of X are called measurable.

A measure in a measurable space (€2,%) is a function p : ¥ — R U {0}
which is non negative with p(0) = 0 and p(J >~ E,) = > oo, p(Ey), for
every pairwise disjoints sequence (F,), of measurable sets. If (,3) is a
measurable space and p as a measure on (2, %) then (2, X, 1) will be called
measure space. If the measure  is so that () = 1 then (2, %, u) is called
probability space.

If (Q,%, ) is a measure space and 1 < p < oo, then L,(u) is the Banach
space of equivalence classes of y-measurable function on (2 whose pth power is
absolutely integrable, with || f|l, = ([, |f(t)|pdu(t))% for f € L,(u). Instead
L (1) is the Banach space of equivalence classes of u-measurable functions
which are essentially bounded, with ||f|lc = esssup{|f(¢)] : t € Q} =
inf{c € R : pu({t € Q :|f(t)] > ¢}) = 0}. Usual we will be interested
in measure spaces (2, %, u) such that Lo (p) = Li(n)* (actually Pelezyniski
proved that for any measure space (€2, 3, 1) Loo(1) is isometrically isomor-
phic to Ly(v) for some measure v on X. However, for 1 < p < oo we have
always L,(u)* = L,(p), with z_la—i_% = 1, for any measure space (€, %, 1); that
follows from a more geometrical reason: the uniformly convexity of the L, (i)
’s spaces; but that is another story!).

If K is a compact Hausdorff space, then C(K) is the Banach space of con-
tinuous functions on K with || f|| = sup{|f(z)| : = € K} for f € C(K).
Mention of ”"C(K) space” always refers to such a space.

Let X be a Banach space, a function f : Q@ — X is called u-measurable
if there exists a sequence of simple functions (f,), with lim, || f, — f|| = 0
p-almost everywhere. A function f : Q — X is called weakly pi-measurable
if for each z* € X* the numerical function z* f is u-measurable.
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Let X be a Banach space, let (2, X, 1) be a measure space. A measurable
function f : 2 — X is called Bochner integrable if there exists a sequence
of simple functions (f,), such that

i [ 14 = Sl = .
noJa

In this case, for any £ € ¥

/ fdpt = lim / Fudi,
E n JE

where [ 5 Jndp is defined in the obvious way. The space of the Bochner inte-
grable functions will be denoted by L;(u, X). More general, for 1 < p < o0
LP(u, X) will denote the Banach space of equivalence classes of y-measurable
X valued on 2 whose pth power is Bochner integrable functions, i.e. such that

|um=pAWﬂm&wm»é<m

for f € L,(p, X). Instead Loo(pt, X) stand for the space of all (equivalence
classes of p-measurable) X valued Bochner integrable functions defined on
2 which are essentially bounded, i.e. such that

[fllec = esssup{[[f(B)[| : ¢ € Q} <oo.

This also is a Banach space under the norm || - ||, and the countably valued
functions in Lo (p, X) are dense in Ly (u, X). Finally if K is a compact
Hausdorff space, then C' (K, X) is the Banach space of all continuous functions
from K to X with the norm

[ flloo = sup{llf(D)l[x = t € K}

for f € C(K,X). Now we recall some other classical integration.

Lemma 0.0.1. (Dunford) Let X be a Banach space and (2, %, 1) be a mea-
sure space. Suppose f is weakly p-measurable function on Q and x*f € Li(n)
for each x* € X*. Then for each E € X there exists x37 € X** so that

w() = [ ()

for all z* € X*.
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From this lemma Dunford called a weakly p-measurable X valued func-
tion f on Q such that 2* f € Li(u), to be Dunford integrable, and the Dunford
integral of f over £/ € X is defined by the element x} € X** such that

s (at) = [ o fdy

for all z* € X*, the Dunford integral will be denoted by =3 = (D) — [, fdp.
In case (D) — [, fdu € X for each E € X, fis called Pettis integrable. Using
the same ideas if f : Q@ — X* is a function so that xf € Li(u) for all x € X
then for each set E € X there is a vector 27, € X* such that

rila) = [ fdy

for all x € X. The element x}, € X* is called the Gel’fand integral of f over E.

Definition 0.0.2. A topological space is completely metrizable if it admits
a complatible metric d such that (X, d) is complete. A separable completely
metrizable space is called Polish.

The following facts are easy to verify

Proposition 0.0.3. i) The completion of a separable metric space is Pol-
1sh;

i) A closed subspace of a Polish space is Polish;

iii) The product of a sequence of completely metrizable (resp. Polish) spaces
is completely metrizable (resp. Polish);

iv) A subspace of a Polish space is Polish if and only if it is a Gs (inter-
section of countable many open sets).

Indeed, let X be a Polish space, and let Y = U, with U, open in X.
Let d be a complete compatible metric for X and consider F,, = X \ U, for
all n € N. Define a new metric on Y

> 1 1 1
/ o .

d(y, Fy)

It is easy to see that this metric is complete compatible on Y and so Y is
complete. In particular from iv) every open set in a Polish space is Polish.
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If we consider N with the discrete topology, from i) we can say that NV is
Polish too. This last space (called Baire space) plays an important rule in
the Polish spaces theory because of

Proposition 0.0.4. If X is a non empty Polish space then there exists a
continuous and open surjection f : NN — X (open means that the image of
each open is open).

Definition 0.0.5. Let (X, ©) be a topological space. The class of Borel set
of X is the o-algebra generated by the open sets.

Let X,Y be topological spaces. A map f : X — Y is Borel if the inverse
image of a Borel (equivalently open or closed) set is Borel.

Very useful in the theory of geometry of Banach spaces is the following

Definition 0.0.6. A Schauder basis (u,)nen for a Banach space U is said
to be an unconditional basis for the space if, calling (u}),en the biorthog-
onal sequence in U* of the basis, there exists a constant A > 1 so that
>0ty (uk, x) u,, converges for every (t,)nen € loo, € U and

[e.e] [e.@]
Z tn (ur, ) u Z (uy,, x) uy,
n=1 n=1

Also we need to recall the following

<A v(tn)neN c Bgoo.

Definition 0.0.7. A Banach space X has the approximation property, if for
every Banach space Y, the set of finite-rank members of L(Y, X)) is dense in
space of compact operators (Y, X).

The above definition was given by Grothendieck ([42]); indeed he deduced
some equivalence of such a property

Theorem 0.0.8. Let X be a Banach space. Then the following are equivalent
(i) The space X has the approximation property.

(ii) For every compact subset K of X and for e > 0 there is a bounded
finite-rank linear operator Tk . : X — X such that | Tk (z) — z|| < €
whenever x € K.

Grothendieck found nice interpretations of the approximation property in
the tensor product theory, as the reader can see in the section 1.1. Every of the
classical Banach space has the approximation property, for that Grothendieck
thought that every Banach space has such property. For a period of twenty
years people tried to prove that, but only in the 1973 Per Enflo gave a
beautiful counterexample (see [29]).
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Definition 0.0.9. Let X be a Banach space. Suppose that there is a positive
constant ¢ having the property that, for every compact subset K of X and
€ > 0, there is a bounded finite-rank linear operator Tk, : X — X with
| Tk || <t and such that | Tk (z) —z|| < e whenever x € K. Then X has the
bounded approximation property. If X satisfies the condition above with ¢t = 1
then X is said to have the metric approximation property. It is clear that the
bounded approximation property implies the approximation property, but
they are not equivalent (see [31]).

Proposition 0.0.10. Suppose that there ezists a uniformly bounded net {T,}
of finite-rank operators on X such that T, (x) — x for every x € X. Then X
has the bounded approrimation property.

Proof. Let {T,} be a net of finite-rank operator such that C' = sup,, ||| <
oo and T,(x) — x for every © € X. Let K be a compact subset of X
and let ¢ > 0. Consider {z1,...,z,} in X so that for every x € K there
exists i € {1,...,n} so that ||z — 2;|| < J = min £, 5&. For the hypothesis of
convergence there exists ag so that if a > ag then ||T'(z;) — 2;]] < § for each
i€ {l,...,n}. Let x € K and choose i such that ||z — z;|| < 0. Then

[ = Tao ()| < Nl = @ill 4 [Js = Tag (@) | + [[Tao (2:) = Tao (2)]| < €
[l

Of course, if every operator in the net of approximating finite-rank op-

erators has norm at most one, then the space has the metric approximation
property. For an application of the proposition above see 1.1.15.
To finish this section we recall the concept of compactifications. Let X be a
topological space. A pair (Y, ¢), where Y is a compact space and ¢ : X — Y
is a homeomorphic embedding of the space X into Y such that ¢(X) = Y
is called a compactification of the space X. Of course, if a topological space
is embeddable in a compact space Y, then the pair (f(X), f) is a compact-
ification of X (where f : X — Y is the embedding). Usually not every
topological space admits compactification; then, for what we said above, ev-
ery space X embeddable in a compact space has a compactification. A more
general theorem holds

Theorem 0.0.11. A topological space has a compactification if and only if
it 18 a Tychonoff space.

Two compactifcations ;X and co X are said to be equivalent if there
exists a homeomorphism f : ¢; X — ¢ X so that the following diagram is
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commutative
ClX L CQX
Cc1 T TCQ
X M x

i.e. fei(xr) = eo(x) (where ¢, ¢y are the embeddings from X to the com-
pactifications ¢; X, co X respectively). Of course, every compactification of a
compact space are equivalent, and then a compact space has a unique com-
pactification ("modulo equivalences”).

Let €(X) be denoted the family of all compactifications (up to equivalence)
of a given Tychonoff space X. Now we define a partial ordering in the fam-
ily €(X). We say that c;X < ¢; X if and only if there exists a mapping
f 11X — X such that f oc; = co. It seems that two compactifications
c1X, o X of a Tychonoff space X are equivalent if and only if ¢; X < ¢ X and
2 X < ¢;X. What is important about that partial ordering is that (€(X), <)
is a complete semi-lattice. Indeed we have

Theorem 0.0.12. For any subfamily €, C €(X) there exists in €(X) a least
upper bound with respect to the partial ordering <.

From the last theorem follows that for every Tychonoff space X, there
exists a greatest element of €(X), called the Chech-Stone compactification of
X, usually denoted by B(X). This compactification is very useful and it had
found many application in functional analysis (we will find an application in
the chapter 2). But what distinguish that compactification form the other is
the following

Theorem 0.0.13. Let X be a Tychonoff space and Z be a compact space.
Then

1. FEvery continuous map f : X — Z s extendable to a continuous map
F.pX — Z.

2. If every continuous map defined on X with values in a compact space
can be extended (as a continuous map) over a compactification aX of
the space X, then aX is equivalent to the Cech-Stone compactification
of X.

Very useful in functional analysis is the fact that if N is equipped of
the discrete topology then OGN then /., = C(SN) (the space of continuous
functions form SN to the real field). One of the many questions posed form
Banach in his book (see [2]) was to see whether a smaller compact space S
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corresponds to a smaller space C'(S) (the term ”smaller space” will mean
a space which is isomorphically contained in the comparized one). A coun-
terexample was found by Pelczynski (see [76]) which proved that C'(N \ N)
is not isomorphic to any subspace of C(SN) (actually he proved that SN\ N
does not admit a simultaneous extension on SN). Also he proved that if Ny is
an isolated set of power Ny, then it is topologically contained in a Tychonoff
cube ™ although C'(3N;) is not isomorphic to any subspace of C(I%¢), for
C(I*) is isomorphic to a strictly convex space and C(BN;) is not.

But these are other stories!



Chapter 1

Tensor Product of Banach
Spaces

1.1 Tensor products of Banach Spaces and
Tensor Norms

For the sake of completeness, We will start with a summary of the principal
notions and results in the theory of Tensor Products.

Definition 1.1.1. Let E and F be K-vector spaces. A pair (H, V) of a K-
vector space H and a bilinear map ¥ : Ex F — H is called a Tensor Product
of the pair (E, F) if for each K-vector space G and for each ® € Bil(E, F; Q)
there is a unique 7" € L(H, G) such that ® = T oW, i.e. the following diagram

1s commutative: o
ExF — (G

Y
H

Follows by the definition the easy properties:
(1) If (H, V) is a tensor product of (F, F), then span {V(E x F))} = H

(2) If (Hy, V) and (Hs, ¥s) are two tensor products of (E, F'), then there
is a unique linear isomorphism S : H; — H, such that S o ¥; = ¥,

(8) Ty : By — Fy and Ty : Ey — F, are linear isomorphisms and
(H,W¥) is a tensor product of (Fi, Fy), then (H,V o (Ty x Ty)) is a
tensor product of (Fy, E»)
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By (2) it seems that every pair (E, F') of vector spaces has (up to a linear
isomorphism) a unique tensor product (H, V). For that reason the algebraic
tensor product of K-vector spaces E, F' is denoted by H = E ® F, with
bilinear form associate ¥ = ®.

