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REFLEXIVE OPERATOR ALGEBRAS ON BANACH SPACES

FLORENCE MERLEVEDE, COSTEL PELIGRAD AND MAGDA PELIGRAD

In this paper we study the reflexivity of a unital strongly closed algebra of
operators with complemented invariant subspace lattice on a Banach space.
We prove that if such an algebra contains a complete Boolean algebra of
projections of finite uniform multiplicity and with the direct sum property,
then it is reflexive, i.e., it contains every operator that leaves invariant every
closed subspace in the invariant subspace lattice of the algebra. In particu-
lar, such algebras coincide with their bicommutant.

1. Introduction

Let A C B(X) denote a strongly closed algebra of operators on the Banach space X.
Suppose that A has the property that each of its invariant subspaces has an invariant
complement. If A contains a complete Boolean algebra of projections of finite
uniform multiplicity and with the direct sum property as defined below, we prove
that A is reflexive in the sense that it contains all the operators which leave its
closed invariant subspaces invariant (Theorem 15). In particular such an algebra is
equal to its bicommutant A” (Corollary 22). The problem of whether a strongly
closed algebra of operators with complemented invariant subspace lattice is reflexive
started to be studied in the sixties. This problem is a generalization of the invariant
subspace problem in operator theory. Arveson [1967] introduced a technique for
studying the particular case of transitive algebras on Hilbert spaces, namely the
strongly closed algebras of operators on Hilbert spaces that have no nontrivial
closed invariant subspaces. He proved that every transitive algebra that contains a
maximal abelian von Neumann algebra coincides with the full algebra B(X) if X is
a complex Hilbert space. Douglas and Pearcy [1972] extended the result of Arveson
to the case of transitive operator algebras containing an abelian von Neumann
algebra of finite multiplicity. Hoover [1973] extended the result of Douglas and
Pearcy to the case of reductive operator algebras on Hilbert spaces that contain
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abelian von Neumann algebras of finite multiplicity. Hoover proved that every
reductive operator algebra (that is a strongly closed subalgebra for which every
closed invariant subspace is reducing) which contains an abelian von Neumann
algebra of finite multiplicity is self-adjoint. The transitive algebra result of Douglas
and Pearcy was generalized in [Onder and Orhon 1989] to the case of transitive
algebras on Banach spaces that contain a n-fold direct sum of a cyclic complete
Boolean algebra of projections. The case of operator algebras on Banach spaces
with complemented invariant subspace lattice was considered by Rosenthal and
Sourour [1977]. They proved that every strongly closed algebra of operators with
complemented invariant subspace lattice containing a complete Boolean algebra of
projections of uniform multiplicity one is reflexive.

In this paper we build upon the techniques introduced by Arveson and developed
in [Douglas and Pearcy 1972; Radjavi and Rosenthal 1973] for invariant subspaces
of operator algebras as well as Bade’s multiplicity theory of Boolean algebras
of projections [Bade 1955; 1959]. We also use the results of [Foguel 1959] and
[Tzafriri 1967] about the commutant of Boolean algebras of projections of finite
multiplicity.

2. Notation and preliminary results

2.1. Invariant subspaces of operator algebras. Let X be a complex Banach space
and B(X) the algebra of all bounded linear operators on X. We will denote by X
the direct sum of n copies of X and, if S C B(X), we set

S(”)={aEBaEB---€9aeB(X(”))|aeS}.

If S C B(Y), where Y is a Banach space, we denote by Lat S the collection of all
closed linear subspaces of Y that are invariant under every element of S. If L is a
collection of closed linear subspaces of Y, we denote by alg L the (strongly closed)
algebra of operators on Y that leave every element of L invariant. An algebra
A C B(X) is called reflexive if alglLat A = A.

In what follows all the subalgebras A C B(X) will be assumed to be strongly
closed and containing the identity operator I € B(X).

Remark 1. Let A C B(X) be a strongly closed algebra with I € A and b € B(X).
If Lat A® C Lat b™ for every n € N, then b € A.

Proof. Indeed, then for every finite set of elements {x|, x2, ..., x,} C X we have
that K = {ax, @ ax2®---®ax, |a € A} € Lat A™ and therefore K € Latb™.
This means that b € A, since A is strongly closed. ([

Proposition 2. Let A C B(X) be a strongly closed algebra with complemented
invariant subspace lattice and with I € A. Let g € B(X) be a projection.
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(1) If q € A, the algebra qAq C B(gX) has complemented invariant subspace
lattice and alglat(qgAq) = g (algLat A)q.

