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Abstract

Let .# be a semi-finite von Neumann algebra equipped with a faithful normal trace . We prove a
Kadec-Pelczynski type dichotomy principle for subspaces of symmetric space of measurable operators
of Rademacher type 2. We study subspace structures of non-commutative Lorentz spaces L, ,(.#, 7),
extending some results of Carothers and Dilworth to the non-commutative settings. In particular, we show
that, under natural conditions on indices, £, cannot be embedded into L, ,(.#, ). As applications, we
prove that for 0 < p < oo with p # 2, £, cannot be strongly embedded into L, (.#, v). This provides a
non-commutative extension of a result of Kalton for 0 < p < 1 and a result of Rosenthal for1 <p <2
on L,{0, 1].
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1. Introduction

The study of rearrangement invariant Banach spaces of measurable functions is a
classical theme. Several studies have been devoted to characterizations of subspaces
of rearrangement invariant spaces. Recently, the theory of rearrangement invariant
Banach spaces of measurable operators affiliated with semi-finite von Neumann alge-
bra have emerged as the natural non-commutative generalizations of Ko6the functions
spaces. This theory, which is based on the theory of non-commutative integration
introduced by Segal [24], replaces the classical duality (L (1), L1(1)) by the duality
betwéen a semi-finite von Neumann algebra and its predual. It provides a unified
approach to the study of unitary ideals and rearrangement invariant spaces. Several
authors have considered these non-commutative spaces of measurable operators (see
for instance, [4, 6, 7, 8, 28]).
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The purpose of the present paper is to examine subspaces of symmetric spaces of
measurable operators in which the norm topology and the measure topology coincide,
and subspaces generated by disjointly supported basic sequences. Such subspaces are
of particular importance as they represent in many cases the extreme structures. OQur
main method is to exploit the notion of uniform integrability of operators introduced
in [21]. One of main results of this paper is a dichotomy type result for subspaces
of symmetric spaces of measurable operators. More precisely, we prove that any
given subspace of a symmetric space of measurable operators either is isomorphic
to a Hilbert space or contains a basic sequence equivalent to a disjointly supported
sequence.

The classical spaces L, (i) are of central importance and results in their structures
go back to the work of Banach. Since their introduction by Lorentz in 1950, the
Lorentz function spaces L, , have been found to be of special interests in many
aspects of analysis and probability theory. In [2] and [3], Carothers and Dilworth
studied the spaces L, 4[0, 1] and L, ,[0, 00). They proved, among other things, that
for some appropriate values of the indices p and ¢, L, ,[0, 00) does not contain £,.
Precisely, for0 < p,q < 00, p # g and p # 2, the sequence space £, does not
embed into L, 4[0, 00). Such result, not only is of interest in its own right, but also
provides an alternative proof to some non-trivial results on L?-spaces.

Motivated by such connections, we examine the subspace structures of non com-
mutative Lorentz spaces L, ,(#, T), where (., ) is a semi-finite von Neumann
algebra. Making use of our dichotomy result and some other results of general nature,
we show that some of the results of [2] and [3] extend to the non-commutative settings.
Our approach relies on a disjointification techniques based on the non-commutative
Khintchine’s inequalities ([17, 18]). As noted above, the initial basic question, that
led to the consideration of these Lorentz spaces, is the question of embeddings of ¢,
into L, (.#, t). Clearly, any disjointly supported basic sequence in L, (.#, 1) is iso-
morphic to £,,. For the commutative case, Rosenthal proved in [23] that if (2, X, u) is
a o-finite measure space, 1 < p < 2, and X is a subspace of L,(§2, I, u) containing
¢,. then the norm topology and the measure topology do not coincide on X. For
0 < p < 1, the same result is implicit in a paper of Kalton [14]. This implies that for
0 < p < 2, any basic sequence in L, (2, £, u) that is equivalent to £, is essentially a
perturbation of a disjointly supported basic sequence. We establish, as applications of
our results on Lorentz spaces, that Kalton and Rosenthal’s results extend to L, (4, 7).

The paper is organized as follows. In Section 2 below, we gather some necessary
definitions and present some basic facts concerning symmetric spaces of measur-
able operators that will be needed throughout. In Sectton 3, we present the Kadec-
Pelczynski type dichotomy for subspaces of symmetric spaces of measurable opera-
tors. The final section is devoted entirely to the study of subspaces of Lorentz spaces
and its applications.
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2. Definitions and preliminaries

We begin by recalling some definitions and facts about function spaces. Let E
be a complex quasi-Banach lattice. If 0 < p < oo, then E is said to be p-convex
(respectively p-concave) if there exists a constant C > 0 such that for every finite
sequence {x,} in E,

[(Zmr)” =c(Ximr)”
<respectively “ (Z ;xm)”p = c! (Z le,,ll”)l/p).

The least constant C is called the p-convexity (respectively p-concavity) constant of
E and is denoted by M ?’(E) (respectively M, (E)).
For 0 < p < 00, E® will denote the quasi-Banach lattice defined by

E? :={x :|x| € E}

equipped with |[x||gw = |||x{? |IIE/” . It is easy to verify that if E is a-convex and
g-concave then E® is ap-convex and gp-concave with M@ (E®) < M@ (E)'/P
and Mg, (E®) < M, (E)'/P. Consequently, if E is a-convex then E/®) is 1-convex
and therefore can be equivalently renormed to be a Banach lattice [16].

