CLOSED IDEALS OF OPERATORS BETWEEN THE CLASSICAL
SEQUENCE SPACES

D. FREEMAN, TH. SCHLUMPRECHT, AND A. ZSAK

ABSTRACT. We prove that the spaces L£(€p,co), L({p, o) and L(£1,£q) of op-
erators with 1 < p,q < oo have continuum many closed ideals. This extends
and improves earlier works by Schlumprecht and Zsdk [20], by Wallis [22] and
by Sirotkin and Wallis [19]. Several open problems remain. Key to our con-
struction of closed ideals are matrices with the Restricted Isometry Property
that come from Compressed Sensing.

1. INTRODUCTION

Closed ideals of operators between Banach spaces is a very old subject going
back to at least the 1940s when Calkin proved that the compact operators are
the only non-trivial, proper closed ideal of the algebra L£(¢3) of all bounded linear
maps on Hilbert space [4]. Two decades later Gohberg, Markus and Fel’dman [9]
showed that the same result holds for the algebras £(¢,), 1 < p < oo, and L(co).
It is perhaps surprising that the situation is vastly more complicated for the spaces
L, ® Ly and £, By, 1 < p < g < o0o. We refer the reader to Pietsch’s book ‘Operator
Ideals’ [15, Chapter 5] and to sections 1 and 2.3 of [20] for a detailed history of the
study of closed ideals on these spaces. Here we shall be fairly brief and concentrate
on developments that best place our new results in context.

Let X = ¢, and let Y be either £, or ¢, where 1 < p < ¢ < co. We recall [21] that
L(X@Y) has exactly two maximal ideals: the closures of the ideals of operators fac-
toring through X and Y, respectively. Moreover, the set of all non-maximal, proper
closed ideals of £L(X @ Y) is in a one-to-one, inclusion-preserving correspondence
with the set of all closed ideals of £L(X,Y") (see [15, Theorem 5.3.2] or Section 2
of [18]). Here an ideal of £(X,Y) is a subspace J of L(X,Y") with the ideal property:
ATB € J whenever A € L(Y),T € J and B € £(X). In his book, Pietsch raised
the problem whether £(X,Y") has infinitely many closed ideals in the case X = ¢,
and Y = {; with 1 < p < ¢ < co. This problem remained open for nearly forty
years. It is straightforward that the smallest non-trivial closed ideal is the ideal of
compact operators and that every other non-trivial closed ideal must contain the
closed ideal generated by the formal inclusion map Ixy: X — Y. However, it
is not even obvious if there are any other non-trivial, proper closed ideals besides
the compact operators. The first results in this direction are due to Milman [13]
who first proved that Ix y is finitely strictly singular, and then exhibited in the
case 1 < p < ¢ < oo an operator in L(¥p, ;) that is not finitely strictly singular.
(Definitions will be given in Section 2 below.) More recently, further closed ideals,
but still only finitely many, were found by Sari, Tomczak-Jaegermann, Troitsky and
Schlumprecht [17] and by Schlumprecht [18].
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Finally, Schlumprecht and Zsék found a positive answer to Pietsch’s question in
the reflexive range 1 < p < ¢ < co. In fact, they showed [20] that in that range,
L4y, Ly) contains continuum many closed ideals which with respect to inclusion are
order-isomorphic to R. Shortly after this, Wallis observed [22] that the techniques
of [20] extend to prove the same result for £(¢,,co) in the range 1 < p < 2,
and for £(¢1,£,) in the range 2 < ¢ < oco. The answer to Pietsch’s question was
completed by Sirotkin and Wallis [19] who proved that there are uncountably many
closed ideals in £(¢1,4,) for 1 < ¢ < oo as well as in £(¢1,¢co) and in L£(¥,, L) for
1 < p < 0. The techniques used in [20] and [19] are completely different and we
shall have more to say about this in the final section of this paper. The method of
Sirotkin and Wallis produces chains of closed ideals of size w1, the first uncountable
ordinal. Moreover, their method can not tackle (for good reasons as we shall see
later) the question whether £(¢,, co) has infinitely many closed ideals in the range
2 < p < co. The main focus of this paper is this remaining open problem regarding
closed ideals of operators between classical sequence spaces. Our main result is a
solution of this problem as well as an extension of the result of Wallis for 1 < p < 2.

Theorem A. For all 1 < p < oo there are continuum many closed ideals in

,C(gp, Co).

Our techniques are somewhat similar to those used in [20]. However, instead
of using independent sequences of 3-valued, symmetric random variables spanning
Rosenthal spaces, here we are going to rely on matrices with the Restricted Isometry
Property (RIP for short) to generate ideals. Their appearance in this problem was
somewhat of a surprise to us. In fact, we shall prove considerably more by showing
that the distributive lattice of closed ideals of £(,,co) has a rich structure (see
Theorem 2 below). From Theorem A it is a short step to extend the results of
Sirotkin and Wallis as follows.

Theorem B. For all 1 < p < oo there are continuum many closed ideals in
LUy, loo) and L(¢1,4,).

As before, we will present more precise statements about the lattice of closed
ideals for these spaces. We do not know if £(¢;,co) and L(¢1, ¢~ ) have continuum
many closed ideals. Thus, in these cases the best known result is the aforementioned
theorem of Sirotkin and Wallis [19] that shows the existence of an w;-chain of closed
ideals.

The paper is organized as follows. Section 2 begins with definitions, notations
and the introduction of RIP vectors. We then present the main results about ideals
in £(€p,co). In Section 3 we present a proof of Theorem B. In the final section we
first explain the method of Sirotkin and Wallis and how it differs from ours. We
then prove some further results of interest about the ideal structure in £(¢, co).
These explain why the techniques of [19] cannot work here. We conclude with
further remarks and open problems.

To conclude this introduction, we mention two pieces of notation used throughout
the paper. Firstly, we denote by X = Y if the Banach spaces X and Y are
isometrically isomorphic, whereas X ~ Y indicates that they are merely isomorphic.
Secondly, the action of a functional f € X* on a vector z € X will be written
as (z, f). Our convention is that the vector always appears on the left and the
functional on the right.

