BANACH SPACES WITHOUT MINIMAL SUBSPACES

VALENTIN FERENCZI AND CHRISTIAN ROSENDAL

ABSTRACT. We prove three new dichotomies for Banach spaces a la W.T. Gow-
ers’ dichotomies. The three dichotomies characterise respectively the spaces
having no minimal subspaces, having no subsequentially minimal basic se-
quences, and having no subspaces crudely finitely representable in all of their
subspaces. We subsequently use these results to make progress on Gowers’
program of classifying Banach spaces by finding characteristic spaces present
in every space. Also, the results are used to embed any partial order of size
N; into the subspaces of any space without a minimal subspace ordered by
isomorphic embeddability.
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In the paper [20], W.T. Gowers initiated a celebrated classification theory for
Banach spaces. Since the task of classifying all (even separable) Banach spaces up
to isomorphism is extremely complicated (just how complicated is made precise in
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[12]), one may settle for a loose classification of Banach spaces up to subspaces, that
is, look for a list of classes of Banach spaces such that:

(a) each class is pure, in the sense that if a space belongs to a class, then every
subspace belongs to the same class, or maybe, in the case when the properties
defining the class depend on a basis of the space, every block subspace belongs to
the same class,

(b) the classes are inevitable, i.e., every Banach space contains a subspace in one
of the classes,

(c) any two classes in the list are disjoint,

(d) belonging to one class gives a lot of information about operators that may
be defined on the space or on its subspaces.

We shall refer to this list as the list of inevitable classes of Gowers. Many classical
problems are related to this classification program, as for example the question
whether every Banach space contains a copy of ¢y or ¢, solved in the negative by
B.S. Tsirelson in 1974 [43], or the unconditional basic sequence problem, also solved
negatively by Gowers and B. Maurey in 1993 [21]. Ultimately one would hope to
establish such a list so that any classical space appears in one of the classes, and
so that belonging to that class would yield most of the properties which are known
for that space. For example, any property, which is known for Tsirelson’s space,
is also true for any of its block subspaces. So Tsirelson’s space is a pure space,
and, as such, should appear in one of the classes with a reasonable amount of its
properties. Also, presumably the nicest among the classes would consist of the
spaces isomorphic to ¢y or £, 1 < p < oo.

After the discovery by Gowers and Maurey of the existence of hereditarily in-
decomposable (or HI) spaces, i.e., spaces such that no subspace may be written as
the direct sum of infinite dimensional subspaces [21], Gowers proved that every
Banach space contains either an HI subspace or a subspace with an unconditional
basis [19]. These were the first two examples of inevitable classes. We shall call
this dichotomy the first dichotomy of Gowers. He then used his famous Ramsey
or determinacy theorem [20] to refine the list by proving that any Banach space
contains a subspace with a basis such that either no two disjointly supported block
subspaces are isomorphic, or such that any two subspaces have further subspaces
which are isomorphic. He called the second property quasi minimality. This second
dichotomy divides the class of spaces with an unconditional basis into two sub-
classes (up to passing to a subspace). Finally, recall that a space is minimal if it
embeds into any of its subspaces. A quasi minimal space which does not contain
a minimal subspace is called strictly quasi minimal, so Gowers again divided the
class of quasi minimal spaces into the class of strictly quasi minimal spaces and the
class of minimal spaces.

Obviously the division between minimal and strictly quasi-minimal spaces is not
a real dichotomy, since it does not provide any additional information. The main
result of this paper is to provide the missing dichotomy for minimality, which we
shall call the third dichotomy.

A first step in that direction was obtained by A.M. Pelczar, who showed that
any strictly quasi minimal space contains a further subspace with the additional
property of not containing any subsymmetric sequence [35]. The first author proved
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that the same holds if one replaces subsymmetric sequences by embedding homoge-
neous sequences (any subspace spanned by a subsequence contains an isomorphic
copy of the whole space) [10].

A crucial step in the proofs of [35] and [10] is the notion of asymptoticity. An
asymptotic game of length k£ in a space F with a basis is a game where I plays
integers n; and II plays block vectors x; supported after n;, and where the outcome
is the length k sequence (z;). Asymptotic games have been studied extensively
and the gap between finite dimensional and infinite dimensional phenomena was
usually bridged by fixing a constant and letting the length of the game tend to
infinity. For example, a basis is asymptotic ¢, if there exists C' such that for any k,
I has a winning strategy in the length k asymptotic game so that the outcome is
C-equivalent to the unit vector basis of é’;.

In [35] it is necessary to consider asymptotic games of infinite length, which are
defined in an obvious manner. The outcome is then an infinite block sequence. The
proof of the theorem in [35] is based on the obvious fact that if a basic sequence
(e;) is subsymmetric and (z;) is a block sequence of (e;), then II has a strategy in
the infinite asymptotic game in E = [e;] to ensure that the outcome is equivalent to
(x;). In [10] a similar fact for embedding homogeneous basic sequences is obtained,
but the proof is more involved and a more general notion of asymptoticity must
be used. Namely, a generalised asymptotic game in a space E with a basis (e;) is
a game where I plays integers n; and II plays integers m; and vectors x; such that
supp(z;) C [n1,m1] U ... U [n;,m;], and the outcome is the sequence (z;), which
may no longer be a block basis.

The second author analysed infinite asymptotic games in [38] (a previous study
had also been undertaken by E. Odell and T. Schlumprecht in [34]), showing that
the most obvious necessary conditions are, in fact, also sufficient for II to have a
strategy to play inside a given set. This was done through relating the existence
of winning strategies to a property of subspaces spanned by vectors of the basis
with indices in some intervals of integers. Now the methods of [38] extend to the
setting of generalised asymptotic games and motivate the following definition. A
space Y is tight in a basic sequence (e;) if there is a sequence of successive intervals
Iy < Iy < I <...of Nsuch that for all infinite subsets A C N, we have

Y en|n¢ |JL]

i€EA

where Y C X denotes that Y embeds into X. In other words, any embedding of
Y into [e;] has a “large” image with respect to subsequences of the basis (e;) and
cannot avoid an infinite number of the subspaces [ep]ner,. We then define a tight
basis as a basis such that every subspace is tight in it and a tight space as a space
with a tight basis.

As we shall prove in Lemma 3.7, using the techniques of [38], essentially a block
subspace Y = [y;] is not tight in (e;), when II has a winning strategy in the
generalised asymptotic game in [e;] for producing a sequence equivalent to (y;).
This relates the notion of tight bases to the methods of [10], and by extending
these methods we prove the main result of this paper:

Theorem 1.1 (3rd dichotomy). Let E be a Banach space without minimal sub-
spaces. Then E has a tight subspace.
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Theorem 1.1 extends the theorems of [35, 10], since it is clear that a tight space
cannot contain a subsymmetric or even embedding homogeneous block-sequence.
This dichotomy also provides an improvement to the list of Gowers: a strictly
quasi minimal space must contain a tight quasi minimal subspace. Example 3.6
shows that this is a non-trivial refinement of the unconditional and strictly quasi
minimal class, and Corollary 4.3 states that Tsirelson’s space is tight. Theorem 1.1
also refines the class of HI spaces in the list, i.e., every HI space contains a tight
subspace, although it is unknown whether the HI property for a space with a basis
does not already imply that the basis is tight.

Our actual examples of tight spaces turn out to satisfy one of two stronger forms
of tightness. The first is called tightness with constants. A basis (e,) is tight with
constants when for every infinite dimensional space Y, the sequence of successive
intervals Iy < I; < ... of N witnessing the tightness of ¥ in (e,,) may be chosen so
that Y Zg [e, | n ¢ Ik] for each K. This is the case for Tsirelson’s space.

The second kind of tightness is called tightness by range. Here the range, range x,
of a vector z is the smallest interval of integers containing its support, and the range
of a block subspace [z,] is |J,, range x,. A basis (ey) is tight by range when for
every block subspace Y = [y,], the sequence of successive intervals Ip < I; < ... of
N witnessing the tightness of Y in (e, ) may be defined by I}, = range y;, for each k.
This is equivalent to no two block subspaces with disjoint ranges being comparable.
In a companion paper [11], we show that tightness by range is satisfied by an HI
space and also by a space with unconditional basis both constructed by Gowers.

It turns out that there are natural dichotomies between each of these strong
forms of tightness and respective weak forms of minimality. For the first notion,
we define a space X to be locally minimal if for some constant K, X is K-crudely
finitely representable in any of its subspaces. Notice that local minimality is easily
incompatible with tightness with constants. Using an equivalent form of Gowers’
game, as defined by J. Bagaria and J. Lépez-Abad [4], we prove:

Theorem 1.2 (5th dichotomy). Any Banach space E contains a subspace with a
basis that is either tight with constants or s locally minimal.

The ideas involved in the notion of local minimality also make sense for block
representability, which allows us to connect these notions with asymptoticity of
basic sequences. Proving a simple dichotomy for when a space contains an asymp-
totically ¢, subspace, we are led to the following dichotomy for when a Banach
space contains a copy of either cg or £,,.

Theorem 1.3 (The ¢y and ¢, dichotomy). Suppose X is a Banach space not
containing a copy of co nor of £,, 1 < p < oo. Then X has a subspace Y with a
basis such that either

(1) VM InVU,...,Us, CY du; ESUi

<u1 < ...<uUsgy & (UQi_l)?:l ’7é‘M (UQi);L:1>.
(2) For all block bases (zn) of Y = [yn] there are intervals Iy < Io < I3 < ...
such that (zn)nery is not K-equivalent to a block sequence of (Yn)ngr, -
Here, of course, the variables range over infinite-dimensional spaces.

Property (1) indicates some lack of homogeneity and (2) some lack of minimality.
It is interesting to see which conditions the various examples of Banach spaces not
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containing ¢y or ¢, satisfy; obviously, Tsirelson’s space and its dual satisfy (2) and
indeed (2) is the only option for spaces being asymptotic ¢,. On the other hand,
Schlumprecht’s space S satisfies (1).

There is also a dichotomy concerning tightness by range. This direction for
refining the list of inevitable classes of spaces was actually suggested by Gowers in
[20]. P. Casazza proved that if a space X has a shrinking basis such that no block
sequence is even-odd ( the odd subsequence is equivalent to the even subsequence),
then X is not isomorphic to a proper subspace, see [17]. So any Banach space
contains either a subspace, which is not isomorphic to a proper subspace, or is
saturated with even-odd block sequences, and, in the second case, we may find a
further subspace in which Player II has a winning strategy to produce even-odd
sequences in the game of Gowers associated to his Ramsey theorem. This fact was
observed by Gowers, but it was unclear to him what to deduce from the property
in the second case.

We answer this question by using Gowers’ theorem to obtain a dichotomy which
on one side contains tightness by range, which is a slightly stronger property than
the Casazza property. On the other side, we define a space X with a basis (z,,) to
be subsequentially minimal if every subspace of X contains an isomorphic copy of
a subsequence of (z,). This last property is satisfied by Tsirelson’s space and will
also be shown to be incompatible with tightness by range.

Theorem 1.4 (4th dichotomy). Any Banach space E contains a subspace with a
basis that is either tight by range or is subsequentially minimal.

It is easy to check that the second case in Theorem 1.4 may be improved to the
following hereditary property of a basis (z,,), that we call sequential minimality:
every block sequence of [z,] has a further block sequence (y,) such that every
subspace of [z,] contains a copy of a subsequence of (y,,).

The five dichotomies and the interdependence of the properties involved can be
visualised in the following diagram.

Unconditional basis  * % 1st dichotomy %% Hereditarily indecomposable

1) Y

Tight by support * % 2nd dichotomy x x Quasi minimal
4 ()

Tight by range * % 4th dichotomy x* Sequentially minimal
\ )
Tight * % 3rd dichotomy * Minimal

l 4

Tight with constants ** 5th dichotomy * % Locally minimal

From a different point of view, coming from combinatorics and descriptive set
theory, Theorem 1.1 also has important consequences for the isomorphic classifi-
cation of separable Banach spaces. To explain this, suppose that X is a Banach
space and SBu,(X) is the class of all infinite-dimensional subspaces of X. Then the
relation C of isomorphic embeddability induces a partial order on the set of biem-
beddability classes of SBo(X) and we denote this partial order by P(X). Many
questions about the isomorphic structure of X translate directly into questions
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about the structure of P(X), e.g., X has a minimal subspace if and only if P(X)
has a minimal element and X is quasi minimal if and only if P(X) is downwards
directed. In some sense, a space can be said to be pure in case the complexity of
P(X) does not change by passing to subspaces and Gowers, Problem 7.9 [20], moti-
vated by this, asked for a classification of, or at least strong structural information
about, the partial orders P for which there is a Banach space X saturated with
subspaces Y C X such that P 2 P(Y). A simple diagonalisation easily shows that
such P either consist of a single point (corresponding to a minimal space) or are
uncountable, and, using methods of descriptive set theory and metamathematics,
this was successively improved in [13] and [37] to either |P| = 1 or P having a
continuum size antichain. Using a strengthening of Theorem 1.1, we are now able
to show that such P, for which |P| > 1, have an extremely complex structure by
embedding any partial order of size at most N; into them.
For A, B C N, we write A C* B to mean that A\ B is finite.

Theorem 1.5. Given a Banach space X, let P(X) be the set of all biembeddability
classes of infinite-dimensional subspaces of X, partially ordered under isomorphic
embeddability. Let P be a poset for which there exists a Banach space X such that
X is saturated with subspaces Y such that P(Y) = P. Then either |P| =1, or C*
embeds into P. In the second case it follows that

(a) any partial order of size at most Xy embeds into P, and
(b) any closed partial order on a Polish space embeds into P.

From the point of view of descriptive set theory, it is more natural to study
another problem, part of which was originally suggested to us by G. Godefroy
some time ago. Namely, the space SBy,(X), for X separable, can easily be made
into a standard Borel space using the Effros—Borel structure. In this way, the
relations of isomorphism, =, and isomorphic embeddability, T, become analytic
relations on SB.(X) whose complexities can be measured through the notion of
Borel reducibility. We obtain Theorem 1.5 as a consequence of some finer results
formulated in this language and that are of independent interest.