The quasi-Banach lattice E is said to satisfy a lower g-estimate (respectively upper
p -estimate) if there exists a positive constant C > 0 such that for all finite sequences
of mutually disjoint elements of E

(Zwea) = | T,
(respectively (Z llx, II’;)W > C! “Zx,, E)

We denote by .# a semi-finite von Neumann algebra on a Hilbert space ¢, with a
fixed faithful and normal semi-finite trace t. The identity in .# is denoted by 1, and
we denote by 7 the set of all projections in .#. A linear operator x : dom(x) — 57,
with domain dom(x) C J&, is called affiliated with .# if ux = xu for all unitary u
in the commutant .#" of .#. The closed and densely defined operator x, affiliated
with .#, is called t-measurable if for every € > 0 there exists p € .#” such the
p(3¥) C dom(x) and t(1 — p) < €. With the sum and product defined as the
respective closures of the algebraic sum and product, Mis a x-algebra. For standard
facts concerning von Neumann algebras, we refer to [13, 26].

We recall the notion of generalized singular value function [10]. Given a self-
adjoint operator x in ¢ we denote by e*(-) the spectral measure of x. Now assume
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thatx € .#. Then xa(lx)) € A fogv all Borel sets B C R, and there exists s > 0 such
that 7(x(;.00)(Ix])) < 00. Forx € .# and ¢t > 0, we define

pi(x) =inf {s 2 0 T(xeo0 (X)) < t}.

The function u(x) : [0, 00) — [0, oo]is called the generalized singular value function
(or decreasing rearrangement) of x; note that u,(x) < oo for all r > 0. Suppose that
a > 0. If we consider # = L ([0, a), m), where m denotes Lebesgue measure on
the interval [0, a), as an abelian von Neumann algebra acting via multiplication on
the Hilbert space J# = L,([0, a), m), with the trace given by integration with respect
to m, it is easy to see that A consists of all measurable functions on [0, a) which are
bounded except on a set of finite measure. Further, if f € A, then the generalized
singular value function p(f) is precisely the classical non-increasing rearrangement
of the function |f |. On the other hand, if (., ) is the space of all bounded linear
operators in some Hilbert space equipped with the canonical trace ¢7, then M= M
and, if x € .# is compact, then the generalized singular value function w(x) may
be identified in a natural manner with the sequence {u,(x)}32, of singular values of
x| = +/x*x, repeated according to multiplicity and arranged in non-increasing order.
By Ly([0, a), m), we denote the space of all C-valued Lebesgue measurable functions
on the interval [0, a) (with identification m-a.e.). A quasi-Banach space (E, | - ||,),
where E C Ly([0, a), m) is called a rearrangement-invariant Banach function space
on the interval [0, a), if it follows from f € E, g € Lo([0, a), m) and u(g) < u(f)
thatg € Eand|iglle < |If ll. If (E, ||| £) is a rearrangement-invariant quasi-Banach
function space on [0, a), then E is said to be symmetric if f,g € E and g << f
imply that ||g|lg < |If Ile. Here g << f denotes submajorization in the sense of
Hardy-Littlewood-Polya

t t
/ us(g)ds < f us(f)ds, forall t>0.
0 0

The general theory of rearrangement-invariant spaces may be found in [1] and [16].
Given a semi-finite von Neumann algebra (., t) and a symmetric quasi-Banach
function space (E, || - ||,) on the measure space ([0, (1)), m), we define the non-
commutative space E(.#, t) by setting
E(#,1):={x € M: u(x) € E} with
xll o = It for x € E(A, 7).
It is known that if E is a-convex for some 0 < a < 0o with M®(E) = 1, then

Il - s, is @a norm for@ > 1 and an a-norm if 0 < & < 1. In this case, the space
(E(A, 1), |l -, e.) is ax-Banach space. Moreover, the inclusions

L (M, OONMCE(M, 1)L (M, 1)+ HA.
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hold with continuous embeddings. We remark that if 0 < p < o0 and E =
L,[0, T(1)) then E(.#, t) coincides with the definition of L, (.#, t) asin[19, 26]. In
particular, if # = £ (5¢) with the standard trace then these L,-spaces are precisely
the Schatten classes 6,.

We recall that the topology defined by the metric on A obtained by setting

dx,y)=inf{t>0:p,(x —y) <1}, for x,ye.HA,

is called the measure topology. It is well known that a net (x4)ge; in M converge to
x € # in measure topology if and only if for every € > 0, § > 0, there exists oy € 1
such that whenever a > «a, there exists a projection p € .#* such that

l(xe —x)pll 4o <€ and t(1-—p) <34.

It was shown in [19] that (.#Z,d) is a complete metric, Hausdorff, topological
*-algebra.

Forx € ./, the right and left support projections of x are denoted by r(x) and I(x)
respectively. Operators x,y € A are said to be right (respectively, left) disjointly
supported if r(x)r(y) = 0 (respectively, [(x)/(y) = 0).

The following definition isolates the topic of this paper.

DEFINITION 2.1. Let E be a symmetric quasi-Banach function space on [0, t(1)).
We say that a subspace X of E(#, t) is strongly embedded into E(.#, t) if the
Il - | eca.r)-topology and the measure topology on X coincide.

The next definition was introduced in [21] as an analogue of the uniform integra-
bility of families of functions.