2. CLOSED IDEALS IN L(¢,,co)

Given Banach spaces X and Y, we denote by £(X,Y) the space of all operators
from X to Y. By an operator we shall always mean a bounded linear map. When
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X =Y we write £L(X) instead of £(X,X). When X is formally a subset of Y,
we write Ix y for the formal inclusion map X — Y provided this is bounded.
We shall sometimes write I instead of Ixy when X and Y are clear from the
context. Assume now that X = (@20:1 X")ep for some 1 < p < oo and that
either Y = (@Zozl Yn)gq for some p < ¢ < oo or Y = (@Zo:l Y”)co' Then,
given a uniformly bounded sequence of operators T),: X,, — Y,,, n € N, we write
T = diag(Ty,)nen for the diagonal operator T: X — Y defined by (x,,) — (Thzy).

By an (operator) ideal of L(X,Y) we mean a subspace J of £(X,Y’) such that
ATBe Jforall Ac L(Y), T € J and B € L(X). A closed (operator) ideal is an
ideal that is closed in the operator norm. Note that the closure of an ideal is a closed
ideal. We shall denote by $(X,Y") the set of all closed ideals of £L(X,Y"). Note that
H(X,Y) is a distributive lattice under inclusion: the meet and join operations are
given by

INT=INT, IVI=I+J forZI,JeEHX,Y).

We next recall some standard operator ideals. We denote by K(X,Y), FS(X,Y),
and S(X,Y) the closed ideals of, respectively, compact, finitely strictly singular,
and strictly singular operators from X to Y. Recall that T € L(X,Y) is finitely
strictly singular if for all € > 0 there exists n € N such that for every subspace
E C X of dimension at least n, there is a vector x € E with ||Tx| < ¢||z||. We say
T is strictly singular if no restriction of 7" to an infinite-dimensional subspace of X
is an isomorphism. It is clear that (X,Y) C FS(X,Y) C S(X,Y). When X =Y
these ideals become K(X) C FS(X) C S(X). We shall also sometimes write K,
FS and § when X and Y are clear from the context. Recall that if X = £,
1 <p<oo,andeither Y =4, p < qg<oo,orY =cg, then £L(X,Y) = S(X,Y)
and L(Y, X) = K(Y, X).

We next introduce notation for closed ideals generated by a fixed operator. Let
T: W — Z be a bounded linear map. For any pair (X,Y’) of Banach spaces we
denote by JT(X,Y) the closed ideal of £L(X,Y) generated by T. Thus,

JY(X,Y)=span{ATB: Ac L(Z,Y),B € L(X,W)}

is the closed linear span of operators factoring through 7. As usual, we write
JT(X) instead of JT(X,Y) when X = Y. We shall also write J7 instead of
JT(X,Y) or JT(X) when X and Y are clear from the context.

We now begin our study of closed ideals in £(¢,, co) where 1 < p < oo is fixed for
the rest of this section. As mentioned in the Introduction, we know of the following
ideals:

{0} CKC T CFSCS=L((co) .

To see that FS is a proper ideal, fix for each n € N an embedding T),: £ —
¢Mn for a sufficiently large M,, € N satisfying, say, ||T.z|| < ||z|| < 2||Tx|| for

all x € €. Then the diagonal operator diag(7y)nen from £, = (@neN Z;L)Zp to

co = (PBen é%n)% is clearly not finitely strictly singular. As noted in [22], the
results of [20] extend without much difficulty to show that in the range 1 < p < 2,
there is a chain of closed ideals order-isomorphic to R between J!%-< and FS.
However, for 2 < p < oo it was not even known if there are any other non-trivial,
proper closed ideals besides K and FS. We remedy this situation with our main
result, Theorem 2 below. The main ingredient will be certain RIP vectors which
we introduce next.

Fix 6 € (0,1) and positive integers k < n < N. We say that the n x N matrix
A satisfies the Restricted Isometry Property (RIP) of order k with error § if for all
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x € RN with at most k non-zero entries the following holds:
(I =Ollzlley <llAzlley < (1 +0)|zlley -

Candeés and Tao [5] introduced this property and established the important role
it plays in Compressed Sensing. Briefly, such matrices allow recovery of sparse
data from few measurements. Candes and Tao also established the existence of
matrices with the RIP: roughly speaking, they proved that a random n x N matrix
with Gaussian entries satisfies RIP with overwhelming probability. In particular,
and this is what we will use below, for any § € (0,1) and k € N, there exists a
constant ¢ = ¢(d, k) > 0 such that for all n, N € N satisfying lOiN < c there exists
an n X N matrix with the RIP of order k and error §. Before continuing, let us
mention that the RIP phenomenon has also been fundamental in asymptotic finite-
dimensional Banach space theory. Indeed, all the tools necessary for constructing
RIP matrices were already available in the 1970s and 1980s, for example, in Kashin’s
decomposition of 2" into two n-dimensional Euclidean sections [11], and in the well
known Johnson—Lindenstrauss lemma concerning certain Lipschitz mappings of a
finite set in Euclidean space onto a space of dimension logarithmic in the size of
the set [10]. We refer the reader to the article of Baraniuk, Davenport, DeVore and
Waking [1] where they discuss these connections and provide a simple proof of the
RIP for random matrices whose entries satisfy certain concentration inequalities
(this includes matrices with independent Gaussian or Rademacher entries as well
as others). The book of Foucart and Rauhut [8] also discusses these topics in detail
as well as many other aspects of the mathematics of Compressed Sensing.

The following statement is a straightforward consequence of the above discussion.
There exists a sequence u; < v; < ug < v < ... of positive integers such that
setting

) . (2un,)P/? - mP  if 2
" 1

2y, - N2 if
the following properties hold:

(2) Uy, > 1907 - (6n + 1) tuettun—
(3) v =93 s,

and there exist unit vectors (ggn))zl in £5™ (the normalized columns of an RIP
matrix) such that for every J C {1,2,...,v,} with |J| < (s,—1 +1) V 19n? we have

1 2 (n)
(4) §Z|ai| < Hzaigi
e i€J

2
< 22|ai|2 for all (a;)ics CR,
icJ

(5) Sz g™ < 2)|z)> forallw e 3

=
We next define, for each n € N, operators T),: £5™ — {22 by = — (<x,gl(n)>)zl
Note that ||T,|| = 1, and hence we may use these maps to define certain diagonal
operators. Set U = (@,-,03"), and V = (@, égg)c[). For an infinite set

M C N define Tpy: U — V by (x,) — (yn), where y, = Ty (x,) if n € M and
Yn = 0 otherwise. The following is the main result of this section.