By (1) every element z € E ® F has the form

z= Zxk @ Yr;
k=1

The elements of the form x®y are called elementary tensors. If & € Bil(E, F; G),
then the linear map 7' € L(F ® F, G) such that

P(z,y) =T(x®y)

is called the linearization of ®.
Now, let X and Y be Banach spaces, a norm « on the algebraic tensor
product X ® Y is called a reasonable crossnorm if a satisfies:

(a) alz®@y) <|lz||||lyl| forre X andyeY
(b) *®@y* € (X ®Y,a)" and
2" © ¥l (xeviays < (127 y"]]
for any x* € X* and y* € Y.

If X and Y are Banach space and « is a reasonable crossnorm on X ® Y,

then we will denote by X (}A@a Y the completion of X ® Y equipped with the
norm «. Note that, by the definition of reasonable crossnorm, every element
u* € X*®Y" is a member of (X ® Y,a)*. This remark suggest us some
natural example o reasonable crossnorm:

Example 1.1.2. (1) Let X and Y be Banach spaces. Consider X ® Y as a
subspace of B(X*,Y™*) (i.e. it easy to see that the map & : X xY —
B(X*,Y*) given by ®(z,y)(z*, y*) = 2*(x)y*(y) is a bilinear map, then
using the linearization of ® we can see, in a natural way, X ® Y as a
subspace of B(X*,Y™)), then a first natural norm on X ® Y could be
that induced by B(X*,Y*); that is, foru € X ® Y

[ulle = sup{lu(z®,y")| : =" € X, y* €Y}

It seems easy that € is a reasonable crossnorm on X ® Y, and it will be
denoted by Injective Tensor Norm. The completion of X ® Y equipped
with e-norm will be called the Injective tensor Product of the Banach

A
spaces X and Y, denoted by X ®. Y.
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(2) The projective tensor norm is the norm induced on X ® Y by duality
with B(X,Y); that is, foru e X ® Y

[ull = sup{[o(u)] : veBX,Y), |v] <1}

It seems easy that 7 is a reasonable crossnorm on X ® Y. The com-
pletion of X ® Y equipped with m-norm will be called the Projective

tensor Product of the Banach spaces X and Y, denoted by X éﬂ Y.

Grothendieck (see [41]and [42]) defined for first the injective and the pro-
jective tensor norms, showing that the Injective and the Projective tensor
norms are the least and the greatest reasonable crossnorm (i.e. for every rea-
sonable crossnorm « it happens: || - || < a(-) < || - ||x), giving a more simple
expression to the projective tensor norm. Indeed it can be seen as

lulle = f Y failllyll = w=) z©u}, veX®Y
i=1 i=1

where the infimum is taken over all possible representations of u. He described
the projective tensor product of X and Y in the following way: an element

A
u € X ®; Y has the representation

(e%s) 00
u=Y 2 @y with 3 eyl < 0
n=1 n=1

and the projective tensor norm of u as

Jull = inf{z znllllynll = w= an ® Yn}
n=1 n=1

where the infimum is taken over all possible representations of u as above.
For a good reference about the projective and injective tensor products see

[19].

Now I recall some essential property concerning the Projective and In-
jective tensor norms. To start we recall some natural, but very important,
properties for injective and projective tensor products of Banach spaces.

A
Proposition 1.1.3. If X andY are Banach spaces, then X* ®. Y is a closed

linear subspace of the space L(X,Y) of all bounded linear operators from X
toY.



4 Chapter 1. Tensor Products of Banach Spaces and Tensor Norms

Theorem 1.1.4. (The universal mapping Theorem)[Grothendieck [41], The-
orem 2/

For any Banach spaces X,Y and Z, the space L(X Q/%)?r Y Z) of all bounded

A
linear operators from X ®, Y to Z is isometrically isomorphic to the space
B(X,Y;Z) of all bounded bilinear transformations taking X XY to Z. The
natural correspondence establishing this isometric i.somorphism is given by

A
veL(X®,Y;Z) & ¢9eB(X,Y;2)

V16

v(z @ y) = oz, y)
Theorem 1.1.5. If X, X5, Y] and Ys are K-Banach spaces and T : X; —

A
Xy and S Yy, — Y, are bounded linear operators, then T ® S : X ®,
A
Y1 — Xo @, Ys is a bounded linear operator with || T @ S|| < ||T|| - |S||
The names Injective and Projective come from the following two pecu-

liarities of that norms:
Proposition 1.1.6. (The injectivity of ||-||c) Let X andY be Banach spaces.

A
If Z is a closed linear subspace of X, then Z ®,. Y is a closed linear subspace
A
of X ®. Y

Proposition 1.1.7. (The projectivity of || - ||=) Let X and Y be Banach
A
spaces. If Z is a closed linear subspace of X, then X /7 &, Y is a quotient
A

of of X ®, Y

It seems very interesting to see when the behaviour of the projective
tensor norm is "injective” (i.e. it is closed for linear subspaces), and when
the behaviour of the injective tensor norm is ”projective” (i.e. it is closed for
quotients). A first simple example is the following
Proposition 1.1.8. If X and Y are Banach spaces, and Z is a comple-

A A
mented subspace of X then Z ®, Y is a complemented subspace of X ®, Y
(in particular is a closed linear subspace).

A
The proof is very simple; indeed it is enough to consider P ® idy : X &,

A
Y — X ®, Y, where P : X — X is a bounded linear projection of X
onto Z and idy : Y — Y is the identity map, and to note that P ® idy is

A A
a bounded linear projection of X ®, Y onto Z ®, Y.
Another example come form Grothendieck [41]
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A
Theorem 1.1.9. Let X and Y be Banach spaces. Then X ®, Y is a closed

A
linear subspace 0s X** @, Y

The next result, concerning the injectivity of the projective tensor product
of Banach spaces, cames from two beautiful theorems:

Theorem 1.1.10. (Heinrich, Mankiewicz [47])

If Z is a separable closed linear subspace of a Banach space X, then there
is a separable closed linear subspace Z of X that contains Z and a linear
operator T' : Z* — X* of norm one so that Tz*|; = z* for each z* € Z*

Theorem 1.1.11. (Randrianantoanina [87])
If Z is a closed linear subspace of a Banach space X and if there is a linear
operator T : Z* — X* of norm one such that Tz*|; = z* for each z* € Z*,

then Z <}A§>7r Y is a closed subspace of Z Q%ﬂ X, regardless of the Banach space
Y
Actually the Radrianantoanina ’s theorem say us that if Z is a local dual

N
of X* then Z ®, Y is a closed linear subspace of X é\{),, Y (see [37] for the
local dual notion and [34] for a more general notion of local dual).
The following unexpected result will be very useful in the sequel:

Corollary 1.1.12. Let X and Y be Banach spaces. If Z is a separable closed
linear subspace of X, then there is a separable closed subspace Z of X contains
~ A A
Z so that Z @, Y 1is a closed subspace of X ®, Y
Another beautiful result, about this theme, is a consequence of the spec-
tacular Maurey’s extension theorem (see [67])
Theorem 1.1.13. Let X and Y be Banach spaces. If Xy and Yy are closed
A
linear subspaces of X and Y respectively having type 2 then Xo ®, Yy is a
AN
closed linear subspace of X ®, Y.
After to have recalled the above result, we want to note that there are two

spacial class of Banach spaces in which the projective and injective tensor
norms behave in a very nice way.

Theorem 1.1.14. (Grothendieck [41]) Let X andY be Banach spaces. Then

N AN
(1) X ®, Z is a closed linear subspace of X ®, Y, whenever Z is a closed
linear subspace of Y, if and only if X is isometrically isomorphic to
LY (i) for some measure fi.
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A A

(2) X ® Y ,//Z is a quotient of X ®. Y, whenever Z is a closed linear
subspace of Y, if and only if X is isometrically isomorphic to C(K) for
some compact Hausdorff space K .

Another interesting problem related to the projective and injective ten-
sor product is to see when can be embed in the dual of the other. Indeed
Grothendieck was the first to understand how the approximation property
come out in help to that problem, giving the following

Theorem 1.1.15. Let X be a Banach space. Then the following are equiva-
lent

(i) X has the metric approximation property.

A A
(ii) For every Banach space Y, the canonical mapping X ®, Y — (X* ®.
Y*)* is an isometric embedding.

A AN
(iii) The canonical map X @, X* — (X* ®. X)* is an isometric embed-
ding.

A A
Proof. Suppose (7) holds. Since the canonical map X ®, Y — (X* ®, Y*)*

AN
has norm one, it is enough to show that |[u||e+ > ||ul|- for every u € X ®, Y
(where || - || is the dual norm of || - ||¢; actually such norm is called the

AN
integral norm (see [19])). Fix u € X ®, Y and € > 0. Choose a representation
Yoy @y, of u with z, — 0 and Y7 |lys]| < co. Since the dual of the

n=1
projective tensor product X é\{J,r Y of X and Y is just the operator space
L(X,Y™*), there exists T € L(X,Y™), ||T|| = 1, such that [(u,T)| > ||ul/r —€.
By the metric approximation property there exists a finite-rank operator
S : X — Y*, such that ||S]| <1 and

€

2zt ol

for every n. So |(u, T — S)| < € and therefore |(u, S)| > ||lul|r — 2¢. Since S is

A
a finite-rank operator, then S belongs to X* ®. Y*. Now, by the definition
of the injective tensor norm, it is clear that the operator norm coincides with
the injective tensor norm, and then ||S||. < 1. Therefore

1T () — S(zn)|l <

[ulles = [{u, S) = [lullx — 2¢
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It is trivial that (i¢) implies (i7).
Suppose that (i77) holds. Since X* ® X is dense in X* é\QE X then

[ull= = sup{[{u, S)[ : S € X" ®X, [S]l <1}

for every u € X* é)w X. On the other hand
[ullx = sup{|(u, T)| : T € L(X, X), [T <1}

Therefore the set F' = {S € L(X,X) : S has finite rank and ||S]| < 1} is
weak*-dense in the closed unit ball of £(X, X) (where the set are considered

in (X QAZ)?T X*)*). Thus the identity operator I on X can be weak® approx-
imated by element of F: if z € X, 2* € X* and ¢ > 0 then there exists
S € F such that [(S(x),z*) — (z,2")| < e. It follows that for every x € X,
x belongs to the weak closure of the set F\(x) = {S(x) : S € F}. But this
set is convex, and so its weak and norm closure coincide. Thus, x lies in the
norm closure of F'(x) for every x. Now consider the strong operator topology
on L(X,X), generated by the seminorms 7" +—— ||T(z)||, as x ranges over
X. Since the identity is in the closure of F' for this topology, there exists a
net {S,} of finite-rank operators, each having norm at most one, such that
Sa(z) — x for every x € X. Then the Theorem follows by 0.0.10 O

Remark 1.1.16. As the reader can easily note, using the same proof as
above, the following are equivalent:

(i) X has the bounded approximation property.

AN A
(i1) For every Banach space Y, the canonical mapping X ®, Y — (X* ®.
Y*)* is an isomorphic embedding.

A N
(#i) The canonical map X ®, X* — (X* ®. X)* is an isomorphic embed-
ding.

The last result will be used specially in 3.3.13.
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Fremlin Tensor Product

2.1 A short introduction to Banach lattices

Throughout this section we recall some basic definition and property con-
cerning the lattice structures (for the proofs or more about that we referee
[73]).

Suppose X is a linear space and X is allowed with a partial order <. If
r+ 2z <y+zand pr < py for all z,y,z in X and all positive numbers p
whenever x < y; then we call X an ordered linear space. If the order of the
ordered linear space X is a lattice order, that is, for any x,y € X, x Vy =
least upper bound of z and y as well as © Ay = greatest lower bound of x and
y coexist, then X is called a wvector lattice. If x is an element of the vector
lattice X, then we will use the standard notations

T =2zVv0, 2 =(-2)V0, |z|=z"Va"
The positive cone X of X is the set
Xt={zeX :z>0}

A Banach lattice is a Banach space that is a vector lattice with [|z]| < ||y||
whenever 0 < z < y; alternatively, if |x| < |y|, then ||z|| < ||y||. Naturally
]l =1l l=[ [].

If X and Y are Banach lattices and T': X — Y is a linear mapping we say
T is positive if T'(x) > 0 whenever x > 0. Now, we recall some basic property
about Banach lattices

Theorem 2.1.1. (1) The lattice operations are continuous;
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(2) X is closed;

(3) If (xn)n is an increasing convergent sequence, then sup,, , erists and
18 = lim, z,,;

(4) Positive linear mappings between Banach lattices are continuous;

Definition 2.1.2. A vector lattice X is said to be Dedekind complete when,
for every increasing net (z4)aer (ie. 2o < 25 if a, 8 € I, and o < ) with
zq < x for each o € I, there exists o € X such that 2o = sup,¢; Za.
Instead it is said to be o-Dedekind complete when, for every increasing se-
quence (z,)nen with z, < x for all n € N, there exists o € X such that
Ty = SUP,eN Tn-

A norm of a Banach lattice X is called order continuous whenever (z,)q is
a decreasing net with z, > 0 Va € I we have lim,, ||z,|| = 0.