In Section 8, we put all the dichotomies together in order to make progress on
the loose classification mentioned above. In connection with this, we shall also
rely on work by A. Tcaciuc [42], who proved a dichotomy for containing a strongly
asymptotic £, basis, i.e., a basis such that finite families of disjointly supported (but
not necessarily successive) normalised blocks supported “far enough” are uniformly
equivalent to the basis of /. Using just the first four dichotomies, in Theorem 8.3
we find 6 classes of inevitable spaces, 4 of which are known to be non-empty, while
if we use all 5 dichotomies plus Tcaciuc’s, we find 19 classes. Out of these, 8 of
them are known to be non-empty, though for 4 of the examples, we will need the
results of a companion paper [11] where these are constructed and investigated.

The resulting classification gives fairly detailed knowledge about the various
types of inevitable spaces, though much work remains to be done. In particular,
the new dichotomies explains some of the structural differences between the wealth
of new exotic spaces constructed in the wake of the seminal paper of Gowers and
Maurey [21]. It seems an interesting task to determine which of the remaining 11
of the 19 cases are non-empty.
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2. PRELIMINARIES

2.1. Notation, terminology, and conventions. We shall in the following almost
exclusively deal with infinite-dimensional Banach spaces, so to avoid repeating this,
we will always assume our spaces to be infinite-dimensional. The spaces can also
safely be assumed to be separable, but this will play no role and is not assumed.
Moreover, all spaces will be assumed to be over the field of real numbers R, though
the results hold without modification for complex spaces too.

Suppose E is a Banach space with a normalised Schauder basis (e,,). Then, by a
standard Skolem hull construction, there is a countable subfield F of R containing
the rational numbers Q such that for any finite linear combination

Ao€o + Aier + ...+ \en

with \; € F, we have ||[A\geg +Ai1e1 +...+Apen| € F. This means that any F-linear
combination of (e,) can be normalised, while remaining a F-linear combination.
Thus, as the set of Q and hence also F-linear combinations of (e,) are dense in
E, also the set of F-linear normalised combinations of (e,) are dense in the unit
sphere Sg.

A block vector is a normalised finite linear combination x = Ageg + A1eq + ...+
Anen where \; € F. We insist on blocks being normalised and F-linear and will
be explicit on the few occasions that we deal with non-normalised blocks. The
restriction to F-linear combinations is no real loss of generality, but instead has
the effect that there are only countably many blocks. We denote by D the set of
blocks. The support, supp x, of a block x = Ageg + A1eq + ... + Ape, is the set
of i € N such that A\; # 0 and the range, range x, is the smallest interval I C N
containing supp .

A block (sub)sequence, block basis, or blocking of (e,) is an infinite sequence (z;,)
of blocks such that supp z, < supp z,41 for all n and a block subspace is the
closed linear span of a block sequence. Notice that if X is a block subspace, then
the associated block sequence (z,) such that X = [z,] is uniquely defined up to
the choice of signs +x,,. So we shall sometimes confuse block sequences and block
subspaces. For two block subspaces X = [z,] and Y = [y,,], write Y < X if Y C X,
or, equivalently, y, € span(z;) for all n. Also, let Y <* X if there is some N such
that y, € span(x;) for all n > N.

When we work with block subspaces of some basis (e,,), we will assume that we
have chosen the same countable subfield F of R for all block sequences (x,,) of (e,),
and hence a vector in [z,] is a block of (x,,) if and only if it is a block of (e, ), so no
ambiguity occurs. We consider the set bb(e,,) of block sequences of (e, ) as a closed
subset of DY, where D is equipped with the discrete topology. In this way, bb(e,,)
is a Polish, i.e., separable, completely metrisable space. If A = (§,,) is a sequence
of positive real numbers, which we denote by A > 0, and A C bb(e,,), we designate
by Aa the set

Ap = {(yn) S bb(en) | H(In) € bb(en) n ||'Tn - yn” < 5n}-

If A is an infinite subset of N, we denote by [A] the space of infinite subsets of
A with the topology inherited from 24. Also, if @ C N is finite,

[a,A]={B€[N]|aC BCaU(AN[maxa+ 1,00[)}.
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We shall sometimes confuse infinite subsets of N with their increasing enumeration.
So if A C N is infinite, we denote by A,, the n + 1’st element of A in its increasing
enumeration (we start counting at 0).

A Banach space X embeds into Y if X is isomorphic to a closed subspace of
Y. Since we shall work with the embeddability relation as a mathematical object
itself, we prefer to use the slightly non-standard notation X C Y to denote that X
embeds into Y.

Given two Banach spaces X and Y, we say that X is crudely finitely representable
in Y if there is a constant K such that for any finite-dimensional subspace F C X
there is an embedding T: F — Y with constant K, i.e., |T| - |77} < K.

Also, if X = [z,] and Y = [y,] are spaces with bases, we say that X is crudely
block finitely representable in Y if for some constant K and all k, there are (not
necessarily normalised) blocks zp < ... < zi of (y,) such that (xo,...,2) ~k
(20,2 2)-

Two Banach spaces are said to be incomparable if neither one embeds into the
other, and totally incomparable if no subspace of one is isomorphic to a subspace of
the other.

We shall at several occasions use non-trivial facts about the Tsirelson space and
its p-convexifications, for which our reference is [8], and also facts from descriptive
set theory that can all be found in [24]. For classical facts in Banach space theory
we refer to [27].

2.2. Gowers’ block sequence game. A major ingredient in several of our proofs
will be the following equivalent version of Gowers’ game due to J. Bagaria and J.
Lépez-Abad [4].

Suppose E = [e,] is given. Player T and II alternate in choosing blocks zp <
1 <xy <...and yg < y1 <y2 < ...as follows: Player I plays in the k’th round of
the game a block xj such that xx_1 < . In response to this, II either chooses to
pass, and thus play nothing in the k’th round, or plays a block y; € [zi41,...,Zk],
where [ was the last round in which II played a block.

I 20 ... zp Tho41 --- Thy
11 Yo € [mo,...,xko] IS [:Ck0+1,...,$k1]

We thus see I as constructing a block sequence (z;), while IT chooses a block sub-
sequence (y;). This block subsequence (y;) is then called the outcome of the game.
(Potentially the blocking could be finite, but the winning condition can be made
such that II loses unless it is infinite.) We now have the following fundamental
theorem of Gowers (though he only proves it for real scalars, it is clear that his
proof is valid for the field F to0o).

Theorem 2.1 (W.T. Gowers [20]). Suppose (ey,,) is a Schauder basis and A C bb(e;)
is an analytic set such that any (x;) € bb(e;) has a block subsequence (y;) belonging
to A, then for all A > 0, there is a block subsequence (v;) € bb(e;) such that II has
a strategy to play in A if I is restricted to play blockings of (v;).

2.3. A trick and a lemma. We gather here a couple of facts that will be used
repeatedly later on.

We shall at several occasions use coding with inevitable subsets of the unit sphere
of a Banach space, as was first done by Lépez-Abad in [28]. So let us recall here
the relevant facts and set up a framework for such codings.
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Suppose E is an infinite-dimensional Banach space with a basis not contain-
ing a copy of ¢y. Then by the solution to the distortion problem by Odell and
Schlumprecht [31] there is a block subspace [z,] of E and two closed subsets Fj
and Fy of the unit sphere of [z,] such that dist(Fp, F1) = 6 > 0 and such that for
all block bases (y,) of (z,) there are block vectors v and u of (y,) such that v € Fy
and v € F;. In this case we say that Fy and Fy are positively separated, inevitable,
closed subsets of S|, 1-

We can now use the sets Fjy and F} to code infinite binary sequences, i.e., elements
of 2% in the following manner. If (z,) is a block sequence of (z,,) such that for all
n, zn € Fy U Fy, we let ¢((2,)) = a € 2V be defined by

- 0, if z, € Fo;
“n =1, ifz, € Fy.

Since the sets Fy and Fj are positively separated, this coding is fairly rigid and
can be extended to block sequences (v,,) such that dist(v,, Fy UFy) < $ by letting
©((vn)) = B € 2V be defined by

5, — 0, ifdist(vn,F0)<§;
"L, if dist(vs, F1) < 5.

In this way we have that if (z,) and (v,) are block sequences with z, € Fy U F;
and [[v, — 2,|| < § for all n, then ¢((z,,)) = @ ((v,)).

One can now use elements of Cantor space 2" to code other objects in various
ways. For example, let H denote the set of finite non-empty sequences (qo, q1, - - - qn)
of rationals with ¢,, # 0. Then, as H is countable, we can enumerate it as ﬁo, ﬁl, e
If now (y,) and (v,,) are block sequences with ¢((v,)) = 0"°10"110"21.. ., then (v,)
codes an infinite sequence U((vy,), (Yn)) = (uy) of finite linear combinations of (y,)
by the following rule:

U = qoYo + Qay1 + .- + Gm¥Ym,

where l_ink = (qoy- -+, Gm)-
We should then notice three things about this type of coding:

- It is inevitable, i.e., for all block sequences (y,) of (x,) and a € 2V, there
is a block sequence (v,) of (y,) with p((v,)) = a.
- It is continuous, i.e., to know an initial segment of (u,) = ¥((v,), (yn)), we
only need to know initial segments of (v,,) and of (yy).
- It is stable under small perturbations. l.e., given € > 0, we can find some
A = (d,,) only depending on ¢ and the basis constant of (x,) with the
following property. Assume that (v,) and (y,) are block bases of (x,)
with v, € Fy U Fy for all n and such that U((v,), (yn)) = (uy,) is a block
sequence of (y,) with 2 < [lu,|| < 2. Then whenever (v),) and (y,,) are
other block sequences of (z,) with |lv, — v/, || < & and ||y, — y|| < 6, for
all n, the sequence ¥((v),), (y,,)) = (ul,) will be a block sequence of (y,)
that is 1 + e-equivalent to (uy,).
One can of course consider codings of other objects than sequences of vectors
and, depending on the coding, obtain similar continuity and stability properties.
The inevitability of the coding is often best used in the following form.

- Suppose B is a set of pairs ((yn), &), where (y,,) is a block sequence of (z,,)
and o € 2V, such that for all block sequences (z,) of (z,,) there is a further
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block sequence (y,) and an « such that ((y,),«) € B. Then for all block
sequences (z,) of (z,) there is a further block sequence (y,,) such that for

all n, yon+1 € Fo U Fy and ((yan), ¢((y2n+1))) € B.

To see this, let (z;,) be given and notice that by the inevitability of the coding there
is a block sequence (w,,) of (z,) such that ws, 1 € Fy and wzn42 € Fy. Pick now
a block sequence (v,) of (ws,) and an « such that ((v,),«) € B. Notice now that
between v, and v, 11 there are block vectors ws;, 11 and ws;, 42 of (2,,) belonging
to Fy, respectively Fy. Thus, if we let y2, = v, and set

T w34, 41, if oy = 0;
+1 = : —
" W34, +2; if Qypy = 1.

then ((y2n), 9((42n+1))) € B.

Lemma 2.2. Let (z9) > (x}) > (22) > ... be a decreasing sequence of block bases

of a basic sequence (x2). Then there exists a block basis (yn) of (z0) such that (y,)

is VK -equivalent with a block basis of (K for every K > 1.

Proof. Let c¢(L) be a constant depending on the basis constant of (z) such that
if two block bases differ in at most L terms, then they are ¢(L)-equivalent. Find
now a sequence L1 < Lo < ... of non-negative integers tending to +oo such that
c(Lg) < VK. We can now easily construct an infinite block basis (y,,) of (22) such
that for all K > 1 at most the first L terms of (y,) are not blocks of (z5)o2, .
Then (y,,) differs from a block basis of (%) in at most Lx terms and hence is

n

vV K-equivalent with a block basis of (zX). O

3. TIGHTNESS
3.1. Tight bases. The following definition is central to the rest of the paper.

Definition 3.1. Consider a Banach space E with a basis (en) and let Y be an
arbitrary Banach space. We say that Y is tight in the basis (e,) if there is a

sequence of successive non-empty intervals Iy < Iy < Is < ... of N such that for all
infinite subsets A C N, we have
Y Zlen|n¢ ]I
€A

In other words, if Y embeds into [en|nep, then B C N intersects all but finitely
many intervals I;.

We say that (ey,) is tight if every infinite-dimensional Banach space Y is tight
in (en).

Finally, an infinite-dimensional Banach space X is tight if it has a tight basis.

Also, the following more analytical criterion will prove to be useful. For simplic-
ity, denote by P; the canonical projection onto [e,]|ner-

Lemma 3.2. Let X be a Banach space, (e,,) a basis for a space E, and (I,,) finite
intervals such that min I, — oo and for all infinite A C N,
n—oo

X Z [en]n¢Uk€A Iy

Then whenever T: X — [e,] is an embedding, we have lim infy|| Py, T|| > 0.
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Proof. Suppose towards a contradiction that T: X — F is an embedding such that
for some infinite A C N, limy_, oo ||Pr, T'|| = 0. Then, by passing to an infinite subset
keA

of A, we can suppose that >, . 4[| P, T|| < 3|77~ and that the intervals (I,)nca

are disjoint. Thus, the sequence of operators (Pr, T)re 4 is absolutely summable and

therefore the operator >, ., P, T: X — F exists and has norm < 3|7~
But then for z € X we have

1 1 1
IS P Tal < | PLT) - o)l € s 2] € s [T - |1 T2]| = = | T2,
,;; ’ ZA ' 2|71 271 2

and hence also

1 1
(T =Y Pr.D)al > Tzl = |y Pr.Ta| > |Tz| - 5| Tl = 5| Tall.

keA keA
So T — > 4ca Pr,T is still an embedding of X into £. But this is impossible as
T =3 pea PrT takes values in [en]ngy, _, 1p- O

Proposition 3.3. A tight Banach space contains no minimal subspaces.

Proof. Suppose (e, ) is a tight basis for a space E and let Y be any subspace of E.
Pick a block subspace X = [z,] of E that embeds into Y. Since Y is tight in (e,,),
we can find a sequence of intervals (I;) such that Y does not embed into [e,]nen
whenever B C N is disjoint from an infinite number of intervals I;. By passing
to a subsequence (z,) of (z,), we obtain a space Z = [z,] that is a subspace of
some [e,|nep where B C N is disjoint from an infinite number of intervals I;, and
hence Y does not embed into Z. Since Z embeds into Y, this shows that Y is not
minimal. (I

The classical example of space without minimal subspaces is Tsirelson’s space T
and it is not too difficult to show that T is tight. This will be proved later on as a
consequence of a more general result.

