ON THE TOPOLOGICAL STABLE RANK
OF NON-SELFADJOINT OPERATOR ALGEBRAS
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ABSTRACT. We provide a negative solution to a question of M. Rieffel who asked
if the right and left topological stable ranks of a Banach algebra must always agree.
Our example is found amongst a class of nest algebras. We show that for many
other nest algebras, both the left and right topological stable ranks are infinite. We
extend this latter result to Popescu’s non-commutative disc algebras and to free
semigroup algebras as well.

1. INTRODUCTION

The study of topological stable rank for Banach algebras originated with Rieffel [14].
Motivated by a search for stability results in C*-algebras, he introduced topological
stable rank as a non-commutative analogue of the covering dimension for compact
spaces.

Given a unital Banach algebra A, we denote by Lg,(A) (resp. Rg,(A)) the set of
n-tuples of elements of A which generate A as a left ideal (resp. as a right ideal).
That is, Lg,(A) = {(a1,az,...,a,) : a; € A;1 < i < n and there exists by, by, ..., b, €
A such that >  ba; = 1}. The left (vesp. right) topological stable rank of A, de-
noted by ltsr(A) (resp. rtsr(A)), is the least positive integer n for which Lg,(.A)
(resp. Rg,(A)) is dense in A". When no such integer exists, we set ltsr(A) = oo
(resp. rtsr(A) = oo). If ltsr(A) = rtsr(A), we refer to their common value simply as
the topological stable rank of A, written tsr(.A). If A is not unital, we define the left
(resp. the right) topological stable rank of A to be that of its unitization.

For C*-algebras, it was shown by Herman and Vaserstein [9] that topological sta-
ble rank coincides with the ring-theoretic notion of stable rank, first introduced by
Bass [2]. Consider a ring R with identity. The left Bass stable rank of R, 1Bsr(R),
is the least positive integer m so that for each (a1, as,...,am+1) € Lgmi1(R), there
exists (b, ba, ..., b)) € R™ for which Y"1 (a; + bijamy1) € Lgm(R). The right Bass
stable rank of R is analogously defined. Vaserstein [15] (see also Warfield [16]) has
shown that 1Bsr(R) = rBsr(R) for all rings, and hence one normally speaks only of
Bass stable rank Bsr(R).

For general Banach algebras A we have the inequality

Bsr(A) < min(ltsr(.A), rtsr(A))
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(see Corollary 2.4 of [14]). Jones, Marshall and Wolff [11] have shown that the disc
algebra A(DD) satisfies Bsr(A(D)) = 1. (Recall that the disc algebra A(D) consists
of those functions which are continuous on the closed unit disc of C and which are
analytic on the open unit disc.) Rieffel [14] had shown that tsr(A(D)) = 2. This
shows that the inequality above may be strict.

Question 1.5 of Rieffel’s paper asks whether or not there exists a Banach algebra A
for which ltsr(A) # rtsr(A). It is clear that if such an algebra is to exist, there must
be something inherently different between the structure of the left and of the right
ideals of A. If A is a C*-algebra, then the involution provides an anti-isomorphism
between left and right ideals, and so one would expect that rtsr(A) should equal
ltsr(A) for these algebras. That this is the case is the conclusion of Proposition 1.6
of [14].

Thus, the search for an algebra A of Hilbert space operators for which the left and
right topological stable ranks differ takes us into the class of non-selfadjoint algebras.
Two of the best studied such classes are nest algebras and free semigroup algebras.

We begin the second section of this paper by presenting an example of a nest
algebra 7 (N) for which ltsr(7 (N)) = oo while rtsr(7(N)) = 2. The example is
found among atomic nest algebras, order isomorphic to the natural numbers N, all
of whose atoms are finite dimensional, with the dimensions of the atoms growing
sufficiently rapidly. We then examine the left and right topological stable ranks of
nest algebras in general, and show that in many other cases, the stable ranks agree and
are infinite. It is not yet clear which nest algebras satisfy ltsr(7 (N)) = rtsr(7 (N)),
or indeed, which values of the left (or right) topological stable ranks are attainable.

In the third section, we deal with the case of non-commutative disc algebras and
of woT-closed free semigroup algebras. We show that the left and right topological
stable ranks of such algebras are always infinite.

First let us prepare the groundwork for what will follow. We shall need the following
two results due to Rieffel [14].

1.1. Theorem.

(a) Let A be a Banach algebra and let J be an ideal of A. Then ltsr(A/J) <
ltsr(A).
(b) Let $ be an infinite dimensional, complex Hilbert space. Then tsr(B(9)) = oo.

A trivial modification of Theorem 1.1(a) shows that if ¢ : A — B is a continuous
unital homomorphism with dense range, then ltsr(B) < ltsr(A). (See Proposition 4.12
of [1] for a version of this for topological algebras.) Of course there is a corresponding
result for right topological stable rank. We shall also require a slightly more general
version of Proposition 1.6 of [14]. Its proof is essentially the same as the proof of that
Proposition.