(ii) If g € A’, where A’ denotes the commutant of A, the strong operator closure
qAq*°® C B(gX) is an algebra with complemented invariant subspace lattice.

Proof. We prove first (i). Clearly, gAq is a strongly closed subalgebra of B(gX)
whose unitis g. Let L C gX, L € Lat(qu) We define L = AgL, the closure
bemg taken in X. Then, obviously, L € Lat A and, therefore L has a complement

¢inLat A. Since g € A, we have gL C L, also gL¢ C L€ and gL¢ € Lat(qAq).
Moreover, it is immediate that ¢ L and g L¢ are closed linear subspaces of ¢ X such
that

gL® gL =gX.
On the other hand we have L C gL = gAqL C gAqL C L = L. Hence
ql~, =L.

It follows that L is complemented in Lat(qAq) and so gAg has complemented
invariant subspace lattice. Let now b € alglat A and L € Lat(qu) By the above
argument, there exists L € Lat A such that L = gL. Hence bL C L. Therefore,
since qL = L C L it follows that gbqL C L, so gbg € alglat(qAq). Conversely,
let ¢ € alglat(qAqg) and let ¢ € B(X) be the extension of ¢ to X that equals 0 on
(I —g)X. Then, it is straightforward to show that ¢ € algl.at A and ¢ = ¢¢q and so
the proof is completed.

To establish (ii), let K € Lat(qAq). Since g € A’, it follows that K € Lat A and
therefore K has a complement K¢ € Lat A. Then, clearly K NgX € Lat(qAq) and
K+K‘NgX=g¢gX. O

We will also need the following:

Lemma 3. Let A C B(X) be an algebra with complemented invariant subspace
lattice and let K € Lat A. If p € A is the projectionon K and ty, ta, ..., t, € (pAp),
for some n € N, then the subspace

Dot p) = {x BHxPHxP---Btyx | X € pX} e LatA®+D
is complemented in Lat A®+D).

Proof. Since A has complemented invariant subspace lattice and pX = K € Lat A,
it follows that the subspace (1 — p)X = (pX)¢ = K€ belongs to Lat A. It is then
clear that (pX)° @ X™ is a complement of UCt),12,....1,: p) 10 Lat AHD, O

Remark 4. Let I € A C B(X) be a strongly closed subalgebra with complemented
invariant subspace lattice. If A is reflexive, then A” = A where A” denotes the
bicommutant of A.
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Proof. If a € A”, then, in particular, « commutes with every projection on an
invariant subspace of A. Therefore a € algl.at A = A. U

The following concept is defined in [Radjavi and Rosenthal 1973, §8.2], for
instance.

Definition 5. Let A C B(X) be a subalgebra. A linear operator 7 defined on a not
necessarily closed linear subspace P C X is called a graph transformation for A if
there exist finitely many linear operators 711, 1>, ..., Tj, all defined on P, such that

[(x@Tx®Tix®Tox®---®Tix | x € P} € Lat AU+,
Remark 6. Let K € Lat A™, n € N. Define
Ko={xeX"V]|0®xecKk}eLaA"".

Then, if K¢ is complemented in Lat A"~ with complement K, o it follows that there
exist graph transformations for A: Ty, T, ..., T,—1, defined on a linear subspace,
P C X, such that

(X@KS)HK: {xeBTlxéBszea---@Tn_lx |x € P}.
Proof. Straightforward. ]

2.2. Boolean algebras of projections in Banach spaces and spectral operators.
Let B be a complete Boolean algebra of projections in a (complex) Banach space X
(as defined for instance in [Bade 1955] or in [Dunford and Schwartz 1988, Chap-
ter XVII]). It is known [Stone 1949] that there exists an extremally disconnected
compact Hausdorff topological space 2 (that is a compact Hausdorff space in which
the closure of every open set in it is open), such that & is equivalent as a Boolean
algebra with the Boolean algebra of open and closed subsets of €2. We will denote
by X the collection of Borel sets of €2. Such a compact Hausdorff space is called a
Stonean space.

The following remark collects some results about the complete Boolean algebras
of projections in Banach spaces that will be used in this paper.