Any block sequence of a tight basis is easily seen to be tight. And also:

Proposition 3.4. If E is a tight Banach space, then every shrinking basic sequence
in E is tight.
Proof. Suppose (e,,) is a tight basis for E and (f,,) is a shrinking basic sequence in
FE. Let Y be an arbitrary space and find intervals Iy < I; < ... associated to Y for
(en), i.e., for all infinite subsets A C N, we have Y I [e,, | n ¢ U;c 4 Li-

We notice that, since (e, ) is a basis, we have for all m

P, 1
1Pl |l 20 (1)

and, since (f,) is shrinking and the Py, have finite rank, we have for all k
1Pr, |, | — 0. (2)

fi ’ i>m]" m—oo

Using alternately (1) and (2), we can construct integers kg < k1 < ... and intervals

Jo < J1 < ... such that )

< —.
. | igrall < +1
To see this, suppose k,,—1 and J,,_1 have been defined and find some large k,, > k,_1
such that

prkn

1
n+1

<

1Py, |

[fi ’ i<max Jy, 1] ||
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Now, choose m large enough that

1
P g R
1Pre, I, | smil S 737
_ 2 :
and set .J,, = [max J,, _1+1,m]. Then || Py, | i¢Jn]|| < i1 It follows that if A C
N is infinite and T: Y — [fi]igy, _, 7, is an embedding, then limpca|| Py, T'|| =0,
which contradicts Lemma 3.2. So (J,,) witnesses that Y is tight in (fy,). O

Corollary 3.5. If a tight Banach space X 1is reflexive, then every basic sequence
in X s tight.

Notice that, since ¢y and ¢; are minimal, we have by the classical theorem of
James, that if X is a tight Banach space with an unconditional basis, then X is
reflexive and so every basic sequence in X is tight.

Example 3.6. The symmetrisation S(T®)) of the p-convezification T®) of Tsirel-
son’s space, 1 < p < +00, does not contain a minimal subspace, yet it is not tight.

Proof. Since S(T®)) is saturated with isomorphic copies of subspaces of T®) and
T®) does not contain a minimal subspace, it follows that S(7)) does not have
a minimal subspace. The canonical basis (e,) of S(T®)) is symmetric, therefore
S(T®) is not tight in (e,) and so (ey) is not tight. By reflexivity, no basis of
S(T®) is tight. O

3.2. A generalised asymptotic game. Suppose X = [z,] and Y = [y,] are two
Banach spaces with bases. We define the game Hy x with constant C' > 1 between
two players I and II as follows: I will in each turn play a natural number n;, while
IT will play a not necessarily normalised block vector u; € X and a natural number
m; such that

u; € X[Tlo,mg} + ... +X[le,ml},
where, for ease of notation, we write X[k, m| to denote [z, ]k<n<m. Diagramatically,

I no niy na ns

II Ug, Mo Uy, My Uz, M2 uz, ms3
We say that the sequence (u;);en is the outcome of the game and say that II wins
the game if (u;) ~¢ (v;)-

For simplicity of notation, if X = [z,] is space with a basis, Y a Banach space,
Iy < I < I, < ...asequence of non-empty intervals of N and K is a constant, we
write
Y Ck (X, ;)

if there is an infinite set A C N containing 0 such that

Y Ek [n | n ¢ UL‘],

€A

i.e., Y embeds with constant K into the subspace of X spanned by (xn)7l¢Ui€A I;-
Also, write
if there is an infinite set A C N such that Y C [z, | n ¢ (J;c4 I;]- Notice that in
the latter case we can always demand that 0 € A by perturbating the embedding
with a finite rank operator.
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It is clear that if Y = [y,,] and II has a winning strategy in the game Hy,x with
constant K, then for any sequence of intervals (I;), Y Ck (X, I;).

Modulo the determinacy of open games, the next lemma shows that the converse
holds up to a perturbation.

Lemma 3.7. Suppose X = [x,] is space with a basis and K, € are positive constants
such that for all block bases Y of X there is a winning strategy for I in the game
Hy x with constant K + €. Then there is a Borel function f: bb(X) — [N] such
that fO’f’ allY Zf Ij = [f(Y)Qj, f(Y)2j+1], then

Y Uk (X, I).

Proof. Notice that the game Hy, x is open for player I and, in fact, if D . denotes
the set of blocks u with ﬁ < |lul]| € K + ¢, then the set

A={(Y,p) €bb(X) x (Nx Dgp, x N)N | cither fis a legal run of the game Hy, x
with constant K + € in which I wins or p'is not a legal run of the game Hy x }

is Borel and has open sections Ay = {p’ € (N x Dgyc x N)V | (Y, ) € A}. Also,
since there are no rules for the play of I in Hy x, Ay really corresponds to the
winning plays for I in Hy,x with constant K + €. By assumption, I has a winning
strategy to play in Ay for all Y, and so by the theorem on strategic uniformisation
(see (35.32) in [24]), there is a Borel function o: Y + oy that to each Y associates
a winning strategy for I in the game Hy x with constant K + €.

Now let A = (4,,) be a sequence of positive reals such that for all 2K C-basic
sequences of blocks (w,,) of X with & < |lw, || < K (where C is the basis constant of
X) and sequences of vectors (uy, ), if for all n, ||w, —u,|| < dn, then (w,) ~ TR

(un). We also choose sets D, of finite (not necessarily normalised) blocks with the
following properties:

- for each finite d C N, the number of vectors v € ID,, such that supp u = d
is finite,
- for all blocks vectors w with + < [|w|| < K, there is some u € D,, with
supp w = supp u such that |jw — u|| < 0.
This is possible since the K-ball in [x;];cq is totally bounded for all finite d C N.
So for all 2K C-basic sequences (w,,) of blocks with % < [lw,|| < K, there is some
(un) € I1,, Dy, such that supp wy, = supp u, and ||w, — uy|| < §, for all n, whence
(wn) ~ ez (un)-
Suppose now that Y = [y,] is given. For each p = (ng,uo, mo, - .., 0, u;, m;),
where u; € D; for all j and

I no ni ce. Ny
11 Ug, Mo Uy, my ... Ugy My

is a legal position in the game Hy, x in which I has played according to oy, we write
p < kif nj,u;,m; <k for all j < i. Notice that for all k£ there are only finitely
many such p with p < k, so we can define

a(k) = max(k, max{oy (p) | p < k})

and set I, = [k,a(k)]. Clearly, the sequence (I;) can be computed in a Borel
fashion from Y. The I; are not necessarily successive, but their minimal elements
tend to oo, so to prove the lemma it is enough to show that Y does not K-embed
into [z,] avoiding an infinite number of I; including Ij.
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Suppose now for a contradiction that A C N is infinite, 0 € A and y; — w; is
a K-embedding into [z, | n ¢ Uk@EA I]. By perturbing the embedding slightly,
we can suppose that the w; are blocks such that & < [|w;|| < K and we still have
a K+/1+ ¢/K-embedding. Using the defining properties of D;, we find u; € Dj
such that ||w; — u;|| < ¢; and supp w; = supp w; for all i, whereby (u;) ~ TR

(w;) ~ R ITR (y:), and therefore (u;) ~kre (yi).

We now proceed to define natural numbers n;, m;, and a; € A such that for
pi = (no, uo, Mo, - - ., Ny, U, M), we have

(i) ap =0 and [0,n0[C I,

(11) m; = G;41 — 1,
(iii) p; is a legal position in Hy x in which I has played according to oy,
(iV) ]miJ ni+1[g Iai+1'
Let agp = 0 and ng = oy (#) = a(0), whence I,, = [0, «(0)] = [0,n0]. Find a; such
that ng, ug, ap < a; and set mo = a3 — 1. Then py = (ng, up, mp) is a legal position
in Hy,x in which I has played according to oy, po < a1, so n1 = oy (ng, ug, M) <
a(ay), and therefore |mg,n1[C I, = [a1, a(a1)].

Now suppose by induction that nyg, ..., n; and ag, .. ., a; have been defined. Since
[0,n0[C L4, and |mj,n;41[C I,,,, for all j < i, we have

u; € X[’I'LQ,’ITL()] + ...+ X[Tli_l, mi_l] + X[nl, OO[

j+1

Find some a;y; greater than all of ng,...,n;, ug,...,u;, ag,...,a; and let m; =
a;+1 — 1. Then

u; € X[’I’L(), mo] +...+ X[ni,hmi,l] + X[n“mz]

and p; = (nog, wo, Mo, - - ., M4, u;, m;) is a legal position played according to oy . Since
pi < a;+1 also
Nit1 = oy (no, uo, Mo, - - ., Mg, Ui, M) < (@i41).
Thus |mi,ni+1[C Lo,y = [@it1, (aiv1)]-
Now since pg € py € p2 C ..., we can let p = [J,; p; and see that ' is a run of

the game in which I followed the strategy oy and II has played (u;). Since oy is
winning for I, this implies that (u;) % ke (y;) contradicting our assumption. [

Lemma 3.8. Suppose X = [x,] is a space with a basis and Y is a space such that
for all constants K there are intervals I(gK) < I{K) < IéK) < ... such that Y Uk

(X, I](.K)). Then there are intervals Jo < J1 < Jo < ... such that Y £ (X, J;).

Moreover, the intervals (J;) can be computed in a Borel manner from (Ii(K))LK.

Proof. By induction we can construct intervals Jy < J; < Js < ... such that J,
contains one interval from each of (Ii(l))7 U (Il-(n)) and if M = minJ, — 1 and

K = [n-c¢(M)], then maxJ, > maXIéK) + M, where ¢(M) is a constant such
that if two subsequences of (x,) differ in at most M terms then they are c(M)
equivalent. It then follows that if A C N is infinite, then

Y Z ['r"}n%UieA Ji:

To see this, suppose towards a contradiction that A C N is infinite and that for
some integer N,

Y EN [xn]n¢ui€A Ji-



BANACH SPACES WITHOUT MINIMAL SUBSPACES 15

Pick then a € A such that ¢ > N and set M = minJ, — 1 and K = [a - ¢(M)].
Define an isomorphic embedding T from

[ | n ¢ U Ji]
€A
into
[z, | n ¢ U Ji & n > max J,| + |zn ’ maxIéK) < n < max Jg]
I€EA
by setting
T | if n > max Jy;
(l’n) - xmaxIéK>+n+1’ if n < M.

This is possible since max J, > max I(()K) + M. Also, since T only changes at most
M vectors from (x,,), it is a ¢(M) embedding. Therefore, by composing with 7" and
using that N - ¢(M) < a-¢(M) < K, we see that

Y Ck [z, | n ¢ U Ji & n > max J,| + [z, | maxIéK) < n < maxJg].
icA

In particular, as almost all J; contain an interval I Z(K), we can find and infinite set

B C N containing 0 such that

Y Ck [z | n ¢ | 1),
i€B

which is a contradiction. O

Lemma 3.9. Let E = [e,] be given and suppose that for all block subspaces Z < E
and constants C there is a block subspace X < Z such that for all block subspaces
Y < X, I has a winning strategy in the game Hy x with constant C'. Then there
is a block subspace X < E and a Borel function f: bb(X) — [N] such that for all
normalised block bases Y < X, if we set I; = [f(Y )2, f(Y)2j41], then

Y Z (X, 1).

Proof. Using the hypothesis inductively together with Lemma 3.7, we can construct
a sequence Xg = X7 > X9 > ... of block subspaces Xk and corresponding Borel
functions fx : bb(Xx) — [N] such that for all V < X if I; = [fx(V )25, [ (V) 2541],
then V ZKZ (XK,IJ)

Pick by Lemma 2.2 some block X, of X that is v/ K-equivalent with a block
sequence Zx of Xk for every K > 1. Then for any block sequence Y of X, and any
K > 1 there is some block sequence V < Zxg < Xg such that Y is VK -equivalent
with V. Let (I;) be the intervals given by fx (V) so that V L= (Xk,1I;). We can
then in a Borel way from (I;) construct intervals (J;) such that V Zg2 (Zk, J;)
and therefore also Y Z g (Xoo, J;).

This means that there are Borel functions gx: bb(X,) — [N] such that for all
Y < Xoo if JJK(Y) = [gK(Y)2j’gK(Y)2j+1L then Y ZK (XOO,J]K(Y)) Using
Lemma 3.8 we can now in a Borel manner in Y define intervals L < LY < ...
such that

Y € (X, L)).

Letting f: bb(Xo) — [N] be the Borel function corresponding to Y — (L}/), we
have our result. O
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As will be clear in Section 7 it can be useful to have a version of tightness
that not only assures us that certain intervals exist, but also tells us how to ob-
tain these. Thus, we call a basis (e,) continuously tight if there is a continuous
function f: bb(e,) — [N] such that for all normalised block bases X, if we set

I = [f(X)2j, f(X)2j41], then
X ([en], 1),
i.e., X does not embed into [e,] avoiding an infinite number of the intervals I;.

We shall now improve Lemma 3.9 to conclude continuous tightness from its
hypothesis.

Lemma 3.10. Let E = [e,] be given and suppose that for all block subspaces Z < E
and constants C' there is a block subspace X < Z such that for all block subspaces
Y < X, I has a winning strategy in the game Hy x with constant C. Then there is
a continuously tight block subspace X < E.

Proof. We observe that E does not contain a copy of ¢y. Indeed if Z is a block
subspace of E spanned by a block sequence which is C-equivalent to the unit vector
basis of cg, then for any Y < X < Z, II has a winning strategy in the game Hy, x
with constant C2. We shall then use codings with inevitable subsets. So find first
a block subspace Z of E such that there are inevitable, positively separated, closed
subsets Fy and F; of Sz. By Lemma 3.9, we can find a further block subspace
V of Z and and a Borel function g: bb(V) — [N] such that for all Y < V, if
Ij = [g(Y)2j7g(Y)2j+1], then Y Z (‘/, I]) Define the set

A={(ya) €0(V) | y2n € Fo & 1 ¢ g((y2n+41)) and g2, € F1 & 1 € g((y2n41) }-

Obviously, A is Borel and, using inevitability, one can check that any block basis
of V contains a further block basis in A. Thus, by Gowers’ Determinacy Theorem,
we have that for all A > 0 there is a block sequence X of V' such that II has a
strategy to play into Aa when I plays block subspaces of X. Choosing A > 0
sufficiently small, this easily implies that for some block basis X of E, there is a
continuous function h: bb(X) — bb(X) x [N] that to each W < X associates a pair
(Y, (I,)) consisting of a block sequence Y of W and a sequence of intervals (I,,)
such that Y Z (V,I;). Notice now that continuously in the sequence (I;), we can
construct intervals (J;) such that ¥ £ (X, J;) and hence also W Z (X, J;). So
the continuous function f: bb(X) — [N] corresponding to W — (J;) witnesses the
continuous tightness of X. O

We shall need the following consequence of continuous tightness in Section 7.