1.2. Lemma. Suppose that A is a unital Banach algebra with a continuous in-
volution. Let B be a unital (not necessarily selfadjoint) subalgebra of A. Then
ltsr(B) = rtsr(B*). Hence rtsr(B) = ltsr(B*).
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Proof. A simple calculation shows that (by,bs,...,b,) € Lg,(B) if and only if
(03,05, ...,b%) € Rg,(B*). From this the result easily follows. O

When A is a subalgebra of operators on a Hilbert space $) (or on any other vector
space for that matter), we may construct row spaces R,,(.A) and column spaces C,,(.A)
of n-tuples of elements of A. This allows us to view elements of R, (.A) as operators
from $H™ to 9, and to view elements of C,,(A) as operators from ) to H™ . To say that
an element A = [A; Ay -+ A,] of R,(A) lies in Rg,(A) is equivalent to saying
that A is right invertible, i.e. that there exists B = [31 By --- Bn]t € Cn(A) such
that AB is the identity operator on $). That there exists a corresponding statement
for Lg,(A) is clear.

Our main tool for determining the topological stable ranks of the algebras consid-
ered below is the following observation:

1.3. Remark. If an algebra A of operators in B($)) contains operators Ay, ..., 4,
so that [A; Ay --- A,] € B($™, $) is a semi-Fredholm operator of negative semi-
Fredholm index, then rtsr(,A) > n 4 1. In particular, therefore, if R, (A) contains
a proper isometry, then rtsr(,A) > n + 1. This follows from basic Fredholm theory
(see, for eg. [4]), as no small perturbation [A] A} --- Al] of [A; Ay --- A,] will be
surjective, and thus Y | A!B; # I for any choice of By, B, ..., B, € A.

The corresponding result for left topological stable rank says that if C,,(.A) contains
a proper co-isometry, then ltsr(A) > n + 1.

The way this observation will be used is as follows:

1.4. Proposition. Suppose that A C B(9) is a Banach algebra of operators and
that A contains two isometries U and V with mutually orthogonal ranges. Then
rtsr(A) = oo.

Proof. Once A contains two such isometries U and V, it is clear that for each n > 1,
{U, VU, V?U,...,V"U} are n + 1 isometries in A with mutually orthogonal ranges.
Let Y = [U VU V2U --- V" 'U] € B($™, $); then Y is an isometry and ran is
orthogonal to ran V"U, so that Y is in fact a proper isometry.

By Remark 1.3, rtsr(A) > n+ 1. Since n > 1 was arbitrary, rtsr(A) = co. O

Of course, if A contains two co-isometries with mutually orthogonal initial spaces,
then by considering B = A*, we get ltsr(A) = rtsr(B) = oc.

2. NEST ALGEBRAS

The first class of algebras we shall examine are nest algebras, which are an infinite
dimensional generalization of the algebra 7,,(C) of upper triangular n x n matrices.
A nest N on a Hilbert space § is a chain of closed subspaces of §) such that {0}, 9
lie in NV, and N is closed under the operations of taking arbitrary intersections and
closed linear spans of its elements. At times it is convenient to identify the nest N
with the collection P(N) = {P(N) : N € N'}, where, for a subspace M of §, P(M)
denotes the orthogonal projection of $) onto M. For each N € N, we may define the
successor of N to be Ny := inf{M e N': M > N}. If N, # N, then Ny & N is
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called an atom of N. If § is spanned by the atoms of N, we say that N is atomic.
If AV admits no atoms, we say that N is continuous. Most nests are neither atomic
nor continuous.

Given a nest N, there corresponds to N the (WoT-closed) nest algebra

TWN)={Te€B(®): TN CN forall N € N'}.

A very important example of a nest algebra is the following. Suppose that §) is
a separable Hilbert space with orthonormal basis {e,}5°,. Let Ny = {0}, N = 9,
and for n > 1, let N,, = span{ey,es,....,e,}. Then N = {N, : 0 < k < o0} is a
nest. The corresponding nest algebra coincides with the set of all operators in B($))
whose matrix with respect to this orthonormal basis is upper triangular. Because
of the obvious relation of this nest to the natural numbers, we shall denote this
nest algebra by 7(N). It is also worth noting that if A/ is a nest on §, then so is
N+t = {N+: N eN}. Infact, TIN') ={T*: T € T(N)} = T(N)*. We denote
by D(N) = T(N)NT(N)* the diagonal of T(N'). This is a von Neumann algebra.
If NV is atomic, then it is known that there exists a unique expectation of 7 (N') onto

D(N) (see, for eg., Chapter 8 of [5]).

The following is the main result of the paper. It provides an example of a Banach
algebra for which the right and left topological stable ranks differ, thereby answering
Question 1.5 of [14] in the negative. We thank J. Orr for simplifying one of the
calculations at the end of the proof.

