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Unit Vectors, Morita Equivalence
and Endomorphisms

By

Michael SKEIDE*

Abstract

We solve two problems in the theory of correspondences that have important
implications in the theory of product systems. The first problem is the question
whether every correspondence is the correspondence associated (by the representation
theory) with a unital endomorphism of the algebra of all adjointable operators on a
Hilbert module. The second problem is the question whether every correspondence
allows for a nondegenerate faithful representation on a Hilbert space. We also solve
an extension problem for representations of correspondences and we provide new
efficient proofs of several well-known statements in the theory of representations of
W*—algebras.

81. Introduction

Let B be a C*—algebra. With every unital strict endomorphism of the
C*-algebra #%(F) of all adjointable operators on a Hilbert B-module F there
is associated a correspondence Fy over B (that is, a Hilbert B—bimodule) such
that

(1.1) F = FOF, 9a) = a®idp, .

In other words, ¥ is amplification of #%(F) with the multiplicity correspon-
dence Fy. (This is just the representation theory of #%(F).) The same is
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true for a W*-module (where ¢ is normal and the tensor product is that of
W*—correspondences).

Problem 1. Given a correspondence E over a C*— (or W*-)algebra B,
construct a unital strict (or normal) endomorphism ¥ of some %°(F’) such that
E is the multiplicity correspondence Fy associated with .

An intimately related problem (in the W*—case, in fact, an equivalent
problem) is the following.

Problem 2. Find a nondegenerate faithful (normal) representation of the
(W*=)correspondence E over B on some Hilbert space.

In these notes we solve Problem 1 for strongly full W*—correspondences
and for full correspondences over a unital C*—algebra. We solve Problem 2 for
correspondences and W*—correspondences that are faithful in the sense that
the left action of the correspondence is faithful. (Recall that, by definition, all
correspondences have nondegenerate left action.) The conditions, fullness for
Problem 1 and faithfulness for Problem 2, are also necessary. So, except for
Problem 1 in the case of a nonunital C*—algebra we present a complete solution
of the two problems. We explain that in the W*—case the two problems are dual
to each other in the sense of the commutant of von Neumann correspondences.
Throughout, en passant we furnish a couple of new, simple proofs for known
statements that illustrate how useful our methods are.

The study of representations of correspondences goes back, at least, to
Pimsner [Pim97] and, in particular, to Muhly and Solel [MS98] and their forth-
coming papers. Hirshberg [Hir05] solved Problem 2 for C*—correspondences
that are faithful and full. We add here (by furnishing a completely different
proof) that the hypothesis of fullness is not necessary and that in the W*—case
the representation can be chosen normal.

Problem 1 is the “reverse” of the representation theory of #%(F'); Skeide
[Ske02, Ske03, Ske05a] and Muhly, Skeide and Solel [MSS06].

Our interest in the solution of the Problems 1 and 2 has its common root
in the theory of Ep—semigroups (that is, semigroups of unital endomorphisms)
of #%(F) and their relation with product systems of correspondences. Arveson
[Arv89a] associated with every normal Eg—semigroup on %(H) (H a Hilbert
space) a product system of Hilbert spaces (Arveson system, for short) that
comes along with a natural faithful representation. Finding a faithful represen-
tation of a given Arveson system is equivalent to that this Arveson system is
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the one associated as in [Arv89a] with an Ey—semigroup. In the three articles
[Arv90a, Arv89b, Arv90b] Arveson showed that every Arveson system admits
a faithful representation, that is, it is the Arveson system associated with an
Ey—semigroup as in [Arv89a).

Bhat [Bha96] constructed from a normal Ey—semigroup on Z(H) a second
Arveson system (the Bhat system of the Ey—semigroup) that turns out to be
anti-isomorphic to the one constructed by Arveson [Arv89a]. The Bhat system
is related to the endomorphisms of the Fy—semigroup via Equation (1.1).

It is Bhat’s point of view that generalizes directly to FEy—semigroups of
P*(F), while Arveson’s point of view works only when F' is a von Neumann
module. (In fact, the two product systems are no longer just anti-isomorphic,
but as explained in Skeide [Ske03] they turn out to be commutants of each
other; see Section 9.)

In Skeide [SkeO6a] we presented a short and elementary proof of Arveson’s
result that every Arveson system is the one associated with an Ey—semigroup.
This proof uses essentially the fact that it is easy to solve the problem for
discrete time ¢ € Ny or, what is the same, for a single Hilbert space $ (that
generates a discrete product system (H®") eng)
of the proof in [Ske06a] also to Hilbert and von Neumann modules, then we

. If we want to apply the idea

must first solve the problem for a single correspondence E (that generates a
discrete product system (E®") cry,)- This is precisely what we do in these
notes: Solving Problem 1 means that (EQ”)RGNO

discrete Ey—semigroup (ﬁ")n . Solving Problem 2 means finding a faithful

is the product system of the

representation of the whole discrete product system (EQ”) In fact, in

n€eNg’
the meantime we did already use the results of these notes (or ideas leading to
them) to solve the continuous time case for Hilbert modules [Ske07a, Ske06¢]

and for von Neumann modules [Ske08a] (in preparation).

In the solution of Problems 1 and 2 the concepts of unit vectors in Hilbert
or W*-modules and of Morita equivalence for (W*-)correspondences and mod-
ules play a crucial role. In fact, if a correspondence E has unit vector £ (that
is, (€,€) = 1 € B so that, in particular, F is full and B is unital), then it is
easy to construct a unital endomorphism ¢ on some Z*(F') that has E as asso-
ciated multiplicity correspondence Fy; see Section 2. Morita equivalence helps
to reduce Problem 1 for (strongly) full (W*—)correspondences to the case when
E has a unit vector. In fact, even if a (strongly) full E does not have a unit
vector, then cum grano salis (that is, up to suitable completion) the space of
E—valued matrices M,,(E) of sufficiently big dimension will have a unit vector.
The correspondences M, (E) and E are Morita equivalent in a suitable sense,
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and in Theorem 5.12 we show that solving Problem 1 for M, (FE) is equivalent
to solving Problem 1 for F itself. Last but not least, we mention that Morita
equivalence is at the heart of the representation theory of %% (F') which we use
to determine the correspondence of an endomorphism; see Example 5.2.