Lemma 3.11. Suppose (e,) is continuously tight. Then there is a continuous
function f: [N] = [N] such that for all A, B € [N, if B is disjoint from an infinite
number of intervals [f(A)ai, f(A)ait1], then [en]nca does not embed into [en]nes-

Proof. Tt is enough to notice that the function h: [N] — bb(e,) given by h(A) =
(en)nea is continuous. So when composed with the function witnessing continuous
tightness we have the result. O

3.3. A game for minimality. For L and M two block subspaces of E, define
the infinite game G p with constant C' > 1 between two players as follows. In
each round I chooses a subspace FE; C L spanned by a finite block sequence of
L, a normalised block vector u; € Eg + ...+ E;, and an integer m;. In the first
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round II plays an integer ng, and in all subsequent rounds II plays a subspace F;
spanned by a finite block sequence of M, a (not necessarily normalised) block vector
v; € Fy + ...+ F; and an integer n;y;. Moreover, we demand that n; < E; and

Diagramatically,
I no < Eg € L n <E CL
ug € Ep, my uy € By + E1,m
II ng mo < Fy C M my < Fi1 CM

vg € Fo,n1 vy € Fy + Fi,ne

The outcome of the game is the pair of infinite sequences (u;) and (v;) and we say
that IT wins the game if (u;) ~¢ (v;).

Lemma 3.12. Suppose that X and Y are block subspaces of E and that player 11
has a winning strategy in the game Hy x with constant C. Then II has a winning
strategy in the game Gy,x with constant C.

Proof. We shall in fact prove that II has a winning strategy in a game that is
obviously harder for her to win. Namely, we shall suppose that II always plays
n; = 0, which obviously puts less restrictions on the play of I. Moreover, we do not
require I to play the finite-dimensional spaces E;, which therefore also puts fewer
restrictions on I in subsequent rounds. Therefore, we shall suppress all mention of
FE; and n; and only require that the u; are block vectors in Y.

While playing the game Gy, x, II will keep track of an auxiliary play of the game
Hy x in the following way. In the game Gy, x we have the following play

I wu€eY,mg u; €Y, my

II mo < Fp CX m < Fp CX
v € Fp vy € Fy + Fy
We write each vector u; = Z;C:O Aéyj and may for simplicity of notation assume
that k; < k;11. The auxiliary run of Hy x that II will keep track of is as follows,
where II plays according to her winning strategy for Hy, x.

I mo ... My maq N 1151
IT Wo,P0 - Wy Py Who+1>Phot1 - - - Wy Phy
To compute the v; and F; in the game Gy, x, 11 will refer to the play of Hy x and
set
ki
vi= ) Ajw;,
=0
and let

Fy = X[m;, max{pg, ,+1,.., Pk }-
It is not difficult to see that m; < F; C X, v; € Fy + ...+ F;, and that the F; and
v; only depends on wug, ..., u; and myg, ..., m;. Thus this describes a strategy for II
in Gy,x and it suffices to verify that it is a winning strategy.
But since II follows her strategy in Hy, x, we know that (w;) ~¢ (y;) and there-
fore, since u; and v; are defined by the same coefficients over respectively (y;) and
(w;), we have that (v;) ~¢ (u;). O
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3.4. A dichotomy for minimality. We are now in condition to prove the central
result of this paper.

Theorem 3.13 (3rd dichotomy). Let E be a Banach space with a basis (e;). Then
either & contains a minimal block subspace or a continuously tight block subspace.

Proof. Suppose that E has no continuously tight block basic sequence. By Lemma
3.10, we can, modulo passing to a block subspace, suppose that for some constant
C and for all block subspaces X < FE there is a further block subspace ¥ < X
such that I has no winning strategy in the game Hy x with constant C. By the
determinacy of open games, this implies that for all block subspaces X < E there
is a further block subspace Y < X such that II has a winning strategy in the game
Hy x with constant C.

A state is a pair (a,b) with a,b € (D’ x F)<*¥, where F is the set of subspaces
spanned by finite block sequences and D’ the set of not necessarily normalised
blocks, such that |a| = |b] or |a] = |b] + 1. The set S of states is countable, and
corresponds to the possible positions of a game G, s after a finite number of moves
were made, restricted to elements that affect the outcome of the game from that
position (i.e., m;’s and n;’s are forgotten).

For each state s = (a,b) we will define the game G, ps(s) in a manner similar to
the game G, ps depending on whether |a| = |b| or |a| = |b] + 1. To avoid excessive
notation we do this via two examples:

If a = (ao,Ao,a1,41), b = (bo, Bo, b1, B1), the game Gy p(s) will start with
IT playing some integer ms, then I playing (ug, E2,ms) with ng < Fy C L and
U € A0+A1 +E5, 11 playlng (1127F2,TL3) with mo < Fy C M and vy € B0+B1+FQ,
etc, and the outcome of the game will be the pair of infinite sequences (ag, a1, ua, . . .)
and (bo,bl, V2, .. )

If a = (ag, Ao, a1, A1), b = (by, By), the game G, p(s) will start with I playing
some integer my, then II playing (vq, Fy,ng) withm; < Fy C M and vy € By+Fi, 1
playing (ug, Ea, mo) with ng < Eo C L and us € Ag+ A1+ Es, etc, and the outcome
of the game will be the pair of infinite sequences (ag, a1, us,...) and (bg,v1,ve, .. .).

The following lemma is well-known and easily proved by a simple diagonalisation.

Lemma 3.14. Let N be a countable set and let u: bb(E) — P(N) satisfy either
VW S (V) C (W)
or
VW= u(V) 2 p(W).
Then there exists a stabilising block subspace Vo < E, i.e., such that u(V') = u(Vp)
for any V<" V.
Let now 7: bb(E) — P(S) be defined by
s € 7(M) < 3L < M such that player II has a winning strategy in G p(s).

By the asymptotic nature of the game we see that M’ <* M = 7(M’) C 7(M),
and therefore there exists My < E which is stabilising for 7. We then define a map
p: bb(E) — P(S) by setting

s € p(L) & player II has a winning strategy in G a, (s).
Again L' <* L = p(L') D p(L) and therefore there exists Ly < My which is
stabilising for p. Finally, the reader will easily check that p(Lo) = 7(Lo) = 7(My),
see, e.g., [35] or [10].
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Lemma 3.15. For every M < Lo, II has a winning strategy for the game Gr, nr.

Proof. Fix M a block subspace of Ly. We begin by showing that (0,0) € 7(Lo).
To see this, we notice that as Ly < E, thereis a Y < L such that II has a winning
strategy for Hy r, and thus, by Lemma 3.12, also a winning strategy in Gy,r, with
constant C. So (0,0) € 7(Lo).

We will show that for all states

((uo, Eo, - . . ui, E;), (vo, Fo, . .., v;, F})) € 7(Lo),
there is an n such that for alln < F C Lg and u € Ey + ...+ E; + E, we have
((ug, Eo, - - - yuq, By, u, E), (vo, Fo, ..., v;, F)) € 7(Lg).
Similarly, we show that for all states
((uo, Eoy - - -y w1, Biv1), (vo, Fo, - .-, v;, Fy)) € 7(Lo)
and for all m there are m < FFC M and v € Fy + ...+ F; + F such that
((uo, Eogy - -« sttiq1, Eig1), (vo, Fo, .- ., v5, Fyy v, F)) € 7(Lo).

Since the winning condition of G, ar is closed, this clearly shows that II has a
winning strategy in Gp, a (except for the integers m and n, 7(Lg) is a winning
quasi strategy for II).

So suppose that

§= ((UO,EO, s 7uiin)? (anFOa v 7’Ui7F"L')) € T(LO) = IO(LO)’

then IT has a winning strategy in G, a,(s) and hence there is an n such that for
aln < ECLyandu € Eg+...+ E; + E, Il has a winning strategy in G, a, ('),
where
S/ = ((UO,E(), ceey Ug, E,L', U,E), (’Uo, Fo, N ) Fz))
So s’ € p(Lg) = 7(Ly).
Similarly, if

S = ((Uo,Eo, ey U4, Ei-f—l), (’U(),Fo, e ,’Uz',Fi)) S T(Lo) = T(M)

and m is given, then as II has a winning strategy for G a(s) for some L < M,
there are m < FF C M and v € Fy+ ...+ F; + F such that II has a winning strategy
in Gp p(s'), where

S/ = ((UO7 E‘()7 . 7ui+17Ei+1>7 (’UO7 FO, <oy Vg Fi,v, F))
So s' € (M) = 7(Ly). O

Choose now Y = [y;] < Lo such that IT has a winning strategy in Hy ,. We
shall show that any block subspace M of Lg contains a C?-isomorphic copy of Y,
which implies that Y is C? + e-minimal for any € > 0.

To see this, notice that, since II has a winning strategy in Hy,r,, player I has a
strategy in the game Gp, a to produce a sequence (u;) that is C-equivalent with
the basis (y;). Moreover, we can ask that I plays m; = 0. Using her winning
strategy for Gpr, a, II can then respond by producing a sequence (v;) in M such
that (v;) ~¢ (u;). So (v;) ~c2 (y;) and Y T2 M. O

Finally we observe that by modifying the notion of embedding in the definition
of a tight basis, we obtain variations of our dichotomy theorem with a weaker form
of tightness on one side and a stronger form of minimality on the other.
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Theorem 3.16. Every Banach space with a basis contains a block subspace E =
[en] which satisfies one of the two following properties:

(1) For any [y;) < E, there exists a sequence (I;) of successive intervals such
that for any infinite subset A of N, the basis (y;) does not embed into
[enlngu,cat, as a sequence of disjointly supported blocks , resp. as a permu-
tation of a block sequence, resp. as a block sequence.

(2) For any [y;] < E, (en) is equivalent to a sequence of disjointly supported
blocks of [y;], resp. (en) is permutatively equivalent to a block sequence of
[ys], resp. (en) is equivalent to a block sequence of [y;].

The case of block sequences immediately implies the theorem of Pelczar [35].

The fact that the canonical basis of T* is strongly asymptotically ¢, implies
easily that it is tight for “embedding as a sequence of disjointly supported blocks”
although 7™ is minimal in the usual sense. We do not know of other examples
of spaces combining one form of minimality with another form of tightness in the
above list.

4. TIGHTNESS WITH CONSTANTS AND CRUDE STABILISATION OF LOCAL
STRUCTURE

We shall now consider a stronger notion of tightness, which is essentially local in
nature. Let F be a space with a basis (e,,). There is a particularly simple case when
a sequence (I;) of intervals associated to a subspace Y characterises the tightness of
Y in (e,). This is when for all integer constants K, Y g [e,]ngr, . This property
has the following useful reformulations.

Proposition 4.1. Let E be a space with a basis (e,,). The following are equivalent:

(1) For any block sequence (yn) there are intervals Iy < Iy < I < ... such that

for all K,
[yn}nEIK zK [en]nglx-

(2) For any space Y, there are intervals Iy < I} < Iy < --+ such that for all

K7
Y zK [en]n€1K~

(3) No space embeds uniformly into the tail subspaces of E.

(4) There is no K and no subspace of E which is K-crudely finitely repre-
sentable in any tail subspace of E.

A basis satisfying properties (1), (2), (3), (4), as well as the space it generates,
will be said to be tight with constants.

Proof. The implications (1)=(2)=(3) are clear.

To prove (3)=-(4) assume some subspace Y of E is K-crudely finitely repre-
sentable in any tail subspace of E. Without loss of generality, we may assume that
Y = [yn] is a block subspace of E. We pick a subsequence (z,) of (y,) in the
following manner. Let zg = yo, and if zg,..., 2x_1 have been chosen, we choose zj
supported far enough on the basis (e, ), so that [z, ..., zr—1] has a 2K-isomorphic
copy in [e, | k < n < min(supp z)]. It follows that for any k, Z = [z,] has an
M-isomorphic copy in the tail subspace [e, ’ n > k] for some M depending only on
K and the constant of the basis (e,,).

To prove (4)=(1), let ¢(L) be a constant such that if two block sequences differ in
at most L terms, then they are ¢(L)-equivalent. Now assume (4) holds and let (y,,)
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be a block sequence of (e,,). Suppose also that Iy < ... < Ix_; have been chosen.
By (4) applied to Y = [Yn]3 ax 14,41, We can then find m and [ > max gy

such that [yn],_ a1, 41 does not K - ¢(max Iy + 1)-embed into [e,]32,,. Let
now

Ix = [maxIK_1 + l,l—i—m]
and notice that, as [Yn]_ax i 141 S [Unlner,, we have that [y,]ner, does not
K - ¢(max Ix_1 + 1)-embed into [e,]52 .. Also, since (e,)5,,, and

T 1~
( n)nmz)(; o ( 'fL)'rOLo:maxIK,l-&-l-&-m

only differ in max I'x_1 + 1 many terms, [y,]|necr, does not K-embed into

Tr
[en]f:(() T [en]zo:male_1+1+mv

and thus not into the subspace [en],¢1, either. O

It is worth noticing that a basis (e;,), tight with constants, is necessarily contin-
uously tight. For a simple argument shows that in order to find the intervals Ix
satisfying (1) above, one only needs to know a beginning of the block sequence (y,)
and hence the intervals can be found continuously in (y,). From Proposition 4.1
we also deduce that any block basis or shrinking basic sequence in the span of a
tight with constants basis is again tight with constants.

There is a huge difference between the fact that no subspace of E is K-crudely
finitely representable in all tails of £ and then that no space is K-crudely finitely
representable in all tails of E. For example, we shall see that while the former holds
for Tsirelson’s space, by Dvoretzky’s Theorem (see e.g. [16]), {2 is always finitely
representable in any Banach space.

Recall that a basis (e,,) is said to be strongly asymptotically ¢,, 1 < p < +o0,
[9], if there exists a constant C' and a function f : N — N such that for any n,
any family of n unit vectors which are disjointly supported in [ex | k > f(n)] is
C-equivalent to the canonical basis of £}.

Proposition 4.2. Let E be a Banach space with a strongly asymptotically £, basis
(en), 1 < p < 400, and not containing a copy of £,. Then (e,) is tight with
constants.