Theorem 1. Let M, N be infinite subsets of N.
(i) If M\ N is infinite, then Tay ¢ TN (U, V).
(ii) If N\ M s finite, then J™ (U, V) C J™ (U, V).
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As a corollary we will deduce that the lattice of closed ideals of £L(U,V) has a
rich structure in the following precise sense. Define B to be the Boolean algebra
obtained as the quotient of the power set PN of N by the equivalence relation ~
defined by M ~ N if and only if M A N is finite. By Theorem 1(ii) above, the
ideal J™™ (U, V) depends only on the equivalence class [M] of the infinite set M.
Thus, we have a well-defined map

p: B — HUV)

JTv if M is infinite,
(M] Tow g o
J'ovif M is finite.
Here Iy,y is the formal inclusion of U into V. Note that U can indeed be viewed
as a subset of V' in the following way. Every element of U = (EBZO:l ﬂg") , can

p/2
be thought of as a sequence (x;)5°, with > >~ (Zzltn_1+1|$i|2) < 00, where

tp, =ui+---+uy, for allm € N. On the other hand, V' is nothing else but ¢y with the

particular choice (@, Egg)c() of blocking of its unit vector basis. It will also be

helpful to think of I;;y as a diagonal operator: write V = cg as (@;’;1 810‘3)% using
a different blocking of the unit vector basis. Then Iy : U — V is the diagonal
operator whose n'® diagonal entry is the formal identity /5" — (Y. At the very

end of this section we will comment on the choice of p([M]) for M finite.

Theorem 2. The map ¢ defined above is injective, monotone and preserves the
join operation. In particular, L(U, V) has continuum many closed ideals between
JWwv and FS.

Since V' = cp and for 1 < p < oo the space U is isomorphic to £, by Pelczynski’s
Decomposition Theorem (see e.g., [6, Theorem 6.24]), our first main result, Theo-
rem A, stated in the Introduction follows immediately.

We begin with the proof of Theorem 1. Of course, part (ii) is trivial since if
N\ M is finite, then a finite-rank perturbation of T factors through Ths. Let us
now explain why part (i) has a chance of being true. An obvious way for (i) to
fail would be the existence of an injection m + n,, from M into N such that T,
factors through 7, , for all m € M. Indeed, then Tys would factor through T and
we would immediately obtain Ty € J7~. However, for m € M \ N and for any
n € N, it is hard for T, to factor through T,,. Indeed, T,, preserves the norm of
the RIP vectors ggm), 1 <i < vy. When m > n, the number v,, of these vectors is
massive compared to the dimension wu,, of the domain of T;,, and an easy pigeonhole
argument will show that one cannot have a map ¢3™ — ¢3™ preserving the norm of
so many RIP vectors. The case m < n is slightly more complicated. In this case,
T,, factoring through T;, says something about the action of T}, on a subspace of
small dimension (small compared to the dimension wu,, of the domain of T;,). It will
then follow from (4) and (5) that the restriction of T}, to this small-dimensional
subspace, and hence T,,, factors through the formal identity I: ¢5, — (., where
r < Sm, and in particular r is still much smaller than the number v,,, of RIP vectors
whose norm T, preserves. Another simple pigeonhole argument will again show
that the formal identity I cannot preserve the norm of so many RIP vectors, but
this time it will be crucial that I is mapping into an /.-space.

We begin the proof of our main theorem with a beefed up version of the claim
above that the restriction of T, to a small-dimensional subspace factors through
the formal identity ¢5 — £, with a suitable bound on r.
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Lemma 3. Fixm € N, a subset N of {n € N: n > m} and an operator

B: f3m — (@gun)

neN
neN ~oo

tor diag(Ty,)nen. Then there exist subsets J, C {1,2,...,v,}, n € N, such that
Y nen|Inl < 8w and there is an approzimate factorization

o B (Dw), - (EBW”)
neN

with |B|| < 1. Let D: (B,ent5"), — (Bnen ), o be the diagonal opera-

neN
, (R
(D), - - (D).
neN neN

with ||DB — RIP|| < where I is the formal inclusion, ||P|| < 2 and |R|| < 1

m’

Proof. Let us first observe that we need only consider the case 2 < p < co. This is
because the case 1 < p < 2 reduces to the case p = 2. Indeed, if 1 < p < 2,
then D: (D, .y E;‘")Zp = (B,en égg)c() factors through D viewed as a map

from (B,cn é;‘")b = (Ben ), o Via the formal identity (Bren "), —

(EBHG N Eg”) 0 The case p = 2 then provides the required approximate factor-
ization via the formal identity I: ¢5 — ¢, for some r < s,,. This completes the
proof by taking J, = {1,...,r} C {1,...,v,} for n = min N, and J,» = 0 for all
n' € N\ {n}.

Let us now assume that 2 < p < oo, and we may of course also take N # ). Set
t = s;+1 and let H be a subset of {(n,j) :n €N, 1< j < vy} of size ¢ such that

1B\ = |B*g"||  forall (n,j) € H, (n',j') ¢ H .
Set J = {(n,j) € H : HB*g](n)H L1 For each n € N letting H,, = {j : (n,j) €
H} and J, ={j: (n,j) € J}, we obtain the following inequalities.
CRPARS SR Sl D O SO
JjEH, jEH, i=1
—Z ST o', Be)|* < 2'i||PnBei||2
i=1j€H, =1

2/p
<2ou? (ZHP Beﬂ>
Um

where (e;);™, stands for the unit vector basis of /5™ and P, denotes the canonical
projection of (@n ‘eN éu"') onto £5™. The inequality in the second line follows
P

from (5) and from |H,| < |H| =t = sy, + 1 < sp—1 + 1. Finally, the last inequality
uses Holder’s inequality. Raising the above to the power p/2 yields

p—2 om
|l < | Jul?/? <272 ug? m? Y| PoBe|P
=1
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We next sum over n € N to obtain

p2 Um
DTal 272w omP Y || Beg|[P < 207wl e mP = s,
neN i=1
using the assumption that ||B|| < 1. In particular, we have |J| = > _y[Jn| <
Sm < |H|. Tt follows from the choice of H that HB*gj(-n)H < L for all (n,j) ¢ J.
From this we immediately obtain the claimed approximate factorization of DB by
ot ts _ (n)
setting P(z) = (<Bx,gj >j€J")n€N
operator whose n*® diagonal entry for n € N is the canonical embedding ¢7» — ¢Yn
sending (;)jes, to (y;);=,, where y; = z; for j € J,, and y; = 0 otherwise. Note
that || P|| < 2 follows from (5) and from |J,,| < |J| < $m < Sp—1 + 1. O

for x € ¢3™, and setting R equal the diagonal

Before moving on to the proof of Theorem 1, we observe the following conse-
quence of Lemma 3 that will be needed in the proof of Theorem 2.