The solution of Problem 2, instead, in the W*—case (Theorem 8.2) is a sim-
ple consequence of the well-known fact that two faithful normal nondegenerate
representations of a W*—algebra have unitarily equivalent amplifications. In or-
der to illustrate how simply this result can be derived making appropriate use of
unit vectors and quasi orthonormal bases in von Neumann modules, we include
a proof (Corollary 4.3). The C*—case (Theorem 8.3) is a slightly tedious reduc-
tion to the W*—case. In Theorem 9.5 we show that the W*—versions of Problem
1 and Problem 2 are, actually, equivalent. However, while the C*—version of
Problem 2 can be reduced to the W*—version, a similar procedure is not pos-
sible for Problem 1. (Given a full correspondence over a possibly nonunital
C*—algebra B, we can solve Problem 1 for the enveloping W*—correspondence
over B**. But, we do not know a solution to the problem how to find a (strongly
dense) B-submodule F' of the resulting B**—module F** such that the endo-
morphism ¢ of % (F**) restricts suitably to an endomorphism of #%(F).)

These notes are organized as follows. In Section 2 we explain the relation
between Fy—semigroups on #%(E) and product systems. We discuss a case in
which it is easy to construct for a product system an Ey—semigroup with which
the product system is associated. In Observation 2.1 we explain how this leads
to a simple solution of Problem 1 in the case when the correspondence has a
unit vector.

In Section 3 we show that a finite multiple of a full Hilbert module over a
unital C*—algebra has a unit vector (Lemma 3.2). Apart from a simple conse-
quence about finitely generated Hilbert modules (Corollary 3.4), this lemma is
crucial for the solution of the C*—version of Problem 1 in Section 7. In Section
4 we prove the W*—analogue of Lemma 3.2, Lemma 4.2: A suitable multiple
of a strongly full W*-module has a unit vector. The proof is considerably
different from that of Lemma 3.2. It makes use of quasi orthonormal bases.
We use the occasion to illustrate how easily some basic facts about representa-
tions of von Neumann algebras, like the amplification-induction theorem, may
be derived. Utilizing in an essential way Lemma 4.2, we give a simple proof
of the well-known fact that faithful normal representations of a W*—algebra
have unitarily equivalent amplifications (Corollary 4.3). A proof of that result
is also included to underline how simple a self-contained proof of the solution
to Problem 2 (Theorems 8.2 and 8.3) actually is.
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Section 5 introduces the necessary notions of Morita equivalence. Apart
from (strong) Morita equivalence for C*~ and W*—algebras, we discuss Morita
equivalence for correspondences (Muhly and Solel [MS00]) and Morita equiv-
alence for Hilbert and W*-modules (new in these notes). We state the obvi-
ous generalization of Morita equivalence for correspondences to product sys-
tems. Two full Hilbert modules have strictly isomorphic operator algebras,
if and only if they are Morita equivalent. In that case, two endomorphisms
(Fo—semigroups) on the isomorphic operator algebras are (cocycle) conjugate,
if and only if they have Morita equivalent correspondences (product systems);
see Proposition 5.8 and Corollary 5.11. The central result is Theorem 5.12,
which asserts that in the W*—case solvability of Problem 1 does not change
under Morita equivalence.

In Sections 6 and 7 we solve Problem 1 for W*—correspondences (Theorem
6.3) and correspondences over unital C*—algebras (Theorem 7.6), respectively.
While the W*—case runs smoothly after the preparation in Sections 4 and 5,
in the C"*—case we have to work considerably. In both sections we spend some
time to explain where the difficulties in the C*—case actually lie.

Section 8 contains the complete solution to Problem 2. Taking into ac-
count Corollary 4.3, the treatment is a self-contained. A simple consequence of
Sections 2 and 8 are Theorem 8.6 and its corollary, which assert that a faithful
endomorphism is a restriction to a subalgebra of some inner endomorphism
on #(H). In Theorem 8.8 we solve the apparently open problem to find a
nondegenerate extension to a normal faithful representation (in the language
of Muhly and Solel [MS98], a fully coisometric extension of a o—continuous
faithful isometric covariant representation) of a W*—correspondence.

In Section 9 we show that the W*—versions of Problem 1 and Problem 2 are
equivalent under the commutant of von Neumann correspondences (Theorems
9.5 and 9.9). The fact that, to that goal, we have to discuss the basics about
von Neumann modules and von Neumann correspondences has the advantage
that we provide also simple proofs for many statements about W*-modules,
used earlier in these notes. As some more consequences of Corollary 4.3 and
the language used in Section 9, we furnish new proofs for the well-known re-
sults Corollary 9.3 (a sort of Kasparov absorption theorem for W*—modules)
and Corollary 9.4 (a couple of criteria for when two W*-algebras are Morita
equivalent). Corollary 9.3 is also the deeper reason for that the solutions to
our Problems 1 and 2 in the W*—case may be chosen of a particularly simple
form; see Observations 6.4 and 8.5.

In Section 10 we discuss our results in two examples.
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A note on the first version. These notes are a very far reaching revision of
the version of the preprint published as [Ske04]. The main results (Theorems
6.3, 7.6, and 8.2) and essential tools (Lemmata 3.2 and 4.2, Theorems 5.12 and
9.5) have been present already in [Ske04]. But while Theorem 8.2 in [Ske04]
has been proved by reducing it to Theorem 6.3 via the commutant, the new
simple proof we give here is now independent of Section 9 and Theorem 6.3.
New in this revision are the proof of Hirshberg’s result [Hir05] that works also
in the nonfull case (Theorem 8.3), and the extension result Theorem 8.8. A
couple of very simple proofs of well-known results has been included. Finally,
the discussion of the examples in Section 10 has been shortened drastically. For
some details in these examples we find it convenient to refer the reader to the
old version [Ske04].

Notations, conventions and some basic properties.

1.1. By #%(E) we denote the algebra of adjointable operators on a
Hilbert B—module E. A linear map ¢: B%(E) — B*(F) is strict, if it is
continuous on bounded subsets for the strict topologies of #*(E) and Z°(F).
Recall that a unital endomorphism ¥ of #%(E) is strict, if and only if the action
of the compact operators J¢ (F) is already nondegenerate: span.%# (E)E = E.
The C*-algebra of compact operators is the completion Z (F) := M of
the finite-rank operators, and the pre-C*—algebra of finite-rank operators
is the linear span #(F) := span{xy*: x,y € E} of the rank-one operators
xy*: 2z — 2y, 2).