DEFINITION 2.2. Let E be a symmetric quasi-Banach function space on [0, T(1)).
A bounded subset K of E(.#, t) is said to be E-uniformly-integrable if

lim sup |le,x e, llen,r) =0

for every decreasing sequence {e,}5°, of projections with e, |, 0.

A non-commutative extension of the Kadec-Pelczynski subsequence splitting lem-
ma relative to the above notion of uniform integrability was consideredin [21] (see [21,
Theorem 3.1, Theorem 3.9, Corollary 3.10]) and will be used repeatedly throughout
this paper. For convenience of the reader, we include the version that we need.

THEOREM 2.3 ([21]). Let E be an order continuous symmetric quasi-Banach func-
tion space in [0, T(1)). Assume that E is a Banach function space with the Fatou
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property or E is a-convex with constant 1 for some 0 < a < 1 which satisfies a lower
g-estimate with constant 1 for some q > a.

Let {x,}°, be a bounded sequence in E(#, t). Then there exist a subsequence
{xn )32, Of (x4}, bounded sequences {pi};2, and (&), in E(A, T) and mutually
disjoint sequence of projections {e;};o, such that

() x,, =@+ & foralk > 1;

(i) {@« : k = 1} is E-uniformly-integrable and e;prex = 0 for all k > 1;

(ii) {Se}2, is such that e e = & forallk > 1.

The following proposition is due to Sukochev [25] in the case where T(1) < o0
and will be used in the sequel.

PROPOSITION 2.4. Let E be a-convex with constant 1 and assume that E is order
continuous. Let {x,}2, be a basic sequence in E(#, t) such that {x,}2, is both
right and left disjointly supported. Then {x,}°, is equivalent to a disjointly supported
basic sequence in E.

PROOF. Foreachn > 1,letg, := I(x,) and p, := r(x,) be the left and right support
projection of x, respectively. Both sequences {¢,}22, and {p,}32, are mutually disjoint

and for every n > 1, x, = g.x,p,. For any finite sequence of scalars {a;}}_;,

2 R n
= (Z &,-p,-x;‘qf> (Z aiCIixiPi)
i=1 i=1
Zailxil
i=1

Note that {|x;|}?2, is disjointly supported by the projections {p;}?2,. For each i > 1,
the semi-finiteness of p; implies that the family {e;} of all projections in p; . #p; of
finite trace satisfies 0 < eg 15 p;. Since E is order-continuous, it follows that

n

z ax;

i=1

n 2
= Z |at‘2PinClixiPi = .

i=1

|estxiles — 1xil| = Bo-
For each i > 1, choose a projection p; < p; such that 7(p;) < 0o and
1Bilxilp: — Ixilll® <27
CLAIM. The sequence {p;|x;|p:}2, is equivalent to {|x;|}2,.

Let p = \/2,pi. Forany x = Yo ailx;| € span{jx;|,i > 1}, we have
Y apilxilpi = p(X iy ailxil)p sothe series Y o | a;p:|x;|p; is convergent when-
i aipilxi|pi = p( 2, ailx:i)p so the seri = a:pilx;|p; is converg en
ever Z‘:, a;|x;| converges. Conversely, if {a,};-, is a bounded sequence of scalars
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such that Z:’:] a;pi|x;|p; is convergent, then for any subset S of N,

a o o
Zailxil =< Zaiﬁi|xi|ﬁi + Zai(ﬁi|xi|ﬁi — |x:D
ieS E(H.1T) ies E(#,T) i€S E(M,1)
o
<supla;|*- Y 27+ | Y aipilxilps
ies ie§ ie§ E(M,T)

This shows that the series Y .o, a;|x;| is convergent. Let C, and C, be positive
constants so that for any finite sequence of scalars {a;}]_,,

n n
Zailxil Zailxi'
i=1 i=1

Ifo, =0anda, =Y ,_, T(P:) < 00, set f, = U(y—a, ,(PnlXalps) for n > 1. The
sequence {f,}>2, is disjointly supported in E (0, (1)) and {f,}32, is isometrically

isomorphic to {p,ix,|p,}2,. For any finite sequence of scalars {a;}!_,,

n

G =<

<G

aiﬁi|xill3i
1

E(A#,T) i= E(#,T) E(A#,T)

n n n
G Zaixi =G Zai,xil = Zaiﬁilxi|ﬁi
=1 E(H.7) i=1 E(AH 1) i=1 E(A.7)
n n
= Z aif; =G Z a;x;
i=1 E©.x(1)) i=1 E(A.7)
The proof is complete. g

3. Kadec-Pelczynski dichotomy

The main result of this section is the following theorem.

THEOREM 3.1. Let E be an order continuous rearrangement invariant Banach
Sfunction space on [0, T(1)) with the Fatou property and assume that E(#, 1) is of
type 2. Then every subspace of E(#, t) either contains a basic sequence equivalent
to a disjointly supported sequence in E or is isomorphic to a Hilbert space.

REMARK 3.2. For the case of L? with p > 2, the commutative case is a classical
result of Kadec and Pelczyriski [12]; the finite case is a result of Sukochev [25].
Recently, Raynaud and Xu [22] also obtained such dichotomy for the case of Haagerup
L?-spaces.
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For the proof of Theorem 3.1, we need several results on E(.#, ), some of which
could be of independent interest.