Corollary 4. For each infinite set M C N, the operator Thy: U — V is finitely
strictly singular.

Proof. Fix an infinite set M C N and € > 0. We need to find d € N such that every
subspace E C U of dimension at least d contains a vector x with ||Tyz| < ez
Set ¢ = max{2,p} and choose m € N with m~! + 2m~1/9 < £/2. Next choose a
very large d € N so that every Banach space of dimension at least d— (u1+- - - +uy,)
has a subspace 2-isomorphic to £5™. Such a d exists by Dvoretzky’s theorem and
depends only on m. We will show that this d works.

Let E be an arbitrary d-dimensional subspace of U. Denote by J the inclusion
map from F into U and by @ the canonical projection of U onto (@Zil E;“)Zp.
Since the kernel of @QJ has dimension at least d — (u1 + -+ + ), it contains a
subspace F' that is 2-isomorphic to £5™. Let B be the restriction of J to F. We
need to show that for some x € F' we have || ThBx| < ¢||z||. It is clearly sufficient
to show that if N = {n € M : n > m} and B is any operator from (5™ to
(@neNggn)zp with ||B|| < 1, then for some z € ¢3™ we have |[DBz| < 5|z,

where D = diag(T,)nen. At this point we can apply Lemma 3 to obtain the
approximately commuting diagram

w e (@), - (@),
neN neN
P ‘R
(@), (@),
neN neN

with [|[DB — RIP| < L, where I is the formal inclusion, ||P| < 2 and ||R|| < 1.

Now, if # is a non-zero vector in ker P, then |[|[DBz| < L[z < £[z|, and
we are done. So we may assume that the image of P has dimension at least w,,,
and so at least m. A result of Milman [13] (see also [17, Lemma 3.4]) states that
every m-dimensional subspace of ¢y contains a non-zero vector which has at least
m co-ordinates of largest magnitude. Thus, there exists such a non-zero vector y in
the image of P. It follows that [|y|| > ||ylle, = m*/9||Iy|. Choosing = € £3™ with
Px =y we have

1 1 €
IDBz|| < —||z|| + ||RIPz|| < —||z|| + 2m~"9|z| < =|l2| ,
m m 2

as required. 0
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Proof of Theorem 1. As mentioned earlier, we only need to prove (i) as (ii) is trivial.
We shall construct a functional ® in £(U, V)* that separates Tys from JI~ (U, V).
For each m € N and S € £L(U,V) define

Um

(I)m(s) _ EZ<Sg(m)’ fm)>

i=1

where (egm))fgl denotes the unit vector basis of £]™ viewed in the obvious way as

elements of V* = (@, 61"), o, Clearly, &, € L(U,V)* with [[©,[| < 1 for all
m € N, and ®,,(Ty) =1 for all m € M. We are going to show that
(6) lim 0, (ATyB) =0 forall Ae L(V), Be L(U) .
m—o0, meM\N

It then follows that if ® is a weak*-accumulation point of (®y,)menrn\n in L(U, V)*,
then ®(Ty) = 1 and J™~(U,V) C ker ®. The proof of the theorem is then com-
plete.

To see (6), let us fix m € M \ N and operators A € L(V) and B € L(U). We
shall as we may assume that ||A|| <1 and ||B]| < 1. We first observe that

Um

S (T B, Al < 3 T g™
=1

=1

(7)) |®m(ATNB)| =

We then split the right-hand side of (7) into two sums as follows. Let ng = min{n €
N : n > m}. Let B be the restriction of B to £3™ followed by the canonical
projection of U onto (€D Eg")z . Similarly, let B(®) be the restriction of

neN,n>no E;")ép_ We
also let D) = diag(Th ) neN n<n, and D® = diag(Th ) neN n>n,- Continuing (7),
we next obtain

neN,n<ng
B to ¢3™ followed by the canonical projection of U onto (EB

(8)  [2n(ATNB)| 1,§ND“ D+ 2 2o D@ BEg™]
i=1

We shall now estimate the two terms above separately. Beginning with the first
term, let us fix a 3.--net F' in the unit ball of (®neN,n<no ég”)e,,' Note that the

dimension of this space is ZnEN,n<no Up < UpFUs+- - -F+Up,—1. By standard volume
estimate, we can find such an F with |F| < (6m + 1)“+Tum-1 by taking it to be

a maximal 3 -separated subset of the ball. Now, set H = {z HB(l)g H > L }
and assume for a contradiction that [H| > “=. Then by the pigeon-hole prln(:lple

we find # € F and J C H such that |J] > W’;,‘ and ||[BMWg™ — x| < 5L for all

i € J. It follows from (2) that |J| > 19m?, and after replacing J Wlth a smaller
set, we may in fact assume that |J| = 19m?2. It then follows by (4) that

2
| o[ <2
icJ

On the other hand, the choice of J yields
2 1
|86 2 101 a1 5 = L
, 3m
icJ

3m  3m

The last two inequalities and the fact that | B || < ||B|| < 1 imply that |.J| < 18m?
which is a contradiction. This shows that [H| < “=, and hence

1N W Wy 12
(9) o 2 [PWBOG < <

: m m
=1
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To estimate the second term on the right-hand side of (8), we shall first apply
Lemma 3 with B, D, N replaced by B, D(® and {n € N : n > ng}, respectively,
to obtain J, C {1,...,u,}, n € N,n = ng, with > |J,| < s, and an almost
commuting diagram

g B® ( @ ggn)z ﬁ,( @ ggg)

P

o

neN,n=>ng neN,n=ng
P ‘R
(@ ) : (@ =)
neN,n=ng by neN,n=ng co
with |[D®B® — RIP|| < X, ||P|| <2 and ||R|| < 1. From this we obtain
(10) LS DB | < 135 1Pg| +
=1 =1