1.2. The range ideal of a Hilbert B—module is the closed ideal By :=
span(E, E) in B. A Hilbert B—module E is full, if Bg = B. A unit vector in a
Hilbert B—module E is an element £ € E fulfilling (£,£) =1 € B. This means,
in particular, that B is unital and that E is full.

1.3. A correspondence from A to B is a Hilbert B—module F with a
nondegenerate(!) left action of A. (Recall that a left action of A is nondegen-
erate, if the set AFE is total in E.) When A = B, we shall also say correspon-
dence over B. We say a correspondence F from A to B is faithful, if the canon-
ical homomorphism A4 — B%(E) is faithful. Every C*—algebra B is a correspon-
dence over itself, the trivial correspondence over B, with inner product
(b,b') := b*V and the natural bimodule operations. The B-subcorrespondences
of the trivial correspondence B are precisely the closed ideals.

1.4. Every Hilbert B-module is a correspondence from %%(E) to B
that may be viewed also as a correspondence from J# (E) (or any C*-algebra
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in between J# (E) and #*(E)) to Bg (or any C*-algebra in between B and
B). The dual correspondence of E is the correspondence E* = {:C*Z T € E}
from B to $%(E). It consists of mappings z*: y — (x,y) in B*(E,B) with
inner product (z*,y*) := xy* and bimodule operations bz*a := (a*zb*)*. We
note that ¢ (E*) = Bg and that the range ideal is #*(E)g~ = #(E). The
left action of Bg is, indeed, faithful so that E* may be viewed as faithful and
full correspondence from By to . (E).

1.5.  The (internal) tensor product of a correspondence E from A to
B and a correspondence F' from B to C is that unique correspondence E®F from
A to C that is generated by the range of a left .A-linear mapping (z,y) — @y
fulfilling (x © y, 2’ @ y') = (y, (z, 2")y’).

For every correspondence F from A to B we have the canonical identi-
fications AGE = E via a®x +— ax (recall that, by our convention in Section
1.3, A acts nondegenerately), and E©@B = E via t®b — xb. One easily verifies
that £ ®y* +— zy* defines an isomorphism E® E* — J# (E) of correspondences
over £ (E) (or over %(F)). Similarly, 2* ©®y +— (z,y) defines an isomorphism
E*® FE — Bg of correspondences over Bg (or over B). We will always identify
these correspondences.

1.6. A W*—module is a Hilbert module over a W*—algebra that is self-
dual. A Hilbert B—module F is self-dual, if every bounded right-linear map
®: F — B has the form z* of some z € E. Every Hilbert module over a
W*-algebra admits a unique minimal self-dual extension; see Remarks 9.1 and
9.2. A W*—correspondence F is a C*—correspondence from a W*-algebra
A to a W*-algebra B and a W*-module, such that all maps (z,ex): A — B
(r € E) are normal. The W*—tensor product of a W*—correspondence F
from A to B and a W*—correspondence F' from B to C is the self-dual extension
E &° F of the tensor product £ ® F. This extension is a W*-correspondence
from A to C.

If £ is a W*-module over B, then the extended linking algebra
(g @E(*E)) is a W*—algebra. By restriction, this equips every corner with a
o—weak topology and a o—strong topology. Properties of these topologies
in the linking algebra directly turn over to the corners. Consequently, we say
a map n: F — F is normal, if it is the restriction to the 2-1-corners of a
normal map between the extended linking algebras.

Most of the statements about W*-modules and W*—correspondences have
considerably simpler proofs in the equivalent categories of von Neumann mod-
ules and von Neumann correspondences; see Section 9. However, since the
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notion of W*-modules and W*—correspondences are more common, we avoid
using von Neumann modules and von Neumann correspondences until Section
9.

1.7. Suppose E is a Hilbert B—module. Let us choose a (nondegen-
erate) representation 7w of B on a Hilbert space G. We may construct the
Hilbert space H := F ® G, and the induced representation p™ of #*(E)
on AB(H) by setting p™(a) := a ©® idg. We define the induced representa-
tion n": E — #(G, H) of E from G to H by setting n™(x)g = x ©® g. (That
is, n™ fulfills n™(2)*n™(y) = 7({x,y)) and n™(zb) = n”(x)m(b). Obviously,
7" (az) = p"(a)n"(x).) The maps m, 17, (177)"
the (nondegenerate) induced representation II := (7;3, (”p:)*> of the extended

:=xo0n" ox, and p™ give rise to

linking algebra on G @ H. So, all mappings are completely contractive.

In the language of von Neumann modules it is not difficult to show that
for a (strongly full) W*—module the induced representation of the extended
linking algebra is normal, if (and only if) 7 is normal.

If £ is a correspondence from A to B, then we will also speak of the
induced representation ply: A — #A*(E) — B(H) of Aon H. If E is
faithful, then simply p7 = p™ [ A.

1.8.  We will often need multiples of an arbitrary cardinality n of Hilbert
spaces or modules. If n is a cardinal number, then we always assume that we
have fixed a set S with cardinality #5 = n so that E" := @, ¢ E = X sesE
has a well-specified meaning. If T is another set having that cardinality, then,
by definition of cardinality, there exists a bijection between S and T that in-
duces a canonical isomorphism from P, g E to @, E. So, C" is the Hilbert
space (up to canonical isomorphism) of dimension n. For every Hilbert space
we may write §§ = CIM9. Of course, E" = E®C" (or = C" ® E) in the sense
of external tensor products, and we may write £ ® $ = E9™ 9 Amplifications
a®idg of a map a on E in the tensor product picture, will be written as a9™ 9
in the direct sum picture.

8§2. Prerequisites on EFy—Semigroups and Product Systems

Let S denote either the additive semigroup of nonnegative integers Ny =
{0,1,...} or the additive semigroup of nonnegative reals Ry = [0,00). In this
tes and
its product system E® = (E:), . In these notes we are mainly interested

section we explain the relation between a strict Ey-semigroup 9 = ()

in the discrete case S = Ny. However, there is no reason to restrict the
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present discussion to the discrete case. In fact, many results we prove in these
notes hold in the general case. They find their applications in Skeide [Ske07a,
Ske06¢c, Ske08a|, where we discuss several variants of the continuous time
case S = R,, and, in a different context, in Skeide [Ske08b].