PROPOSITION 3.3. Let E be a symmetric quasi-Banach function space on [0, t(1))
that is order continuous and is a-convex with constant 1 for some 0 < a < 1.
Suppose that E satisfies a lower q-estimate with constant 1 for some q > «. If X is
a subspace of E(M, 1), then either X is strongly embedded into E(# , t) or there
exist a normalized basic sequence {y,} | in X and a mutually disjoint sequence of
projections {e,}>2 | in A such that

im [y, — exynenllecw.ey = 0.
n—00

In particular, {y,}32, has a subsequence that is equivalent to a disjointly supported
basic sequence in E. Moreover, if X has a basis then the sequence {y,}, can be
chosen to be a block basis of the basis of X.

PROOF. Assume that X is not strongly embedded into E(.#, t) and set j
E(AH, 1) —> A the natural inclusion. Since X is not strongly embedded into
E(A#, t), the restriction j | is not an isomorphism. There exists a sequence {y,}22,
in the unit sphere of X which converges to zero in measure. Note that the bounded set
{y., n > 1} cannot be E-uniformly integrable. By Theorem 2.3, there exist a subse-
quence of {y,}%, (which we will denote again by {y,}3>, for simplicity) and a mutually
disjoint sequence of projections {e,}%°, in .# such that the set (y, — e,y.€,, n > 1} is
E-uniformly integrable. Since {y, — e,y.e,}22, converges to zero in measure, we get
that lim,,_, o ”yn - enynen”E(.lt.t) =0.

Assume now that X has a basis {x,}22,. We will show that the sequence {y,};2,
above can be chosen to be a block basis of {x,}32,. In fact since j (Bx) cannot be
a neighbourhood of zero for the (relative) measure topology on X, for every € > 0,
B 4#(0,e) N X ¢ By (where B 4(0, €) denotes the ball centered at zero and with
radius € relative to the metric of the measure topology). Denote by m, the projection
X onto Span{x;, k < n}. Fix z; € Sx N B z(0,27") and choose k; > 1 so that
lzs — mi, (z1) | < 27}, The restriction of j on (/d —m,)(X) cannot be an isomorphism.
As above, one can choose z; € Sy N B Z(0, 272) and m;,(z;) = 0. Inductively, one
can construct a sequence {z,}°, in Sy and a strictly increasing sequence of integers
{kn}32, such that

(i) z,€ Bg0,27") foralln = I;
(1) llza — mi, @)l < 27" foralln > 1;
Gii) (Id — m, )(zp4q) =O0foralln > 1.
Set y, := mi (z,) for all n > 1. Clearly {y,}°2, is a block basic sequence, ||y,||* >
1 -2 for all n > 1 and {y,}°, converges to zero in measure. The proof is

complete. a
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The next result can be viewed as a non-commutative analogue of [16, Proposi-
tion 1.c.10, page 39]. Below, {r,(-)}32, denotes the sequence of the Rademacher
functions on [0, 1].

PROPOSITION 3.4. Let E be a symmetric Banach function space on [0, T(1)). As-
sume that E is order continuous and satisfies the Fatou property. Let {x,}2 | be a
sequence in E(#, ) such that

@) lx,)l =1foralln=> 1,

(ii) there exists a projection e € M with 1(e) < 00 and ex, = x, foralln > 1.

Then either there exists a constant C > 0 such that for every choice of scalars {a,}3,,

1 12
we have | " Yo ri(Daix; ” Ean 412 C(Xi lail?) " for every n > 1 or {x,},
has a subsequence {x,, )2, which is a basic sequence equivalent to a disjoint element
of E.

PROOF. Forx € E(#, T), we set as in [25], 0 (X, €) := X(e|r|sun00(IX]) and
Mecany(€) :={x € E(H,7), T(0(x,€)) > €}.

Assume first that for every € > 0, there exists n. such that |x; | does not belong
to Mg« r)(€). We remark that |x;| is supported by the finite projection e. There
exists a subsequence {x,, f'i1 such that {lx,’,‘j l}]?";l converges to zero in measure. In
particular, {x,, }72, converge to zero in measure. By Theorem 2.3, there exist a further
subsequence (which we will denote again by {x,}72,) and a disjoint sequence of
projections {e; }72, so that the set {x,, — ¢;x, ¢;,j > 1} is E-uniformly integrable so
by [21, Proposition 2.8], lim;_,  |x,, — €;x,; ¢; [| = 0. This shows that a subsequence
of {x,,};2, can be taken to be equivalent to a disjoint sequence of E.
On the other hand, if {|x}|, n > 1} C Mg« 1)(€) for some € > O then
L= lxll = Nyl = Hxg e, oo = (max(L, T(@) ™ [[xa]l

> € (max(l, t(e))) 't (a(lx:l, e)) > eX(max(l, t(e))) .