Remark 7. (i) If B is a complete Boolean algebra of projections, then there is a
regular countably additive spectral measure E in X defined on the family of
Borel sets in €2 such that the mapping

S(f) = /Q F(w) E(dw)

is a continuous isomorphism of the algebra C(£2) of continuous functions on
2 onto the uniformly closed algebra of operators, B, generated by %.

(i) The algebra B coincides with the strongly closed algebra generated by % and
consists of spectral operators of scalar type.
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(iii) The range of E is precisely the Boolean algebra %.

(iv) 9B is norm bounded.

Proof. (1) and (iii) follow from [Dunford and Schwartz 1988, Lemma XVIL.3.9].
Point (ii) is Corollary XVIL.3.17 of the same reference, and (iv) follows from [Bade
1955, Theorem 2.2]. |

Let B C B(X) be a complete Boolean algebra of projections that contains the
identity projection I € B(X). We say that I € % has multiplicity k, k € N, if there
are x1, X2, . .., xx € X such that lin {ex; e e B, 1 <i<k}=X and no subset of X
of cardinality less than k has this property [Bade 1959, Definition 3.2]. The Boolean
algebra % is said to be of uniform multiplicity k if every projection e € &, e =0
has multiplicity k. For each i, 1 <i <k, define M(x;) = E{ex[ | e € B}. Here,
lin{ex; | e € B} denotes the closed linear subspace of X spanned by {ex; | e € B}.

The next remark collects some known results from [Bade 1959] (see also [Dunford
and Schwartz 1988]).

Remark 8. Let & be a complete Boolean algebra of finite uniform multiplicity »,
neN, and let {x;, ..., x,} be a set of vectors such that

linfex; |ee B, 1 <i <n}=X.

(i) There are x € X*,i =1,2,...,n, where X* is the dual Banach space of X,
such that each of the measures u;(8) = xE()x;, i € {1,2,...,n},5 € X
vanishes on sets of first category of 2 and u; (o) # 0 if o has nonempty interior.
The measures u; are equivalent and x (9 (x;)) = {0} for i # j.

(ii) There exists a continuous injective linear map V of X onto a dense linear
subspace L C Y7, LY(Q, ¥, w;) such thatif V(x) = f = Y_ f;, then:

(a) x;"E(S)x:/Bﬁ(w) pi(dw),

for § € X. In particular, V(x;) =0®--- @ xo®--- D0, where x5 =11is
in the i-th place in the direct sum.

n
(b) x= lim Y S(fixs, )%,
m—0o0 i=1
where x; is the characteristic function of
Sm={o|lfil@)|<m, i=12,..n}
(iii) The linear space L is a Banach space when endowed with the norm

1 £llo= max Ifill + 1V (I,

and V is a Banach space isomorphism between X and (L, || - ||o)-
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Proof. Points (i) and (ii) follow from [Bade 1959, Lemma 5.1 and Theorem 5.2]
(see also [Dunford and Schwartz 1988, Theorem XVIIL.3.19]). The proof of (iii) is
immediate. U

A function f is called E-essentially bounded if

inf sup|f(w)|
E@®)=1 wes
is finite [Dunford and Schwartz 1988, Definition 7].
Denote by EB(L2, X) the set of all E-essentially bounded ¥-measurable func-
tions.

Lemma 9. With the notations in Remark 8, if ¢ € EB(2, X), then the opera-
tor My,(f) = @ f is a well defined, bounded operator on (L, || -llo) and M, =
VS@V~'. Here o f = ofi ® 0f2® - ® ¢fy. Thus

VBV !'={M,| ¢ cEB(Q, D)}

Proof. Let f € L and x = S(¢)V ! (f). Then, according to point (a) in Remark 8 (ii),
if g = V(x), we have x/S(x;)x = fa gi(w) u;(dw) for every Borel set § € . On
the other hand,

xFS(e)x = xS(x)S@ V) =xfS(xs) VT (f) = /6 P(w) fi(w) pi (dw).