Let E be a Hilbert module over a C*—algebra B and let ¥ = (ﬂt)teS be a
strict Eg—semigroup on #*(E), that is, a semigroup of unital endomorphisms
¥y of B*(F) that are strict. Meanwhile, there are several constructions of a
product system from an Ep—semigroup on #*(E); see [Ske02, Ske03, Ske05a,
MSS06]. All these constructions capture, in a sense, the representation theory
of #%(E). The first construction is due to Skeide [Ske02]. This construction
(inspired by Bhat’s [Bha96] for Hilbert spaces) is based on existence of a unit
vector £ € E. The most general construction that works for arbitrary E is
based on the general representation theory of #“(E) in Muhly, Skeide and
Solel [MSS06].

Let us discuss the construction based on [MSS06]. We turn E into a
correspondence y, F from #%(E) to B, by defining the left action a.x := ¥(a)z.
Since, by strictness of ¥;, the action of the compacts on », E is nondegenerate,
we may view g, E as a correspondence from £ (E) to B. For every t > 0
we define E; := E* © y,E. Note that E; is a correspondence over B that,
likewise, may be viewed as correspondence over Bg. (The left action of Bg is
nondegenerate; see Section 1.4). Then

(2.1) EQE;, = EO(E*0y,E) = (EOQE") 0y, E = X (E)0g,E = y,E

suggests that £ ® E; and g, E are isomorphic as correspondences from ¢ (E)
to B but also as correspondences from %%(E) to B. That is, a ® id; should
coincide with J;(a). In fact, interpreting all the identifications in the canonical
way (see Sections 1.4 and 1.5), we obtain an isomorphism E ® E; — FE by
setting

(2.2) TO (Y Orz) — d(ay")z,

where we write £* ®; y in order to indicate that an elementary tensor z* ©® y
is to be understood in E* © y, E. We extend the definition to ¢ = 0 by putting
Ey = B and choosing the canonical identification E ® Ey = E. (If E is full,
then this is automatic. Otherwise, we would find E* © y,F = E* ®@ E = Bg.)
The E; form a product system E© = (Et)teS’ that is

E, Ok = Es+t (E'r' O] Es) OF = E© (Es © Et)7
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via

E;sOFE = (E*0y,E)O(E" 0y, FE)
= E" 0y (E0(E"0yE) = B0y, (9,E) = E"0v,  F = Espe.

We leave it as an instructive exercise to check on elementary tensors that the
suggested identification

(2" s y) © (2™ ©ry) — 2" Osps (Vi(yz"™)y')

is, indeed, associative.

We say the product system E® constructed before is the product system
associated with the Eg—semigroup . There are other ways to construct a
product system of correspondences over B from 9, but they all lead to the same
product system up to suitable isomorphism. (In the case of a von Neumann
algebra B there is the possibility to construct a product system of correspon-
dences over the commutant B'; see Skeide [Ske03]. This product system is the
commutant of all the others; see Section 9.) Our definition here is for the sake
of generality (it works for all strict Fp—semigroups without conditions on E)
and for the sake of uniqueness (it does not depend on certain choices like the
choice of a unit vector in [Ske02]).

Recall that for all £ > 0 the E; enjoy the property that they may also be
viewed as correspondences over Bg. The uniqueness result [MSS06, Theorem
1.8 | asserts that the E; are the only correspondences over Bg that allow for
an identification E ® Ey = E giving back ¥¢(a) as a ® id;. It is not difficult
to show this statement remains true for the whole product system structure.
We see also that the range ideal of E; cannot be smaller than Bg. Therefore,
passing from B to Bg as C*—algebra, we may assume that E® is a full product
system, that is, that all E, (¢t € S) are full.

Now suppose we start with a full product system E®. In order to estab-
lish that E® is (up isomorphism) the product system associated with a strict
Ey—semigroup, it is sufficient to find a full Hilbert module E and identifications
E ©® E; = F such that we have associativity

(2.3) (EOE,)®E, = F® (FEs® Ey).

In that case, ¥¢(a) := a ® id; defines an Ey-semigroup (Condition (2.3) gives
the semigroup property) and the product system of this semigroup is

E*0gE = E*0(E®E) = (E*0E)0FE, = BOE, = E,.
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Suppose E© is a product system with a unital unit €. By a unit for a product
system E© we mean a family £© = (ft)tes of elements & € F; with £, = 1 that
fulfills £, ©&; = &s4¢. This implies, in particular, that B is unital. For nonunital
B we leave the term unit undefined! The unit is unital, if all £ are unit vectors.
(In particular, if E® has a unital unit, then E® is full.) It is well known that
in this situation it is easy to construct an Ey—semigroup. We merely sketch the
construction and refer the reader to Bhat and Skeide [BS00, Ske02] for details.
For every s,t € S the map £, ®idy: ¢ — £s © x4 defines an isometric embedding
(as right module) of E; into Es ;. The family of embeddings forms an inductive
system, so that we may define the inductive limit ., = lim;_,, E;. For every
t € S the factorization Es ® E, = FEgzy4 survives the inductive limit over s
and gives rise to a factorization Foo ® By = F«y 4+ = Fo. Clearly, these
factorizations fulfill (2.3). Moreover, E contains a unit vector, namely, the
image £ of the vectors & (which all coincide under the inductive limit). In
particular, F is full so that the product system of the Fy—semigroup defined
by setting ¥;(a) := a @ id; is, indeed, E®.

2.1. Observation. For Problem 1, which occupies the first half of these
notes, this means the following: Suppose F is a correspondence over B with a
unit vector £. Then E© = (En)neNo with E, := E®" is a (discrete) product
system and £© = (ﬁn)neNo with &, = £9" is a unital unit. The inductive
limit E., over that unit carries a strict Ey—semigroup 9 = (ﬁn)n N, with
Yn(a) = a ®idg, whose product system is E®. In particular, F = E; occurs
as the correspondence of the unital strict endomorphism ¢ of B%(Fw,).

We discuss briefly what the preceding construction does in the case of the
trivial product system (FE, = B with product as left action and as product
system operation) with a nontrivial unit vector (a proper isometry).