Soforeveryn > 1, llx,|ly = llx2ll: = Illx}ll; > €*(max(1, z(e)))~". Since L, (A, )
is of cotype 2 ([27]), there exists A; > 0 such that

1 1 n
/ dt = / e (Z r,»(t)a,-xi>
0 E(H, 1) 0 i=1
1
g
0

e (Z ri(t)aixi)
1
> (max(1, T(e)))—‘[
0

n

Z ri(t)aix;

i=1

dt

E(AH,7)

dt

i=1 Ly(#A T)+ M

e (Zn: r,«(t)a,»x,»)
i=1

dt

1
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n 12
> A, (max(1, 7(e))”! (Z laflzllx,-llf)

i=1 i o
> Aye* (max(l, 7(e))) (Z xa.«|2> :
i=1

The proof is complete. O

REMARKS 3.5. We do not know if condition (ii) can be removed. The same conclu-
sion holds if (ii) is replaced by: (ii)’ there exists a projection e € .# with 7(e) < 00
and x,e = x, forall n > 1.

PROPOSITION 3.6. Let E be as in Theorem 3.1. Then every basic sequence {x,}2
in E(# , t) either contains a block basic sequence equivalent to a disjointly supported
sequence in E or {r,(-) ® x,}2, is equivalent to £,.

If t(1) < oo, then Proposition 3.6 is a simple corollary of Proposition 3.4 with the
word ‘block basic sequence’ replaced by ‘subsequence’.

For the semi-finite case, choose a mutually orthogonal family {f;}c; of projections
in 4 with )", f; = 1 for the strong operator topology and 7(f;) < oo foralli € I.
Let {x,}32, be a basic sequence in E(.#, t). Using a similar argument as in [28], one
can deduce that there exists a countable subset {f}72, of {f;}ic; such that for each f;
outside of {f}32, and n > 1, fix, = x,f; = 0. Let f = Y /-, fi. Forevery n > 1,
we have f x, = x,f = x,. Replacing .# by f # f and t by its restriction on f A f ,
we may assume that f = 1. For every n > 1, set e, := Y ,_, fx. The sequence
{es}32, is such that e, 1, 1 and 7(e,) < 00 foralln > 1. Let X := Span{x,, n > 1}
and fora € A ,letaX := {ax,x € X} and Xa := {xa,x € X}.

LEMMA 3.7. If for every n > 1, X is not isomorphic to e,X, then there exist a
normalized block basic sequence {y,}2., of (x,}32, and a strictly increasing sequence
of integers {n,};2, so that ||y, — (en, — €n,_ )yl < 2% for k > 1. Similarly, if for
every n > 1, X is not isomorphic to X e,, then there exist a normalized block basic
sequence {y}22, of {x,}2., and a strictly increasing sequence of integers {n;}32, so
that |y — Ye(en — e )| < 27, fork > 1.

PROOF. Inductively, we will construct a sequence {y;};-, in the unit sphere of X,
strictly increasing sequences of integers {m;};>, and {n,};2, such that

(1) y. € span{x,, my_y <n <my}forallk > I;
(i) llenyell < 27%+V forallk > 1;
(iii) flyx — en,yill < 27%*D forall k > 1.

https://doi.org/10.1017/51446788700003359 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003359

[11] Non-commutative spaces 341

Fix y; a finitely supported vector in Sy and let m; > 1 so that y, € span{x,,n < m,}.
Since (1 — e,) |, 0, there exists n; such that ||y; — e, y:1l| < 27"

Assume that the construction is done for 1, 2, ..., (j —1). Let X; = Span{x,,n >
m;_}. Since X; is not isomorphic to en,_,Xj, there exists y; € Sx, such that
lles,_,yjll < 27U*D. By perturbation, we can assume that y; is finitely supported.
If we fix n; > n;_; so that [|y; — e, y;|| < 279*V then ||y; — (e,, — €s,_)y;ll <27
and the lemma follows. O

PROOF OF PROPOSITION 3.6. Assume first that there exists ny > 1 such that X
is isomorphic to e, X. Since 7(e,) < 00, the sequence {e, x,}°, satisfies the
assumptions of Proposition 3.4. Since E (., t) has type 2, either {r,(-) ® enx,}22,
is equivalent to £, or there exists a subsequence {e,,x,,}72, which is equivalent to a
sequence of disjoint elements of E and by isomorphism, the proposition follows.

Assume now that for every n > 1, X is not isomorphic to ¢,X. By the above
lemma, there exist a normalized block basic sequence {y,};2, and a strictly increasing

sequence of integers {n,};2, so that for every k > 1,
(3.1 Iye — (ens — en_)yiell < 275,

Let Y := Span{(e,, — e,,_,)¥r, k = 1}. As above, if there exists mq such that Y is
isomorphic to Ye,,, then the conclusion follows. Otherwise, there exist a block basic
sequence {z;}52, of {(e, — €n,_,)¥i}i2, and a strictly increasing sequence of integers
{m)32, such that forevery k > 1,

(3.2) 1zx — Zk(emy — em )l < 275

We remark that since the sequence {z;}32, is a block basic sequence of {(e,, —
en_ )Yk 5, there exists a sequence {g,};>, of mutually disjoint projections such that
for every k > 1, z; = gz Therefore, the sequence {z;(e., — €m,_,)}3o, is both right
and left disjointly supported and hence is equivalent to a disjointly supported sequence
in E. By (3.2), we conclude that {z;}{°, has a subsequence that is equivalent to a
disjointly supported sequence in E (see for instance, [5, Theorem 9, page 46]). Since
{z¢}32, is a block basic sequence of {(e,, — e,,_,)Yi}io,, inequality (3.1) shows that the
corresponding block of {y,}2, is equivalent to {z};2,. The proof of Proposition 3.6
is complete. O

PROOF OF THEOREM 3.1. Let X be a subspace of E(.#, 7) and assume that X does
not contain any basic sequence equivalent to a disjointly supported sequence in E.
Let Y be a subspace of X with a basis. From the proof of Proposition 3.6 above, there
exists an ny € N such that Y is isomorphic to either e, Y or Ye,,. By Proposition 3.4,
Y is of cotype 2 and therefore is isomorphic to a Hilbert space. O
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4. Subspaces of Lorentz spaces and applications

In this section, we will specialize to the concrete case of Lorentz spaces. We begin
by recalling some definitions and basic facts about Lorentz spaces.