Proof. Assume that some Banach space Y embeds with constant K in any tail sub-
space of E. We may assume that Y is generated by a block-sequence (y,,) of E and,
since any strongly asymptotically £, basis is unconditional, (y,) is unconditional.
By renorming E we may assume it is 1-unconditional. By a result of W.B. Johnson
[23] for any n there is a constant d(n) such that (yo,...,yn) is 2K-equivalent to a
sequence of vectors in the linear span of d(n) disjointly supported unit vectors in
any tail subspace of FE, in particular in [eg | k > f(d(n))]. Therefore [yo,...,Yn]
2K C-embeds into £,. This means that Y is crudely finitely representable in £, and
therefore embeds into L,, and since (y,,) is unconditional asymptotically ¢, that ¥’
contains a copy of £, (details of the last part of this proof may be found in [9]). O

Corollary 4.3. Tsirelson’s space T and its convezifications T?P), 1 < p < 400, are
tight with constants.

Observe that on the contrary, the dual T of T', which is strongly asymptotically
{~ and does not contain a copy of ¢y, is minimal and therefore does not contain
any tight subspace.
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Suppose a space X is crudely finitely representable in all of its subspaces. Then
there is some constant K and a subspace Y such that X is K-crudely finitely
representable in all of the subspaces of Y. For if not, we would be able to construct a
sequence of basic sequences (2X) in X such that (zZX*1) is a block sequence of ()
and such that X is not K2-crudely finitely representable in [zX]. By Lemma 2.2,
we can then find a block sequence (y,,) of (29) that is v/K-equivalent with a block
sequence of (zX) for any K and hence if X were K-crudely finitely representable in
[yyn] for some K, then it would also be K3/?-crudely finitely representable in [zX],
which is a contradiction.

When a space X is K-crudely finitely representable in any of its subspaces for
some K, we say that X is locally minimal. For example, by the universality prop-
erties of ¢g, any space with an asymptotically ¢, basis is locally minimal.

Theorem 4.4 (5th dichotomy). Let E be an infinite-dimensional Banach space
with basis (e, ). Then there is a block sequence (x,,) satisfying one of the following
two properties, which are mutually exclusive and both possible.

(1) (zn) is tight with constants,
(2) [xn] is locally minimal.

Proof. If E contains ¢y, the result is trivial. So suppose not and find by the solution
to the distortion problem a block sequence (y,,) and inevitable, positively separated,
closed subsets Fy and Fy of the unit sphere of [y,]. Define for each integer K > 1
the set

Ag = {(2n) < (yn) | 220 € Fo U F} and (z2,) codes by 0’s and 1’s a block
sequence (vp) of (z2n+1) such that for all N, [v,] Tk [zon+1]n>n
and moreover 1/2 < ||v,| < 2}.

Clearly Ak is analytic, so we can apply Gowers’ Determinacy Theorem to get one
of two cases

(i) either there is a block sequence (z,) and a K such that player II has a
strategy to play inside (Ax)a whenever I plays a block sequence of (z,,),
where A will be determined later,

(ii) or we can choose inductively a sequence of block sequences (zX) such that

(xE+1) < (2E) and such that no block sequence of (zX) belongs to Ag.

Consider first case (ii). Set w, = x4, and choose now further block sequences
(z5,) and (hy,) of (wy) such that

To<hg<hi <z <hy<hg<xzyg<...

and hg, € Fy, h2n+1 e .

We claim that (z,,) is tight with constants. If not, we can find some block
sequence (uy,) of (z,,) and a K such that [u,] embeds with constant K into any tail
subspace of [z,]. By passing to tails of (x,) and of (u,), we can suppose that (z)
is a block sequence of (), (u,,) is a block sequence of (z,,) and [u,] K-embeds into
all tails of [z,]. By filling in with appropriate h; between z,, and z, 1, we can now
produce a block sequence (z,,) of (zX) such that (z2,) codes by 0’s and 1’s the block
sequence (uy,) of (z2,41) with the property that for all N, [u,] Ck [z2n+1]n>n. In
other words, we have produced a block sequence of (zX) belonging to A, which
is impossible. Thus, (z,,) is tight with constants.
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Consider now case (i) instead and let II play according to her strategy. We
suppose that A is chosen sufficiently small so that §; < dist(Fp, F1)/3 and if two
block sequences are A-close then they are 2-equivalent. Let (y,) € (Ax)a be the
response by II to the sequence (z,) played by I and let (z,) € Ak be such that
lzn — ynll < dp for all n. Then (z2,) codes by 0’s and 1’s a block sequence (vy,)
of (22n41)- Let (u,) be the block sequence of (ys,+1) constructed in the same
way as (vy,) is constructed over (z2,41). We claim that (uy) is 4K-crudely finitely
representable in any block subspace of [z,,].

For this, let [ug, ..., u;,] be given and suppose that (f,,) is any block subspace of
(2,,). Find a large k such that (zo, 2o, . . ., z2x) codes the block sequence (vg, . . . , V)
of (21,...,29,+1) and let I be large enough so that when I has played xo, . . ., x; then
IT has played yo, ..., yor+1. Consider now the game in which player I plays

T0, Tl - Tl f141, fiao, oo

Then, following the strategy, II will play a block sequence

Y0y -+ > Y2kt 15 92k+25 92k+35 - - - € (AK)A-

So let (hy,) € Ak be such that ||h, —yn|| <, for all n < 2k+1 and ||h, — gnll < In
for all n > 2k + 2. For n < k, we have, as ||han — 22, < 26, < %dist(FO,Fl),
that ho, € F; & 22, € F;. Also, (hant1)f_o and (yani1)k_, are 2-equivalent
and (hony1)5Zsq1 and (gont1)peyy, are 2-equivalent, so (ha,) will code a block
sequence (wy,) of (hopy1) such that (wo,...,wy,) is 2-equivalent to (ug,...,Um).
Moreover, since (hy,) € Ak, [w,] will K-embed into every tail subspace of [ha,11],
and hence 2K-embed into every tail subspace of [g2,,+1]. Therefore, since (g2n,+1)
is block sequence of (fy), [uo,- .., un] Will 4K-embed into [f,], which proves the
claim. It follows that [u,] is locally minimal, which proves the theorem. ([

Local minimality can be reformulated in a way that makes the relation to local
theory clearer. For this, let [F,, be the metric space of all n-dimensional Banach
spaces up to isometry equipped with the Banach-Mazur metric

d(X,Y) = inf (log(||T| - | T | T: X — Y is an isomorphism ).

Then for every Banach space X, the set of n-dimensional Y that are almost iso-
metrically embeddable into X form a closed subset (X),, of F,,. It is well-known
that this set (X),, does not always stabilise, i.e., there is not necessarily a subspace
Y C X such that for all further subspaces Z C Y, (Z), = (Y),. However, if
instead X comes equipped with a basis and for all block subspaces Y we let {Y'},
be the set of all n-dimensional spaces that are almost isometrically embeddable
into all tail subspaces of Y, then one can easily stabilise {Y '}, on subspaces. Such
considerations are for example the basis for [30].

Theorem 4.4 gives a dichotomy for when one can stabilise the set (X), in a
certain way, which we could call crude. Namely, X is locally minimal if and
only if there is some constant K such that for all subspaces Y of X and all n,
dH((X)n, (Y)n) < K, where dy is the Hausdorff distance. So by Theorem 4.4,
the local structure stabilises crudely on a subspace if and only if a space is not
saturated by basic sequences tight with constants.

Often it is useful to have a bit more than local minimality. So we say that a basis
(en) is locally block minimal if it is K-crudely block finitely representable in all of
its block bases for some K. As with crude finite representability we see that there
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then must be a constant K and a block (y,) such that (e,) is K-crudely block
finitely representable in all block subspaces of (y,). We now have the following
version of Theorem 4.4 for finite block representability.

Theorem 4.5. Let (e,,) be a Schauder basis. Then (e,) has a block basis (x,,) with
one of the following two properties, which are mutually exclusive and both possible.

(1) For all block bases (yn) of (xy,) there are intervals I} < Iy < I3 < ... such
that (Yn)ner, is not K-equivalent to a block sequence of (Tn)n¢ry
(2) (zn) is locally block minimal.

Finally we note that there exist tight spaces which do not admit subspaces which
are tight with constants:

Example 4.6. There exists a reflexive, tight, locally block minimal Banach space.

Proof. E. Odell and T. Schlumprecht [33] have built a reflexive space OS with a
basis such that every monotone basis is block finitely representable in any block
subspace of OS. It is in particular locally block minimal and therefore contains no
basic sequence which is tight with constants. We do not know whether the space
OS is tight. Instead, we notice that since the summing basis of ¢q is block finitely
representable in any block subspace of OS, OS cannot contain an unconditional
block sequence. By Gowers’ 1st dichotomy it follows that some block subspace of
OS is HI, and by the 3rd dichotomy (Theorem 3.13) and the fact that HI spaces
do not contain minimal subspaces, that some further block subspace is tight, which
completes the proof. [

It is unknown whether there is an unconditional example with the above prop-
erty. There exists an unconditional version of OS [32], but it is unclear whether it
has no minimal subspaces. However, the dual of a space constructed by Gowers in
[17] can be shown to be both tight and locally minimal.

Example 4.7. [11] There exists a space with an unconditional basis which is tight
and locally minimal.

5. LOCAL BLOCK MINIMALITY, ASYMPTOTIC STRUCTURE AND A DICHOTOMY
FOR CONTAINING ¢y OR £,

Recall that a basis (e, ) is said to be asymptotically ¢, (in the sense of Tsirelson’s
space) if there is a constant C' such that for all normalised block sequences n <
r1 < ... <y, (7;)j; is C-equivalent with the standard unit vector basis of £} .

When (z,,) is asymptotically ¢, and some block subspace [y,,] of [z, ] is K-crudely
block finitely representable in all tail subsequences of (z,,), then it is clear that (ys,)
must actually be equivalent with the unit vector basis of ¢,, or ¢¢ for p = co. So
this shows that for asymptotically ¢, bases (z,), either [z,] contains an isomorphic
copy of £, or ¢y or (z,) itself satisfies condition (1) of Theorem 4.5. This is the
counterpart of Proposition 4.2 for block sequences. As an example, we mention
that, since T does not contain ¢y, but has a strongly asymptotically £, basis, it
thus satisfies (1). This small observation indicates that one can characterise when
£, or cy embeds into a Banach space by characterising when a space contains an
asymptotic £, space.

We first prove a dichotomy for having an asymptotic £, subspace, for the proof
of which we need the following lemma.
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Lemma 5.1. Suppose (e,,) is a basic sequence such that for some C and all n and
normalised block sequences n < y1 < ys < ... < Yo, we have
(y2i-1)iz1 ~c (Y2i)iz1-
Then (en) has an asymptotic £, subsequence for some 1 < p < oo.
Proof. By the Theorem of Brunel and Sucheston [5], we can, by passing to a subse-
quence of (e,), suppose that (e,) generates a spreading model, i.e., we can assume
that for all integers n <y <ly <...<l, and n < k1 < ko < ... < k, we have
(ell,...,eln) Nl-&-% (ekl,...,ekn).
Now suppose that e,, < y1 <y < ... <y, and e, < 21 < ... < 2z, are normalised
block sequences of (e;). Then there are n < Iy <l < ... <l, and n < k1 < kg <
... < k,, such that
en <yr <ey <y <e, <...<yp<e,
and
ep < z1<e€g <2<ep<...<zp<e,,
so (y;) ~c (er;) ~141 (exr,) ~c (z) and (y;) ~a2c2 (2;). Thus, asymptotically all
finite normalised block sequences are 2C?-equivalent.
By Krivine’s Theorem [25], there is some £, that is block finitely representable in

(e2;) and hence asymptotically all finite normalised block sequences are equivalent
to £} of the correct dimension and (ez;) is asymptotic £,,. O

Theorem 5.2. Suppose X is a Banach space with a basis. Then X has a block
subspace W, which is either asymptotic £,, for some 1 < p < +o0, or such that

VM 3n VU, ..., Usy C W 3u; € S, (u1 << s & (uzio1)™y s (um)g;l).

Proof. Assume first that for some M and V C X we have
YanVY CV3IZCY Ve <...< 29 €Sz (22i-1)7-1 ~m (220)711.
Then we can inductively define V 2 Z; O Zy D Z3 O ... such that for each n,
Vz1 < ... < zon €Sz, (22i—1)f-1 ~m (22i)71.

Diagonalising over this sequence, we can find a block subspace W = [w,] such
that for all m > n, w,, € Z,. Therefore, if n < z; < ... < 29, is a sequence of
normalised blocks of (wy,), then (z2;—1)"; ~ar (22:)7;. By Lemma 5.1, it follows
that W has an asymptotic ¢, subspace.

So suppose on the contrary that

VMYV CXdndY CVVZCY dz1 < ... < Zon € Sy (221'_1)?:1 7(/]\/1 (221')?:1.

Now find some small A > 0 such that two normalised block sequences of X that
are A-close are v/2-equivalent. Applying the determinacy theorem of Gowers to A
and the sets

A(M,n) = {(z) | (z2i-1)i=1 #ar (220)i=1 )
we have that
VMYV C X dn3Z CV 11 has a strategy to play normalised

z1 < ... < zo, such that (221‘_1):}:1 ’//% (2’21')?:1

when I is restricted to playing blocks of Z.
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Using this we can inductively define a sequence X O W7 D Wy O W3 D ... such
that for all M there is an n = n(2M) such that II has a strategy to play normalised
21 < ... < za, such that (z2,-1)7 1 %ar (22i)7~; whenever I is restricted to playing
blocks of Wj,. Diagonalising over this sequence, we find some W C X such that
for all M, W C* Wy;. So for all M there is n such that II has a strategy to play
normalised z; < ... < 29, such that (z2;,-1)" 1 7%ar (22:)7~, whenever I is restricted
to playing blocks of W.

Letting player I play a segment of the block basis of U; until II plays a vector,
we easily see that whenever Uy,...,Us, C W, there are z; € Sy, such that z; <
o < zop and (z2i-1)71 % (22:)7—;. This finishes the proof. O

Using this, we can now prove the main result of this section.