Definition 2.1.3. Let E and F' be Banach lattices. An linear bounded oper-
ator T : E — Fis called positive if T(E*) C F'™ (where, as usual, we denote
with E*, F'™ the positive cone of E and F respectively). Let L1(E, F) the
collection of the positive operators from E to F. An operator T' € L(E, F)
is called regular if there exist T1,Ty € LT(E, F) so that T = Ty — Ty. Let
L"(E, F) the collection of the regular operators from E to F. It is known
that if /' is Dedekind complete then £"(E, F') is a Banach lattice with the
positive cone LT(E, F') (see [73]), and norm

7Nl = inf{|| S]] = S € LY(E,F), |T(x)| < S(z]), v € ET}

and in such which case ||T||,. = || |T] ||

2.2 Radon-Nikodym Property and Semi-embeddings

Let X be a Banach space, recall that a countable additive vector measure
(or o-additive vector measure) on a o-field ¥ of subsets of a set 2 to X is a
function F : ¥ — X with the property: F(IJ _, E,,) = >~ F(E,) in the
norm topology of X, for all sequences (E,,),, of pairwise disjoint members of
2.

Definition 2.2.1. Let F': ¥ — X be a vector measure on a o-field . The
variation of F'is defined:

[FI(E) =sup ) _[[F(A)

T Aerm
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where the supremum runs over all partition 7= of E into a pairwise disjoint
members of ¥. If |F|(2) < oo, the F will be called a measure of bounded
variation.

Let (€2,%, 1) be a finite measure space, and let X be a Banach space. A
countable additive vector measure F': ¥ — X is called p-continuous if

lim F(FE)=0
w(E)—0
If p is a finite nonnegative real-valued measure on 3 the p-continuity condi-

tion is equivalent to the fact that F' vanished on set of u-measure zero. (see
[26], Theorem 1.2.1)

Definition 2.2.2. A Banach space X has the Radon-Nikodym property
whenever given a probability space (€2,%, 1) and a countable additive, pu-
continuous vector measure F' : ¥ — X of bounded variation, there is a
Bochner integrable f : {2 — X such that for each E € ¥, we have

F(E) = / f(w)dps(u)

By now the following theorem ought to be well known

Theorem 2.2.3. Let X be a Banach spaces. Then the following are equiva-
lents:

(1) X has the Radon-Nikodym property.

(2) Given a probability space (2,3, 1) and a vector measure G : ¥ — X
such that |G(E)|| < w(E), for each E € X, there is a (necessarily
essentially bounded) Bochner integrable g : Q@ — X such that for any
Ee¥,

G(E) = [ glwdnto).
E
(3) Given a bounded linear operator T : L,]0,1] — X, there is a (nec-

essarily essentially bounded) Bochner integrable h : [0,1] — X such
that for any f € L1[0,1],

Tf= [ f(t)h(t) dt.

[0.1]
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(4) Any uniformly bounded martingale sequence (X,,%,) in Ly(u, X) is
almost surely convergent (given a monotone increasing net { B; }rer of
sub o-fields of a field ¥ (i.e. B;, C B,, for ; < 75 in T ) a martingale
is a net {fr}rer in Ly(p, X) (1 < p < 00) over the same directed set
T such that

/ frdp = / frdu for all E € B,
E E

forall > 7).

(5) Every non void closed bounded convezr subset C' of X is dentable, i.e.
giwen such a C and any € > 0, there is an x. € C' such that

ze g co(C\{y € C:|ly — x| <e}).

(6) Fwvery non void closed bounded convex subset C of X has a denting point,
i.e. given such a C, there is a point x € C (called a denting point) such
that regardless € > 0

z¢eo(C\{yeC:|ly—=z| <e})

(7) Every non void closed bounded convex subset C' of X is the closed convex
hull of its denting points.

Remark 2.2.4. It is clear that the Radon-Nikodym property is an isomor-
phic invariant; also, a space with the Radon-Nikodym property shares that
property with each of its closed linear subspaces; further, in light of (3) above,
a Banach space, each of whose separable closed subspaces has the Radon-
Nikodym property, enjoys the property, too.

It follows painlessly from the Radon-Nikodym property that all finite
dimensional Banach spaces have the Radon-Nikodym property. Concerning
infinite dimensional spaces, we feel it best to cite the following ”observation”

due to J. A. Clarkson.
Theorem 2.2.5. {1 has the Radon-Nikodym property

Proof. Let (2,%, 1) be a probability space and Fy : ¥ — #; be a vector
measure satisfying ||Fo(E)|| < p(E), for E € 3.
For each n > 1, define P, : {1 — {1 by

o0 n
Pn(Z erk) = Z Q€
k=1 k=1
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here, as usual, e, denotes the k-th unit coordinate vector.

Naturally, each of the measures F,, = P, o F; has the derivative f,, respect to
p; after all, the F},” s have the finite dimensional ranges. Denoting by | F,,|(E)
the total variation of the measure F),, on the set E, we see that

J I)ldute) = [FI(E) < |Rl(E) < u(B)
for all n € N and all £ € ¥. It follows that for each n > 1
[fnOl < N fara O <. <1

p-almost all the time. Consequently, for the nature of /1" s norm we have
folw) = Tim £, (w)

exists in norm for p-almost all w € Q. Plainly, fj is the sought after derivative
of Fy with the respect to u O

To take advantage of ¢,’s enjoyment of the Radon-Nikodym property, we
introduce the notion of a semi-embedding. With Heinrich Lotz, Tenny Peck
and Horatio Porta [64], we say that a Banach space X is semi-embedding in
a Banach space Y if there exists a bounded linear 1-1 operator 0 : X — Y
for which o(By) is closed; naturally, the map o is called a semi-embedding.
To be sure, semi-embedding need not be embedding (= linear homomor-
phisms). After all if 1 < p < ¢ < oo then the natural inclusion map of
L,[0,1] into L,[0,1] is a semi-embedding. In fact, to highlight the disparity
between semi-embedding and embedding we make special note of the follow-
ing assertion

Theorem 2.2.6. The dual of any separable Banach space is semi-embeddable
m gl
Proof. Let X be a Banach space space and suppose that {z,},en be a

countable dense subset of X consisting, say, of non-zero vectors. Define
T:co — X by

Since for any A € ¢y we have

it is plain to see that ||TA|| < ||A]| and T is a bounded linear operator with a
dense range. T is therefore a weak*-continuous linear operator, 7" : X* —
(1, which is 1-1. Of course T*Bx+ is a weak® compact in #; and so is norm
closed. T™ is a semi-embedding of X* into ¢; n

1 T
2n n”‘rn”
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To be a connection between Theorem 2.2.5 and Theorem 2.2.6 and the
subject matter of this section we present the following elegant observation of
Jean Bourgain and Haskell Rosenthal [6]

Theorem 2.2.7. Suppose X is a separable Banach space semi-embeddable
i a Banach space Y having the Radon-Nikodym property. Then X has the
Radon-Nikodym property, too.

To prove this theorem we need of the following

Remark 2.2.8. Let X be a separable Banach space and Y a Banach space.
Let 0 : X — Y a semi-embedded, then

j=o0lpy : Bx — o(Bx)

is a Borel isomorphism (i.e. j maps Borel sets in Borel sets).

To prove the claim above it is enough to prove that 7 map a closed in a Borel
set of o(Bx).

Since X is separable then, if d is the metric generated of the norm, (X, d) is a
Polish space. Let O be an open subset of Bx. By the proposition 0.0.3 there
is a metric d on O so that (O, d) is a Polish space, and the metrics d and d
are equivalent on O.

Let A be an closed subset of Bx. Put A; = A and A; = Bx \ A.

Claim: There exists continuous functions

fliNN—>A1
fQZNN—>A2

so that
Ar=[(NY), Ay = fo(NY)

see also proposition 0.0.4.

Proof of Claim: A;, A; are Polish spaces, in particular 4; = [J,, oy C(n1)
( where with C'(n;) we are denoting the balls of center in A; and radius 1).
Since C(ny) is a Polish space (because open), for the same sake, C'(ny) =
U,,en C(n1,12), where with C(n1,ny) we are denoting the balls of center in
C(ny) and radius 3. By induction we can define C'(ny, ....,ny,) so that

C(nyy.,ng—1) = U C(nyy...,ng), and diam(C(ny,...,ng)) <

el

Then we can define f; : N¥ — A, by

fi(n) = () C(ny, .ooymi)

keN
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where we are denoting n = (nq, ..., Ny, .....).
Let € > 0 arbitrary, by construction we can suppose that the open in A; is
C(ny,...,nk,). Fix k = max{ky, t}. Let n so that fi(n) € C(n4,...,n;) and
we can consider the open of n in a such way

U = {m: (ml, 7mk) = (nla 7nk’>}

Then we have f1(m) € C(ny,...,ny) for each m € U, so

d(fi(n), fi(m)) < diamC(nq, ...,ng) < % <e Vm e U

That imply that f; is continuous and by construction f; is onto.
Then we can put g; : N¥ — j(A;) = B; by

gi=17jo fi i=1,2

We show that Bj, By are separated by Borel set in j(Bx), i.e. there are Ey, Fy
Borel sets in j(By) so that B; C E; and E;NFEy = ) (in particular that imply
that B; = E;, and then we are done).

Suppose that we cannot separated with Borel set the B;’s. If we denoted

Ny, ..ong) ={m e NV (my,....mp) = (g, ...,n8) }

we have

Bi=gi(N") = ai(|J M) = | ax(W(m))

n1 €N n1 €N

and

By = | g:W(my)

m1€N

choose ny, my so that g1 (N (n1)) and go(N (m1)) cannot be separated by Borel
sets (because if every ¢g1(N(ny)) and g2(N(m))can be separated by Borel
sets then the union in n; and m; respectively can be separated by Borel sets

to0).
We write
91N (n1)) = U 91N (n1, n2))
g2 (N (m1)) = U g1(N (mi, my))

and so by induction we can construction g; (N (ny,ns, ..., ng)) and go (N (mq1, mo, ...

so that they cannot be separated by Borel sets, for each £k € N. Let n =
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(1, ooy Ny o) and m = (M, ..., My, ...). If g1(n) # go(m) than there are U,V
open (in particular Borel set) disjoint so that

neg'(U), meg (V)
and than we can choose k € N such that
N(ny,....;ni) € g7 '(U) and  N(my,....my) € g3 (V)
OOPS!
That’s imply
g1(n) = go(m)

which contradict the injectivity of j.

Proof. (of the theorem 2.2.7)

Let T': L1]0,1] — X be a bounded linear operator with ||T'|| < 1, say. Let
o : X — Y be a semi-embedding again with ||o|| < 1. We need to find a
measurable g : [0, 1] — X that represent T'. To do so we look at the operator
S : L1]0,1] — Y given by S = o o T. Since Y has the Radon-Nikodym
property, there exists a Borel measurable, essentially bounded function h :
[0,1] — Y such that for any f € L;[0,1]

Sf= [ f(t) h(t)dt
[0,1]
For almost any t € [0, 1], we have
1 t+s .
h(t) = lim — / h(u)du = lim §(-~L=0
¢

5—0 25 J,_4 5—=0 ||X[t—s,t+s]||

Therefore, for almost all ¢ € [0, 1],

h(t) € S(Bryjo)) =0 o T(Br, o, € 0(Bx) = 0(Bx)

by adjusting h, we can assume h(t) € o(By) for all t. But now notice o
takes Bx in a 1-1 continuous fashion onto o(By) and By is a Polish space.
By remark above follows that o is a Borel equivalence and so g = o~ ! o h is
measurable with little choose but to represent T'. O

Close on the heels of the Theorem 2.2.5, 2.2.6 and 2.2.7 we have to fol-
lowing classical result of Dunford and Pettis.

Theorem 2.2.9. Separable dual space have the Radon-Nikodym property.
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We want to make a few remarks about the Radon-Nikodym property,
especially as it appears in separable Banach space setting. Theorem 2.2.9
indicates the dividends points in studying a property that has mixed origin.
It precisely the hybrid character of Radon-Nikodym property that lends the
property to widespread application in analysis. No double other stability
results, similar to theorem 2.2.7, will be uncovered in efforts to use the Radon-
Nikodym property in other aspects of mathematical analysis. Indeed, almost
one such result exists and it is an extraordinary result at that. We cite it

Theorem 2.2.10. (Piotr Mankiewicz)
Suppose X and Y are separable Banach space. Suppose there is a surjective
map ¢ : X — Y satisfying

1
2l =zl < fl6(z) — ¢@)l| < k|2 — =]

for same k > 0 and all x,x € X. If either X orY has the Radon-Nikodym
property, then both do and each is isomorphic to a subspace of the other

2.3 The Fremlin Tensor Product of Banach

Lattices
For two Banach lattices X and Y, D. Fremlin in [32], and [33] introduced
a new tensor product of Banach lattices, called positive projective tensor
product. Let X,Y, Z be Banach lattices, an bilinear map ¢ : X XY — 7

is called a positive bilinear map if ¢(XT,YT) C ZT; the projective cone on
tensor product X ® Y is defined as:

X+®Y+:{Zxk®yk: neN, z,e Xt y. e YT}
k=1
The positive projective tensor norm on X ® Y is defined as:
lullie) = sup{| > dlae,y)l cu=_ z; @y
i=1 i=1
¢ is a positive bilinear function on X x Y, ||¢]| < 1}

AN
Let X ®p Y the completion of X ® Y equipped with the norm || - ||z]. Then

A A
X ®r Y is a Banach lattices, having as positive cone the closure in X ®p Y
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of the cone generated by X* ® Y. Fremlin ([33], Theorem 1E (vii)) gave a
more simple equivalent form of the positive projective norm, as

el = inf{> el - gell = € X¥, g€ V5, Jul < 3w @ik
_ k=1

In the same paper Fremlin gave a very meaning property which the Fremlin
tensor product enjoys

Lemma 2.3.1. (Fremlin‘s theorem [33])

Let X andY be Banach lattices. Then for each Banach lattice Z and for each
¢ X XY — Z continuous bilinear map there exists a unique continuous
linear map T : X®@pY — Z so that

@) 1Tl = ¢l
(ii) T(x®@y) = ¢(z,y)

(iii) ¢ is a positive if and only if T is a positive.
Throughout this section U will denote a Banach lattice with a normalized
unconditional basis (u, )neny With normalized biorthogonal functionals (u*),en

(see definition 0.0.6). We recall that a Banach space U with an unconditional
basis (un)nen becomes a Banach lattice with the new norm

[llull| = sup{|| Zt Up(Wunll 2 (tn)nen € loo}
neN
where we are denoting with || - || the original norm in U. Moreover
<1< & -]

where K is a constant depending only on the unconditional basis (u,)nen-
Throughout the sequel, U is endowed with the norm ||| - [||.