2.2. Example. Let B denote a unital C*—algebra with a proper isome-
try v € B. Then the inductive limit over the trivial product system (BQ")

neNg
with respect to the unit (UG”)neNO has the form
(2.4) F = Bo@B
k=1

where By := (1 —vv*)B, and the induced endomorphism ¥ of #%(F) is ¥(a) =
uwaw® where u is the unitary defined by

u = v@id: Ba@P By — (BeB)e@ B = Ba@P B, = BeP Bo,
k=0 k=1

k=1 k=1
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(in the last step we simply shift). It is an intriguing exercise to show that,
indeed, the product system of ¥ is the trivial one (by general abstract nonsense
this is true for every inner automorphism, but we mean to follow the con-
struction from the beginning of this section), and to see how the embeddings
B = B — 9™ @ BO" = ymB C BO"+n) = B really work and sit in F; see
the old version [Ske04].

In the case when B = Z(G) for some Hilbert space, we obtain just the
Sz.-Nagy-Foias dilation of an isometry to a unitary.

In Sections 3 — 7 it will be our job to reduce the cases we treat in these
notes, full C*—modules over unital C*-algebras and strongly full W*-modules,
to the case with a unit vector. We just mention that all results in the present
section have analogues for W*-modules replacing strict mappings with normal
(or o—weak) mappings, replacing the tensor product of C*—correspondences
with that of W*—correspondences, and replacing the word ‘full’ by ‘strongly
full’.

83. Unit Vectors in Hilbert Modules

In this section we discuss when full Hilbert modules over unital C'*—algebras
have unit vectors. In particular, we show that even if there is no unit vector,
then a finite direct sum will admit a unit vector. This result will play its role
in the solution of our Problem 1 in Theorem 7.6 for full correspondences over
unital C*-algebras. As an application, not related to what follows, we give a
simple proof of a statement about finitely generated Hilbert modules.

Of course, a Hilbert module F over a unital C*—algebra B that is not full
cannot have unit vectors. But also if E is full this does not necessarily imply
existence of unit vectors.

3.1. Example. Let B = C& My = (5,,) C M3z = Z(C?). The
My—C-module C?> = M,; may be viewed as a correspondence over B (with
operations inherited from M3 D (C‘)Q g)) Also its dual, the C-Ms—module
C%" = My, =: Cy, may be viewed as a correspondence over B. It is easy
to check that M = C? ® Cy = (& 2) is a Morita equivalence (see Section 5)
from B to B (in particular, M is full) without a unit vector.

Note that M ® M = B has a unit vector. Example 10.2 tells us that there
are serious examples in the discrete case where not one of the tensor powers

E®™ (n > 0) has a unit vector.

Observe that all modules and correspondences in Example 3.1 are
W*-modules, so missing unit vectors are not caused by insufficient closure.
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The reason why M does not contain a unit vector is because the full Hilbert
Ms-module Cq has “not enough space” to allow for sufficiently many orthogo-
nal vectors. (Not two nonzero vectors of this module are orthogonal.) Another
way to argue is to observe that every nonzero inner product (z*,y*) is a rank-
one operator in My = %(C?) while the identity has rank two. As soon as we
create “enough space”, for instance, by taking the direct sum of sufficiently
many (in our case two) copies of Cy the problem disappears.

In the following lemma we show that for every full Hilbert module a finite
number of copies will be “enough space”. The basic idea is that, if (x,y) =
1, then by Cauchy-Schwartz inequality 1 = (z,y)(y,z) < (z, ) |jy||> so that
(x,x) is invertible and z+/{x,z)~! is a unit vector. Technically, the condition
(x,y) = 1 is realized only approximately and by elements in E™ rather than in
E.

3.2. Lemma. Let E be a full Hilbert module over a unital C*—algebra.
Then there exists n € N such that E™ has a unit vector.

Proof. E is full, so there exist 2",y € E (n € N;i =1,...,n) such that

n
nlglgoz;@?,yﬁ = 1
1=

The subset of invertible elements in B is open. Therefore, for n sufficiently
big >, (x?,y") is invertible. Defining the elements X,, = (27,...,27) and

n
Y, =y, ...,y") in E™ we have, thus, that

n

i=1
is invertible. So, also (X,,Y,)(Ys, X,) is invertible and, therefore, bounded
below by a strictly positive constant. Of course, ||Y,|| # 0. By Cauchy-Schwartz
inequality also
(X, Y ) (Yo, Xin)

(Xn, Xn) > 5
1Yzl

is bounded below by a strictly positive constant and, therefore, (X, X,) is
invertible. It follows that X, +/(X,, X,,)~! is a unit vector in E". O

3.3. Corollary. If E (as before) contains an arbitrary number of mu-
tually orthogonal copies of a full Hilbert submodule (for instance, if E is iso-
morphic to E™ for some n > 2), then E has a unit vector.
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Lemma 3.2 implies that, if Z(F) is unital, then ¢ (E) = #(E). (Just
apply the lemma to the full Hilbert J¢ (E)-module E*.)

3.4. Corollary. If ' (E) is unital, then E is algebraically finitely gen-
erated.

This is some sort of inverse to the well-known fact that an (algebraically)
finitely generated Hilbert B-module is isomorphic to a (complemented) sub-
module of B™ for some n.

84. Unit Vectors in W*—Modules

In this section we proof the analogue of Lemma 3.2 for W*-—modules. Of
course, a W*-module is a Hilbert module. If it is full then Lemma 3.2 applies.
But the good notion of fullness for a W*—module is that it is strongly full,
that is, the inner product of the W*-module generates B as a W *—algebra.
(Strong fullness is the more useful notion for W*-modules, because it can
always be achieved by restricting B to the W*—subalgebra generated by the
inner product. Example 4.1 tells us that the same is not true for fullness in
the case of W*-modules.) It is the assumption of strong fullness for which we
want to solve Problem 1 for W*—modules, and not the stronger assumption of
fullness (that might be not achievable). We thank B. Solel for pointing out to
us this gap in the first version of these notes.

We see immediately that for strongly full W*—modules the cardinality of
the direct sum in Lemma 3.2 can no longer be kept finite.

4.1. Example. Let H be an infinite-dimensional Hilbert space. Then
H* is a W*—module over #(H ), that is strongly full but not full as a Hilbert
P(H)-module. (Indeed, the range ideal of H* in B(H) is B(H )y~ = # (H) #
PB(H).) For every finite direct sum H*" the inner product (X,, X,) (X, €
H*™) has rank not higher than n. Therefore, H*" does not admit a unit vector.
Only if we consider Ws, the self-dual extension of H*", where n = dim H, then
the vector in H*" with the components e} ((ei) some orthonormal basis of H)
is a unit vector. But this vector is not in H*" if n is infinite.