Theorem 5.3 (The ¢y and ¢, dichotomy). Suppose X is a Banach space not
containing a copy of co nor of £,, 1 < p < oo. Then X has a subspace Y with a
basis satisfying one of the following properties.
(1) VM dn VUy,...,Us, C Y Ju; € SUi u < ... < Uy & (UQifl)?zl 7(%1
(u2i )iy
(ii) For all block bases (z,) of Y = [yn] there are intervals I; < Iy < I3 < ...
such that (zn)nery is not K-equivalent to a block sequence of (Yn)ngiy -

Notice that both (i) and (ii) trivially imply that ¥ cannot contain a copy of ¢
or £, since (i) implies some lack of homogeneity and (ii) some lack of minimality.
However, we do not know if there are any spaces satisfying both (i) and (ii) or if,
on the contrary, these two properties are incompatible.

Proof. If X has no block subspace satisfying (i), then it must have an asymptotically
¢, block subspace Y for some 1 < p < oo. Let C' be the constant of asymptoticity.
Suppose now that Z = [z,] is a further block subspace. Since Z is not isomorphic
to £p, this means that for all L and K, there is some M such that (zn)fy:L is
not K C-equivalent to 61]‘,/1 ~L=1 and hence not K-equivalent with a normalised block
sequence of (y,)22 ,, either. Soif Iy < I < ... < Ix_; have been defined, to define
I, welet N = maxIx_q+1 and find M such that (z,)M ,,_; is not K-equivalent
with a normalised block sequence of (y,)%%,,. It follows that (z,)* \ is not K-
equivalent with a normalised block sequence of (y1,y2,. .-, UN—1, YM+1;YM+2; - - -)-
Letting I = [N, M] we have the result. O

We should mention that G. Androulakis, N. Kalton and Tcaciuc [1] have ex-
tended Tcaciuc’s dichotomy from [42] to a dichotomy characterising containment
of ¢, and cy. The result above implies theirs and moreover provides additional
information.

6. TIGHTNESS BY RANGE AND SUBSEQUENTIAL MINIMALITY

Theorem 1.1 shows that if one allows oneself to pass to a basis for a subspace,
one can find a basis in which there is a close connection between subspaces spanned
by block bases and subspaces spanned by subsequences. Thus, for example, if the
basis is tight there can be no space embedding into all the subspaces spanned by
subsequences of the basis. On the other hand, any block basis in Tsirelson’s space
T is equivalent to a subsequence of the basis, and actually every subspace of a block
subspace [z,] in T contains an isomorphic copy of a subsequence of (z,). In fact,
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this phenomenon has a deeper explanation and we shall now proceed to show that
the connection between block sequences and subsequences can be made even closer.

Lemma 6.1. If (e,) is a basis for a space not containing co, then for all finite in-
tervals (I,) such that min I,, — oo and all subspaces Y, there is a further subspace
n—oo

Z such that
1Pl zll —= O
— 00

Proof. By a standard perturbation argument, we can suppose that Y is gener-
ated by a normalised block basis (y,). Let K be the basis constant of (e,). As
min [,, — oo and each I,, is finite, we can choose a subsequence (v,,) of (y,) such

n—oo
that for all k£ the interval Ij intersects the range of at most one vector v, from
(vn). Now, since ¢y does not embed into [e,], no tail sequence of (v,,) can satisfy
an upper c¢g estimate. This implies that for all N and é > 0 there is a normalised
vector

N/
z = E MiVi,
i=N

where |n;| < ¢. Using this, we now construct a normalised block sequence (z,) of
(vp) such that there are m(0) < m(1) < ... and «; with

m(n+1)—1

Zn = g ;0

i=m(n)

and |o;| < 2 whenever m(n) <i <m(n+1).

Now suppose u = j Ajz; and k are given. Then there is at most one vector z,
whose range intersect the interval Ij,. Also, there is at most one vector v, from the
support of z, whose range intersect I. Therefore,

1P ()| = [|1Pr, Anza) | = [[Pr, Anapuy )|

2K  4K?

< 2K || Anapvp|l < Al - < T”UH

n
It follows that || Pr,|rll < %, where ny is such that I intersects the range of

n
Zn,, (or ng =k if Ij; intersects the range of no z,). Since min I}, k—> oo and (z,) is
—o0

a block basis, ny — oo when k — oo, and hence || Py, |(,1 | " 0. O
— 00

Our next result should be contrasted with the construction by Pelczynski [36]
of a basis (f;) such that every basis is equivalent with a subsequence of it, and
hence such that every space contains an isomorphic copy of a subsequence. We
shall see that for certain spaces E such constructions cannot be done relative to
the subspaces of E provided that we demand that (f,) lies in E too. Recall that
two Banach spaces are said to be incomparable if neither of them embeds into the
other.

Proposition 6.2. Suppose that (e,) is a basis such that any two block subspaces
with disjoint ranges are incomparable. Suppose also that (f,) is either a block basis
or a shrinking basic sequence in [e,]. Then [e,] is saturated with subspaces Z such
that no subsequence of (fy) embeds into Z.
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Proof. Let Y be an arbitrary subspace of [e,]. Suppose first that (f,,) is a nor-
malised shrinking basic sequence. Then, by taking a perturbation of (f,), we
can suppose that each f, is a finite block vector of (e;) and, moreover, that
minrange(f,,) — oo. Let I,, = range(fy).

Fix an infinite set N C N. Then for all infinite subsets A C N there is an
infinite subset B C A such that (f,,)nep is a block sequence and hence, since block
subspaces of (e,) with disjoint ranges are incomparable, [f,].cp Z [en}neuiEB I
and so also [fu]nen ¥ len]ngy, , .- Applying Lemma 3.2 to X = [fu]nen and
(In)nen, this implies that for all embeddings T': [fu]lnen — [en]nen, we have
liminf,en||Pr,T|| > 0. So find by Lemma 6.1 a subspace Z C Y such that
|1 Pr. |zl d 0. Then no subsequence of (fy,)en embeds into Z.

The argument in the case (f,) is a block basis is similar. We set I, = range f,
and repeat the argument above. (I

We notice that in the above proof we actually have a measure for how “flat” a
subspace Z of [e,,] needs to be in order that the subsequences of (f,) cannot embed
into Z. Namely, it suffices that || Pr,|z|| " 0.

—00

We should also mention that, by similar but simpler arguments, one can show
that if (e,) is a basis such that any two disjoint subsequences span incompara-
ble spaces, then some subspace of [e,] fails to contain any isomorphic copy of a
subsequence of (e;,).

The assumption in Proposition 6.2 that block subspaces with disjoint ranges are
incomparable is easily seen to be equivalent to the following property of a basis
(en), that we call tight by range. If (y,) is a block sequence of (e,) and A C N is
infinite, then

[yn}neN «Z [en ’ n ¢ U range yz]
€A
Thus, (e,) is tight by range if it is tight and for all block sequences (y;,) of (e,) the
corresponding sequence of intervals I; is given by I; = range y;. This property is
also weaker than disjointly supported subspaces being incomparable, which we shall
call tight by support. 1t is trivial to see that a basis, tight by range, is continuously
tight.

We say that a basic sequence (e,,) is subsequentially minimal if any subspace of
[er] contains an isomorphic copy of a subsequence of (e,,). It is clearly a weak form
of minimality.

In [26] the authors study another notion in the context of certain partly modified
mixed Tsirelson spaces that they also call subsequential minimality. According
to their definition, a basis (e,,) is subsequentially minimal if any block basis has
a further block basis equivalent to a subsequence of (e,). However, in all their
examples the basis (e,) is weakly null and it is easily seen that whenever this
is the case the two definitions agree. They also define (e,) to be strongly non-
subsequentially minimal if any block basis contains a further block basis that has
no further block basis equivalent to a subsequence of (e,,). By Proposition 6.2, this
is seen to be weaker than tightness by range.

We shall now proceed to show a dichotomy between tightness by range and
subsequential minimality.
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Theorem 6.3 (4th dichotomy). Let E be a Banach space with a basis (e,). Then
there exists a block sequence (x,,) of (e,) with one of the following properties, which
are mutually exclusive and both possible:

(1) Any two block subspaces of [x,] with disjoint ranges are incomparable.
(2) The basic sequence (z,,) is subsequentially minimal.

Arguably Theorem 6.3 is not a dichotomy in Gowers’ sense, since property (2)
is not hereditary: for example the universal basis of Pelczynski [36] satisfies (2)
while admitting subsequences with property (1). However, it follows obviously
from Theorem 6.3 that any basis (e,) either has a block basis such that any two
block subspaces with disjoint ranges are incomparable or has a block basis (z,,) that
is hereditarily subsequentially minimal, i.e., such that any block basis has a further
block basis that is subsequentially minimal. Furthermore, by an easy improvement
of our proof or directly by Gowers’ second dichotomy, if the first case of Theorem
6.3 fails, then one can also suppose that [z,] is quasi minimal.

We shall call a basis (z,) sequentially minimal if it is both hereditarily subse-
quentially minimal and quasi minimal. This is equivalent to any block basis of
(2,,) having a further block basis (y,,) such that every subspace of [z,] contains an
equivalent copy of a subsequence of (y,). We may therefore see Theorem 6.3 as
providing a dichotomy between tightness by range and sequential minimality.

Before giving the proof of Theorem 6.3, we first need to state an easy consequence
of the definition of Gowers’ game.

Lemma 6.4. Let E be a space with a basis and assume II has a winning strategy
in Gowers’ game in E to play in some set B. Then there is a non-empty tree T of
finite block sequences such that [T) C B and for all (yo,...,ym) € T and all block
sequences (z,) there is a block ymi1 of (zn) such that (yo, ..., Ym, Ym+1) € T.

Proof. Suppose o is the strategy for II. We define a pruned tree T of finite block

bases (yo, - .., Ym) and a function ¢ associating to each (yo, ..., ym) € T a sequence
(20, ..., 2k) such that for some ko < ... < k,, = k,

I 20 ... 2z Zho+1  --- Rk - Zhp 141 e Pk,

II Yo o Ym

has been played according to o.

e The empty sequence () is in T and () = 0.
o If (yo,...,ym) € T and

V(Yos -y Ym) = (205 -+, 2k),

then we let (yo,. .., Ym,Ym+1) € T if there are some z < zp41 < ... < 2
and kg < ... < k,, = k such that

I 20 ... 2z Zhot1  --- Ry 2yl - 2
1I Yo vy Ym+1

has been played according to ¢ and in this case we let
(Y05 -5 Ymos Yma1) = (205 -+ 2k, 2kt 1+ - -5 21)

be some such sequence.
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Now, if (yo,y1, Y2, - - -) is such that (yo, ..., ym) € T for all m, then (@) C 1 (yg) C
Y(yo,y1) C ... and (y;) is the play of II according to the strategy o in response
to (z;) = U,, ¥(vo,-..,yn) being played by I. So [T] C B. It also follows by the
construction that for each (yo, ..., ym) € T and block sequence (z;) there is a block
Ym+1 Of (2;) such that (yo,.- ., Ym,Yms1) € T O

We now pass to the proof of Theorem 6.3.

Proof. If E contains ¢y the theorem is trivial. So suppose not. By the solution to
the distortion problem and by passing to a subspace, we can suppose there are two
positively separated inevitable closed subsets Fjy and F; of the unit sphere of F,
i.e., such that dist(Fp, F}) > 0 and every block basis has block vectors belonging to
both FO and Fl.

Suppose that (e,) has no block sequence satisfying (1). Then for all block se-
quences (x,) there are further block sequences (y,) and (z,) with disjoint ranges
such that [y,] C [2,]. We claim that there is a block sequence (f,) and a constant
K such that for all block sequences (z,,) of (f,) there are further block sequences
(yn) and (y,) with disjoint ranges such that [y,] Cx [z,]. If not, we can construct
a sequence of block sequences (fX) such that (fX+1) is a block of (fX) and such
that any two block sequences of (fX) with disjoint ranges are K2-incomparable. By
Lemma 2.2, we then find a block sequence (g,,) of (e,,) that is v K-equivalent with
a block sequence of (fX) for every K > 1. Find now block subspaces (y,,) and (2,,)
of (g,) with disjoint ranges and a K such that [y,] C /% [2n]. Then (g,) is VK-
equivalent with a block sequence of (fX) and hence we can find K3/?-comparable
block subspaces of (fX) with disjoint ranges, contradicting our assumption.

So suppose (f,) and K are chosen as in the claim. Then for all block sequences
(5,) of (fn) we can find an infinite set B C N and a block sequence (y,) of ()
such that [y,],ep K-embeds into [y,],¢p-

We claim that any block basis of (f,,) has a further block basis in the following
set of normalised block bases of (fy,):

A={(yn) | VN y2n € o U F1 & 3%n 45 € Fy & [Y2nt1lysnero Ex [Yont1lysner }-

To see this, suppose that (z,) is a block sequence of (f,,) and let (z,) be a block
sequence of (x,) such that zs, € Fy and 23,41 € F1. We can now find an infinite
set B C N and a block sequence (v,,) of (23n12) such that [v,]neB Tk [VnlngB-
Let now ya,4+1 = v, and notice that we can choose yo, = 2; € Fy for n € B and
Yan = 2; € Fy for n ¢ B such that yo < y1 < y2 < .... Then (y,) € A.

Choose now a sequence A = (4,,) of positive reals, d,, < dist(Fp, F1)/3, such that
if (z,,) and (y,) are block bases of (e,) with ||z, — yn|| < 0n, then (z,) ~2 (yn).
Since A is clearly analytic, it follows by Gowers’ determinacy theorem that for some
block basis (z,,) of (f,), I has a winning strategy to play in Ax whenever I plays
a block basis of (z,). We now show that some block basis (vy,) of (x,,) is such that
any subspace of [v,] contains a sequence 2K-equivalent to a subsequence of (v,,),
which will give us case (2).

Pick first by Lemma 6.4 a non-empty tree T of finite block sequences of () such
that [T] C Aa and for all (ug,...,u,) € T and all block sequences (z,) there is a
block w11 of (z,) such that (ug, ..., Um,Un+1) € T. Since T is countable, we can
construct inductively a block sequence (v,,) of (x,,) such that for all (ug, ..., uy,) €T
there is some v, with (ug, ..., Um,v,) € T.
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We claim that (v,,) works. For if (z,) is any block sequence of (v,,), we construct
inductively a sequence (u,) € Aa as follows. Using inductively the extension
property of T', we can construct an infinite block sequence (h9) of (z,,) that belongs

to [T]. Since [T] C Aa, there is a shortest initial segment (ug,...,usx,) € T of
(h?) such that d(uak,, Fo) < Oak,- Pick now a term wugy,+1 from (v,) such that
(uo, <oy U2k u2k0+1) eT.