Hence g; = ¢f; n;-a.e., so g = ¢ f a.e. and the proof is completed. ([

In [Dieudonné 1956] is presented an example of a Boolean algebra of projections,
9%, such that every nonzero projection e € % has multiplicity 2. However, for no
choice of x1, xp € X ore € B, e # 0 is e X the algebraic sum of M(ex;) and N(exy).
In the rest of this paper we will consider only Boolean algebras of finite uniform
multiplicity with the direct sum property:

Definition 10. We say that the complete Boolean algebra % of uniform multiplicity
k has the direct sum property if X is the algebraic (and therefore, Banach) direct
sum of M(x;), 1 <i <k.

A particular case of a Boolean algebra of uniform multiplicity k& with the direct
sum property is the k-fold direct sum of k copies of a cyclic Boolean algebra of
projections. Other examples are presented in [Foguel 1959].

Lemma 11. Suppose that B is a complete Boolean algebra of projections of uniform
multiplicity k with the direct sum property. Then, for every € > O there exist e € B,
e=FE(p),and p € X with 1;(p°) < € for every 1 <l <k (where p° is the complement
of p) such that for every {¢;; | 1 <1, j <k} C EB(2, X), the matrix [(pij)(p] isa
bounded linear operator on (L, || - ||o) and [¢;; x p] belongs to the commutant %’

of RB.
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Proof. Since the measures u;, 1 <[ < k are equivalent, let h,; = du,,/du,,
1 < m,l < k be the corresponding Radon Nikodym derivative. Let € > 0 be
arbitrary. Fix 1 <m,[ < k. Then, since Uff:l {1/n <hy <n} =<, there is a
n € N such that y;({1/n < hyy < nj°) < e/kZ. Therefore there is a n € N such that
wi{l/n <hy <n}¥) <eforeveryl <m,l<k.letp={1/n<hy <n}eX. It
is easy to see that for every Borel subset o C p we have p;(0)/n < u;(0) <nu;(o)
for all 1 <i, j < k. Hence all the spaces MXle(p,,-) = Xle(,ui), 1 <i<k,are
equal as sets and mutually isomorphic as Banach spaces. Then, clearly,

XL =x, L' () ® x, L' (112) ® -+ @ x,L" (s
Since B has the direct sum property, we also have
E(P)X =E(P)Mx) ®---® E(p)M(xx)
and the lemma follows. O

For the definition and basic facts about spectral operators on Banach spaces
we refer to [Dunford and Schwartz 1988]. We will need the following result,
which follows from [Tzafriri 1967, Theorem 2] and [Foguel 1959, Lemma 2.1 and
Theorem 2.3].

Remark 12. Let T € B(X) and let % be a complete Boolean algebra of projections
in X, of uniform multiplicity k, k € N. If 7 commutes with the strongly closed
algebra B generated by %, then there exists an increasing sequence of projections
{en = E (Xa,,,) | m € N} C B such that {e,,} converges strongly to the identity
I € B(X) and Te,, is a spectral operator of finite type for every m. Moreover, if
T € B’ is a spectral operator then 7 is the sum of a spectral operator R of scalar
type in B’ and a nilpotent operator Q of order k, Q € B'.

Next we will study the dense linear subspaces of X that are invariant under
every element of B, where B is the strongly closed algebra generated by %, the
complete Boolean algebra of projections of uniform multiplicity k£ with the direct
sum property. The following lemma is an extension to the case of Banach spaces
and an improvement on [Douglas and Pearcy 1972, Lemma 3.3]. Using Remark 8
and Lemma 9, we will identify X with L and B with {VS((p)V_1 | S(¢) € B}.

Lemma 13. Let k € N and B the strongly closed algebra generated by the Boolean
algebra of projections of uniform multiplicity k, B C B(X) and with the direct sum
property. With the above notations, suppose that % CX is a dense linear subspace
which is invariant under all operators in B. Then, for every € > 0, there exists an
open and closed set L. C Q2 such that

@D (A <e,i=1,2,...,k, where AL is the complement of A¢ in Q, and
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(i) x, ej €D forall j € {1,2,...,k},where{e; | j=1,2,..., k}is the standard
basis of C®.

Proof If z = (z!, 2%, ..., 25) € C®, consider the norm
Izl = max{|z”|| 1 < p <k}.