ForO0 < p <00,0 < g <00, and I = [0, 1] or [0, 00), the Lorentz function
space L, ,(7) is the space of all (classes of) Lebesgue measurable functions f on [/
for which ||f ||, < 00, where

1/q
(/u:’(f)d(t"/")) L g <og;
(41) ”f ”p.q = 1
sup t'/P u,(f), q = 0.

tel
Clearly, L, ,(I) = L,(I) forany p > 0. Itis well known thatfor 1 < ¢ <p < o0,
(4.1) defines a norm under which L, (/) is a separable rearrangement invariant
Banach function space; otherwise, (4.1) defines a quasi-norm on L, ,(I) (which is
known to be equivalent toanormif 1 < p < g < 00).
The following lemma was observed in [2]. It contains the technical ingredients for
the construction of the non-commutative counterparts.

LEMMA 4.1. Let0 < p < 00,0 < g < 00.

(i) If g < p, then L, ,(I) is q-convex with constant 1 and satisfies a lower
p-estimate with constant 1.

(i1) L, 4(I) satisfies an upper r-estimate and lower s-estimate (with some constant
C), where r = min(p, q) and s = max(p, q).

For0 < p < g < o0, L, ,(I) can be equivalently renormed to be a quasi-Banach
lattice, that is, y-convex (for y < p) with constant 1 and satisfies a lower g-estimate of
constant 1. Hence for any 0 < p, ¢ < 00, we can define the non-commutative space
L, (A, ) as in Section 2. Since we are only interested in isomorphic properties,
we will use the quasi-norm defined in (4.1). All results from Section 2 and Section 3
apply to L, ,(#, t) with appropriate values of p and g.

The main result of this section extends a result of Carothers and Dilworth [3] to the
non-commutative settings.

THEOREM 4.2. Let 0 < p < 00,0 < g < 00, p # qand p # 2. Then £, does
not embed into L, ,(.#, ). In particular, the Lorentz-Schatten ideal S, , does not

contain £,,.

The following application follows easily from Theorem 4.2. It characterizes
strongly embedded subspaces in L, (., t) and generalizes results of Rosenthal and
Kalton on L,[0, 1] to the non-commutative settings.
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THEOREM 4.3. Let 0 < p < 00, p # 2 and X be a subspace of L,(#, ). Then
the following are equivalent:

(1) X contains £,.
(2) X is not strongly embedded into L,( A, t).

PROOF. Let X be a subspace of L,(.#, t) and assume that X contains £,. Since
forp < q,l-ll,.,q < Cll-|lp, for some constant C (see [1, Proposition 4.2, page 217]).
There exists an inclusion map from L,(.#,t) into L, ,(.#, 7). If X is strongly
embedded into L, (., ), then X is isomorphic to a subspace of L, ,(#,t). In
particular, £, embeds into L, ,(.#, 7). This contradicts Theorem 4.2.

The converse is a direct consequence of Theorem 4.7. O

REMARK 4.4. For 1 < p < 2 and .# being finite, Theorem 4.3 also appeared in
recent work of Haagerup, Rosenthal and Sukochev [11, Theorem 5.4]. Their approach
is completely different from the one taken in this paper.

For the proof of Theorem 4.2, we need some preparation. First, we recall that for
any given0 < p < 00and 0 < g < 00, the space L, ,(I) is equal (up to an equivalent
quasi-norm) to the spaces (L, (1), L,,(I))g,q constructed using the real interpolation
method where 0 < p; < p» < 00,0 <6 < land 1/p = (1 —8)/p, +6/p,. From
general theory of lifting of interpolations to non commutative settings, the same result

remains valid for L, ,(.#, t) (see for instance [20]).

LEMMA 4.5. If0 < py, p2, g <00 and0 < 0 < 1, then
(Lp|(‘ﬂ» f), Lpz(‘ﬂ7 T))G,q = Lp.q('ﬂv t)

(with equivalent quasi-norms), where 1/p = (1 —60)/p, + 8/p,.

Combining [3, Lemma 2.4] with Proposition 2.4, we can also state:

LEMMA 4.6. Let0 < p < 00 and 0 < g < 00. Let {x,}32, be a normalized basic
sequence in L, (M, T). If {x,)2, is both right and left disjointly supported, then
span{x,, n > 1} contains a copy of {,.