Observe that, for arbitrary cardinality n, we have H*" = ¢ (H,C"), while
H = PB(H,C"). In fact, when dim H = n we have H = PB(H).

The example is in some sense typical. In fact, we constructed a multiple of
H* that contains a unit vector by choosing an orthonormal basis for its dual H.
This will also be our strategy for general W*-modules. A suitable substitute
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for orthonormal bases are quasi orthonormal bases. A quasi orthonormal
basis in a W*—module E over B is a family (ei’pi)z‘es where S is some index
set (of cardinality n, say), p; are projections in B and e; are elements in E such
that
(ei,€5) = 0ipj and Zeie’{ = idg
i€S

(monotone limit in the W*-algebra %%(E) over the finite subsets of S in the
case S is not finite). Existence of a quasi orthonormal basis follows from self-
duality of F and monotone completeness of #%(E) by an application of Zorn’s
lemma; see Paschke [Pas73].

4.2. Lemma. Let FE be a strongly full W*-module. Then there exists
a cardinal number n such that E™ has a unit vector.

Proof. Let us choose a quasi orthonormal basis (e;‘, eief)i cs for the dual
P (E)-module E*. (Observe that E* is a W*-module; see Remark 9.2.) Then

Zef@i = Z<€i7€i> = idg.

i€s ics

The second sum is, actually, over the elements (e;, e;) when considered as op-
erators acting from the left on E*. But, as E is strongly full, the action of B
on E* is faithful. In particular, the only element in B having the action idg is,
really, 1 € B. Now, if we put n = #5, then the vector in E*° with components
e; is a unit vector. O

In Gohm and Skeide [GS05] we pointed out that existence of a quasi or-
thonormal basis for a W*—module may be used to give a simple proof of the
amplification-induction theorem, that is, the theory of normal representations
of a von Neumann algebra B. Indeed, let B C #(G) be a von Neumann
algebra acting nondegenerately on a Hilbert space G. If p is a nondegen-
erate representation of B on another Hilbert space H. Then E’ := {x’ €
B(G,H): pb)z’ = 2'b (b € B)} is a W*—module over B’ C %(G) with inner
product (z’,y") := y™*a’ € B'. Moreover, span E'G = H; see Section 9, in
particular, Remark 9.2. Let <€;’p/i)ies be a quasi orthonormal basis of E’. It
follows that H = @, 4 p;G C G# = G ® C# (see Section 1.8 for notation).
The representation p is, then, the compression of the amplification idg ® idc#s
to the invariant subspace H.

We may use Lemma 4.2 to furnish a new proof of the structure theorem
for algebraic isomorphisms of von Neumann algebras. Indeed, let p be faithful
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so that (see Section 9) E’ is strongly full. By Lemma 4.2 a suitable multiple
E™° of E contains a unit vector &’. We may choose a quasi orthonormal basis
{(5’, 1)} U (e;,pg)ies of B’ (disjoint union). Let [ be the smallest infinite
cardinal number not smaller than #S. Then the multiple EnT of B is
isomorphic to @siGS(Ez{)[ where E] := B @p,B' = (1 —p,)B' @ p;B' @ p,B'. 1t
follows that E_Z”S ~(1-p)B" @pB" = BT, In other words, BT =B,

4.3. Corollary. If p is a faithful normal nondegenerate representation
of a von Neumann algebra B C B(G) on H, then there exists a Hilbert space
$) such that the representations b — p(b) ® idg and b — b ® idgy are unitarily
equivalent.

85. Morita Equivalence for Product Systems

In this section we review the notions of (strong) Morita equivalence (Ri-
effel [Rie74]), Morita equivalence for Hilbert modules (new in these notes) and
Morita equivalence for correspondences (Muhly and Solel [MS00]). We put
some emphasis on the difference between the C*—case and the W*—case. That
difference is in part responsible for the fact that we can solve Problem 1 in
full generality only for W*-modules. The C'*—case can be done only for unital
C*-algebras and, even under this assumption, it is much less elegant. Then
we show that a product system of W*-correspondences can be derived from
an Fy—semigroup, if and only if it is Morita equivalent to a product system
that has a unital unit. In the discrete case this means a W*—correspondence
stems form a unital endomorphism of some %%(E), if and only if it is Morita
equivalent to a W*—correspondence that has a unit vector.

A correspondence M from A to B is called a Morita equivalence from
A to B, if it is full and if the canonical mapping from A into $*(M) corestricts
to an isomorphism A4 — J#(M). Clearly, the two conditions can be written
also as

M*oM = B MeoM = A

From these equations one concludes easily a couple of facts. Firstly, if M is a
Morita equivalence from A to B, then M* is a Morita equivalence from B to A.
Secondly, the tensor product of Morita equivalences is a Morita equivalence.
Thirdly, M and M* are inverses under tensor product. Two C*—algebras are
called strongly Morita equivalent, if they admit a Morita equivalence from
one to the other. Usually, we say just Morita equivalent also when we intend
strongly Morita equivalent.
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5.1. Example. All M, are Morita equivalent to C via the Morita
equivalence C".

5.2. Example.  Also the representation theory of #%(FE) is just a mat-
ter of Morita equivalence. In fact, taking into account that E is a Morita
equivalence from J# (E) to Bg and E* is its inverse (see Section 1.4), the iden-
tity of the J# (E)-B-correspondences in (2.1) becomes crystal when read from
the right to left; see [MSS06].

In the category of W*-algebras with W?*—correspondences, a
W*—correspondence from A to B is a Morita W*—equivalence, if M is
strongly full and if the canonical mapping A — $*(M) is an isomorphism.

5.3. Remark. Clearly, in the W*—case we have M ©° M* = 2%(M).
The fact that Morita equivalence for W*-algebra relates A to #*(M) while
strong Morita equivalence of C*—algebras relates A only to J£ (M) is one of the
reasons why our solution of Problem 1 works only in the W*—case, respectively,

runs considerably less smoothly in the particular C*—case we discuss in Section
7.