Let X and U be Banach lattices, and, as we said above, let (u,), be a
Schauder basis of U. We define

U(X) = {(zn)nen € X : Z ||zn || w, is convergent in U }
neN
endow with the norm

l@a)lloc = 1 D lzall llv

neN

and the order defined defined by

(xn)nEN S (yn)neN ~ Tn SX Yn Vn € N
Then U(X) is a Banach lattice, as is easily verified.
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2.4 The Radon-Nikodym property in Fremlin
Tensor Product

We start to get some confidence with a useful tool : the semi-embeddings.

Theorem 2.4.1. Let X be a separable Banach lattice and U be a Banach
lattice with an unconditional basis. If U and X have the Radon-Nikodym

property then the Fremlin tensor product URpX of U and X can be semi-
embedded in U(X)

Proof. To start, consider the bilinear operator

UV :UxX — UX)

(u, ) +— (U, (U)2)nen
Note that U is bilinear bounded and positive. If u € U and 2 € X+,
then ¥ (u,z); = uf(u)x > 0 for each i € N; therefore, ¥(u,z) > 0 in U(X);

moreover,

I 2)llx wn o =1 Y s ()l xun llo

neN neN

= [lzllx | Y o (u)luallo

neN

< [lzllx lullo

So VU is bounded with || W] < 1.

By Fremlin‘s theorem there exists a unique continuous linear map ¥ :
UxpX — U(X) such that

) ¥l <1
(ii) U(u,z) = VU(u®z) for each u € U,z € X:
(iii) W is positive

Step 1. VU is injective.
First, consider ¥ on U ®@p X. If v = >77_ v @ 2 € (U ®@p X)T (with
v, ¢, > 0 for each k) so that ¥(v) = 0, then

p

0=V(w) = Z ‘Tf(vk, Ty) = (Z Uy, (Vk )Tk )neN;

k=1
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thus
p
ZUZ(UHM =0, VneN,
k=1

but every u’ (vg)zg is in X, so
wr (o), =0 YneN, k=1,....p

This means: either x; = 0 or u}(vx) = 0 for each n € N; hence, either x;, =0
or uy, = 0. Either way we have v =Y 7_ v, ® 2, = 0.

If there is a z > 0 in U®pX so that ¥U(z) = 0, then we can choose a sequence
(zn)nen, of positive elements of U ®p X such that z, < z for every n € N,
convergent to z (see [45]). Therefore,

0<U(z,) <VU(z) =0 VneN;
SO 2, =0, VneN, andso

2=l —li7rlnzn =0

a contradiction. This means ¥ is injective on the positive cone of U®rX and
so injective on U®pX.

We want to show that ¥ is a semi-embedding, or in other words for a sequence
{Zn}tnen € Byg,x and (yi)ien € U(X) so that lim, ¥(2,) = (y;); in U(X)
there exists z € By, y such that W(z) = ().

Step 2. Now, fix T' € L7(U, X*) and consider the series >, (v, T'(u;)).

First, we show that the series is absolutely convergent: We suppose that
(zn)n € Buex, S0 we can write each z,, as

p(n)
Zn = E Vk,n & Tk,n
k=1

Then

(yi)i = lim W(zy,)
p(n)
= lim Z \D(Uk,m xk,n)
" k=1
p(n)

= ll}}l(Z(Uj(U}gn)xkn)z
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hm g vkn xknz

Hence
hTanZuf(vkn)xkn =y; 1€N

Then for fixed m € N there exists ny € N so that for i = 1,2, ..., m we have

p(no) .
I Z (ki Jrno) = willx < —
Therefore,
> i T ()|
i=1
m p(no) m  p(no)
<>l Zu Ok hnoy T (i) + 310D 0 (Vo Jkna, T (i)
=1 =1 k=1
m P(no)
< el TN+ DD (W (V) Trng, T(ws))|
i=1 k=1

p(no)
(which, if 0; = sign Z (Vkno ) Thono s L (14)))

k=1
p(no)
= ||| +|Ze > {0 Uk )T T ()]
k=1
p(ng)
=e||T||+|Z@TuZ DU (Y Vg @ Do)
71 k=1
= €| T+ > 0T (u;) ® u (2, )|
=1
< eI+ 1D 0T (i) @ uf | 1 2ol
=1

() < el + (17T,

for each m € N.
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A
To see why is so, recall: if z € (U ®p X)T then for each € > 0 there exists
(z)5= C X, (vj)j=y € U™ so that z < 2?21 v; ® x; and

n
D Mol sl < Nlzllveex +e.

So
D AETHEIES SEATAERHE

<D T(u)@ui(Y v @)
i=1 j=1

— Z Z T () (w5)ui (v)

= Z T(Z u; (vj)u;) ()

m

<Y NTO i (vy)us)|
j=1 i=1
<\ITI DI wr(w)uillo ;] x
j=1 i=1

n
<ITI D losllwllzsllx
j=1

<7 =l g, + o)

X*

zil|x

Now (%) follows and with it we see that
Yy T < |IT)
ieN
Now it makes sense to define ¢ : L7 (U, X*) — K by
o(T) := Z(yz, T(u;)) for each T € L"(U, X™)
ieN
From the note above, ¢ is well defined, with

(a) ¢ € L7(U, X*)*; and
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(b) llofl < 1.

Step 3. We show that there exists z € Byg_yx so that ¥(z) = (y;);

Let K = B3((By , || -||) x (Bx= , weak*)) where 3(S) is the Cech-Stone
compactification of S. K is a compact Hausdorff space and, because (By, ||-||)
is a Polish space, (By , ||-||) X (Bx++ , weak*) is universally measurable with

respect to all Radon measures on K (see [12]). Define
J: LU, X") — C(K)

by

J(T)(u, &™) = 2™(T'(u))
on (By x Bx+) and extend using the Cech-Stone nature of K. J is a bounded
linear operator with ||JT||c(x) = ||T'|| on the positive cone L"(U, X*). Now

consider
Fy:J(L(U, X)) —K
defined by
F,(JT) = (T, ¢) VT € £'(U, X")

Note [|Fs|| = ||¢]|. So by the Hahn-Banach theorem and the Riesz represen-
tation theorem, there exists a regular Borel measure v so that

(A)  F,(JT) = /K JT(W)dv(w) VT € L7(U, X*)

and
V|(K) = [[Fy]| = [|]l.

Define hy : (By , || - ||) X (Bx+ , weak*) — By by hy(u, ™) = u; hy is
continuous into (Bys« , weak™) and so extends to a continuous function, still
called hy, from K to (By« , weak®). By'‘s Polish character now allows us to
look at

kl — hl . XBUXBX**;

k is scalarly v-measurable and U-valued; hence, strongly v-measurable. Also,
k1 is bounded in norm by 1 so

/K lea@)lldlv] < (K

that is, £y is Bochner v-integrable.
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Now we know that (see [26], p.172) for every € > 0 there exists a sequence
(Un)nen € U and a sequence of Borel sets (B,,)nen € K such that

= Zvnxgn(w) |v]-a.e.
n=1

with
Z [unllo [v[(B / [k ()l dlv] + e < [v[(K) +
Let
hy : K — X™*
be given by

ho(u, ™) 1= z**.

Then hy is weak*-continuous and hence weak*-measurable. Moreover, for each
e X*,

J e @) < L'l | Tha@)ldlvl(w) < o lv](5) < o.
So hs is Gelfand integrable (see the section: Notations and Basic facts).

Now, if we consider, for each i € N and z* € (X*)", T; = uf@a* € LT(U, X*)
by (A) we have

(yi, ") = (T3, P)

:/K(x*,hQ(u,x**)><k1(u,x**),u;‘>du(u,x**)
:/K(x*,hQ(u,:B**)><ZanBn(u,x**),uf)du(u,x**)

n=1

_Zu vn/ (x*, ho(u, 2™))dv(u, ™)

’rL

= Z u; (n) (@

where

= Gelfand—/ ho(w, x™)dv(u, )

n
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therefore

(B) (yi, ® Zu vn) (27, @)
For every z* € (X*)* and n € N

|<LU*, CL:;*>| = | <ZE*, h2(u7 x**)du(u,x**)|
By

< / (2%, B, 7)) dv (s, 2°)
< 2" |||v[(B,).

Hence,
oz (| < [V|(Bn).

Moreover

©) DIl =Y lui (va)lllayy |

neN neN
< walllv(B
neN
< [v[(K) +e

That means the series ) ui(vy)ay" is absolutely convergent in X**.
Note, now, that since X is a Banach lattice with the Radon-Nikodym prop-
erty, X is norm-one complemented in X**. Therefore there exists a norm one
linear projection P : X** — X** so that P(X**) = X. Let a, = P(a}")
and z = )\ Un ® a,. We have

el < S lunlllanll <

neN
<P Nunllllaz |l <
neN
< lunllv|(B
neN
< ([V[(K) +e€) =
= ([[2l +€)

so that ||z || A
from (B), ( ) and from the definition of ¥ we have, for each i € N

Yi = P(yz)

L S o]l < 1. In particular z € Byg . Here is the catch:
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= P()_uj(vn)ay’) =
=Y uj(va)Play’) =

neN

= Z ul (vp)an =

neN

= Z(\P(un ® an))i =

neN

= ( Z\If(un@)an) )i =

neN

Hence

We are done. O

Corollary 2.4.2. Let X be a separable Banach lattice and U be a Banach
space with an unconditional basis. If U and X have the Radon-Nikodym prop-
erty then the Fremlin tensor product UQpX of U and X has the Radon-
Nikodym property

Proof. It is enough to note that from our hypothesis follow that U(X) has the
Radon-Nikodym property ( a more general form was shown by Bu, Diestel,

Dowling, Oja [9]). Now the result is a direct consequence of a theorem of
Bourgain and Rosenthal 2.2.7 (see [6]) O

Now,using Heinrich-Mankiewicz [47] and N. Randrianantoanina [89] (see
Corollary 1.1.12) and for the Remark 2.2.4 we have the following

Corollary 2.4.3. IfU and X are two Banach lattices, one of them atomic ,
then the Fremlin tensor product of U and X, URpX, has the Radon-Nikodym
property if both U and X possess this property.

Remark 2.4.4. In [21] the authors proved that:

Theorem. Let U be a Banach lattice, and X be a Banach space. Then
A
U ®, X has the Radon-Nikodym theorem iff U and X do too.

Then , in the same visual, one could asks if that happens in the Fremlin
tensor product, i.e. if U, X are Banach lattices with the Radon-Nikodym
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property then U®pX has the Radon-Nikodym property. Unfortunately in
the Fremlin tensor product situation that doesn’t happens. Indeed, as the
same Fremlin proved (see [33]), L2[0, 1]&#Ls[0, 1] is not Dedekind complete
and so it cannot have the Radon-Nikodym property (see [73] for the last
assertion).
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Chapter 3

Local Unconditional Structure
and Gordon-Lewis Property in
Tensor Products

3.1 The Class of Lindenstrauss-Pelczynski: the
L,’s spaces

Definition 3.1.1. A Banach space X is called a P; space (a P, space) if
for all Banach space Y and Z with Z C Y and all bounded linear operator
T:zZ—X, Ehere exists an operator 7' : Y — X such that T|; = T and
1)) = 11T ([T < A7)

It is clear that a Banach space X is a P; space (a P, space) if and only if
whenever W is a Banach space containing X, then there exists a projection
from W onto X of norm 1 (of norm less or equal to A). A classical example
of Py space is the following

Lemma 3.1.2. Let T be a set and (o (I") the Banach space of bounded scalar
valued functions on I', with || fllec = > cr |f(7)]- Then Lo(T') is a P1 space

Actually Nachbin [75], Kelley [53]and Goodner [36] proved that every Py
space is isometrically isomorphic to a C'(K) space, where K is an extremely
disconnected compact Hausdorff space (a topological space is called extremely
disconnected or Stonian if the closure of every open set is open). Until now,
no characterization of Py spaces is known for A > 1. In particular, it is not
known if every P, space is isomorphic to a P; space. For some partial result
in this area see [91]

29
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Definition 3.1.3. A Banach space X is said to be injective if for all Banach
spaces Z and Y with Z C Y and all bounded linear operators T': 7 — X
there exists a bounded linear operator 7' : Y — X such that T'|; = T.