2.1. Theorem. Let N be an atomic nest which is order isomorphic to N, with finite
dimensional atoms Ej, = P(Nj) — P(Ny_1) of rank ny, satisfying ny, > 4, n,.
Then

ltst(T(N)) =00 and rtst(T(N)) = 2.

Proof. Let {e;; : 1 < j < ny} be an orthonormal basis for the atom Ej, k > 1. We
can construct two co-isometries U and V' with mutually orthogonal initial spaces in
T (N) by defining U*ey; = eqrgi 1 and V¥epj = esrgi | for all 1 < j <ny and k& > 1.
By the remark following Proposition 1.4, ltsr(7 (N)) = co.

It is a consequence of Proposition 3.1 of Rieffel [14], that rtsr(7 (N)) > 2.

Let A be the expectation A(A) =", -, ExAE), of T(N) onto the diagonal D(N),
which is a finite von Neumann algebra. Every element D € D(N) factors as D = UP
where P is positive and U is unitary. Thus for any € > 0, D’ = U(P + ¢I) is an
e-perturbation which is invertible with inverse bounded by ¢71.

Let A and B belong to 7 (N), and let € > 0 be given. By the previous paragraph,
there are €/2-perturbations A’, B’ of A and B so that A’ = D, + A} and B’ = D+ B},
where Af), B}, lie in the ideal 7(N) of strictly upper triangular operators and D,, D,
are invertible elements of D(N') with inverses bounded by 2e~!. Let

Ay =AD;'=1+4, and B, =DBD;'=1+ By,
where Ay = A{D;! and B, = B{)Dgl.

a
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Now Ay =),y AoE}) and

rank(AgEy) = rank(P(Ny_1)AoEy) < rank(P(Np_y)) = Y n; < —.
i<k
The same estimate holds for By. Therefore we may select projections P, < Fj with
rank P, < ng/2 so that AgEy = AgP, and BoEy = BoPF;.
Let Uy = P,Ux(Ex — Py) be a partial isometry with range P$). Define operators
U= Zk21 U, and P = 21@1 Py so Pt = Zk21(Ek — P,) and UU* = P. Take any

positive number
0<d< §||Da||‘1.
Consider A” = A’ + 6UD,,. Then
[A = A" < [[A = A"l + 8[| Dall <,

and from above, |B — B'|| < /2. We will show that [A” B'] is right invertible.
Observe that A’D;1P+ = B'D,; ' Pt = P+. Thus

A"D;'PrU* + B'D,'PH(I - U*) = P*U* + §UD,D,; ' PrU* + PH(I — U*)
= 0P + P*.

It is clear that this is (right) invertible (by §~'P + P*), whence [A” B'] is also right
invertible.

It follows that Rgo(7 (N)) is dense in Ro(7 (N)); that is, rtsr(7 (N)) = 2. ]

Let us next turn our attention to general nest algebras. We can show in a large
number of cases, the left and right topological stable ranks of a nest algebra agree,
and that they are infinite. For the remainder of this article, we shall restrict our
attention to complex, infinite dimensional, separable Hilbert spaces.

2.2. Proposition. Let N be a nest on a Hilbert space $), and suppose that N contains
a strictly decreasing sequence { Ny }32,. Then rtsr(7 (N)) = oo.

Proof. Let Ny, = Mp>oNy € N. If R := Ng& Ny, then M ={NNK: NeN}isa
nest, and the compression map

r« 7W) — T(M)
T = Pﬁﬂﬁ

is a contractive, surjective homomorphism of 7 (N') onto 7 (M). By Theorem 1.1, it
suffices to prove that rtsr(7 (M)) = oo.

If My := N © N4, then M;, € M for all kK > 1, and My > M; > My > --- . Let
Ap = My_1 © My, k> 1, and choose an orthonormal basis {ey; : 1 < j < n;} for Ay,
where 2 < n, < oo. Observe that Ug>1{ex; : 1 < j < ny} is then an orthonormal
basis for 8.

We then define two isometries U,V € 7 (M) via:

Uekj = €943k 1, Vekj = €5i7k 1,
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for all 1 < j < ng, 1 < k < oo. Clearly U and V' have mutually orthogonal
ranges. By Proposition 1.4, rtsr(7 (M)) = oo, which — as we have seen — ensures that

rtsr(7 (N)) = oc. 0

2.3. Corollary. Let N be a nest on a Hilbert space §, and suppose that N contains
a strictly increasing sequence { Ny }3,. Then ltsr(T (N)) = oc.

In the following Theorem, we refer to the dual of an ordinal. If (3, <) is an ordinal,
the dual of 3 is the totally ordered set (5*, <,) where §* = § and « <, y if and only
if y <.

2.4. Theorem. Let N be a nest on a Hilbert space . If N satisfies any one of the
following three properties, then ltsr(7T (N)) = rtsr(7 (N)) = oo.