Let usset H = {z : ||IPg H > L1 } and assume for a contradiction that [H| > =
For each i € H, there exist n € N,n > ng, and j € J,, with |[Pg(m)] . i

n,j Z

JIn
neN,n>ng E? )Zp
Hence by pigeon-hole principle, there exist n € N,n > ng, j € J, and J C H with
|J| > % such that Hpg(m)]mj| > L forall i € J. It follows from (3) that
|J| > o > > 9m?2. After replacing J by a smaller set, we may in fact assume that

where [y],; denotes the (n,j)-coordinate of an element y of (D

|J| = 9m?2. Hence by (4) we have
2
| <2
ied
where ¢; is the sign of [Pg( )] ; for each i € J. On the other hand, by the choice
of J and since || P|| < 2, we get

m m m 1
2”2@91 H HZE Py )H >y e[ Pyl )]nyj 2] —
icJ

The last two inequalities yield |J| < 8m? which is a contradiction. Hence |H| < =
and

Um

N e e T

m - m

/

This inequality together Wlth (10) yields the upper bound

L3 @B <o

i=1

Combining this with (9) and (8), we finally obtain

| @ (ATNB)| <

3|

for all m € M\ N. This completes the proof of (6). O

We conclude this section with a proof of Theorem 2 which begins with a lemma.

Lemma 5. For each m € N, the formal identity I1: {5 — €2 factors through T,
for all sufficiently large n € N wvia operators that are uniformly bounded.
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Proof. Let us fix m € N. Assume that n € N satisfies

-1 1
m- %<§, where M = (s,_1 + 1) V 19n? .

Then by (5) we have

Z\ Mg <2
1,j=1
and hence
Z (o™ g™ <
i,j=1
i#j

Next, let S be a random (with respect to the uniform distribution) subset of
{1,2,..., M} of size m. Then for i # j we have P(i,j € §) = (1\4_2)/(%)7 and thus

m—2
-1
(n) o M-2\ (M :m(m—l)
Y [oig) < M (m—? m M—1
i,jES
i#]

Thus for some set S the above inequality holds. After relabelling, we may assume
that S = {1,2,...,m}. Let us now define B: {§* — {5" by Be; = gl(n) for 1 <

i < m, where (e;) is the standard basis of R™. By (4) we have |B|| < 2. Let
P: 0% — (7 be the projection onto the first m co-ordinates. Finally, for each

1<i<msetu = (g (n),gj(n)» . Observe that if || Y7 Ae; ym = 1, then
HZA ZHel—uZHzm _leﬂag (g™, ™))
i=1 J#i
<m. . mm=1 1
STNTMST e

It follows that there is a well-defined linear map A: £ — (7 with Au; = e; for
all i. Moreover, the above calculation shows that || A|| < 2. We complete the proof
by observing the factorization I = APT, B. O

Proof of Theorem 2. 1t follows from Theorem 1 that if [M] < [N] for infinite subsets
M and N of N, then 7™ C JT~. Next, recall that Iy can be viewed as the
diagonal operator whose m*™® diagonal entry is the formal identity I: £5™ — £%m. It
then follows from Lemma 5 that Iy factors through Ty, for every infinite subset
M of N. Thus, ¢([M]) < ¢([N]) whenever M is finite and N is infinite. This
completes the proof that ¢ is strictly monotonic.

To show that ¢ preserves the join operation, it is of course sufficient to consider
incomparable elements of B. In particular, it is enough to show that 7™ v 7T~ =
JTmuN for infinite sets M and N. The left-to-right inclusion is clear, since both
Ty and Ty trivially factor through Thsun. Conversely, T\ n factors through Ty,
and so Tyyuny = Thnwv +1In € JTv 4 TN < gTm v JTn  This shows the reverse
inclusion, as required.

It follows from the properties established so far that ¢ is injective. Finally,
Corollary 4 completes the proof of the theorem. O

Remark. Some comments about the choice of ¢([M]), M finite, are in order. We
have V' = co and, when 1 < p < oo, we have U ~ ¢,. However, the formal
inclusion Iy, ¢, is different from Iy . Since Iy, ¢, factors through every non-compact
operator in L(£p,c), we have Jlveo ¢ Jvv, When 2 < p < oo then Iyyv
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factors through Iy, ¢, via the formal inclusion from U = (@, 65"), to €, =
p

(P, E;‘”)e . Tt follows that in this case the ideals J %< and J'v:v are identical.

However, for 1 < p < 2, we have J'%<0 C J'v.v and hence our choice of ¢([f)])
yields a stronger statement. We do not know whether J/v.v = ﬂMcN7 | M| =00 T
or indeed whether ¢ preserves the meet operation, i.e., whether ¢ is a lattice
isomorphism. To see that Iy ¢ Jlweo for 1 < p < 2, define for each m € N a
functional ¥,,, on L(U, V) by setting

(2 P

V() = £ 3 (Sel™ ey (5 e LU, V)

where (egm))?gl is the unit vector basis of 5™ in U = (@, £5"), , and (egm)*)?gl
is the unit vector basis of £{™ in V* = (@, E’f")el. It is easy to verify that
U,, € L(U,V)* with || ¥, || < 1 and that ¥,,(Iyy) = 1 for all m € N. On the other

hand, given A € L(co,V) and B € L(U,¥,) with ||A|| < 1 and ||B|| < 1, we have

‘\IIW(AIZWCOB)‘ < u%n Z HIEPvCOBmeZ('m)H

i=1

where B, : £5™ — £, is the restriction of B to £5™. An application of [20, Lemma 4]
now gives W,,,(Aly, ¢, B) = 0 as m — oo. Thus, letting ¥ be a weak*-accumulation
point of (¥,,) in £(U,V)*, we obtain ¥(Iyy) = 1 and J <0 C ker U,

3. CLOSED IDEALS IN L({,,{s) AND L({1,4,)

In this section we prove results analogous to Theorems 1 and 2 for £(¢,,{)
and £(¢1,£,) in the range 1 < p < oo. In both cases a fairly straightforward
modification of the proof of Theorem 1 will suffice. We shall also present a duality
argument that establishes some, but not all, of the results for £(¢1, ¢,) directly from
the results for £(£,, ). Such a duality argument was used by Sirotkin and Wallis
in [19], and we shall say more about that in the next section.