By the definition it is clear that
Remark 3.1.4. (a) An injective space is a P, space, for some A > 1.

(b) If X is isomorphic to a complemented subspace of ¢, (I") for some set
I', then X is injective.

(¢) A complemented subspace of an injective space is injective.

An £, space is a Banach space which has essentially the same finite di-
mensional structure as an L,(p) and C(K) spaces. £, spaces were introduced
by Lindenstrauss and Pelczyriski in [59] and were examined further by Lin-
denstrauss and Rosenthal in [60] (see also [4] and [5])

Definition 3.1.5. Let X and Y be isomorphic Banach spaces. The number
d(X,Y) = inf{||T|| IT7!| : T :X — Y is a surjective isomorphism} is
called the distance coefficient (usually called the Banach-Mazur distance) of
X and Y.

Definition 3.1.6. Let 1 < p < oo and A > 1. A Banach space X is called
an L, space if whenever F' is a finite dimensional subspace of X, then
there exists a finite dimensional subspace G of X such that F¥ C G and
d(G, 0y) < A, whose n = dimG.

A Banach space is called an £, space if it is an £, \ space for some A > 1.
There are two important classes of Banach space which are £, spaces.

Theorem 3.1.7. Let (2, %, 1) be a measure space. For 1 < p < oo, L,(u) is
an L, 1+c space for all € > 0. For a compact Hausdorff space K, C(K) is an
Loo1+e Space for all e > 0

Remark 3.1.8. Actually Lindenstrauss and Pelczynski have proved a partial
converse to the previous theorem. Namely, they showed that if 1 < p < oo
and X is an £, 1 space for all € > 0, then X is isometrically isomorphic to
an L,(u) space.

The L,(1) spaces and C(K) space are not the unique examples of L,
spaces. Indeed we have

Proposition 3.1.9. Let X be an infinite dimensional Banach space.

(i) If X** is injective space, then X is an Lo, space;
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(ii) Assume that X** is isomorphic to a complemented subspace of an Li(u)
space. Then there exists a K < oo such that whenever F is a finite
dimensional subspace of X, there exists a finite dimensional subspace
G of X containing F such that d(G, (4™ < K, and a projection form
X onto G of norm at most K.

Here we recall the deeper result about the relationship between a Banach
space and its bidual, proved by Lindenstrauss and Rosenthal [60] in an early
version and upgraded by Johnson, Rosenthal and Zippin [50], a tool very
useful in the modern function analysis theory. For a simpler proof see [95]
and [66]

Theorem 3.1.10. (The Local Reflexivity Principle)

Let X be a Banach space, and let E and F' be finite dimensional linear sub-
spaces of X** and X* respectively. Then, for each € > 0 there exists a one-one
bounded linear operator T : E — X such that

(i) T(x) = forallz € ENX;
(ii) IT| T < 1+e
(iii) (T'(z**,z*) = (x**,2*) for all z** € E and x* € F.
It follows immediately from the Local Reflexivity Principle that
Proposition 3.1.11. If X** is an L, space, then so is X.
Now, recall some meaning result to know the £, spaces more close.

Lemma 3.1.12. Let X be an infinite dimensional L, space. Let F' be a finite
dimensional quotient space of some Banach space Y and ¢ :' Y — F the
natural map. Then there exists a K < oo (depending only on X ) such that
gwen an_operator T : X — F', there exists an operator T:X — Y such
that o T =T. (T is said to be a lifting of T').

Proof. We first show that there exists a finite dimensional subspace Y of
Y such that Br C ¢((2 By,) (By, is the closed unit ball of Yj). To prove
this, let § > 0 be such that 32 < 2. Let by, ..., b, be elements in F such

16
that ||b;]] = 1 for 1 < i < mandif b € F, ||b|| = 1, then ||b—b] < ¢
for some . Then it follows that Bp C {> ", a;ib; : >0 |a;| < 1%5}

(indeed if {37 a;b; = >0 |a;| < 755} does not contains the closed unit
ball of F, then there exists an f € X* and ug € F, ||up|]| = 1 such that
flug) > sup |f(y)| for all y € {37 a;ib; © >, |a;| < 55} In particular,
NfIl = flug) > suplgigml%(S | f(bi)| or, equivalently sup;<;<,, |f(b:)] < (1 —
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NIl But if y € F', |ly|| = 1 and we choose j such that ||y — b;|]| < 4,
then [f(n)] < |£(y — b)l + [F(b)] < OIf| + 5upycsc, |f(b)]. Therefore
I < O[[fI + supy<icrm | f(Bs)] < || f]], a contradiction).

Now for every i there exists a y; € Y such that ||y;|| < 1+ 0 and ¢(y;) = b;.
Put Yy = span{y; : 1 <i<m}. Ifbe F 16]] < 1, then b = > a;b,
for some scalars ay, ..., a,, with Y7, |a;| < =. But then (O ay) = b,
120 aiyill < supiciepm lwill 2202 fail < ifg < 2 and 3 7", a;y; € Y. Hence
Br C ¢(2 By,).

Let G be a finite dimensional subspace of X such that T'(X) = T'(G). Since
X is an Ly, space for some ky < oo, there exists a family F of finite
dimensional subspaces W of X (directed by inclusion) such that G C W and
d(W,07) < ky. For each W € F, we construct an operator Ty : W — Y
such that Ty (Bw) C 2 ko | T|| By, and ¢Ty = Ty

Fix W € F and let wy,...,w, be a basis for W such that ||w;|| = 1 for all
i and such that, given any scalars ai, ...,a, || Yoi; aqwil| > =30, |a;|. By
the first part of this proof, there exists for each i a z; € 2 ||T|TBY0 such that
¢(z) = T(w;). Defining Ty, by

" n n
TW(Z aiwi) = Z AiZi,
i=1 i=1

it follows that || Tw (3272 aiwi)l| < supy<iep [|2ill D20 lasl < 2T ko || 220, aswil],
and hence that | Ty || < 2 ko ||T| (note that by a composing a projection onto
W with TW, we may conclude that every 7' : X — F has a continuous lifting
T:X —Y. However, we have no control over the norm of a projection onto
an arbitrary W € F and must present further argument to gain this control).
Since the space 2 kg ||T’|| By, is compact, the space IT = [[. . 2 ko ||T']| ||| By,
is a compact space. We extend TW to a (non-linear) function from X into Y by
putting Ty (z) = 0 if # € X \ W. Then in any case || Ty (z)[| < 2 ko || |||l,
so Ty € 11, thus {TW : W e F}is anet in 1. Let T be a cluster point of
this net. Then 7T is linear, T lifts T, and ||T|| < 2 ko ||T]|. We prove this in
detail.

Let F' be a directed subfamily of F such that the net {Tyy : W € F'}
converges to T'. First, let 21,29 € X and let aq, ay be scalars. Pick Wy € F’
containing x; and . Then if W e F' contains Wy, Tw(alxl + asxs) =
alTW<£L‘1) +a2TW(9c2) and so T(alxl + agxy) = alT(xl) + agT(arg) Ifre X,
and = € W, for some Wy € F/, then for W € F', Wy C W, ¢poTy (z) = T(z),
so poT(z) = T(x). Finally if v € X, ||Tw (x)|| < 2 ko [T ||| for all W € F,
so [T <2 ko [T O
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Remark 3.1.13. Using essentially the same proof as above, Lindenstrauss
and Rosenthal [60] proved the following generalization:

Let X be an Ly space. Then, whenever F' is a quotient space of Y, and
T : X — F is a compact operator, there exists a compact liftingT : X — Y
of T.

Theorem 3.1.14. (i) If X is an infinite dimensional Ly space, then X*
15 a P1 space;

(i) If X is an infinite dimensional L., space, then X** is injective.

Proof. (i) Suppose X is an £ space. Let Y* be a conjugate P; space contain-
ing X*. By virtue of Remark3.1.4(c) it suffices to show that X* is comple-
mented in Y*. Let I be a finite dimensional subspace of X*, T : X — F™ the
natural quotient map from X onto F™. By the previous lemma, there exists a
lifting Tp : X — Y of T with ||TFr|| < K (where K depends only on X). But
then, T : Y* — X* has the property that T5(f) = f for every f € F = F**
(T% will not in general be a projection). Let U be the unit ball of X* in its
weak™® topology. Then {T} : I is a finite dimensional subspace of X*} is
a net (direct by inclusion) in the compact space [] .cy. [[y*|| K U (via Ty-
chonoff ’s theorem). A cluster point P of this net is easily verified to be a
bounded linear projection from Y* onto X*.

(77) Suppose that X is an L., space. Let Y be a P; space containing X**. We
will show that X** is complemented in Y. Since X is an L, space, there ex-
ists a K < oo and a family F of finite dimensional subspaces of X ,0 directed
by inclusion, such that

(1) X = UFe]—'F;
(2) d(F,¢4mEy < K for all F € F;

(3) For each F' € F there exists a projection Pr : Y — F onto F' with
|1Prll < K.

Let U be the unit ball of X** in its weak* topology. Then Pr(y) € |ly|| K U
for all y € Y. In particular {Pr : F € F} is a net in the compact space
[I,ev llyll K U (via the Tychonoff’s theorem). Let P the cluster point of this
net. Then P maps Y onto X**, P is linear, || P|| < K, and moreover if x € X
then P(x) = x (to see this last assertion, choose Fy € F such that x € Fy.
Then Pp,(x) = z. But Pr(x) — P(z) weak*. Hence P(z) = z).

Now consider the operator P** : Y** — (X**)** If 2**in X", then P**(z*™*) =
x** (this follows from the facts that P**|y = P, that P** is weak® continu-
ous, and that X is weak® dense in X**). Also, regarding X** C (X**)** there
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exists a projection @ : (X*)™ — X** of norm one (simply let ) be the
restriction of a linear functional on X** to X*). Then the operator QP**|y
is a projection from Y onto X**, and consequently X** is injective. O

Theorem 3.1.15. Let X an infinite dimensional Banach space.

(i) Let 1 < p < oco. Then X is an L, space or an Ly space if and only if
X is isomorphic to a complemented linear subspace of an L,(1) space.

(1)) Let p =1 or p = oco. Then X is an L, space if and only if X*™* is
isomorphic to a complemented linear subspace of an Ly(p) space.

Proof. We will give only the proof of (ii). Indeed, assume first that X is an
L1 space. By the previous theorem X* is injective and hence is isomorphic to
a complemented of C'(K) space, for some compact Hausdorff space K. There-
fore X** is isomorphic to a complemented subspace of M (K) (the Banach
space of countable additive regular Borel measure on K, with ||| = |u|(K)).
It is not so hard to see that there exists a measure space with measure p such
that M(K) is isometrically isomorphic to L;(p). Then X** is isometrically
isomorphic to a Ly (u) space.

If X** is complemented in an L;(u) space, then Proposition 3.1.9 (ii) asserts
that X is an £, space.

Assume now that X is an L., space. By the previous theorem, X** is injec-
tive. But then X** is isometric to a complemented subspace of ("), where
[' is the unit ball of X™***.

Now assume that X** is isomorphic to a complemented subspace of an L, (1)
space. Since any L, () space is a P; space (by Nachbin, Kelley and Good-
ner ’s theorem and for the fact that L. (u) is isometrically isomorphic to a
C(K) space, for some extremely disconnected compact Hausdorff space K
(see [28])). Then X** is injective, and so X is an L space by Proposition
3.1.9 (4). O

Now it is simple to see the following
Theorem 3.1.16. Let X be an infinite dimensional Banach space. Then
(i) X is an Ly space if and only if X* is an Lo, space;
(1) X is an Lo space if and only if X* is an Ly space.
We finish this section with the following

Theorem 3.1.17. Let X be an infinite dimensional Banach space
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i) Let 1 <p<ooandi+L=1. Then X is an L, space if and only i
P q p
X* is an L, space.

(11) A complemented subspace of an L, space is an L, space or an Ly space.

(111) If X is an L, space, then there exists a K < oo such that whenever
F is a finite dimensional subspace of X, there exists a finite dimen-
stonal subspace G of X such that FF C G and d(G, fZimG) <K, and a

projection from X onto G of norm at most K.

3.2 p-Summing and p- Factorable Operators

The class of p-summing operators were introduced formally by A. Pietsch [77]
and [78], but before for p = 1, 2 were introduced and studied by A.Grothendieck
[41].

Definition 3.2.1. If 1 < p < ocand T : X — Y, then T is said to be
p-summing if there is a constant ¢ > 0 such that, for any m € N and for any
choice of x1, xs, ..., x,, in X, it happens

1
p

(iHT(%)Hp)pécsup <i|<x*ami>|p> . 2* € Bx-

The smallest of such ¢’s is denoted by m,(7") and the set of all p-summing
operators from X to Y will be called II,(X,Y").