(a) N has an infinite dimensional atom.

(b) N is uncountable.

(c) N is countable, but is not order isomorphic to an ordinal or its dual.

Proof. (a) Choose N € N so that dim(Ny; © N) = oo, and set E = N, & N. Then
E is a semi-invariant subspace for 7 (N), and the map v : 7(N) — B(E) defined
by X — P(E)X|g is a surjective homomorphism. Now tsr(B(E)) = oo, by Theo-
rem 1.1(b). Furthermore, by Theorem 1.1(a), since B(F) is a homomorphic image of
T(N), Itsr(T(N)) > ltsr(B(E)) = oo, and similarly rtsr(7 (N)) > rtsr(B(E)) = oo,
completing the proof.

(b,c) In each of these cases, the conditions on A guarantee the existence of both
a strictly increasing sequence {N;}7°, and a strictly decreasing sequence {M}3°,
of subspaces in N. The result now follows immediately from Proposition 2.2 and
Corollary 2.3. a

2.5. Corollary. Let N be a nest. Then max(Itsr(7 (N), rtsr(7 (N)) = oo.

Proof. Taking into account the above results, the only case left to consider is that
where N is a countably infinite nest, order isomorphic to an ordinal or the dual of an
ordinal. As such, N either contains an interval [Ny, N, ) which is order isomorphic to
N, or an interval (N_,, N_1] which is order isomorphic to —N. From Proposition 2.2
and Corollary 2.3 we deduce that max(ltsr(7 (N), rtsr(7 (NV)) = oc. 0

We have thus reduced the problem of determining the topological stable ranks
of nest algebras to the problem of determining the right topological stable rank of
a countable, atomic nest A, order isomorphic to an ordinal, all of whose atoms
are finite dimensional. Theorem 2.1 shows that in this case it is possible to have
rtsr(7 (NV)) = 2. We shall see below that this example may be extended to a more
general class of nest algebras whose nests are totally ordered like w (the first infinite
ordinal), and for which there is an arithmetically increasing sequence of atoms whose
ranks grow geometrically fast (see Theorem 2.11). Having said this, the exact nature
of the nests for which the right topological stable rank is finite is not completely
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understood. We begin by establishing a couple of conditions on a nest A which will
guarantee that the right topological stable rank of 7 () is infinite.

The proofs of the results depend upon the existence of certain surjective homomor-
phisms of nest algebras established in [6]. Since they play such a key role, we briefly
recall the construction of these homomorphisms as outlined in that paper.

2.6. The Davidson-Harrison-Orr Construction. Let ) be an interval of Z, and
suppose that €2 = U2 €, where €2, C Q,,1, n > 1 are subintervals of (2. Suppose
also that M is a nest, order isomorphic to 2 via an order isomorphism A. Let E,
denote the subinterval of M corresponding via A to the interval €2,,, n > 1.
Consider next a nest N containing countably many subintervals F, acting on
pairwise orthogonal subspaces such that Pg 47 (N)|g,s is unitarily equivalent to
Pg, o7 (M)|g, s via a unitary conjugation Ady, : Pr,o7T (N)|r.6 — Pg,e7 (M)|Eg, s
Let o, : T(N) — Pp T (N)|r,5 be the natural compression maps; and let 3, :
Pg, o7 (M)|g, s — T (M) be the inclusion maps for n > 1. Let ¢, : T(N) — T (M)
be the maps ¢, = 3, 0 Ady, o a,, for n > 1, so that ¢,, is a homomorphism for all n.
Letting U be a free ultrafilter on N, we have that

p: TWN) — T(M)
T — WOT-lim,ey ¢, (T)

defines a continuous epimorphism of 7(N') onto 7 (M) ([6], Corollary 5.3 and Theo-
rem 6.8).

For example, suppose that M is the maximal atomic nest, ordered like w*, so that
T(M) ~ T(N)*. Set Q = =N, Q, = {-2",-2"+1,...,-3,-2,—1}, and let E,
denote the corresponding subinterval of M. Thus 7 (M)|g, s ~ T5:(C), the upper
triangular 2" x 2" matrices over C. Choose integers r; < ry < r3 < --- such that
Tn — rn—1 > 2" If F,, = span{e,, 11,€r,42,-.-, €, 420}, then the F,’s are pairwise
orthogonal and 7 (N)|F,$ ~ 75.(C) as well, and so we can find a unitary matrix
Up : F.$ — E,.$9 such that Pr o7 (N)|p.g = U (P57 (M)|g,5)U,. With U a free
ultrafilter on N,

(1) = Wor-lim 5,(T)

implements a continuous epimorphism of 7 (N) onto 7 (M) ~ 7 (N)*.
2.7. Corollary. ltsr(7 (N)) = rtsr(7 (N)) = co.