Fix 1 < p < oo and set U = (P, 612‘")%, V= (B, Egg)co and W =
(P, Egg)em, where (u,) and (v,) are sequences satisfying (1)—(5) on page 4.
Similar to the previous section, we will prove our first result for £(U, W), which of
course is the same as working with £(¥,,f~) when 1 < p < co. We shall also use
the operators Tys: U — V defined in the previous section. Finally, we will denote

by J the formal inclusion Iy, of V into W.
Theorem 6. Let M and N be infinite subsets of N.
(i) If M\ N is infinite, then J o Tyr & TN (U, W).
(ii) If N\ M is finite, then J™~(U,W) C J™ (U, W).
It follows that the map ¢: B — H(U, W) given by

J(U,W) if M is infinite, and

e([M]) = {jIU,V(U’ W) if M is finite,

is well defined, injective, monotone and preserves the join operation. In particular,
L(U,W) has continuum many closed ideals between J0V and FS.

Proof. We follow the proof of Theorem 1. For m € N and S € L(U, W) we define

Um

i=1
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where fi(m) € W* are chosen so that ||fl(m)|| = 1 and J*fi(m) = ™ for each i.

(In other words, fi(m) is a Hahn-Banach extension of egm) to W.) We then have

U,, € LIU,W)* with ||¥,,]| =1 for all m € N, and ¥,,,(J o Tas) = D, (Tar) = 1 for

all m € M. The proof of (i) will then be complete if we show that

(11) lim U, (ATnB) =0 forall Ae L(V,W), Be L(U) .
m—o00, meM\N

To see this, fix operators A € L(V,W) and B € L(U), and assume without loss of

generality that ||A|| < 1 and ||B|| < 1. We then have

V(AT B)| < 5 3 [ TwBe ™|l -
i=1

This is the analogue of inequality (7) from Theorem 1. Since the right-hand sides
of these inequalities are identical, from here onwards we can simply follow the proof
of Theorem 1. This then completes the proof of part (i).

Part (ii) is again trivial, whereas the rest of the theorem is proved exactly as
Theorem 2. (]

Remark. The same argument works for any Banach space W that contains a copy
of ¢y with J being an isomorphic embedding of V' into W. We could also replace
the ideals J™ with J7°T™ and J™vv with Jlvw.

We now turn to the duality argument. Given Banach spaces X and Y, for a
subset J of L(Y*,X*) welet J. ={T € L(X,Y): T* € J}. The following result
is straightforward to verify.

Proposition 7. Let X and Y be Banach spaces. The map J — Jx is a monotone
map from H(Y*, X*) to H(X,Y) that preserves the meet operation. Moreover, if
I\ J contains a dual operator for some closed ideals T and J in L(Y*, X*), then
L. ¢ Js.

Note that U is the dual space of U,, where U, = (@Zozl 675")% when p = 1, and
Ue = (@, 05"), when 1 < p < oo and ¢ is the conjugate index to p. In the
next result we shall write W, for (€, é'l’")zl & {4, being the predual of W. Of

course, we have W, = V*, and the formal inclusion J = Iy w is nothing else but
the canonical embedding of V into its bidual V** = W.

Theorem 8. Let ¢ be the map defined in Theorem 6. Define v: B — $H(W,,U,)
by Y([M]) = o([M])s for every M C N. Then v is injective and monotone. In
particular, L(W,,U,) contains continuum many closed ideals.

Proof. Fix an infinite set M C N. Note that J o T); is the diagonal operator
diag(Sp)nen: U — W where S,, = T;, when n € M, and S,, = 0 otherwise. Define
Sn to be the diagonal operator diag(S})nen: Wi — U.. It is then clear that
Siy = J oTy. In particular, J o Ty is a dual operator. The theorem now follows
from Theorem 6 and Proposition 7. (]

We conclude this section by proving a slightly stronger result for £(W,, U,) (and
hence for £(¢1,4,) for 1 < g < co0) by following the proof of Theorem 1. In this
context it will be more appropriate to write V* in place of W,. We shall use the
notation established in the proof of Theorem 8 and denote by Syp;: V* — U, the
diagonal operator with S3; = J o T for an infinite subset M of N.

Theorem 9. Let M and N be infinite subsets of N.
(i) If M\ N is infinite, then Sy ¢ TV (V*,U,).
(i) If N\ M is finite, then TN (V* U,) C J (V*,U,).



CLOSED IDEALS OF OPERATORS BETWEEN THE CLASSICAL SEQUENCE SPACES 13

It follows that the map : B — H(V*,U,) given by

T (V* U,) if M is infinite, and

V([M]) = {jIV*’U* (V*,U,) if M is finite,

is well defined, injective, monotone and preserves the join operation. In particular,
L(V*,U,) has continuum many closed ideals between J'v*-.v- and FS.

Proof. For m € N consider ®,,, € L(U,V)* as defined at the start of the proof of
Theorem 1. We also let

Uo(S) = -2 30 (Sel™ g™y for S € £(V*,UL)
=1

where (el(»m))i”g1 is the unit vector basis of £]™ as in the proof of Theorem 1. It is

clear that ¥,,, € L(V*,U,)* with || ¥,,|| = 1. Since
(Suel™.l™) = (67, 850 = (67,7 Tsl™) = (Tal™ (™)
it follows that U, (Sar) = @ (Thr) = 1 for allm € M. As in the proof of Theorem 1
we will now show that
lim U, (ASyB) =0 forall Ae L(U,), Be L(V").

m—o00, meM\N
This will then complete the proof of part (i) of Theorem 9. To see the above, we
follow closely the proof of Theorem 1. We fix m € M \ N and assume that ||A] <1
and ||B|| < 1. We then observe the following analogue of (7).

Um Um

W (ASyB)| < 2D |1sv A ™| = £ 1w arg™
i=1 i=1

Here A* is an element of £(U), and hence this upper bound on |¥,,(ASyB)| is
of the same form as the right-hand side of (7). Thus, the rest of the proof of
Theorem 1 can now be used to complete the proof of (i).

The rest of Theorem 9 is proved exactly as Theorem 2 using the following ob-
servations. Firstly, dualizing Lemma 5 shows that [y« ., factors through Sy for
every infinite set N C N. Secondly, if 1 < ¢ < oo, then U, ~ £, and if ¢ = oo (or
indeed, if 2 < ¢ < o0), then Sy factors through ¢y = (@Zo:l 63”)62 via Sy viewed
as a map to V* — {5 followed by the formal inclusion of /5 into U,. In either case,
we deduce that Sy is finitely strictly singular from Theorem 10 below. O

Theorem 10. Let 1 < ¢ < oo. Then every operator {1 — {4 is finitely strictly
singular. More generally, given Banach spaces X and Y, if X does not contain
uniformly complemented and uniformly isomorphic copies of {5, n € N, and Y has
non-trivial type, then L(X,Y) = FS(X,Y).