It is simple to see that II,(X,Y") is a linear subspace of £L(X,Y), and m,
defines a norm on II,(X,Y') with

IT|| < 7p(T)  for all T € (X, Y)

Actually for any Banach spaces X, Y the space IL,(X,Y’) with the norm m,
is a Banach space. Some properties are in order:

Proposition 3.2.2. (Ideal Property of p-Summing Operators)

If v e L(X,Y) is p-summing (1 < p < o), Xo and Yy are Banach spaces
and u € L(Y,Yy), w € L(Xo, X), then the composition operator u o v o w :
Xo — Yy is p-summing with m,(uovow) < ||ul| m,(v) [|w]|.

Proposition 3.2.3. Let 1 < p < o0. Ifu: X — Y is a bounded linear
operator between two Banach spaces, then u is p-summing if and only if its
second adjoint w*™* : X** — Y** is. In this case it is m,(u™*) = my(u).
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The charming side of the p-summing operators is the finite dimensional
character which they look like (see [85] for a nice application of this)

Proposition 3.2.4. Let X,Y be Banach spaces, and v : X — Y a bounded
linear operator. Then there exists a constant C' so that u € I1,(X,Y) and
mp(u) < C if and only if for each finite subspace Xy of X the restriction
ulx, € I11(Xo,Y) and mp(u|x,) < C.

Proposition 3.2.5. (Injectivity of 11,) Ifi: Y — Y} is an isometry, then
v e IL(X,Y) if and only if i ov € IL,(X,Y0). In this case we even have
mp(iov) = my(v).

Proposition 3.2.6. (Inclusion Theorem) If 1 < p < q < oo, then
IL,(X,Y) CII,(X,Y). Moreover, for u € IL,(X,Y) we have m,(u) < m,(u).

Proposition 3.2.7. (Composition Theorem) Let u € 11,(Y,Z) and v €
IT,(X,Y) with 1 < p,q < oo. Define 1 <r < oo by + = min{l, % + %} Then
wo v is r-summing, and m,.(uov) < m,(u) - m(v).

Who got seriously to study the p-summing operators was A. Pietsch, in
particular he get the important following (see [22] 2.12 for a proof)

Theorem 3.2.8. (Pietsch Domination Theorem)

Suppose that 1 < p < oo, that T : X — Y is a bounded linear operator
between the Banach spaces X,Y, and that K is a weak* compact norming
subset of Bx«. Then T is p-summing if and only if there exist a constant C'
and a reqular probability Borel measure p on K such that for each x € X

T@I <0 [ o abdu) )

In such a case w(T) is the least of all the constants C for which such a
measure erists.

Actually the Pietsch Domination theorem in terms of operators means:
T:X — Y is p-summing if and only if there is a regular Borel measure p
on K, a closed linear subspace X, of L,(x) and an operator 7' : X, — Y
such that the following diagram commuted:

x 5 v
ixl Tf
in(X) X,
! !

C(K) Ly(p)
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where ix : X — C(K) is the natural isometry (actually ix : X — ((K)
is the natural map ix(z)(z*) = (x*, x); remember that K is norming subset
of Bx-), and j;¥ is the restriction of the natural embeds j, : C(K) — Ly(1)
(which is p-summing) on the closed linear subspace ix(X) of C'(K). Now we
know that every Banach space Y embeds naturally in ¢o(By+) which is an
injective space. Then using the the peculiarity of the injective spaces we get

Theorem 3.2.9. (Pietsch Factorization Theorem)

Let 1 < p < oo, let X and Y be Banach spaces , let K be a weak® compact
norming subset of Bx+. Then a bounded linear operator T : X — Y 1is
p-summing if and only if there exist a reqular Borel probability measure p on
K and bounded linear operators u : X — C(K), v : Ly(pt) — loo(By~)
such that the following diagram commutes:

X oy & (By)
“l S

Jp

CK) = Ly(w)
In addition, we may choose p w,v such that |v|| =1 and ||u|| = 7(T)

Actually the Pietsch Factorization Theorem say us that a p-summing
operator factorize "almost” for a L,(x) space. In particular when Y is an
injective Banach space a p-summing operator T : X — Y factorize through
an L,(u) space. The argument above suggest to Kwapien [56] the following

Definition 3.2.10. If 1 < p < oo, an operator T : X — Y between Banach
spaces is called p-factorable if there exists a measure space (€2, 2, ) and two
operators a: L,(u) — Y* and b: X — L,(p) such that the following diagram
commutes

x Ly & oy
b\ /a

Ly(1)

where ky is the natural embeds from Y into Y**.

We will denote with v, (u) the smallest of all products ||a| - ||b]| where a and
b run over all the possible factorizations of kyu we have indicated. Instead
I',(X,Y) will be the set of all p-factorable operators from X to Y.

It is simple to see that I',(X,Y) is a linear subspace of £(X,Y), and 7,
defines a norm on I',(X,Y) with

IT|| <,(T)  forall T € T,(X,Y)

Actually for any Banach spaces X, Y the space I',(X,Y’) with the norm ~,
is a Banach space. Some properties are in order:
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Proposition 3.2.11. (Ideal Property of p-Factorable Operators) If
vel(X,)Y) (1 <p<oo), Xo and Yy are Banach spaces and u € L(Y,Y)),
w € L(Xo,X), then the composition operator wovow € I'y(X,Y) with

(w0 vow) < luf yp(v) [lw].

Proposition 3.2.12. Let 1 < p < oo and p* := 1%' Ifu: X — Y is
abounded linear operator between two Banach spaces, then the following are

equivalent
(i) w: X — Y is p-factorable
(il) u* : Y* — X* is p*-factorable
(iil) w* : X* — Y™ is p-factorable
In this case it is vp(u™) = Y (u*) = Yp(u).

Analogously to the p- summing operators, the p- factorable operators
have a finite dimensional character as the following show

Proposition 3.2.13. Let 1 < p < oo. An operator u € L(X,Y) is p-
factorable if and only if

c:=sup{y(grouocig): E€ Fx,F €Cy} < o0,

where recall that Fx is denoted the class of finite dimensional subspaces of
X with the natural embeds ip (E € Fx), and Cy is denoted the class of finite
codimensional subspaces of Y with qr the natural quotient (F € Cy ).

In this case, v,(u) = c.

It was one of Grothendieck’s Résumé question [41] the following: does
every absolutely summing (or 1-summing) operator factor through an L;(u)
space 7 form this question Reisner [88] introduced the following notion:

Definition 3.2.14. A Banach space X has the Gordon Lewis property (or
that X is a GL-space) if every l-summing operator from X to ¢y is 1-
factorable. Obviously this is equivalent to require the existence of a constant
¢ such that

m(u) < cm(u)

for every u € II;1(X, ¢5). In this cases we will call gi(X) the smallest of all
these constants.
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Actually Reisner required that II;(X,Y) C I'i(X,Y) for every Banach
space Y (the above definition came from Gordon and Lewis’s paper [40]). It
is unknown if the Reisner definition is more restrictive than the above defi-
nition.

Before to continue we need to recall some concept between the Banach lat-
tices structure and the GL property.

A Schauder basis (x,,), is unconditional basis if for each z € X the series
> nenTh, T) Ty, converges unconditionally to x (where (}), denoted the cor-
responding biorthogonal sequence in X*). It seems that the unconditionally
condition is equivalent to requiring the convergence of > +t,(x},z)x, for
every t = (t,)n € l, and there is a constant A > 1 such that

Hzt z)a, < AHZ )|

for every t € By . We write \(,,), for the smallest such A. The unconditional
basis constant of X is

ub(X) = inf{\,), : (zn)n is an unconditional basis}

Note that if X is a Banach space with an unconditional basis (z,), with
|zn]| = 1 for each n, we can build a natural lattices structure on X by
defining x < y if and only if (x},x) < (x},y) for all n. By setting

][l = sup | Zt )|,

(tn)€loo

we get an equivalent norm on X with respect to which it is a Banach lattice.
The condition that a Banach space has an unconditional basis is pretty
strong, for example the familiar space L1[0, 1] doesn’t have any unconditional
basis. We can anyway consider a weaker property:

Definition 3.2.15. We say that a Banach space X has local unconditional
structure (lu.st.) if there exists a constant A > 1 such that, for every
E € Fx, the canonical embedding £ — X factors through a Banach
space Y with unconditional basis via two operators £ — Y 5 X satis-
fying ||ul]||v|] ub(Y) < A. The smallest of these constants is called the [.u.st.
constant of X and is denoted by A(X).

It is clear that Banach spaces X with unconditional basis have obviously
Lust. and A(X) < ub(X). Even if L;]0,1] doesn’t have any unconditional
basis. But we have more

Theorem 3.2.16. Fvery Banach lattice has local unconditional structure,
and the l.u.st. constant equal to one.
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For what we have seen above every Banach space with unconditional basis
is isomorphic to a Banach lattice, and the last one has local unconditional
structure. To close the chain of implications we have the following (from that
derive the name of such a property; see [40])

Theorem 3.2.17. (Gordon-Lewis Inequality) Let X and Y be Banach
spaces and suppose that X has local unconditional structure. Then every 1-
summing operator u : X — Y is 1-factorable, with

() < A(X) i (u)

That means every Banach space with local unconditional structure has
the GL property and gl(X) < A(X).

It is interesting to observe that, if a real Banach space X has an uncon-
ditional basis (Z,),, then we can normalize it obtaining a new unconditional
basis (x,,), with biorthogonal sequence (z7),; at this point we create a lattice

n
structure on X defining the order relation:

r<y:e (z,z) <(z;,y) VYneN.

The space X with this order relation is a Riesz space and we can renorm our

space setting
][] = sup{ > talay, )z,
n=1

what we get is a norm on X equivalent to the original norm that makes the
space a Banach lattice. Because it is possible to do this even for complex
Banach spaces, it follows that every Banach space X with an unconditional
basis is isomorphic to a Banach lattice.

L.u.st. is clearly a property invariant by isomorphism so all we have just
said leads us to this chain of implications:

: (tn)n € Bzw} ;

X has an unconditional basis =- X is isomorphic to a Banach lattice =

= X has local unconditional structure = X is a GL-space .

It seems that the chain of implications is not closed, actually one can
think that a Banach space with GL-property is so far to be isomorphic to
a Banach lattice. The next spectacular theorem (see [10]) shows that is not
true

Theorem 3.2.18. Let X be a Banach space. The following two statements
are equivalent
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(i) X has GL-property;

(ii) there is a Banach lattice L O X so that every T € I1;(X, {3) admits an
extension T € I1;(L, ls).

3.3 L.U.ST. and GL property in Tensor Prod-
ucts

The idea of extending l.u.st. from two Banach spaces to their injective and
projective tensor product is already in the fundamental paper of Y. Gordon
and D.R. Lewis [40]; in particular one of the results they get is the following:

A A
if £ and F' are L,-spaces (1 < p < 00), then none of £ @, F, £ ®, F,
A A A AN
(F ® F), (F ®,; F)", (F ®, F)*, (E ®, F)™, etc... has Lu.st. In this
section we study the case p = 1 and p = oo. In fact we show that if X is
A
a Ly-space (resp. Lo-space) and Y a Banach space, then X ®, Y (resp.

X ée Y') has lust property (or GL-property) if Y does. In the same paper of
Gordon-Lewis ([40]) it is possible to find the proof that other tensor products

A AN
fail to have Lu.st.: £ ®, £, for 1 < p < oo and {1 ®, £, for 1 < p < oo don’t

A
have l.u.st. so it is impossible to prove the theorem even for £, ®, X and
A
El ®e X

Now we recall the following well known lemma, which we are including
the proof for sake of completeness.

Lemma 3.3.1. If E € F then ub(E) = ub(E™).

Proof. Consider a basis (z;)!_; of E and the corresponding biorthogonal basis
(xf)™, in E*; then we have

n

r=Y (1},z); Ve e E

1
i=1
and

= Z (x*, x;) x} Va* e B*

It follows:

: (tl) € ngo,.CC € BE}

E
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= sup{ z* (z": tﬂ:@)xz) ‘ : (t;) € By ,x € Bg,z* € BE*}
i=1

= sup{ Zn:tlscf(:v)x*(%)
i=1

= sup{ (zn:tzx*(%)xj) (z)

i=1

= Sup{ itlx*(mz)xf

i=1

Thanks to this we can say that the bijective correspondence between the
basis of £ and the basis of E* that sends each basis in the corresponding
biorthogonal basis preserves the unconditional constant of the basis, so the
thesis follows. N

(tz) GngC,CCE BE,Z'* S BE‘*}

(tz) S ngo7$€BE,J}* GBE*}

ili=1"

E*

Lemma 3.3.2. If F € F then ub({Z, G%E F) < ub(F).