5.4. Example. The M, are W*—algebras, the C™ and their duals are
W*—correspondences and all tensor products are tensor products in the

W*—sense. So, Example 5.1 is also an example for Morita equivalence of
W*—algebras.

5.5. Remark. Versions of Examples 5.1 and 5.4 for infinite-dimensional
matrices and C replaced with B are crucial to solve Problem 1. Essentially, we
are going to use B" as Morita equivalence from M, (B) to B. Of course, for
infinite-dimensional matrices either we have to pass to strong closures (Section
6) or to a weaker notion of Morita equivalence (Section 7).

5.6. Definition (Muhly and Solel [MS00]). A correspondence E
over B and a correspondence F' over C are Morita equivalent, if there is
a Morita equivalence M from B to C such that EO M = M © F (or E =
Mo FoM*).

We add here:

5.7. Definition. A Hilbert B—module F and a Hilbert C—module F are
Morita equivalent, if there is a Morita equivalence M from B to C such that
EOGM=F (or E=F0®M*).
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Of course, the definitions for the W*—case are analogue.

Morita equivalence of Hilbert modules and Morita equivalence of corre-
spondences are related by the following crucial proposition. Suppose a: £%(E)
— P°(F) is a (bi-)strict isomorphism. By [MSSO06] this is the case, if and only
if F and F' are Morita equivalent where the Morita equivalence M induces a
as a(a) =a®idyy.

Now suppose there are two strict unital endomorphisms ¢ and 6 on %% (E)
and B°(F), respectively. We may ask whether they are comnjugate, that is,
whether there exists a (bi-)strict isomorphism a: Z*(E) — 2%(F) such that

f=aovdoal

5.8. Proposition. 1 and 0 are conjugate, if and only if there is a
Morita equivalence inducing an isomorphism F = E ® M such that Ey © M =
M © Fy, that is, if and only if E and F as well as Ey and Fy are Morita
equivalent by the same Morita equivalence.

The proof consists very much of computations like the second half of the
proof Theorem 5.12 below. We leave it as an exercise.

5.9. Remark. Note that in the scalar case B = C = C, where C is
the only Morita equivalence over C, we recover the well-known facts that every
normal isomorphism «: Z(G) — B(H) is induced by a unitary G — H and
that the multiplicity spaces of two endomorphisms conjugate by « must be
equal.

Clearly, if E© = (Et) tes s @ product system of correspondences over B and
M is a Morita equivalence from B to C, then M* ® E® ® M := F® = (F})
with F} := M* ® E; ® M and isomorphisms

tesS

F,OFE=M"0CE,0MoOM OE,0OM=M"0E,0E M
=M"OEqtOM=Fopy

is a product system of correspondences over C.

5.10. Definition. Wesay E© and F'© are Morita equivalent, if there
exists a Morita equivalence M and an isomorphism u® = (ut)tes: M*®OE®®
M — F© (that is, the u; are bilinear unitaries M* ® E; © M — F; such that

Us O up = Ug4t and Ug = idc).

The version for W*—correspondences is analogue.

The following corollary is proved very much like Proposition 5.8 taking also
into account (see [Ske02]) that two strict Eg—semigroups on the same %%(FE)
are cocycle conjugate, if and only if their product systems are isomorphic.
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5.11. Corollary.  Suppose 9 and 0 are strict Ey—semigroups on %°(E)
and on B(F), respectively. Then ¥ and 0 are cocycle conjugate via a
(bi-)strict isomorphism «: B(E) — B*(F) (in the sense that 0 and ao ¥ o
at = (aodo a’l)tes

systems E© of ¥ and F© of 0 are Morita equivalent via the Morita equivalence

are cocycle equivalent), if and only if the product

M that induces « as a(a) = a ®idyy.
Of course, also here there is a version for W*—modules.

5.12. Theorem. Let E®" = (E}),
full W*—correspondences Ey over a W*-algebra B. Then E© s the product
res on B(E) for some W*—module

E over B, if and only if E®° is Morita equivalent to a product system F ©° of

be a product system of strongly
system of a normal Eq—semigroup ¥ = (19,5)
W*—correspondences over a W*—algebra C that contains a unital unit (.

Proof. “=". Suppose E ©° is the product system of the normal
Ey—semigroup 9 on the W*-algebra C := %(FE). Put F;, := E®° E;®° E*. As
E®°E; = FE and Y¢(a) = a®idg,, we find F} = g, B%(F) and as; ®a; = 9¢(as)as
is the isomorphism Fs ®° Fy = Fyy4. Clearly, (; = idg € #°(E) = F; defines
a unital unit ¢© for F©° . (One easily verifies that also the inductive limit
Fy = $B%(F) = E ®° E* constructed from that unit is that obtained from E
via the Morita equivalence M := E* as F, = E ®° E*.)

“«<=". Suppose M is a Morita W*-equivalence from B to C such that
FO .= M*®°E® &°M has a unital unit ¢®. Construct the inductive limit
F with the normal Ey—semigroup 6;(a) = a ® idp, (a € #*(Fx)) and put
E :=F, ®° M*. Then

19,5(0,) = Gt(a ® idM) @idp+ = a@idy Oidp, Oidy~ = a©idg,
(a € #°(E)) where
E = EG° MO M (= FooO° M* = Fou &° F, &° M*)
= ECQ°MO F,0°M*=EG®°E,
is the induced semigroup on #*(FE). As F is full (it contains a unit vector)
also E = F,, ®° M* is full (CFOCS = C acts nondegenerately on M* so that

Be =By = B). Therefore, by uniqueness the product systems associated
with ¥ gives us back Fj. O

5.13. Corollary.  Two product systems of W*—correspondences in the
same Morita equivalence class are either both or are both not the product sys-
tems of a normal Eg—semigroups.
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§6. Endomorphisms: W*—Case

The results of Sections 4 and 5 allow in a very plain way to solve Problem
1 for W*—correspondences. But, we explain first the idea in the C*—case under
the assumptions of Lemma 3.2 — and in doing so we illustrate why it does not
work in the C*—case. This helps to appreciate better the W*—case.