Proof. We begin by recalling some results from the local theory of Banach spaces.
A Banach space Z is locally m-euclidean if there is a constant A and a function
k — N(k) such that every subspace of Z of dimension N (k) contains a further
subspace 2-isomorphic to /5 and A-complemented in Z. This notion was introduced
by Pelczyiiski and Rosenthal in [14].

Having non-trival type is equivalent to not containing ¢7 uniformly (a result
of Maurey and Pisier [12]), which in turn is equivalent to K-convexity (due to
Pisier [16, Theorem 2.1]). Figiel and Tomczak-Jaegermann proved that a K-convex
Banach space is locally m-euclidean [7]. Thus in particular the space Y in our
theorem is locally m-euclidean.

Let us now assume that T € L£(X,Y) is not finitely strictly singular. Then
there is an € > 0 and a sequence of finite-dimensional subspaces E,, of X such
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that ||Tz|| > e||z|| for all n € N and for all € E,,, and such that dim E,, — oc.
Since Y is locally m-euclidean, we may assume after passing to a subsequence and
replacing the F, by suitable subspaces that T'(E,) is 2-isomorphic to £§ and A-
complemented in Y for some constant A. It follows that E,, is C-isomorphic to £5
and C-complemented in X, where C' = max{2, A} - | T||/e. This contradicts the
assumption on X. U

4. FURTHER RESULTS, REMARKS AND OPEN PROBLEMS

The main result of this section, Theorem 12 below, is concerned with the struc-
ture of “large” ideals in £(£p,co) for 1 < p < co. By “large” ideal we mean ideals
containing operators that are not finitely strictly singular. To place Theorem 12
into context, we shall begin with a brief sketch of the proof of Sirotkin and Wal-
lis [19] that L£(¢1,4,), 1 < ¢ < o0, L({1,¢0), and L(£p,lx), 1 < p < 00, contain
uncountable many closed ideals. We shall not define all the terms used and refer
the reader to [19] and to the work of Beanland and Freeman [2] whose results play
an important role.

Fix 1 < p < oo and let ¢ be the conjugate index of p. For an ordinal «,
0 < o < wi, let T, be the p-convexified Tsirelson space of order . Recall that T,
is a reflexive sequence space not containing any copy of ¢,, 1 < r < oo, or ¢g. Its
unit vector basis (¢;) is dominated by the unit vector basis (e;) of £, and moreover,
(t;)ier uniformly dominates (e;);cr for every Schreier-« set F.

Let us denote by J, the formal embedding of ¢, into T,, which is the dual
operator of the formal embedding I, of T} into ¢, when 1 < p < oo, and into
co when p = 1. Fix a quotient map Q,: ¢1 — T and set S, = I, 0 Qn. Note
that S} = @7, o J,o. Since @}, is an isomorphic embedding, it follows that S is
an isomorphism on (e;);cp for every Schreier-a set F'. We shall now consider the
closed ideals J, = J5a (£p, L)

Beanland and Freeman [2] introduced an ordinal-index which for a strictly singu-
lar operator 1" from £, into an arbitrary Banach space quantifies the failure of 7" to
preserve a copy of £,. Using methods of Descriptive Set Theory, they proved that
for such an operator T, there is a countable ordinal « such that T fails to preserve
¢, specifically on Schreier-« sets. This means that for every bounded sequence (x,)
in ¢, and for any € > 0 there is a Schreier-a set F' and scalars (a;);er such that

HE a;Tx; <EHE a;T;
ieF i€F

Let us temporarily say that such an operator T is a-singular. Although operators
with this property do not form an ideal, every operator in the closed ideal generated
by them is aw-singular.

Let us now return to the closed ideals J, of £(¢p, ¢~ ). Since T, contains no
copy of £, it follows from the result of Beanland-Freeman that S} is B-singular
for some countable ordinal 3. Set v = Bw. Since S is an isomorphism on (e;)iecr
for every Schreier-y set F', it follows that S is not v-singular, and hence S3 ¢ Ja.-
This shows that there is an wj-sequence of countable ordinals « for which the
closed ideals [, are distinct, and moreover they are distingished by dual operators.
Hence by Proposition 7, the corresponding closed ideals (Ja)* of L(¢1,4,) when
1 < p < oo, and of L(¢1,co) when p = 1, are also distinct. We remark that the
closed ideals constructed by Sirotkin and Wallis are slightly different, but the proof
here is essentially a streamlined version of their proof.

Let us emphasize the key aspects of the above argument. Firstly, all operators in
Jao are y-singular for a sufficiently large . On the other hand, J, is not vy-singular,
as it is isomorphic on (e;);cF for every Schreier-vy set F. Since Q% is an isomorphic
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embedding, this property is inherited by S5 which therefore does not belong to
Ja- Since no operator in £(£,, co) can be uniformly isomorphic on (e;);cr even for
the class of Schreier-1 sets F, this argument cannot be used to construct infinitely
many closed ideals in £(£,,co) for 1 < p < co. Moreover, one cannot use duality
via Proposition 7 either, as the S, are not dual operators. Recall that Wallis [22]
observed that the method of [20] extends to yield continuum many closed ideals in
L(£p,co) for 1 < p < 2, but this approach does not seem to go beyond this range
of values for p either. The main result of this section shows that there is another
obstruction. Theorem 12 below shows that at least for p = 2 there are no proper
closed ideals in £(¢, co) containing an operator that is not finitely strictly singular.
In other words, there are no proper large ideals. We begin with a simple lemma.

Lemma 11. Let E be a finite-dimensional Banach space and let J: E — (3} be
an isomorphic embedding with |z|| < ||Jz|| for all x € E. Then every operator
T: E — 02 factors through J: more precisely, there is an operator A: €7, — (7
such that T = Ao J and ||Al| < ||T].

Proof. We may assume that ||7| < 1. Then there are functionals f;, g; € E* with
[fill < [17]] and [[g; || < 1 such that

Jr = ((z, fﬁ):’;l and Tx = ((;mgj))::l forallz € E .