Again, using the extension property of T', there is an infinite block sequence (h})
of (z,) such that

(U0, - - - s Uk Uakg+1) " (h)n € [T).
Also, as [T] C Aa, there is a shortest initial segment

(uo, vy U2kgy U2k +15 - - - ,qul) eT
of
(’U,O7 ey U2k u2k;0+1),-\(h/,}7l)n
that properly extends (uo, ..., Uszk,, Uzky+1) and such that d(uak, , Fo) < ok, We
then pick a term wuag, +1 of (vy,) such that (ug,...,usk,, v2k, +1) € T. We continue

in the same fashion.

At infinity, we then have a block sequence (u,) € Aa and integers kg < k1 < ...
such that d(uay, Fo) < d2, if and only if n = k; for some ¢ and such that for every
i, Uak;+1 1S a term of (vy,). Let now (wy,) € A be such that ||w, — u,|| < d,. Then,
as 0, < dist(Fp, F1)/3, we have that we,, € Fy if and only if n = k; for some i and
way, € Fy otherwise. Moreover, as (w,) € A,

[wak, +1]ien = [Wont1]waneFo EK [Want1lws,er = [Wont1]nzk, -

So by the choice of §,, we have
[Uak, +1]ien T2 [Wor,+1)ien Ex [Want1]nzk; T2 [Uant1]lntk, -

Since [uon+1]|nsk, 18 a subspace of [z,] and (uok,4+1) a subsequence of (v,) this
finishes the proof. O

If, for some constant C, all subspaces of [e,] contain a C-isomorphic copy of
a subsequence of (e,), we say that (e,) is subsequentially C-minimal. Our proof
shows that condition (2) in Theorem 6.3 may be improved to “For some constant
C' the basic sequence (z,,) is subsequentially C-minimal”.

We notice that if (x,,) is hereditarily subsequentially minimal, then there is some
C and a block sequence (v,,) of (z,,) such that (v,) is hereditarily subsequentially C-
minimal with the obvious definition. To see this, we first notice that by Proposition
6.2, (zy,) can have no block bases (y,) such that further block subspaces with dis-
joint ranges are incomparable. So, by the proof of Theorem 6.3, for any block base
(yn) there is a constant C' and a further block basis (z,) which is subsequentially
C-minimal. A simple diagonalisation using Lemma 2.2 now shows that by passing
to a block (v,) the C' can be made uniform. Recall that Gowers also proved that
a quasi minimal space must contain a further subspace which is C-quasi minimal

[20].

We also indicate a variation on Theorem 6.3, relating the Casazza property to a
slightly stronger form of sequential minimality. This answers the original problem
of Gowers left open in [20], which was mentioned in Section 1. This variation is
probably of less interest than Theorem 6.3 because the Casazza property does not
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seem to imply tightness and also because the stronger form of sequential minimality
may look somewhat artificial (although it is satisfied by Tsirelson’s space and is
reminiscent of Schlumprecht’s notion of Class 1 space [41]).

We say that two block sequences (z,,) and (y,) alternate if either zo < yo <
<y <---orypy<ro<yr <xg <---.

Proposition 6.5. Let E be a Banach space with a basis (e,). Then there exists
a block sequence (x,,) with one of the following properties, which are exclusive and
both possible:

(1) [xn] has the Casazza property, i.e., no alternating block sequences in ;]
are equivalent.

(2) There exists a family B of block sequences saturating [x,] and such that
any two block sequences in B have subsequences which alternate and are
equivalent.

In particular, in case (2), E contains a block subspace U = [uy,] such that for every
block sequence of U, there is a further block sequence equivalent to, and alternating
with, a subsequence of (uy).

Proof. If (e,,) does not have a block sequence satisfying (1), then any block sequence
of (ey) has a further block sequence in A = {(yn) | (y2n) ~ (¥2n+1)}. Let A be small
enough so that Ax = A. By Gowers’ theorem, let (x,) be some block sequence of
(en) so that IT has a winning strategy to play in A whenever plays a block sequence
of (z,,). Let T be the associated tree given by Lemma 6.4. By construction, for
any block sequence (z,) of (z,), we may find a further block sequence (v, ) such
that for any (yo,...,ym) € T, there exists some v, with (yo,...,Ym,vn) € T. We
set f((zn)) = (v,) and B = {f((zn)) ’ (2n) < (zn)}. Given (vy,) and (wy,) in B, it is
then clear that we may find subsequences (v],) and (w,) so that (v{, wj, vi, wi,...) €

T, and therefore (v},) and (w),) are equivalent. O

We may also observe that there is no apparent relation between tightness by
range and tightness with constants. Indeed Tsirelson’s space is tight with constants
and sequentially minimal. Similarly, Example 4.7 is tight by support and therefore
by range, but is locally minimal. Using the techniques of [3], one can construct a
space combining the two forms of tightness.

Example 6.6. [11] There exists a space with a basis which is tight with constants
and tight by range.

Finally, if a space X is locally minimal and equipped with a basis which is tight
by support and therefore unconditional (such as Example 4.7), then the reader
will easily check the following. The canonical basis of X @& X is tight (for a block
subspace Y = [y,] of X @ X use the sequence of intervals associated to the ranges
of y, with respect to the canonical 2-dimensional decomposition of X @& X), but
neither tight by range nor with constants. However, a more interesting question
remains open: does there exist a tight space which does not contain a basic sequence
which is tight by range or with constants?

There is a natural strengthening of sequential minimality that has been con-
sidered in the literature, namely, the blocking principle (also known as the shift
property in [7]) due to Casazza, Johnson, and Tzafriri [6]. It is known that for
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a normalized unconditional basis (e,) the following properties are equivalent (see,
e.g., [13]).

(1) Any block sequence (x,,) spans a complemented subspace of [e;].

(2) For any block sequence (z,,), (Z2n) ~ (Z2n+1)-

(3) For any block sequence (z,,) and integers k,, € supp Zn, (x,) ~ (ex,, )-
Moreover, any of the above properties necessarily hold uniformly. We say that (e,,)
satisfies the blocking principle if the above properties hold for (e,). The following
proposition can be proved along the lines of the proof of the minimality of T™* in
[6] (Theorem 14).

Proposition 6.7. Let (e,) be an unconditional basis satisfying the blocking prin-
ciple and spanning a locally minimal space. Then (e,) spans a minimal space.

Thus, by the 5th dichotomy (Theorem 4.4), we have

Corollary 6.8. Let (e,) be an unconditional basis satisfying the blocking principle.
Then there is a subsequence (fy) of (en) such that either [f,] is minimal or (fy,) is
tight with constants.

7. CHAINS AND STRONG ANTICHAINS

The results in this section are in response to a question of Gowers from his
fundamental study [20] and concern what types of quasi orders can be realised
as the set of (infinite-dimensional) subspaces of a fixed Banach space under the
relation of isomorphic embeddability.

Problem 7.1 (Problem 7.9. in [20]). Given a Banach space X, let P(X) be the
set of all equivalence classes of subspaces of X, partially ordered by isomorphic
embeddability. For which posets P does there exist a Banach space X such that
every subspace Y of X contains a further subspace Z with P(Z) = P?

Gowers noticed himself that by a simple diagonalisation argument any such poset
P(X) must either have a minimal element, corresponding to a minimal space, or be
uncountable. We shall now use our notion of tightness to show how to attack this
problem in a uniform way and improve on several previous results.

Suppose X is a separable Banach space and let SB(X) denote the set of all
closed linear subspaces of X. We equip SB(X) with the so called Effros-Borel
structure, which is the o-algebra generated by sets on the form

{Y € SB(X) | Y NU # 0},

where U is an open subset of X. In this way, SB(X) becomes a standard Borel
space, i.e., isomorphic as a measurable space to the real line equipped with its
Borel algebra. We refer to the measurable subsets of SB(X) as Borel sets. Let also
SBoo(X) be the subset of SB(X) consisting of all infinite-dimensional subspaces of
X. Then SBo(X) is a Borel subset of SB(X) and hence a standard Borel space
in its own right.

Definition 7.2. Suppose that X is a separable Banach space and E is an analytic
equivalence relation on a Polish space Z. We say that X has an E-antichain, if
there is a Borel function f: Z — SB(X) such that for z,y € Z

(1) if xEy, then f(x) and f(y) are biembeddable,

(2) if x 'y, then f(x) and f(y) are incomparable.
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We say that X has a strong E-antichain if there is a Borel function f: Z — SB(X)
such that for x,y € Z

(1) if xEy, then f(x) and f(y) are isomorphic,

(2) ifx Fy, then f(x) and f(y) are incomparable.

For example, if = is the equivalence relation of identity on R, then =g-antichains
and strong =pg-antichains simply correspond to a perfect antichain in the usual
sense, i.e., an uncountable Borel set of pairwise incomparable subspaces. Also,
having a strong F-antichain implies, in particular, that F Borel reduces to the
isomorphism relation between the subspaces of X.

The main result of [12] reformulated in this language states that if Ex: denotes
the complete analytic equivalence relation, then C[0, 1] has a strong EE%—antichain.

We will now prove a result that simultaneously improves on two results due
respectively to the first and the second author. In [13], the authors proved that a
Banach space not containing a minimal space must contain a perfect set of non-
isomorphic subspaces. This result was improved by Rosendal in [37], in which it
was shown that if a space does not contain a minimal subspace it must contain a
perfect set of pairwise incomparable spaces. And Ferenczi proved in [10] that if
X is a separable space without minimal subspaces, then Ey Borel reduces to the
isomorphism relation between the subspaces of X. Recall that Ej is the equivalence
relation defined on 2N by xEyy if and only if 3m Vn > m x,, = y,.

Theorem 7.3. Let X be a separable Banach space. Then X either contains a
minimal subspace or has a strong Ey-antichain.

Proof. Suppose X has no minimal subspace. By Theorem 3.13 and Lemma 3.11,
we can find a basic sequence (e,) in X and a continuous function f: [N] — [N]
such that for all A, B € [N], if B is disjoint from an infinite number of intervals
[f(A)2s, f(A)2i11], then [en]nea does not embed into [e,]necp. We claim that there
is a continuous function h: 2N — [N] such that

(1) if 2Eoy, then |h(z) \ h(y)| = [h(y) \ h(z)| < oo,
(2) if x Fo y, then [en]nen(z) and [en]nen(y) are incomparable spaces.

This will clearly finish the proof using the fact that subspaces of the same finite
codimension in a common superspace are isomorphic.
We will construct a partition of N into intervals

R<<B<DN<Ii<Ii<...
such that if we set JO = I U I2 and J} = I', the following conditions hold:
(1) for all n, |JO| = |J}|,
(2) ifs€2” a=JPUJ U...UJ"" UIY, and A € [a,N], then for some i,
[ (A)2i, f(A)2is1] € I,
(3) ifse2”, a=JUJ U...UJ" " UIL and A € [a,N], then for some i,
[f(A)ai, f(A)2ir1] C L.

Assuming this is done, for x € 2 we set h(z) = JJ° U J;* U.... Then for all n
there is an 4 such that

[f(h(z))2i, f(M(x))2i41] C T3
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Therefore, if  Fy y, then h(y) = J¥*UJY' U. .. is disjoint from an infinite number
of J¥» and thus also from an infinite number of intervals [f(h(x))ai, f(h(2))2i+1],
whence [en],en(z) does not embed into [ey],en( Similarly, [en]nen(y) does not
embed into [e,]nen(z)-

On the other hand, if xEyy, then clearly |h(x) \ h(y)| = |h(y) \ h(z)]| < oo.

It therefore only remains to construct the intervals I. So suppose by induction
that 1§ < I} < I3 < ... < I% , < I! | < I2_ | have been chosen (the initial
step being n = 0) such that the conditions are satisfied. Let m = maxJ)_; +1 =
max I2_;+1. For each s € 2" and a = J3°UJ;*U...UJ. 7', there are by continuity
of f some ks > m, some interval m < My < ks and an integer i such that for all
A€ [aU [m,k],N], we have

[f (A2, f(A)2i 1] = M.
Let now k = maxeon ks and IO = [m, k]. Then if s € 2" and a = J° U...UJ. "',
we have for all A € [a U I% N] some i such that
[f(A)ais f(A)2i1] C L.
Again for each s € 2" and a = J5° U J;* U... U J."7" there are by continuity of

fsome ls > k41, some interval k+1 < Lg < I; and an integer js such that for all
Ae [aU [k + 1,13],N], we have

[£(A)2j., f(A)2j. 1] = Ls.
Let now | = maxseon s+ k and I} = [k + 1,{]. Thenif s€2” and a = J5° U... U
J>"3", we have for all A € [aU I}, N] some j such that

n—1">
[f(A)25, f(A)2j11] C L.
Finally, we simply let I2 = [l + 1,1+ |I}| —[I?]]. This finishes the construction. [

y)

Definition 7.4. We define a quasi order C* and a partial order Cy on the space
[N] of infinite subsets of N by the following conditions:

A C* B& A\ B is finite

and
ACoBw (A=BordneB\A: ACBU.n]).

Also, if (an,) and (by,) are infinite sequences of integers, we let
(an) <* (by) © V°n a, < by.

We notice that Cg is a partial order refining the quasi order C*, namely, whenever
AC*Bwelet ACy Bif BZ* Aor A= B or AAB admits a greatest element
which belongs to B.

Proposition 7.5. (1) Any closed partial order on a Polish space Borel embeds
mnto Cy.
(2) Any partial order on a set of size at most Xy embeds into Cop.
(3) The quasi order C* embeds into Cg, but does not Borel embed.
(4) And finally Co Borel embeds into C*.

Proof. (1) By an unpublished result of A. Louveau [29], any closed partial order on
a Polish space Borel embeds into (P(N), C). And if we let (J,,) be a partition of N
into countable many infinite subsets, we see that (P(N), C) Borel embeds into C*
and Co by the mapping A — (J,,c 4 Jn-
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(2) & (3) It is well-known that any partial order of size at most Ry embeds into
C* and if we let s: [N] — [N] be any function such that |AAB| < 0o < s(A) = s(B)
and [AAs(A)| < oo, i.e., s is aselector for Ey, then s embeds C* into Cy. To see that
there cannot be a Borel embedding of C* into Cp, we notice that if h: [N] — [N]
was a Borel function such that A C* B < h(A) Co h(B), then, in particular,
|AAB| is finite < h(A) = h(B), contradicting that Fj is a non-smooth equivalence
relation on [N].