Proof. Let m = dimF. If (t;;) € Bpm, 0;; €R,i=1,2,...,n,j=1,2,...,m,
and (y;)7L, is a basis of F, then

n m
Z Z ti,j Oéiﬂ‘ €; & yj

i=1 j=1
m

= sup E bij i Yj
=1

1<i<n ||
J

F

s
j=1
Z Z ;€ @Y,

i=1 j=1

< sup ub(F)

1<i<n

F

= ub(F)

€

An easy consequence of the previous lemmas is the following:

Corollary 3.3.3. If F € F then ub({? @, F) < ub(F).

Lemma 3.3.4. Let X be a normed space and X its completion . If X has
l.u.st. then X has l.u.st.
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Proof. For the lemma‘s proof we need of the following result ([22] Lemma
17.3):

Let {xq,...,z,} be a basis for the finite dimensional normed space E. Given
0 <e< 1 thereis a d > 0 such that if X is a Banach space containing E
and if T1,...,T, € X satisfy ||Tx — x| <0 (1 <k < n), then there exists an
operator u € L(X, X) such that

(a) w(Tk) = xp (1 <k <n);

() (1— el < [u(@)]] < (1+ ).

Finally, from (b) u is invertible with ||ul]] <1+¢€ and ||[u™']| < (1 —¢€)7"
Let G a finite dimensional subspace of X. Suppose that G = span{uy, ..., Uy, }.
Now, fix 0 < € < 1 and we consider ¢ as above. Since X is dense in X , we
choose uy, € X so that [Juy — ug|| < 0.

Let G = span{uy,...,u,}. Then G is a finite dimensional subspace of X.
Therefore there exists an Banach space F' with unconditional basis, a €
L(G,F) and b € L(F, X) so that

i=boa , all bl ub(F) < A(X)

where we are denoting with ¢ the natural map from G to X.

Let u € L(X, X) so that

(a) u(ug) =g (1 <k <n);

(b) [lull <1+ e€and [fu=] < (1—¢)~"

Then u|xy oboaou |y is just the natural map from G to X with [la o
u™ gl [lulx o bl ub(F) < A(X) O

The two previous computations in the case of finite dimension lead us to
the two following theorems.

Theorem 3.3.5. Let X a Banach space and K a compact Hausdorff space.
Then C(K,X) has l.u.st. if X does and A(C(K, X)) < A(X).

Proof. By previous lemma it is enough to show that C'(K) ® X has lL.u.st
when equipped with the injective norm || ||.

C(K) is a L -space, so if ¢ > 0 is given and E € Fg(k), there is an E €
Fexy, E C E, and an isomorphism u: E — (%™F with ||u|| |[u~!|] < 1 +e.
X has Lu.st. so, given F' € Fx, there is an Fe Fx, F C ﬁ, and v: ' — f,
w: F'— X with wov = iy such that ||v|| [Jw|lub(F) < A(X). If G € Foxyex
we can find an £ € Fek) and F' € Fy such that G C EF®@ F C C(K) ® X,
where the two inclusions are isometries when each of the two tensor products
is equipped with the injective norm, because the injective norm is injective.
Let’s name our isometries:

I:G— EQ®F, i: E— F, j: E— C(K);
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now put them together:

G- LEQFEY EQF "8 ¢imE g """ B o X '2% O(K) ® X

and call U = (u®wv)o (i®ip)ol and V = (j ® idx) o (u' ® w); notice that
V o U is the natural inclusion of G into C(K) ® X and, taking in account
previous lemma 4,

UV [ ub(t™ © F)
< Al I TN e [T T |l ] ]| ub(F)
= [[ul[ [ [ o[ [[w]] ub(F) < (1+2)A(X).

Because € > 0 is arbitrary, we get: C'(K, X) has lu.st. and A(C(K, X)) <
A(X). O

Theorem 3.3.6. If (0,3, i) is a measure space and X is a Banach space
with l.u.st., then L'(u, X) has l.u.st.

Proof. Again in this proof we will take lemma 3.3.4 into account.

Take G € Fp,(wex: we can find E € Fp, (), B’ € Fx,such that G C F® E'.
We know ([61], Proposition 11.5.9) there is a constant p > 0 so that, for
every I € Fp, (), there exists a finite dimensional subspace E” of Li(u)
containing E and a projection P from L;(u) onto E” of norm < p. Since we
are working with L-space, we have Li(u) ® E' is a subspace of Ly () ® X,
where each is equipped with projective norm || ||, then there is an isometry
I:G— Li(p)® FE.

Moreover, following the demonstration of the previous theorem, we can find
ann € N, an ' € Fx and two operators U: " QF — (] QF, V: 1@ F —
Li(p) ® X, such that V o U is the natural inclusion of E” ® £’ in L;(u) ® X
and ||U|| [|[V]|ub(f} @ F) < (1 +¢)A(X). Now the composition

P®id gy

¢ LLpweE “HEer - Lroer- S Li(weX

AN
is the natural inclusion of G in Ly () ® X and

IVIHIU o (P ®idg) o I||ub(f] ® F) IVIHITIIPI adp | 1] ub(€y @ F)

<
< p(14e)A(X)

and so (again by the lemma above) L'(u, X) = Li(p) QA?W X has Lu.st. and
AL (n, X)) < p A(X).
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Now it is time for GL property.

Lemma 3.3.7. If X is a Banach space with the GL-property and n € N,
then €2 (X) is a GL-space and gl(¢Z (X)) < gl(X).

Proof. Recall that ¢ (X) can be viewed as a C(K, X) space in the obvious
way (where K is a finite set of points {ki,ks,...,k,} considered with the
discrete topology). From this, using a result of Pietsch (IT1.19.5 of [77]), we
see that every operator u: " (X) — Y is representable in the form

- /K F(k)dm (k) v e (X)

where m is a vector measure of bounded semivariation from the collection of
all subsets of K to £(X,Y™); then we can write u in this way:

U({L'l, XLy ouey xn) =Uu (f(x1,xg ..... zn)) = /K .f(a:l,azg ..... xn)(k)dm(k)

= Z S w2,e0) () dm(k)

7 Jka

= Zm{k} ;(;1:(;2 ..... Ty (kz))

= Zm({ki})(%)-

=1

Now we can recall two theorems of Swartz: if u € II; (¢ (X),Y), then m’s
values are all in the space II; (X,Y) (Theorem 7 of [96]) and m has finite
variation with respect to the 7-norm with

(m1 — var)(m) < m(u)

(Theorem 8 of [96]) and so

Zm ({k:})) < m(u).

By hypothesis every m({k;}) is 1-factorable, so, if we call P; the norm 1
projection from ¢ (X) onto X defined by

Pi(($17x27 "'7xn>> =Ty,
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we have
= > m{k}) o P
so u is 1-factorable with
N(u) < Z’Yl ({ki}) o F)
< Z% ({k:}1))
< Zm ({k:})
< gl(X)m(U)-

Corollary 3.3.8. (}(X) has the GL-property if X does and gl({}(X)) <
gl(X).

Proof. Since X has G-L property iff X* has G-L property with gl(X) =
gl(X™) (see, for instance, [22] 17.9 Proposition), and the last lemma:
((7(X))* = £2,(X*) has the GL-property, that implies ¢}(X) has the GL-
property and

gl (X)) = gl((€7(X))7) = gl(€,(X7)) < gl(X7) = gl(X).
O

Remark 3.3.9. As lemma 6 above we can have: Let X is a normed space
and X its completion. If X is an G-L space then X is an G-L space.
This is clear since, if u € II;(X, £5) then u|x € I1;(X, 6;) = I'1(X, ). That

means u € Fl()z,ﬁg)
Theorem 3.3.10. C'(K, X) has the GL-property if X does and gl(C(K, X)) <
gl(X).

Proof. Fix ¢ > 0. For any E € Fe(x)ex we can find F' € Fe k), G € Fx and
an isomorphism v: F — (4™ with ||v|| [J[v™!|| < 1+ ¢ such that F C F ® G.
Let w € I} (C(K) ® X,Y) and consider the canonical inclusions I: E —
F®G,j: G— X and i: F — C(K); look at the diagram

E-L PG dinf g x 0 po x O oKy X Y
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then

T(wo (i®idy)o (v ®idx)o(v®j)ol)
nwo (i@idy) o (v @idx)) ||(v®j) o I||
glX)m(wo (i ®idy) o (v @idx))||v]]
gl(X)m (@) [l ] []]]

gl(X)m(w)(1 +¢).

n(wls)

IAIA TN IA

Because ¢ > 0 and E € Fox)gx are arbitrary and since 1-factorable has
finite dimensional nature we get: w is 1-factorable and v (w) < gl(X)7(w),
so the thesis follows. O

Theorem 3.3.11. L'(u, X) has the GL-property if X does.

Proof. Again in this proof we will take in account the remark above.

Let e > 0. Using Proposition I1.5.9 of [61] we get a constant p > 0 such that,
for any E' € Fp,(mex, we can find I’ € Fp, (), G € Fx, an isomorphism
v: F — (§imE Wlth [lv][[[v7Y]] £ 1+ ¢ and a projection P from L;(u) onto
F' of norm less or equal to p, such that £ C F ® G.

Let w € I (L' () ® X, Y). Because we are working with L-space, L'(u) ® G
is a subspace of L'(y) ® X, and then E is a subspace of L;(u)®,G, so we
can consider the canonical inclusions /: F — L;(p) ® G, j: G — X and
i: F— Ly(p) and their composition:

E L} Ll(,lL)@G P®ch F®G v®J Edsz®X ®de F®X z% Ll(ILL)®X L)Y

Then we get
Mwlg) = mMwo(i®idx)o (v ' ®idx)o(v®j)o(P®idg)ol)
< m(wo (i®idy)o (' ®idx))||(v®j)o (P ®idg) oI
< gli(X)m(wo (i ®idx) o (v @idx))||P|]||v]]
< gl(X)mi(w) [l ] ol P]]
< gl(X)m(w)p(l+¢e).

This implies that w is 1-factorable and v, (w) < gl(X)pm(w), so L (u) has
the GL-property and gl(L (1)) < pgl(X). O

To extend the above results on £; and L..-spaces we need the following
lemmas :

A A
Lemma 3.3.12. X** ®.Y is a closed subspace of (X &, Y )**
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A A
Proof. Let 2™ @y € X™* ®. Y and ¢ € (X ®.Y)" = B"(X,Y) subspace of
A
B™(X**,Y), then we have [¢(z™ @ y)| < [|¢][x[lz™ @ y|le. So 2™ @y € (X @

AN A
Y)**. For this, it’ s easy see that X™* ®, Y C (X ®, Y)*.

Now, we have to show that || Y7 27* @ulle = || D, 2 ® ylH( The

A .
X@EY)**
inequality || Y7, 27 ®@uille < || >0, ®yi||(X§ Yy follows easily from the
definition of || - || norm and Goldstine ’s theorem. For the converse

p p
I Z;'Ez L SUP{|(Z; ;' ®yi)(9)| + ¢ € BY(X,Y), |l9]l» <1} <

<sup{|(Q_#" @u)(@)| : 6 € BUXTY), [olla <1} =11 @yl
i=1 =1

A
Because the elements of the type Y 7, z; ® y; are dense in X** ®, Y, we are

done. =

Lemma 3.3.13. Let X and Y be Banach spaces such that X** or'Y has the
A
Bounded Approzimation Property. Then X™ ®, Y is isomorphic to a closed
A
subspace of (X ®, Y )**

Proof. The trace duality ® : X** <§A§7r Y — (X <§A§J7r Y)* = (L(X,Y"))" by
®(2)(¢) =< ¢,2 >

has norm 1. The canonical map I : X** (}%ﬂ Y — (X* <§A§E Yo = (K(X,Y*)*
is a isomorphic embedding (because X** or Y* has B.A.P., see 1.1.16 ). If
a: (L(X,Y)" — (K(X,Y™*))" is the restriction map, we have a® = I. Then
® is a isomorphic embedding as well. O]

Theorem 3.3.14. Let X and Y be Banach spaces. We have

1. If X 1s a Lo-space, then
A
X ®.Y has l.u.st. property if Y does;

2. If X is a Li-space, then
A
X ®, Y has l.u.st. property if Y does.

A
Proof. Let S a subspace finite-dimensional of X ®, Y. Since X is a L.-space
then X** is complemented in a C'(K) space, for some compact Hausdorff
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A
space K. Therefore X** ®, Y is complemented in C'(K,Y) (see [4]) by a
projection P. We have

Sh X & Y EY xe b v L O(K,Y)

where ¢ is the canonical embedding, and ¥ the natural inclusion. Then ¥ o
ix ®idy o1 is the canonical embedding from S into C'(K,Y). Since C(K,Y)
has l.u.st., there is a Banach space Z finite-dimensional with unconditional
bases such that

S5 Z5CO(K,Y)
Voixy®idy ot =uowv

A
Moreover P o u(Z) is a subspace finite dimensional of X** ®. Y hence, for

A
lemma 16, P ou(Z) is a finite dimensional subspace of (X ®. Y)**.
By the Principle of local reflexivity there exists a injective operator s : P o

u(2) —>X<§v§>YsuCh that
s(e) =e VeE(Pou(Z))ﬂ(XéY)
Then u = s o P ou is such that
" v
u:Z —XQY
and

and
[vll[[allub(Z) < | PIIA(C(K,Y))

(2) it’s the same as (1), where we considered L, (u, Y')-space instead of C'(K,Y),
and lemma 3.3.13 instead of lemma 3.3.12. ]
Theorem 3.3.15. Let X and Y be Banach spaces. We have

1. If X is a Lo.-space, then
A
X ®.Y has GL property if Y does;

2. If X is a Li-space, then
A
X ®,; Y has GL property if Y does.
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Proof. Let
u: X 6%5 Y — ¥,

A
an l-summing operator, then u™* € II;((X ®. Y)**, ¢3). Now consider u =

3k

A
U ~  (we note that for lemma 16 X** ®. Y is a closed subspace of

X**@ey

(X é}e Y)* so u € I (X*™ é\{)e Y, l5)). As in the proof above X** <§>E Y is
complemented in C'(K,Y). Since C'(K,Y) has GL property, we have

EOPGI’l(C’(K,Y),EQ)
Then u=1uo P|X(§A9 ,isin (X Q%e Y, l5), with

M(u) < [[Pllgl(C (K, Y))m (u)

(2) it is the same as (1), where using Lemma 3.3.13 instead of Lemma 3.3.12.
We are done O

We end this section with two natural questions:

Questiones 3.3.16.