Proof. By Corollary 2.3, ltsr(7 (N)) = oco. Let ¢ : T(N) — 7T (N)* be the epimor-
phism described in the Section 2.6. By Theorem 1.1 and Lemma 1.2, rtsr(7 (N)) >
rtsr(7 (N)*) = Itsr(7(N)) = 0. O

2.8. Remark. More generally, suppose that N is a countable nest, order isomorphic
to an ordinal, and that N contains intervals of length n; < ny < ng < ---, such that
the interval with length n;, has consecutive atoms of size (d,,,d,,_,,...,d1). Without
loss of generality, we may assume that the subspaces upon which these intervals
act are mutually orthogonal. The above construction can be used to produce an
epimorphism of 7 (N') onto 7 (M), where M is a nest of order type w* (and whose
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atoms have dimensions (..., dy, d3, d3, dy)). By Proposition 2.2, rtsr(7 (M)) = oo, and
thus by Theorem 1.1, rtsr(7 (N)) = oo as well.

2.9. Example. Let N be the nest order isomorphic to w, whose atoms (A,)22; have
dimensions 1,2,1,3,2,1,4,3,2,1,....n,n—1,n—2,....3,2,1,n+1,n,n—1,.... Then
ltsr(7 (N)) = rtsr(7 (N)) = oc.

The next result is an immediate consequence of the Remark 2.8.

2.10. Corollary. Let N be a countable nest, order isomorphic to an ordinal. Suppose
that N contains intervals E; of length n;, where nj < njyy for all j, and such that
max{dim A : A € E; an atom} < K for some constant K > 1 independent of j.
Then rtsr(7 (N)) = oo.

We remark that in Remark 2.8 and in Corollary 2.10, the assumption that N be
countable and order isomorphic to an ordinal is stronger than what is needed to
obtain an epimorphism of 7 (N) onto a nest algebra 7 (M) with right topological
stable rank equal to co. On the other hand, it simplifies the exposition, and the right
topological stable rank of 7(A) in all other cases has been dealt with already.

Theorem 2.1 shows that if A/ is a nest, ordered like the natural numbers, whose
atoms grow geometrically fast in dimension, then rtsr(7 (N)) = 2. The conditions
on the rate of growth of the dimensions of the atoms can be somewhat relaxed. The
following observation will prove useful.

By By

LetB:[O B,

} € B($1 @ 9H2) be an operator where By, By are invertible. Then

B! —B;{'ByB;*
0 B! '

H > 0sothat |By'|| < H, ||B;'|| < H, then |B~Y| < 2H + H?||B||.
Using induction, it is not hard to see that if

B is invertible with B~! = Thus if there exists a constant

All A12 o .. Aln
. Ago oo Agy
ATL?’L

is an operator in B(®F_,9;) and if each Ay is invertible with ||A, || < H for some
H >0, then ||[A7!|| < L for some constant L that depends only upon H, n and ||A|l.

2.11. Theorem. Suppose that N is a nest ordered like w, all of whose atoms are
finite dimensional. Let A,, n > 1, denote the atoms of N, and let r,, = dim A,, for
n > 1. Set R(k) = maxy<;<xr; for k > 1. Suppose that there exists a v > 0 and an
integer J > 0 such that

R((k+1)J) = (1 +~)R(kJ) forall k=>1.

Then
ltsr(T(N)) =00 and rtsr(7T(N)) = 2.
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Proof. By Corollary 2.3, ltsr(7 (N)) = occ.
Suppose that v > 0 and J > 1 are chosen as in the statement of the Theorem, and
that
R((k+1)J)=max{r;: 1 <i<(k+1)J}
=max{r; 1 kJ <i<(k+1)J} > (14+~)R(kJ).

(1+9)P
p

Choose an integer p > 1 so that >5J. For k > 1, set

k
Fo= ) PA) and Q=) F.
=1

(k—1)pJ<i<kpJ

In essence, we are grouping together blocks of length p.J of NV into a single “megablock”.
The compression of 7 (N) to any such “megablock” is an upper triangular pJ x pJ
operator matrix whose entries are finite dimensional matrices.

Observe that if M}, := rank Fy, then M, < pJR(kpJ) (since the maximum rank
among the atoms of Fy is R(kpJ)) and that

My =rank Fypq > R((k+ 1)pJ)
> (14 )P R(kpJ) > 5pJR(kpJ) > 5Mj,.

Hence My, > 4%, , M; for each k > 2.

The remainder of the proof will be a modification of the proof of Theorem 2.1. One
significant difference is that we will work with blocks of length p.J of N'. Unfortunately,
this creates a few extra problems that requires a slightly trickier approach.