It is easy to see that there exists & > 0 such that if the set {h1, ks, ..., hi} C C®
satisfies ||h; —e;|| <o, i =1,2,...,k, then the set {hy, hy, ..., hi} is linearly
independent. Let now € > 0 be arbitrary. We can choose a < €2/2. Let p € %,
wi(p) <€/2,1<l<k,beasinLemma 11. Since €2 is extremally disconnected, we
can assume that p is an open and closed set. For every j, 1 < j <k let g;(w) =e;,
if we pand g;(w)=0if w € p°. Since by point (a) of Remark 8 (ii) we have that
gj € x,L forevery j, 1 <j <kand x,% is dense in x,L, it follows that there
exists a set of elements {l; | 1 <i <k} C x,9.1l; = ' ®?®-- @I such that

It = gillo = max {117 = g/llo = 4] =&/ I + 17"/ = g} <a < €%

k
Letsc = {wep| I/ (w)— g’ (w)| =€ and 1 < p <k}. Then we have

i=1
62/2>O{ >max{||ll-p—gl~p||1 | 1 Si,pfk} >eum(be) forl<m<k.

Hence w,,(6¢) < €/2 form = 1,2, ..., k. Assuming that € < 2, it follows that
wm(8¢) # 0 and since €2 is a Stonean space, and 1, a normal measure, (L, (5;) =
wm ((85)°) where (8¢)° is the interior of §.. The same argument as the preceding one
shows that there exists an open and closed subset o C (8¢)° with p,,(0f) < €/2.
Let A = pNo.. Then, w,(A:) < € for all 1 < m < k. It follows that all the
components of the vectors [f =; X, € L are in EB(S2, X). Let M be the matrix
whose i-th column is lf. Then, using Lemma 11, it follows that M is a bounded
linear operator that commutes with every element in B, so M € B'. The choice
of o implies that M (w) is nonsingular for every w € A.. Consider the matrix N
defined as follows: 1
N(w) = M (w) if w e A,
0 if weAl.

By restricting N to an open and closed subset of A., if necessary, we can apply
Lemma 11 again and get N € B’. It follows that the columns of the product M N
are linear combinations of vectors in & with coefficients in B. Since & is invariant
under B we have that these columns belong to 9. Since M (w)N (w) = I for w € A,
the proof is completed. ([

We will use next the following results about spectral operators and their resolu-
tions of the identity from [Dunford and Schwartz 1988].
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Remark 14. If the operator M commutes with the spectral operator 7', then M
commutes with every resolution of the identity of 7'.

Proof. This is [Dunford and Schwartz 1988, Corollary XV.3.7]. O

3. Algebras with complemented invariant subspace lattices

In this section we will prove our main result:

Theorem 15. Let B be the strongly closed subalgebra of B(X) generated by a
complete Boolean algebra of projections B C B(X) of finite uniform multiplicity,
k, with the direct sum property. If A C B(X) is a strongly closed algebra with
complemented invariant subspace lattice that contains B, then A is reflexive.

The proof of this theorem will be given after a series of auxiliary results. In the
rest of this section B and B will be as in Theorem 15. We will identify X with
(L, |l - lp) as in Remark 8.

Proposition 16. Let B as in Theorem 15 and let T be a densely defined closed
operator on X which commutes with B. There exists an increasing sequence of
projections {q p};',ozl C B that converges strongly to I such that T q is a spectral
operator of finite type for every p € N.

Proof. Let % C X be the (dense) domain of 7. Since T commutes with B it follows
that 9 is invariant under B. By Lemma 13 it follows that for every p € N there
is an open and closed subset o, C €2 such that Xo, D Xo, @D Xy, €D and
7] (a;) < 1/2p for every 1 <[ < k. Define r, = S(Xap) € %B. Obviously, we can
take r, < r,41 (in the sense that r, X C r,41X) for every p € N. Therefore Tr),
(p €N) is a bounded operator and r, /" I. On the other hand, by Remark 12, since
Tr,e B, for every p € N, there exists a Borel set 8, € ¥ such that, forall 1 </ < p,
we have 1;(8;) < 1/2p. Furthermore, if g, = S(xs,n,,), then Tq), is a spectral
operator of finite type. Clearly {g,} is an increasing sequence of projections in %
that converges strongly to I and the proof is completed. U

Proposition 17. Assume that B is as in the statement of Theorem 15. Let T be a
densely defined graph transformation for B C B(X). Then there exists an increasing
sequence of projections {q(p};o:1 C B that converges strongly to I such that Tq,,
is a spectral operator of finite type for every p € N. In particular every such
transformation is closable and its closure commutes with B.