The next result can be viewed as a particular case of a result of Levy on real-
interpolation [15]. It can also be deduced directly from Proposition 3.3 and Lemma 4.6

PROPOSITION4.7. Let 0 < p < 00, 0 < g < 00, and let X be a subspace of
L, (A, ). Then either X is strongly embedded into L, ,(#, t) or X contains a

copy of £,.
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For the next result, we need to fix some notation. Let .4” be a von Neumann algebra
on a given Hilbert space H with semi-finite trace ¢. Define

[A]:= {(aij)u§ Vi j, a; € e ”(aij)ij Iy < 00}

Clearly, [.#"]is a von Neumann algebra over the Hilbert space £, ( H) and the functional
[elay)y) = ZZI ¢(a;;) defines a normal semi-finite trace on [.#]. The von
Neumann algebra [4#] is formally A4 ® B(£,) and [¢] = ¢ ® tr, where tr is the usual
trace on B(£;).

Let {y:}2, be a sequence in A". For each k > 1, we define [y;] = ([y];;); by
setting: [yc]ix = yi and [yi]; = Ofor (i, j) # (1, k), that s, fork > 1,

0 0O » O
[y := | O 0 00
This amounts to placing the sequence {y;};, in the first row of an infinite matrix i.e
forevery k > 1, [y:] = y. ® e14.

LEMMA 4.8. Let 0 < p < 2 and {y:}32, be a sequence in L, (N, ¢). There exists
an absolute constant C such that for every choice of scalars {a};2, and every n > 1,

1
(4.2) f
0

n 2

Z re(Dagys

k=1

dt
Lp.q(/‘¢)

Yl
k=1

2 2

< Cmin

’

Ly ([ A)[eD

> alyil

k=1

Lpo((A)le]

PROOF. We first remark from non-commutative Kintchine’s inequalities ([18] for
1 < p < 2and [20, Remark 6.3] for0 < p < 1) that

1
(4.3) /
V]

Note that

2 1

2 n 12
a| < (z lamyky;)
k=1

n

Z ne(Dagyx

k=1

L, (A .¢) L (A9

n «\P/2
v (i aPyr) 0
_ 0 0

> adn
k=1
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therefore
\ . 1/2
Z ayd’ = <Z |ak|2yky,:)
k=1 L,ALloD k=1 Ly( A ,0)
Hence
) . 1/2
Zak[)’k] = (Z Iak|2yky;)
k=1 LA 1leD) k=1 Lo(A 9)
and by (4.3),
1 n 2 z :
/ Z re(t)apyx dt < Z a[yi]
0 k=1 Lo (A9 k=1 L, (A 1leD

SUBLEMMA 4.9. For every 0 < p < 1, the map (a;); — Y_, re(-)aw is bounded
as a linear map from L,([A'], [¢]) into Ly([0, 1}, L, (A, ¢)).

Leta = (a;); be anelement of L, ([.4], [¢]) and consider |a* 1> = (b;j);. Clearly,
byt = Y pe; audjy. Set e to be the projection in [.#] defined by e = 1 ® ey, that is,
e = (a;); withay =1and oy =0 for (i, j) # (1, 1). We have

o0 *
Ek:l auay, 0

ela*|’e = 0 0
.2 oo 122
so llela*ell, jqntivd = | (Xrar analy) "Lp(//,w) and as above,
Ll oo 2 o 2 o 121*

/ Zrlc(t)alk dt < Z[alk] = (Z auﬂf})

¢ k=t LA 9 k=1 L, AN 1lgD k=1 LK)
- .2 2
= |elael,, omipn = NlEqniieon -

The sublemma follows.

By interpolation, the map (a;); — Y, ri(-)an is also a bounded map from
L, ({41, [9]) into Lo([0, 1], L, (4, ). In particular, there exists an absolute
constant C such that

1 n 2 n 2
/ Zrk(t)ak)’k dt<C Zak[yk]
O M=t Lot N0 k=1 Lpg QA LoD
By taking adjoints, the other inequality follows. The proof of Lemma 4.8 is
complete. O
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Our next result is a disjointification of sequences in L, ,(.#, 1) and could be of
independent interest.

PROPOSITION 4.10. Let (A, T) be a semi-finite von Neumann algebra. There exists
a semi-finite von Neumann algebra . equipped with a faithful normal semi-finite trace
w with the following properties:

(i) 4 is avon Neumann subalgebra of &,
(ii) Tt is the restriction of w on M
(1) forO0 <p <2and0 < q < 00, there exists a constant K such that for any
given basic sequence {x,}2, in L, (M, ), there exists a left and right disjointly
supported sequence {s,}°, in L, (%, w) such that for any choice of scalars {a;} |

andn > 1,
1
/

PROOF. Using the above notation, let A4 = [#], ¢ = [t]. Clearly, (A, ¢) is a
semi-finite von Neumann algebra on the Hilbert space H = £,(5¢). Set ¥ = [A]
and w = [p]. As above, .# can be identified as a von Neumann subalgebra of .#
with 7 being the restriction of @ on ..

Let {x,}32, be a basic sequence in L, ,(.#, T). Consider the sequence {[x,]}32, in
A =141

2 2

n
z Sy

k=1

dt <K

n
Z ari(t)x
k=1

Lp.q(-l-f) L,,,.,(.S’.w)

CLAIM. The sequence {[x,]}, is right disjointly supported.

To verify this claim, recall that elements of .4 are infinite matrices with entries
in #. Forn > 1, let m, = (a;); with a,, = land a;; = O for (i, j) # (n,n).
Clearly, {r,}2, is a mutually disjoint sequence of projection in A" and foreachn > 1,
[xalmn = [x,].

Foreachn > 1, let z, = [x,] € L, ,(A4, ¢) and consider the sequence {s,}32, in
L, (¥, w) defined by s, := [z;]".