Let A, B € T(N) be given, and let ¢ > 0. Let A(A) =", , ExAEj be the expec-
tation of A onto the diagonal D(N) of T(N). As noted in the proof of Theorem 2.1,
D(N) is a finite von Neumann algebra and so A(A) = UP for some unitary U and
positive operator P lying in D(N). But then A(A)" = U(P+¢l) is an e-perturbation
of A(A) which is invertible with inverse bounded above by 7'

Let A" = A(A) + (A — A(A)). Note that the compression of A" to Fi.9 is a
pJ x pJ block-upper triangular matrix whose diagonal entries are all invertible with
inverses bounded above by e7!. By the comments preceding this Theorem, Fj,A’EF},
is invertible with ||(FyA'F},)"'|| < La, where L4 is a constant depending only upon
e,pJ, and ||Al|. A similar construction applied to B yields an operator B’ such that
FyB'F}, is invertible with ||(FyB'Fy)"!|| < Lp for all k > 1, where Lp is a constant
depending only upon ¢, pJ and || B||.

Thus we can write A’ = D, + A}, B’ = D, + B),, where D, =Y, ., F},A'Fy, Dy =
> 1oy FiB'F), are invertible elements of D = >, o (Fi. T (N)F},), where | D] < Ly,

HDZ,:IH < Lgand A, := A" — D,, B} := B" — Dy lie in the ideal
TJN)={T €T(N): > FTF,=0}.

k>1
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We wish to multiply A" and B’ on the right by invertible elements of 7 (N) to make
the block diagonal equal to the identity and the first super-diagonal with respect to
the block decomposition equal to 0. To accomplish this, let Ay(T) =37, FiTFii
for T € T(N). Then define

X =D, exp(—A(A")D;

a

Y and Y = D, texp(=A(B)D; ).
Then A’X =1+ Xy and B = I + Y, where X, and Y} lie in the ideal

TN ={T€TWN):> FTF=0=>Y FTF.}

k>1 k>1

So we may write Xo = > ;-5 Qr2XoFy and Yo = 3 ;5 Qr2Y0o Fy.
Arguing as in the proof of Theorem 2.1, we see that

1
rank(XoFy) + rank(Yp Fy) < 5 rank F_.

Thus we can choose projections P, < Fj, with rank P, < %rank Fj_1 so that Xy F}), =
XoPy and YyFy, = YoP.. The problem with a trivial modification of the argument is
that we can no longer assert that P, and the partial isometries constructed in the proof
of Theorem 2.1 belong to the nest algebra. However, because we have made some
extra room to maneuver, we can construct partial isometries Uy mapping P.$ into
Pt Fy-19; and these operators evidently lie in the nest algebra. Set U =, ., Uy.
Moreover B

XoU* =) QuaXoPe Y PiU; = Qua(XoPuUy ) Fiy.

k>3 >3 k>3

So this operator also lies in 7(N). Similarly Y,U* belongs to the nest algebra.
Moreover the range of U is orthogonal to the range of P = ), . P, and therefore
XoU =YyU = 0. -

Now let A” = A"+ 6X,U*X ! and B” = B’ — 6Y,U*Y !, where § > 0 is chosen to
be sufficiently small so that |A — A”|| < e and ||B — B”|| < €. Observe that

A'X(I-6'U)+B"Y(I+§'U)
= (I + Xo+6XoUNI —67'U) + (I + Yy — 6YoUN(I +6'0)
=(I+ Xo+6XoU* — 67U — Xo) + (I +Yy —6YoU*+67'U - Yp)
=21+ 6(Xo — Yo)U™.

With ¢ sufficiently small, this is invertible, and hence [A” B”} is right invertible.
Therefore rtsr(7 (N)) = 2. ]

One very interesting consequence of Theorems 2.1 and 2.11 is that they allow us to
resolve (in certain cases) a question of Davidson, Harrison and Orr (see [6], Section 8)
regarding epimorphisms of nest algebras onto B(9).
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2.12. Proposition. Let N be a nest of the type described in Theorem 2.11. Let A
be an operator algebra with rtsr(A) = oo. Then there is no epimorphism of T (N)
onto A. In particular, this holds if A is any one of the following:

(a) B(9);

(b) T(V), where V is an uncountable nest; or

(c) T(M), where M is a countable nest which is not isomorphic to an ordinal.

Proof. Observe that rtsr(B($)) = rtsr(7 (V)) = rtsr(7 (M)) = oo by Theorem 2.4.

If such an epimorphism were to exist, then by Theorem 1.1, it would follow that
rtsr(7 (NV)) = oo, which is a contradiction. O

We finish this section by mentioning a few unresolved questions dealing with the
stable rank of nest algebras.

There are still a number of nests for which we have been unable to determine the
left and right topological stable ranks. When the nest is ordered like w, it is clear
that the value of the right topological stable rank of the corresponding nest algebra
depends upon how fast the atoms grow. If the atoms of A are bounded in dimension,
then rtsr(7 (N)) = oo. If the dimensions of the atoms grow at an exponential rate,
then the right topological stable rank is 2. What happens when the rate of growth
lies between these two extremes? A key case which we have been unable to resolve
and which would very likely shed light upon the general problem is the following:

Question 1. Suppose that A is a nest, ordered like w, whose atoms (A,)52 ; satisfy
dim A, =n, n > 1. What is rtsr(7 (N))?