Proof. Let T be a densely defined graph transformation for B with domain %. Since
T is a graph transformation for B, there exists [ € N and operators 71, 15, ..., Tj—»
such that the subspace

Z={xEBTxEBT1xeBT2x@---EBT[_2x‘xe@T}
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belongs to Lat B®_ Define Aj_; ={x®x®---®|x e X} X!V, Then it can
be easily seen that the subspace

-1

mexmm§:m=ﬂ

i=1

Ay = {xl Dx2D---Dx—1

is a Banach subspace complement of A;_; which is invariant under every element
of BU=D_ The operator T defined by

f(xGBxEB---EBx):TxGBTleB-uEBTl,zx ifxe9r

and
T ®xn® - ®&x_)=0 ifx@nd - ®x_| Al

is a closed, densely defined operator which commutes with B/~ . An application
of Proposition 16 with & replaced by k(/ — 1) completes the proof. (]

Remark 18. Let A C B(X) be a strongly closed algebra with complemented
invariant subspace lattice and I € A. Then, if Q € A’ is such that Q% = 0 it follows
that Q € (alglLat A)'.

Proof. The proof of [Feintuch and Rosenthal 1973, Lemma 3] for the particular case
of Hilbert spaces can be extended to the case of Banach spaces. Indeed, let Q € A’
be such that Q% = 0. Then, if Y = ker Q is the null space of Q, Y isin Lat A and
since A has a complemented invariant subspace lattice, ¥ has a complement, Y in
Lat A. Therefore Q can be written as a matrix

0c
and every a € A can be written as the matrix

[a; 0

a =
| 0 ay |

Moreover, every b € alglat A, can be written as a matrix

b 0]

b=1"0 b ]"

Since a Q = Qa it follows that ca; = a;c. Hence the subspace {cx ®x | x € Y}
belongs to Lat A and is therefore invariant for algLat A. It follows that ch, = byc,
so Qb =bQ. O

Part (i) of the next result is a generalization of Remark 18.

Proposition 19. Let A C B(X) be an algebra with complemented invariant sub-
space lattice.
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(i) If Q € A’ is a nilpotent operator, then Q € (algLat A)'.

(ii) If T = R+ Q is a spectral operator of finite type (Where R is spectral of scalar
type and Q is nilpotent) and T € A’, then R € (algLat A) and N € (algLat A)'.

Proof. We will prove point (i) of this proposition by induction. By Remark 18, if
Q € A’ and Q% =0, then Q € (algLat A)’. Suppose that for every operator Q € A’
with Q" = 0 it follows that Q € (algLat A)" and let Q € A’ with Q"*! = 0. Let po
denote a projection on ker Q such that py € A’. Since Qpo = 0 it follows that

(I = po) @ = (1 = po) Q(1 — po)

and therefore

(1—po)QF = (1= po)Q(1 — po))*, keN.

Since Q™! =0 we have Q" (X) C ker Q and therefore
0=(1~-po)Q" = ((1—po)Q(1— po))".

By hypothesis, (1 — pg) Q@ = (1 — po) Q(1 — po) € (algLat A)’. On the other hand,
since Q € A’ and py € A’ we have pyQ € A’. Since obviously (poQ)? = 0, by
Remark 18, it follows that poQ € (algLat A)’. Therefore

0 =poQ+(1—poQ € (algLat A)’

and the proof of (i) is completed.

We turn now to prove point (ii). By Remark 14, every resolution of the iden-
tity of T, E(§), where § is a Borel subset of the spectrum of T, § C sp(T), is
in A’. Therefore, since A has complemented invariant subspace lattice, it follows
that E(8) € (alglLat A)’ for every Borel set § C sp(T). Hence R = fk E(d)) €
(algLat A)'. Since T € A’ and R € A’ it follows that Q € A’. By part (i) it follows
that Q € (alglLat A)'. O

Lemma 20. Let A be a strongly closed algebra with complemented invariant
subspace lattice that contains a complete Boolean algebra of projections of finite
uniform multiplicity k with the direct sum property. Then, if K € Lat A™ for some
n € N, then, there exists an increasing sequence of projections {p,} C B, pm /1

such that p,(ﬁl 'K is complemented in Lat(p,, Ap,)"™ for every m € N.