(4) To see that Co Borel embeds into C*, we define for an infinite subset A of N
a sequence of integers g(A) = (a,) by

a, = Z 2t
1€ AN[0,n]
Suppose now that g(A) = (a,) and g(B) = (by,). Then for each n,
an =by, & AN[0,n] =BNJ[0,n
and
an < b, < 3Ime B\A m<n, AN[0,n] C BU[0,m|.

Thus, we have a,, = b,, for infinitely many n if and only if A = B, and if a,, < b,
for infinitely many n, then either B\ A is infinite or for some m € B\ A we have
A C BU[0,m[. Moreover, if B\ A is infinite, then for infinitely many n, a, < by,.
So

BgZ" A= (by) £F (an) = (B Z* Aor ACy B),
and thus by contraposition

(bn) <* (an) = B C* A.
Also, if (b,) £* (ayn), then B €* A or A Cy B, so if moreover B Cy A, we would
have A Cy B and hence A = B, contradicting g(B) = (b,) £* (an) = g(A). Thus,
B gO A = (bn) g* (an)~
To see that also

(bn) g* (an) = B gO A7
notice that if (b,) <* (a,) but B € A, then, as B C* A, we must have A Cy B
and hence (a,) <* (b,). But then a, = b, for almost all n and thus A = B,
contradicting B Zy A. Therefore,

B Co As (by) <F (ap),

and we thus have a Borel embedding of Cj into the quasi order <* on the space
NN, Tt is well-known and easy to see that this latter Borel embeds into C* and
hence so does Cg. O

Proposition 7.6. Any Banach space without a minimal subspace contains a sub-
space with an F.D.D. (F,,) satisfying one of the two following properties:

(a) if A, B C N are infinite, then

ZFn;ZFn@Ag*B

neA neB
(b) if A, B C N are infinite, then

ZF7LEZFn<:>AQOB

neA neB
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Proof. Suppose X is a Banach space without a minimal subspace. Then by The-
orem 3.13, we can find a continuously tight basic sequence (e,) in X. Using the
infinite Ramsey Theorem for analytic sets, we can also find an infinite set D C N
such that

(i) either for all infinite B C D, [e;];ep embeds into its hyperplanes,
(ii) or for all B C D, [e;]icp is not isomorphic to a proper subspace.
And, by Lemma 3.11, we can after renumbering the sequence (e,)nep as (€n)nen
suppose that there is a continuous function f: [N] — [N] that for A, B € [N], if B is
disjoint from an infinite number of intervals [f(A)a;i, f(A)2i41], then [e,]nea does
not embed into [e,]nen-
We now construct a partition of N into intervals

h<h<Ilh<...
such that the following conditions hold:

- forall n, [IoU...UT,_1| < |I,,],
- if A€ [N] and I,, C A, then for some i,

[F(A)2is f(A)2i41] C L.
Suppose by induction that Iy < I; < ... < I,_1 have been chosen such that the
conditions are satisfied. Let m = maxI,_1 + 1. For each a C [0, m[ there are by
continuity of f some [, > m, some interval m < M, < [, and an integer i, such
that for all A € [aU [m,l,],N], we have

[f(A)zins f(A)2i41] = Ma.
Let now [ > max,c[o,m[la be such that [loU... U, 1| <l—m, and set I,, = [m, .
Then if a C [0, m[, we have for all A € [a U I,,,N] some 7 such that

[f(A)z2i, f(A)2i41] € In,
which ends the construction.

Let now F, = [ej]ier,. Clearly, Y7 dimF; < dimF,, and if A\ B is infinite
and we let A* = J,c4 In and B* = |J, .5 In, then B* will be disjoint from an
infinite number of the intervals defined by f(A*) and hence ) _, F = [en]nea-
does not embed into » ] p Fpn = [en]nep--

In case of (i) we have that for all infinite C' C N,

(en)nec E (en)nec’ E (en)necr E (en)nec E ...y

where D’ denotes D \ min D. So, in particular, for any infinite A C N, > _, F,
embeds into all of its finite codimensional subspaces and thus if A\ B is finite, then
Yonean E ), cp Fn. This gives us (a).

In case (ii), if A Co B but B Zy A, we have, as dimF,, > Z?;Ol dimF;, that
> nea Fn embeds as a proper subspace of } 5 F,. Conversely, if > _, F, C
ZnEB F,, then A\ B is finite and so either A Cqo Bor B Cg A. But if B Cp A
and A Zo B, then ) 5 F, embeds as a proper subspace into ) ., F}, and thus
also into itself, contradicting (ii). Thus, A Co B. So assuming (ii) we have the
equivalence in (b). O

We may observe that Tsirelson’s space satisfies case (a) of Proposition 7.6, while
case (b) is verified by Gowers—Maurey’s space, or more generally by any space of
type (1) to (4).

By Proposition 7.5 and Proposition 7.6 we now have the following result.
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Theorem 7.7. Let X be an infinite-dimensional separable Banach space with-
out a minimal subspace and let SBo(X) be the standard Borel space of infinite-
dimensional subspaces of X ordered by the relation T of isomorphic embeddability.
Then Co Borel embeds into SBs(X) and by consequence

(a) any partial order of size at most Ny embeds into SBoo(X),
(b) any closed partial order on a Polish space Borel embeds into SBso(X).

We notice that this proves a strong dichotomy for the partial orders of Problem
7.1, namely, either they must be of size 1 or must contain any partial order of size at
most N; and any closed partial order on a Polish space. In particular, in the second
case we have well-ordered chains of length w; and also R-chains. This completes
the picture of [14].

8. REFINING GOWERS’ DICHOTOMIES

We recall the list of inevitable classes of subspaces contained in a Banach space
given by Gowers in [20]. Remember that a space is said to be quasi minimal if any
two subspaces have a common C-minorant, and strictly quasi minimal if it is quasi
minimal but does not contain a minimal subspace. Also two spaces are incompa-
rable in case neither of them embeds into the other, and totally incomparable if no
space embeds into both of them.

Theorem 8.1 (Gowers [20]). Let X be an infinite dimensional Banach space. Then
X contains a subspace Y with one of the following properties, which are all possible
and mutually exclusive.

(i) Y is hereditarily indecomposable,
(ii) Y has an unconditional basis such that any two disjointly supported block
subspaces are incomparable,
(iii) Y has an unconditional basis and is strictly quasi minimal,
(iv) Y has an unconditional basis and is minimal.

Here the condition of (ii) that any two disjointly supported block subspaces are
incomparable, i.e., tightness by support, is equivalent to the condition that any two
such subspaces are totally incomparable or just non-isomorphic.

Theorem 1.1 improves the list of Gowers in case (iii). Indeed, any strictly quasi
minimal space contains a tight subspace, but the space S(T™), 1 < p < +oo0 is
strictly quasi minimal and not tight: it is saturated with subspaces of ), which
is strictly quasi minimal, and, as was already observed, it is not tight because its
canonical basis is symmetric.

Concerning case (i), properties of HI spaces imply that any such space contains
a tight subspace, but it remains open whether every HI space with a basis is tight.

Question 8.2. Is every HI space with a basis tight?

Using Theorem 1.1 and Theorem 1.4, we refine the list of inevitable spaces of
Gowers to 6 main classes as follows.

Theorem 8.3. Let X be an infinite dimensional Banach space. Then X contains
a subspace Y with one of the following properties, which are all mutually exclusive.

(1) Y is hereditarily indecomposable and has a basis such that any two block
subspaces with disjoint ranges are incomparable,
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(2) Y is hereditarily indecomposable and has a basis which is tight and sequen-
tially minimal,

(3) Y has an unconditional basis such that any two disjointly supported block
subspaces are incomparable,

(4) Y has an unconditional basis such that any two block subspaces with disjoint
ranges are incomparable, and is quasi minimal,

(5) Y has an unconditional basis which is tight and sequentially minimal,

(6) Y has an unconditional basis and is minimal.

We conjecture that the space of Gowers and Maurey is of type (1), although
we have no proof of this fact. Instead, in [11] we prove that an asymptotically
unconditional HI space constructed by Gowers [18] is of type (1).

We do not know whether type (2) spaces exist. If they do, they may be thought
of as HI versions of type (5) spaces, i.e., of Tsirelson like spaces, so one might look
for an example in the family initiated by the HI asymptotically ¢; space of Argyros
and Deliyanni, whose “ground” space is a mixed Tsirelson’s space based on the
sequence of Schreier families [2].

The first example of type (3) was built by Gowers [17] and further analysed in
[22]. Other examples are constructed in [11].

Type (4) means that for any two block subspaces Y and Z with disjoint ranges, ¥
does not embed into Z, but some further block subspace Y’ of Y does (Y’ therefore
has disjoint support but not disjoint range from Z). It is unknown whether there
exist spaces of type (4). Gowers sketched the proof of a weaker result, namely the
existence of a strictly quasi minimal space with an unconditional basis and with the
Casazza property, i.e., such that for no block sequence the sequence of odd vectors
is equivalent to the sequence of even vectors, but his example was never actually
checked. Alternatively, results of [26] Section 4 suggest that a mixed Tsirelson
space example might be looked for.

The main example of a space of type (5) is Tsirelson’s space. Actually since
spaces of type (1) to (4) are either HI or satisfy the Casazza property, they are
never isomorphic to a proper subspace. Therefore, for example, spaces with a basis
saturated with block subspaces isomorphic to their hyperplanes must contain a
subspace of type (5) or (6). So our results may reinforce the idea that Tsirelson’s
space is the canonical example of classical space without a minimal subspace.

It is worth noting that as a consequence of the Theorem of James, spaces of type
(3), (4) and (5) are always reflexive.

Using some of the additional dichotomies, one can of course refine this picture
even further. We shall briefly consider how this can be done using the 5th dichotomy
plus a stabilisation theorem of A. Tcaciuc [42] generalising a result of [15].

We state a slightly stronger version of the theorem of Tcaciuc than what is
proved in his paper and also point out that there is an unjustified use of a recent
result of Junge, Kutzarova and Odell in his paper; their result only holds for 1 <
p < oo. Tcaciuc’s theorem states that any Banach space contains either a strongly
asymptotically £, subspace, 1 < p < 400, or a subspace Y such that

VM dn VUl, .. .,U2n - Y 35(}7; S SUi (Z’Qi,l)?zl 7(/]\/[ (LL'Qi)ZL:l,

where the U; range over infinite-dimensional subspaces of Y. The second property
in this dichotomy will be called uniform inhomogeneity. As strongly asymptotically
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£, bases are unconditional, while the HI property is equivalent to uniform inhomo-
geneity with n = 2 for all M, Tcaciuc’s dichotomy is only relevant for spaces with
an unconditional basis.

When combining Theorem 8.3, Tcaciuc’s result, Proposition 4.2 (see also [9]), the
5th dichotomy, the fact that asymptotically ¢, spaces are locally minimal, and the
classical Theorem of James, we obtain 19 inevitable classes of spaces and examples
for 8 of them. The class (2) is divided into two subclasses and the class (4) into
four subclasses, which are not made explicit here for lack of an example of space
of type (2) or (4) to begin with. Recall that the spaces contained in any of the 12
subclasses of type (1)-(4) are never isomorphic to their proper subspaces, and in
this sense these subclasses may be labeled “exotic”. On the contrary “classical”,
“pure” spaces must belong to one of the 7 subclasses of type (5)-(6).

Theorem 8.4. Any infinite dimensional Banach space contains a subspace with a
basis of one of the following types:

Type | Properties Ezamples
(1a) | HI, tight by range and with constants ?

(1b) | HI, tight by range, locally minimal G*

(2) | HI, tight, sequentially minimal ?

(8a) | tight by support and with constants, uniformly inhomogeneous | ¢

(8b) | tight by support, locally minimal, uniformly inhomogeneous Gy,

(5¢) | tight by support, strongly asymptotically ¢,, 1 < p < 00 X,

(8d) | tight by support, strongly asymptotically € X

(4) unconditional basis, quasi minimal, tight by range ?

(5a) | unconditional basis, tight with constants, sequentially minimal, | ¢
uniformly inhomogeneous

(5b) | unconditional basis, tight, sequentially and locally minimal, ?
uniformly inhomogeneous

(5¢) | tight with constants, sequentially minimal, T, T®
strongly asymptotically £,, 1 < p < oo

(5d) | tight, sequentially minimal, strongly asymptotically £ ?

(6a) | unconditional basis, minimal, uniformly inhomogeneous

(6b) | minimal, reflexive, strongly asymptotically € T*

(6¢) | isomorphic to ¢y orl,, 1 <p < oo co, Uy

We know of no space close to being of type (5a) or (5b). A candidate for (5d)
could be the dual of some partly modified mixed Tsirelson’s space not satisfying
the blocking principle (see [26]). Schlumprecht’s space S [39] does not contain
an asymptotically £, subspace, therefore it contains a uniformly inhomogeneous
subspace, which implies by minimality that S itself is of type (6a). The definition
and analysis of the spaces G*, G, X,, and X can be found in [11].

For completeness we should mention that R. Wagner has also proved a dichotomy
between asymptotic unconditionality and a strong form of the HI property [44]. His
result could be used to further refine the cases of type (1) and (2).

9. OPEN PROBLEMS

Problem 9.1. (1) Does there exist a tight Banach space admitting a basis
which is not tight?
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[\

Does there exist a tight, locally block minimal and unconditional basis?
Find a locally minimal and tight Banach space with finite cotype.
Does there exist a tight Banach space which does not contain a basic se-
quence that is either tight by range or tight with constants? In other words,
does there exist a locally and sequentially minimal space without a minimal
subspace?
5) Suppose [e,] is sequentially minimal. Does there exist a block basis all of
whose subsequences are subsequentially minimal?
) Is every HI space with a basis tight?
7) Is every tight basis continuously tight?
)
)

w
—_

Do there exist spaces of type (2), (4), (5a), (5b), (5d)?
Suppose (ey,) is tight with constants. Does (e,) have a block sequence that
is (strongly) asymptotically £, for some 1 < p < oo?

(10) Does there exist a separable HI space X such that C* Borel embeds into

SBoo(X)?

(11) If X is a separable Banach space without a minimal subspace, does C*

Borel embed into SBoo(X)? What about more complicated quasi orders, in
particular, the complete analytic quasi order gg?‘
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