We note that by Corollary 2.3, ltsr(7 (N)) = oc.

Observe that in all of our examples, rtsr(7 (N)) € {2, 00}.

Question 2. Does there exist a countable nest A/, order isomorphic to an ordinal
(in particular - order isomorphic to w), all of whose atoms are finite dimensional, for
which the value of rtsr(7 (N)) is other than 2 or co?

The above analysis suggests that it is not the exact dimensions of the atoms which
is significant, but rather the rate at which these dimensions grow. If rtsr(7 (N)) = m
for some 3 < m < oo, then by a straightforward adapation of Proposition 6.1 of [14]
to general Banach algebras, rtsr(7 (N) @ M,,) = [(rtsr(7 (N)) —1)/n] +1, and hence
rtsr(7 (N) @ M,,) = 2 for sufficiently large values of n. (Here [k] denotes the least
integer greater than or equal to k.) But 7(N) ®@ M, ~ T (M), where M is a nest,
order isomorphic to N, whose atoms have dimension n times the dimension of the
corresponding atoms of A/. As such, the rate of growth of the atoms of M is identical
to that of N. We suspect that this should imply that rtsr(7 (N)) = 2, but we have
not been able to prove this.

If A is any unital Banach algebra with rtsr(A) = oo, then it follows from the previ-
ous paragraph that rtsr(A®M,,) = oo for all n > 1. We obtain the following result for
Banach algebras which was established for C*-algebras by Rieffel [14, Theorem 6.4].
We shall first fix a basis {e;, }n=1 for £, and denote by Ej; the matrix unit e;e} € ().
If A is a unital Banach algebra, consider any Banach algebra cross norm on A® ()
for which A is imbedded isometrically (but not unitally) as a corner A ® Ejy;, each
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matrix algebra A ® M, is identified with (Y7, Ey;)A @ K(9)( > i1 Ej;), and the
union of these matrix algebras is norm dense in A ® K(9).

2.13. Proposition. Let A be a Banach algebra with identity. Then
ltsr(A @ K($)) = rtsr(A @ K($)) € {1,2},
and it equals 1 if and only if tsr(A) = 1.

Proof. The argument that the (left or right) topological stable rank is at most 2
is done by Rieffel [14]. He also shows that ltsr(\A) = 1 and rtsr(A) = 1 are both
equivalent to the density of the invertible elements. If the invertibles are dense in A,
Rieffel shows that they are also dense in A ® M, for all n > 1. From this, it is easy
to see that the invertibles are dense in the unitization (A® K($)))~. To complete the
proof, it suffices to show that if the invertibles are dense in (A ® K($))~, then they
are also dense in A.

Fix A € A with ||A]| < 1/2. Let C denote the circle centred at 0 of radius 3/4.
Define M = sup{||(z] — A)7|| : 2 € C} > 4. Then A’ = A® Ey; + I ® E{; belongs
to (A®K(H))~. For any 0 < e < (6mM?)~! < 1/4, choose B € (A® K($))™ so that
|A"— BJ| < e.

The spectrum of A’ is o(A’) = o(A)U{1}. By [10, Theorem 1.1], o(B) is disjoint
from C. By the Riesz functional calculus, there is an idempotent

P = /C(zl— B) 'dz

which commutes with B. This idempotent is close to E := I ® E1; because of the
following estimates. For z € C,

I(z1 = B) | = || ((:I = A) = (B = A"))~ H
= (21 — A Z (B = AT — A

n>0
M
1— Me

IN

< 2M.

Therefore

P - EH—H/zI B)- (zI—A’)*ldzH

<27T4 sup [|(zI — B)"'(A' — B)(21 — A)7!|

zeC

3 1
< §2M5M =3rM?%* =& < 3

Now a standard argument shows that S = PE+ (I — P)E* is an invertible element
of (A® K($))~ such that SE = PS and

IS =1l = (P = E)E - E)|| =[P -E| <<
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Thus B’ = S71BS is close to B and has the form B’ = B; ® Ey; + Eii By Ef;. Indeed,
IB"= Bl <[|S7[I(S—1)B - B(S =)

1 14 2¢
< —=2||BJle’ < =: ¢
—1-¢ IBlle" < 1—-¢
Thus we obtain that |4 — By|| < € + " and By is invertible in A. Since £” tends to
0 as ¢ does, we conclude that the invertibles are dense in A. O

Another interesting and open problem concerns the Bass stable rank of nest alge-
bras. For the nests of Theorem 2.1 or more generally for those of Theorem 2.11,
it follows from the inequality mentioned in the introduction that Bsr(7 (N)) <

min(ltsr(7 (N)), rtsr(7 (N)) = 2. Nevertheless, an explicit calculation of Bsr(7 (N))
for this or indeed for any nest algebra seems to be an rather difficult problem.