Proof. We will prove the lemma by induction on n. For n = 1 the statement is
obvious with p,, = I for every m. Let K € Lat A™_ Define

Ko={xeX"V|0opxeK).

Obviously, Ko € Lat A®~D | so there exists an increasing sequence of projections
{rm} C B, r,, /I such that r,(,,"_l)Ko is complemented in Lat(r, Ar,) V. Let
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(rs~D Ky)¢ be the complement of ry' " K¢ in Lat(r,, Ary) @D, Then,
(rmX ® U VKo))NK eLat A®
and

rmWK = (0o r,g’_l)Ko) + (rmX @ (rlgf_l)Ko)c) nrimK.

Since (rn X @ (r,(,f’_])Ko)C) NrI K is the complement of 0 ® rir~ VKo in " K,
there exist graph transformations 71, T, ..., T,,—1 such that

(rmXéB (r,(n"_l)l(o)c) ﬂr,g’)K = {x STixdhx® - - ®T,_1x | X € P},

where P is a linear subspace of r,, X invariant under every element of r,, Ar,,. The
closure of P in r, X, P, belongs to Lat(r,, Ar,,) and hence has a complement P
in Lat(r,, Ary,). For 1 <i <n — 1, consider the following densely defined, graph
transformation on r,, X:

~ T.x ifxelP,
Tix: . _
0 if x € PC.

Then 7; commutes with A. By Proposition 17, there exists an increasing sequence
of projections {g,} C B, q, /' I such that T;q, are bounded spectral operators of
finite type. From Lemma 3 it follows that the subspace

{qpx <) ﬁqpx &) Tqu,x D P Tn_lql,x xe€qyP EquFC}

is complemented in Lat(g,Aq p)("). By the definition of the transformations T, it
follows immediately that the subspace

{q,,x S Tgpx ®Trqpx ®---®T_19px | X € P}

is complemented in Lat(g,Aq p)("). If we set p,, =rngm € B we have that p,,, 1,
p,(,'f VK is complemented in Lat(p,, A pm)(”):

pX = (0@ pl VKo) + {pmx ® Tipwx ® -+ ® Ty_1 pmx | x € P}
+ ((puP) @ pUVKS).

Hence
X = (pWK)+ ((pmP) @ pi~VKG),
and the proof of the lemma is completed. ]

The following statement follows from the proof of Lemma 20.

Remark 21. If A is as in the statement of Lemma 20 and K € Lat A for some
n € N, then there exists an increasing sequence of projections {p,,} C B, p, 1
such that p,(,:’)K =06 p,(ﬁ'*l)l(o)—i—{pmx@Tl PmXD- - BTy_1pmx | x € P}, where
Ko={xe xX@=D |0bx € K}and T; pyy, 1 <i <n—1,m €N, are bounded spectral
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operators of finite type on the closed A-invariant subspace p,, P that commute with
pm Apm .

Proof of Theorem 15. Let b € alglLatA and K € Lat A”™. We will prove by
induction on n that there exists an increasing sequence of projections {p,,} C B
such that p,, / I and p,(,'f 'K € Lat(p,bp,)™ for every m € N and therefore
K € Latb™; then apply Remark 1 to conclude that b € A. By Remark 21, there
exists an increasing sequence of projections {p,} C B, p,, ' I such that p,Sf K =
O® piy " Ko)+ (pux ® T1pnx ® Tapux @+ ® Ty pux | x € P) where Ko =
(xe X"V |0®xeK}and Tjp,,1 <i <n—1, m e N, are bounded spectral
operators of finite type on the closed A-invariant subspace p,, P that commute with
PmApm. The induction hypothesis and Proposition 2 (i) imply that 0 & p,(,:’ _])KO €
Lat(p,bp)™. By Proposition 19 (ii) it follows that the bounded spectral operators
of finite type T; pi, 1 <i <n—1, m € N commute with p,,bp,,. Hence p,(,?)K €
Lat(p.bp,)™. Since p,, /' I and, by Remark 7 (iv), % is norm bounded, it follows
that K € Lath"™ and the result follows. (]

Corollary 22. Let A C B(X) be a strongly closed algebra that contains a complete
Boolean algebra of projections B of finite uniform multiplicity with the direct sum
property. If A has complemented invariant subspace lattice, then A = A” where A”
is the bicommutant of A.

Proof. Follows from Theorem 15 and Remark 4. ([
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