N
(1) If X is a Banach space so that X ®;, Y has L.u.st. (GL-property) when-
ever Y does, is X a L;-space?

(2) If X is a Banach space so that X (}%6 Y has lL.u.st. (GL-property) when-
ever Y does, is X a L. -space?



Chapter 4

Weakly Compact Subsets in
Projective Tensor Products

4.1 Some Preliminaries Facts

The problem to understand the compactness in any Banach space it is related
to many classical problems in many areas of analysis. In projective tensor

products the first signal of norm-compactness came from a classical result of
Grothendieck (see [41]). He showed that

Proposition 4.1.1. Let X and Y be Banach spaces. A subset K of the

projective tensor product X <}A§>7r Y of X and Y is compact if and only if
there exist Kx and Ky compacts subsets of X and 'Y respectively such that
K Ceo(Kx ® Ky), where with Ky ® Ky is denoted the set {r @y : = €
Kx, Yy < Ky}

Using this fact Grothendieck (see [41], p.51) deduced

A
Proposition 4.1.2. Let K C X ®,; Y be a compact subset of the projective
tensor product of X and Y . Then there exist two norm null sequences {x,}n

. : —t
and {yn}n in X and Y respectively, and a compact subset K ' of {1 so that
every element of u € K can be written as uw = Y - A'a; @ y; where A" =

e}, e K.

This was the main topic to understand the norm-compact subsets of
K(X,Y) and W(X,Y) (the space of compact and weakly compact operators
from X to Y respectively, see [1], [65] and [74]). Essentially Grothendieck
used only the following facts:

A
if K is a compact subset of X ®, Y, from the proposition above, there

ol
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exist two compact subsets Kx, Ky of X and Y respectively so that K C
co(Kx ® Ky). Now, for a beautiful Grothendieck ’s result (i.e. see [72] for
example) we know that there exist norm-null sequences (z,), € X and
(Yn)n C Y so that

Kx Ccof{x, ; neN} and Ky Ccof{y, : neN}

Now it is clear who are {2, }nen, {Un}nen and K"

In the study of weakly compact subsets of the projective tensor product the
singular result of Ulger [100] practically settled the problem in case one was
an Ly (p)-space. Ulger’s result was polished into final form in [25].

Previous to Ulger’s work, Michel Talagrand [97] offered a profound analysis

A
of conditionally weakly compact subsets of X ® Y when X is an L, (j1)-space.
Talagrand’s work influenced Ulger and so all that’s came since. Here is the
end result of Ulger, Diestel-Ruess-Schachermayer.

Theorem 4.1.3. (Ulger, Diestel, Ruess, Schachermayer) Let (2, %, 1)
be a finite measure space, and let X be a Banach space. Let A be a bounded
subset of Li(u, X). Then the following are equivalent:

(i) A is relatively weakly compact;

(ii) A is uniformly integrable, and, given any sequence (f,), C A there
exists a sequence (gn)n with g, € co{fx, k > n} such that (g,(w)), is
norm convergent in X for a.e. w € €);

(i) A is uniformly integrable, and, given any sequence (f,)n C A there is
a sequence (gn)n with g, € co{fr, k > n} such that (g,(w)), is weakly
convergent in X for a.e. w € Q;

For the weak-compactness in projective tensor product almost nothing
is known. First of all a big difference with the norm-compact in projective
tensor norm is that, if Ky and Ky are norm-compact subsets of the Banach
spaces X and Y respectively, then Kx ® Ky is a norm-compact subset of

A
X ®,; Y. For the weak-compact subsets in projective tensor products the
story changes completely. Indeed if X and Y are reflexive Banach spaces
then By, By are two weak-compacts subsets of X and Y respectively. But

A
since BX@% = ¢o(Bx ® By), if Bx ® By was weak-compact in X ®, Y then
by the Krein-Smulian’s theorem (i.e. see [72], 2.8.14) BX(% ,- should be weak-

A
compact; in particular we should fin that X ®, Y reflexive, a fact very rare
in projective tensor product (that happens only when £(X,Y™") = (X, Y™),
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A
see [15], 1.6; indeed ly ®, lo is not reflexive). What we can say is just a little
bit, but first we need to recall some definition.

Definition 4.1.4. (A. Grothendieck, [44]) Let X and Y be Banach
spaces. A bounded linear operator T : X — Y is called completely con-
tinuous if maps weakly convergent sequences to norm convergent sequence.
A Banach space X has the Dunford-Pettis property (DPP) if, for every Ba-
nach space Y, every weakly compact operator from X to Y is completely
continuous (see [17] for a good source).

It is know this condition to be equivalents to:

(i) Every weakly compact linear operator from X into ¢y is completely
continuous;

(ii) For every sequence (z,), in X converging weakly to some z and ev-
ery sequence (x}), in X* converging weakly to some x*, the sequence
{z*(x,) }n converges to z*(z);

(iii) For every sequence (z,), in X converging weakly to 0 and every se-
quence (x}), in X* converging weakly to 0, the sequence {z(x,)},
converges to 0.

Proposition 4.1.5. Let X , Y be Banach spaces, with X having the Dunford-
Pettis property. If Wx C X and Wy CY are weakly compact subsets then

Wx @ Wy is a weakly compact of X QAZ) Y

Proof. By the Eberlein-Smulian theorem it is suffices to show that Wy ® Wy
is weakly sequentially compact. Let (u, = z, ® y,), be a sequence in Wx ®
Wy . Let (ng)x be a strictly increasing sequence of positive integers such that
for some z € Wy and y € Wy

r =weak — lim z,, ,and y = weak — lim y,,
k—o0 k—o0

We need to test (uy, ) vis-a-vis members of (X (}Ab Y)*. Since (X <§AZ> YY) =
B(X,Y), the space of bilinear continuous functionals on X x Y, take a con-
tinuous bilinear functional F' on X x Y. If 2} = F(-, yn, ), then z} € X* and
z* = F(-,y) € X*. Define Tp : Y — X* by

Tr(y)(x) = F(z,y)

Tr is a bounded linear operator and Tr(y,,) = ¥, as well as Tp(y) = 2
Since Tr is also weak-to-weak continuous, the fact that (y,, ), converges

weakly to y soon reveals that (xjibk) ¢ converges weakly to z*. Now we are in
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business: x = weak —limy_ o T,, and z* = weak —1limy_, x,, . Hence, thanks
to X’s enjoyment of the Dunford-Pettis property, F(z,y) = Tr(y)(z) =
v*(z) = limy 2, (vn,) = Tp(Yn,)(Tn,) = F(Tp,,Yn,), which is as it should
be. O

By the previous proposition we easily have

Corollary 4.1.6. Let X1, X5, Y1,Y5 be Banach spaces. Let T7 : X1 — Y
and Ty : X9 — Yy be two weakly compact operators. Suppose either Y;
or YQ has the Dunford- Pettzs property, then the projective tensor product

T, ® Ty X4 ® X, — Y] ® Y5, of T1 and Ty, is weakly compact.

In the next section we will give a representation theorem of weakly com-
pact subsets in the projective tensor products ([24]).

4.2 Weakly Compact Subsets in Projective
Tensor Products

A
In order to study this question let us introduce a topology in X ®, Y, which
we will call in the sequel the 7-topology. A base of neighborhoods for the
T-topology has the form:

A=X &, Y\U @l o V)

where U; and V; are weakly compact subsets of X and Y respectively, for
i =1,...,n. As the reader can note 7 is the coarsest topology so that the sets
co(U® V) (with U and V weakly compact subsets of X and Y respectively)
are T-closed. Since such subsets are weakly closed (because every convex norm
closed set in a Banach space is weakly closed) then the weakly topology is

A
finer than the 7-topology on X ®, Y (recall that if 6, 8, are two topologies in
X then 6, is finer than 6, if 6; C 6,). At first glance the T-topology doesn’t
look very beautiful (because she is not Hausdorff in general), but the key

AN
idea is to study the restriction of 7 to certain bounded subsets of X ® Y
(especially the weak compact subsets) to get a "reasonable” topology (in
particular we are interested to see when such a restriction 7 is Hausdorff).

A
We will not study the 7-topology on X ®, Y in detail, but we will use it
only to derive the result. Note that for the topology 7 we have:

A
1. For fixed v € X ® Y the map u — u + v is 7-continuous.
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2. For fixed A > 0 the map u —— Au is 7 continuous.

3. The map u —— —u is T-continuous.

A topology which satisfies (1) and (2) is called a prelinear topology( see [35]).
So 7 is a prelinear topology.

Theorem 4.2.1. Let X and Y be two Banach spaces. FEvery weakly compact

A
subset in X ®; Y can be written as the intersection of a finite union of sets
of the formco(U @ V'), where U and V' are weakly compact subsets of X and
Y respectively.

Proof. Let W be a weakly compact subset of X é\{)W Y. Since the weak topol-
ogy is finer than the topology 7, our theorem will be proved once it is shown
that the restriction of 7 to W is a Hausdorff topology; that means that W is
closed for the topology 7, and so W will be as wished.

Let u,v € W so that u # v. Without lost of generality we can assume
u = 0 (otherwise consider {u—w : w € W} which is still weakly compact in

A
X ®, Y, and by (1) and (3) above, the translation is a 7-homeomorphism).
Moreover using (2) we can assume |[v][, = 1.

We need to distinguish two cases:

Case 1. v ="}, Mz Qyp, with D7, Ay = 1 and ||z]], [|yx|| = 1 for all
1 <k <mnj;ie. visasimple vector of X ® Y. Now using the Hahn-Banach
theorem there exist z* € X* and y* € Y* so that

*@y*(0) =0 < 6* < 2" @ y*(v).

A
Since X and Y are norm one complemented in X ® Y, let Py, Py be the
A
projections from X ® Y to X and Y respectively. Define

KY = [2* > 8 N Pe(W)
Ky =[y" > dln P (W)
Ky =z <é]n Px(W)
K3 =[y" <N P (W)

where if & € R we are denoting by [z* < o] = {z € X : z*(z) < a} and
ly* > al ={y €Y :y*(y) > a}. Then K}, K} are weakly compact subsets of
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X, and KY, K3 are weakly compact subsets of Y. By construction and by the
definition of the topology 7, we get that W\ co( K} ® K¥) is a T7-neighborhood
of 0 and W \ co( K} ® KY) is a T-neighborhood of v. Since

W C eo(K" @ K¥) Uco(KY ® KY)
we get
W\ Go(K! @ Ky)| N W\ @K @ K)] =0

hence when v is a simple tensor we can always separate 0 and v by two dis-
joint T-neighborhoods in W.

Case 2. Suppose that 0 # v = Y ;- \pzy @ yg; we can assume that for
alln > N, Y70 Ay, @y # 0, as well.

Suppose v and 0 cannot be separated by disjoint 7-open sets; this means
that for any 7-open sets U,V with 0 € U and v € V we have

(x) UNV #0.

By case 1 we know that for each n > N there are T-open sets U, V,, con-
taining 0 so that

(Un) N (Z M @y + Vi) = 0.

k=1
But U,, and V,,, being 7-open, are norm open so there is a ng > N so

no
U= ) Nk @ Yp € Uny N Vi
k=1
or
no
(%) v € <Z M @ Yp + (Uny N Vn0)>
k=1
In tandem (x) and (*x) tell us that

0 7£ {Uno N Vno} ﬂ (Z ApTr @ Y + (Uno N Vno))
k=1

(after all, U,, NV}, is T-open and contains 0 while Y ;% | \pzx @up+ (Uny N Vi)
is 7-open and contains v, so (*) is in effect)

no
C Uy, U ((Z Mo @ Yi) + Vno) =0
k=1

OOPS!
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Using Proposition 4.1.4 we get

Corollary 4.2.2. Let X, Y be Banach spaces, such that X has the DP

A
property. Then every weakly compact subset in X ®, Y can be written as the
intersection of a finite unions of sets of the form co(U @ V'), where U and V'
are weakly compacts subsets of X and Y respectively.
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