Question 3. Find Bsr(7(N)), or indeed Bsr(7 (N))) of any nest algebra.

3. NON-COMMUTATIVE OPERATOR ALGEBRAS GENERATED BY ISOMETRIES

Let us now consider operator algebras generated by free semigroups of isometries.
The theory here divides along two lines; the norm-closed version, often referred to
as non-commutative disc algebras, and the woT-closed versions, known simply as
free semigroup algebras. The latter algebras include the non-commutative Toeplitz
algebras, to be described below.

Let n > 1. The non-commutative disc algebra 2,,, introduced by Popescu [12, 13],
is (completely isometrically isomorphic to) the norm-closed subalgebra of B($)) gen-
erated by the identity operator I and n isometries Si,S5s,...,.5, with pairwise or-
thogonal ranges. It is shown in [13] that the complete isometric isomorphism class
of 2, is independent of the choice of the isometries, and that 2, is completely iso-
metrically isomorphic to 2, if and only if m = n. Note that for each 1 < j < n,
SiS; = 1 > Y, 8:SF, and when ) 1, S;S = I, the C*-algebra generated by
{S1, Ss, ..., Sp} is the Cuntz algebra O,. When > | S;SF < I, the C*-algebra gener-
ated by {S1, 52, ..., S} is the Cuntz-Toeplitz algebra &,.

Given isometries Sy, .5s, ...,.5, with pairwise orthogonal ranges as above, the woT-
closure &,, of the corresponding disc algebra 2, is known as a free semigroup algebra.
These were first described in [8]. Of particular importance is the following example.
Let Ff denote the free semigroup on n generators {1,2,...,n}. Consider the Hilbert
space R, = (*(F}) with orthonormal basis {¢, : w € F}. For each word v € F,
we may define an isometry L, € B(RK,) by setting L,&, = & (and extending by
linearity and continuity to all of &,). The identity operator is Ly. Then Ly, Lo, ..., L,
are n isometries with orthogonal ranges, and the woT-closed algebra £, generated
by I, Ly, Lo, ..., L, is called the non-commutative Toeplitz algebra.

A theorem of Davidson, Katsoulis, and Pitts [7] shows that if &, is a free semigroup
algebra, then there exists a projection P € &,, such that & = 9P ¢ PP+, where
9 is the von Neumann algebra generated by &,,, and &P+ = P& P+ is completely
isometrically isomorphic to £,.
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3.1. Theorem. Letn > 2.

(a) If U, is the non-commutative disc algebra on n-generators, then tsr(2,,) = oo.
(b) If S, is a free semigroup algebra on n-generators, then tsr(S,) = co.

Proof. First observe that both 2, and &,, are generated by n > 2 isometries with
mutually orthogonal ranges. By Proposition 1.4, rtsr(2(,,) = rtsr(S,,) = oc.

We now consider the left topological stable rank of these two algebras.

Let Vi, V5, ..., V,, € B($)) be isometries with mutually orthogonal ranges. Let A; =
%Vi*, 1 <i<mn. Then > AfA, = %I is a strict contraction. By Proposition 2
of [3], there exists a Hilbert space K containing $) and pure isometries {W;}?; C B(R)
with pairwise orthogonal ranges so that §1 € Lat W; and PoW;|s = A;, 1 <i < n.

(a) The norm-closed algebra B,, C B(R) generated by {I,W;, Ws,...,W,} satisfies
B, ~ 2,,. The compression map

v By — B(9)
X - Pf)X|55
is a (completely contractive) homomorphism, as - € Lat W; for all i. Thus rtsr(B,) >

rtsr(y(B,)). But v(W;) = 2V for all 1 < i < n. Thus v(B,) contains n > 2 co-

isometries with mutually orthogonal initial spaces, and hence ltsr(2,,) = ltsr(B,,) >

ltsr(y(B,)) = oc.

(b) This proof is almost identical. Since the {W;}2, are pure co-isometries, the
woOT-closed algebra 20,, generated by {I,W;, Ws,...,W,} is a multiple of £,, i.e.
2, = (£)® for some 1 < k < oo. Thus rtsr(20,,) = Itsr((£,)*) = ltsr(£,). But
the argument above used with the corresponding compression map

v: W, — B(H)
X — PﬁX’ﬁ

shows that rtsr(20,) = oo, since y(20,) contains at least n > 2 isometries with
mutually orthogonal ranges.

Hence ltsr(£,) = oo. But by the Structure Theorem for free semigroup algebras
mentioned above [7], either there is a homomorphism of &, onto £, or &, is a
von Neumann algebra containing two isometries with orthogonal ranges. Either way,
rtsr(6,) = ltsr(S,,) = oo. O
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