Since ||z|| < ||Jz| for allz € E, it follows from the geometric Hahn-Banach theorem
that the unit ball of E* is contained in conv{f; : 1 < ¢ < m}. In particular, each
g; can be expressed as a convex combination g; = Y ;" t; ; f;. Define A: 07 — (7

by
A yz i= 1 (Ztuyz) =1
It is straightforward to verify that || A|| < 1 and T'=Ao J. O

From now on we fix 1 < p < oo and two diagonal operators K and L defined
as follows. For each n € N fix embeddings K, : 5 — (k2 and L,: b —
satisfying ||z|| < ||Kpz| < 2||z| for all € ¢35, and ||z|| < ||Lpz|| < 2|z for
all x € £}, and then set K = diag(Ky)nen: (@n:l fg)zp — (P, thn . and

L = diag(Lp)nen: (D, 6”) 0 (B, €m")CO. Observe that by Lemma 11,

n=1"p n=1"%o0
the closed ideals J¥ (X,Y) and J%(X,Y) are independent of the particular choice
of embeddings K,, and L,, for any pair (X,Y’) of Banach spaces.

Theorem 12. Let 1 < p < 0o and let K, L be defined as above. Then

(i) TE(,,co) = L(Ep,co), and

(i) if T € L(lp,co) \ FSUp,co), then TK c JT.

It follows that if J is a non-trivial, proper closed ideal of L({,,co), then either
T =K or Jlveo ¢ J c FS or JK € J. In particular, for p = 2 we have the

following: if J is a non-trivial, proper closed ideal of L(ls,cq), then either J =K
or Jlaco ¢ J C FS.

Proof. Let T € L(£p,co). It is well known that T can be arbitrarily well approx-
imated by the sum of two block-diagonal operators. So to show (i), we may as
well assume that T = diag(T,,): (€D, E”) — (B ET") for some integers

n=1"p n=1"o00
ry, and maps 1), : £ — (2. By Lemma 11, there are operators A : 40 — {0 such
that ||An|| < |Tw]] < ||T]| and T, = AnLn. Setting A = diag(An)nen, we obtain
T=AoL e J¥, as required.
Let us next consider T' € L({p,co) that is not finitely strictly singular. By
standard basis arguments, after perturbing T' by a compact (or even a nuclear)
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operator, we may assume that the columns of T with respect to the canonical bases
of ¢, and cq are finite, and hence T" maps finitely supported vectors to finitely
supported vectors. Since T ¢ FS(¢,,co), it follows that there exists ¢ > 0 and
finite-dimensional subspaces E,, of ¢, with dim E, — oo such that ||Tz| > x|
for all x € E, and for all n € N. After perturbing the E,, and replacing them
by suitable subspaces, we may assume that for some p;1 < ¢1 < p2 < ¢2 < ...,
we have E, and T(FE,) are both contained in span{e; : p, < i < g¢,} for all
n € N. After passing to further subspaces of F,, we may also assume that each
E,, is 2-isomorphic to ¢5 by Dvoretzky’s theorem. Let us now fix for each n € N
an isomorphism J,,: {5 — B, satisfying L|z| < [[Jnz| < 2|z for all z € ¢3,
and define T,, to be the restriction of T' to E,, viewed as a map T,,: E,, — {2 =
span{e; : p, < @ < ¢p}. Since |z|| < ||[TnJnz|| for all n € N and = € £3, it
follows from Lemma 11 that the K, factor uniformly through 7,J,. Hence K
factors through diag(T},J,): (D, E’Q’)ep - (B, égg)CO, and thus through T,
as required.

The rest of the theorem now follows. O

We conclude with some open problems. As already mentioned in the Introduc-
tion, our method does not work for operators from ¢; to cg. Sirotkin and Wallis [19]
have shown that £(¢1,cg) contains uncountably many closed ideals, but the follow-
ing remains open.

Problem 13. Does L(¢1,cq) contain continuum many closed ideals?

There are various other questions that arise naturally in this paper but remain
unanswered. We summarize these in the next two problems.

Problem 14. Does the map ¢ in Theorem 2, 6 or 9 preserve the meet operation?

A positive answer would in particular imply that for disjoint infinite subsets M
and N of N we have J™ N JT¥ = Jv.v and thus the definition of ([0]) is
optimal.

Problem 15. Does the inclusion FS C JX hold in Theorem 127

This would show that J ¢ FS ¢ JX c J' for all “small” ideals 7 and for all
large ideals J’, and would thus shed further light on the lattice $(¢,, co).

Let us now turn attention to the remaining pairs of classical sequence spaces
that we have hitherto not mentioned.

Problem 16. What can be said about the lattice of closed ideals in L({,{p),
1< p< oo, and in L(ls,co)? In particular, are they infinite?

We note that the structure of $(cg, o) on the other hand is well understood
and is as simple as possible.

Theorem 17. The compact operators are the only non-trivial proper closed ideal
m ,C(Co, éoo)

Proof. We need to show that if T: ¢g — f is a non-compact operator, then it
generates L£(cg, ). By standard basis arguments, we find a block subspace Y in
co spanned by a block sequence (x,,) of the unit vector basis (e,,) such that T is an
isomorphism on Y. Let Z = T(Y), and let S be an arbitrary operator in £(cg, £ )-
Define B: ¢cg — ¢o by Be,, = z,. Since (T'z,) is equivalent to (e,), we can define
Ay Z = Lo by A1(Tx,) = Se,. Finally, since £, is injective, A; extends to an
operator A: lo, — {o. Note that S = AT B, and hence the proof is complete. [
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Finally, it follows from the work of Bourgain, Rosenthal and Schechtman that
L,[0,1] for 1 < p < oo, p # 2, has up to isomorphism uncountably many com-
plemented subspaces [3]. It follows easily that £(L,[0,1]) has uncountably many
closed ideals. (In fact, although it is not known whether L,[0,1] has continuum
many complemented subspaces, it follows from [20] that L£(L,[0,1]) has contin-
uum many closed ideals. This is because L,[0, 1] contains a complemented copy of
£, & ly). Tt is a well known unsolved conjecture that every complemented subspace
of L1]0,1] is isomorphic either to ¢; or to L1[0,1]. The following related question
is therefore of interest.

Problem 18. Does L£L(L1[0,1]) contain infinitely many closed ideals?
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