CLAIM. The sequence {s,}, is left and right disjointly supported.

First note that, as above, the sequence {[z;]}5>, is right disjointly supported so its
adjoints {s5,}%, is left disjointly supported. To prove that it is right disjointly supported,
consider the following sequence {e,}32, in &: e, = (afj")),-j, where al('l') = m, and
a’ =0for (i,j) # (1, 1).

It is clear that the e,’s are projections in .% and since {m,}2°, is mutually disjoint
in A, {e,}22, is mutually disjoint and one can see that for every n > 1, s,e, = s,.

https://doi.org/10.1017/51446788700003359 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003359

[17] Non-commutative spaces 347

To complete the proof, we use Lemma 4.8,

1 n
/ Z re(8)axxy
0 k=1

2 2

dt< C
L, (#,T)

Zak[xk]
k=1

Lpo(AN.9p)

1] » 2
=C f > nalx] dt
0 k=1 L, (A .9)
1 n 2
= Cf Z ri(Hagzi dt.
0 k=t Lpo(H'0)
Applying Lemma 4.8 on the von Neumann algebra .4/,
1 n 2 n 2
/ > nnax, dt < C*|> " alz]
0 fle=1 L, o(#.T) k=1 Lp (S )
n 2 n 2
= C2 Z ak[z,f]* = C2 Z Qi Sk
k=1 Ly o(F @) k=1 Ly (5 .0)
The proof is complete )

PROOF OF THEOREM 4.2. The proof will be divided into several cases. First, notice
that since p # ¢q, Proposition 4.7 shows that every subspace of L, ,(#, ) equiv-
alent to £, (and therefore not containing any copy of £,) is strongly embedded into
L,,(#, 7). Fixr > g,then |- ||,., < Cll-l,.4, where C is a constant depending only
on p, q and r (see for instance [1, Proposition 4.2, page 217]). In particular, there
exists a continuous inclusion from L, ,(.#, 1) into L, ,(.#, t) and if X is a strongly
embedded subspace of L, ,(#, T) then X is isomorphic to a subspace of L, ,(#, t)
so without loss of generality, we can assume thatp < gand 1 < q.

Case0<p <g<ooandp < 2

Assume that there exists a sequence {x,}22, thatis M-equivalentto £, in L, ,(#, T)
and consider the disjoint sequence {y,}3, in L, ,(*, ) as in Proposition 4.10. For
every finite sequence of scalars {a,}, we have:

74
(ZI&.I”) =M /; > r(t)anx,

< M\/E Zanyn

2 1/2

dt
L, (A7)

<NM~K
L,,,q(y.w)

>

L, 4(0,00)
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where {¢;}2, is a disjoint sequence in L, ;[0, 00) and N > 0. Since p < ¢, the space
L, 4[0, o0) satisfies an upper p-estimate hence there exists constants C; and C, such
that

n p n n 1/p
a (zlam) < 1S aw scz(zw) .
k=1 k=1 k=1

But this is a contradiction since Span{g;, k > 1} contains a copy of £,.

Ly 4[0,7(1))

Case2 <p < q < 0.

We remark that combining [9] with [16, Proposition 2g.22, page 230], L, ,(#, T)
is of type 2 and therefore Theorem 3.1 appliesto L, ,(.#, T). Assume that there exists
a sequence {x,}3, in L, ,(.#, t) that is equivalent to £,. Since p # 2, Theorem 3.1
implies that {x,}3°, contains a block basic sequence {y,};2, that is equivalent to a
disjointly supported normalized sequence in L, ,[0, T(1)) so span{y,, n > 1} does

not contain £,. This is a contradiction since {y,}>2, is equivalent to £,. O

We conclude the paper with an observation on copies of £, in L, (.#, t). It extends
a well known results for copies of £, in preduals of von Neumann algebras.

COROLLARY 4.11. Let 1 < p < 00, p # 2. If {x,}2, is a sequence in L,(A, T)
that is equivalent to £, and {&,}2 | is a sequence in the interval (0, 1) with ¢, |, 0,
then there exists a block basis {y,}2, of {x,}X, such that

1/p I/p
(Danv’) —(meenp) <> awn
" " " 1/p 1/p
s(Zmnv') +(Z|an|PenP)

for all finite sequence (a,), of scalars. In particular, for every k > 1, the sequence
{yn)2, is (1 + &;)-equivalent to £,,.

PROOF. Since £, is not strongly embedded into L, (.#, ), Proposition 3.3 implies
the existence of a block basic sequence {z,};2, of {x,}32, and a sequence {p,}3°, of
mutually disjoint projections in .# such that

lim ||z, — pazapall = 0.

n—-oQo
Note that liminf,_ » [|p.z.p.ll > 0. By taking a subsequence (if necessary), we will
assume that for every n > 1,

”Zn — PnlnDn ”

£,27".
|Pnzapnll
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Forn > 1, sety, := z,/llpazapxll. If (a,), is a finite sequence of scalars then

Doy <Y lanllyn = puzapall + [ D lanl?
n

n n
1 g 1p

/p
<(Dlaler] (do2) +(Dlal
n n

n

1/p

IA

where 1/p + 1/q = 1. This shows that

1/p 1/p
2y = 2lal |+ (X lare]
n n n
The other inequality can be obtained with similar estimates. O
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