Let E be a full correspondence over a unital C*—algebra B. By Lemma
3.2 we know that for some n € N the correspondence E™ has a unit vector.
We observe that E™ = B™ ® E, where B" is a Morita equivalence from M, (B)
to B. If we could show existence of a unit vector in M, (FE) = B*® E © B,
where B,, := (B™)* is the dual of B", then E was Morita equivalent to a
correspondence with a unit vector. In this case the “<=" direction of the
proof of Theorem 5.12 works even without strong closure. (One main reason
for strong closure is that rarely #*(E) = J# (F) so E is a rarely a Morita
equivalence from #%(E) to Bg as needed in the proof of Theorem 5.12. But,
here with B also M,,(B) = #%(B™) = . (B™) is unital.)

Unfortunately, M, (E) need not have a unit vector. Suppose n > 2 is
the minimal cardinality such that E™ has a unit vector. To produce a 1 in a
place in the diagonal we need n orthogonal vectors, and to produce 1 in each
of the n places in the diagonal we need n? orthogonal vectors. However, the
M,,(B)—correspondence M, (E) still has “space” only for n orthogonal vectors
with suitable inner products. We invite the reader to check that for the cor-
respondence F from Example 3.1, where n = 2, the correspondence My(FE)
does admit unit vectors. The problem remains, when we use M,,(E) (m > n)
instead. It disappears if m = oo, because then we can “slice” m = oo into n
slices still of size m = oco. The problem is now that the sums when calculat-
ing inner products of elements in M (E) (or also in products of elements in
Moo (B)) converge only strongly. (For instance, 1o, € My (B) is approximated
by 1,, € M,,,(B) C M (B).) This is a second reason why we have to switch to
the W*—case.

In the context of W*-modules, Lemma 4.2 allows for arbitrary cardinalities
n. We start by giving a precise meaning to M,(B) and M,(E). So let E be
a W*—correspondences over a W*-algebra B. Let S be a set with cardinality
#S = n and denote by (ex), g the natural orthonormal basis of C*. We set
M,(B) := #B(C") ®° B (tensor product of W*-algebras) and we identify an
element B € M,(B) with the matrix (bij)i,jes where

bz’j = (6:< ®idB)B(6j ®id5) e B.

We put M, (E) := Z(C") ®° E, that is, the exterior tensor product of
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W*-modules; see [Ske0l1, Section 4.3]. We identify an element X € M,(FE)

with the matrix (:C”) s where

i,j€
Ty = (ez@idE)X(Ej@)idE) € FE.

The operations in this correspondence over M, (B) are

(6.1)
(X,Y); = Z<xkiaykj> (XB)ij = Zwikbkg‘ (BX)i; = sz‘kxkg‘,
k k E
where all sums are o—strong limits. A matrix X = (x”) is an element of

M, (E), if and only if all >, (zk;, zr;) exist o-strongly and define the matrix
elements of an element in M, (B).
Clearly, M := C" ®° B = B"" is a Morita W*-equivalence from M, (B) to
B and
MG E®*M* = My(E).

6.1. Corollary. FE and M,(E) are Morita equivalent W*—correspon-
dences.

6.2. Proposition.  Suppose E is strongly full and let n be an infinite
cardinal number not smaller than that granted by Lemma 4.2. Then M,(E)
has a unit vector.

Proof. Denote by [ the cardinal number from Lemma 4.2 and fix n as
stated. Choose sets S, T with #S = [[#T = n. Let a4 (¢ € S) denote the
components of a unit vector in ET. As nis infinite (by assumption!) and [ < n
so that [n = n, we may fix a bijection p: T'— S x T'. Denote by (1 and ¢y the
first and the second component, respectively, of ¢. Define a matrix X € M, (FE)

by setting
Tij = Ty (i)0ps(i),j-
Then
(X, X)ig = D (@i Thg) = Y Oa(k).i0a(k).d (Ton (k) T (k)
keT keT
= Z Ok,i0k,j(Te, Tg) = (Z%i%g) (Z(JU@JUD) = ;1.
(0.k)ESXT keT tes

O

Putting together Corollary 6.1 and Proposition 6.2 with Theorem 5.12 solves
Problem 1 in the W*—case.
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6.3. Theorem. Let E be a strongly full W*—correspondence. Then
there is a W*-module F (necessarily strongly full) and a unital normal en-
domorphism of O of *(F) such that Fy = E.

6.4. Observation. Note that, by construction of M, (F) and the proof
of Theorem 5.12, the module F = (limindnHOO Mn(EG)S”)) o B o
M,(E) ®° B* = E" contains a unit vector. But we can show even more.
In Corollary 9.3 we will see that, for a suitable cardinality n, we may even
achieve that F' is isomorphic to a free module B*°. This observation (and its
C*—version, Observation 7.7, below) are in duality with Observation 8.5 in the
sense of commutant (Section 9).

6.5. Remark. If F is not necessarily strongly full, then, as explained
in Section 2 (W*—version, of course), for that E = Fy for some ¢ acting on
some Z*(F), it is necessary that Bz’ acts nondegenerately on E. But this
is also sufficient, for in this case, we apply Theorem 6.3 to the strongly full
correspondence E over By and obtain a ¢ acting on #%(F) for some F that
is strongly full over Bz .

87. Endomorphisms: C*—Case

In this section we solve Problem 1 for full C*—correspondences over a unital
C*—algebra. The proof is less streamlined than that of the W*—case, so we do
not develop a complete analogue of the treatment of the W*—version — also
because, partly, this is not possible.

One problem was to have a notion of Morita equivalence that understands
a full Hilbert B-module E as a Morita equivalence from #%(E) to B and not
just from J#(E) to B. In the previous sections the strongly closed versions for
W*—objects did the job. In this section we elaborate a version for strict closure
(or what is the same for strict or *—strong completion). And we elaborate this
strict Morita equivalence only for the case, where one of the algebras is £%(B).
This will allow for the necessary matrix constructions, and Lemma 3.2 will
guarantee existence of a unit vector in the matrix modules. The fact that, for
nonunital C*—algebras, we have available neither Lemma 3.2 nor Lemma 4.2 is
responsible for that we cannot prove the result in that case. Lemma 3.2 works
only for full Hilbert modules over unital C*—algebras, and the strict completion
will be only “strictly full” over the multiplier algebra of B. The proof of Lemma
4.2 is based on quasi orthonormal bases that, in strict completions, are not
available.
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7.1. Example. Let B= Cy(—2,2) and I = Cy(—1,1) C B an ideal and
define the full Hilbert B-module £ = B & I. Then the strict completion of E,
P*(B, E), is the direct sum Cy(—2,2)®Cy(—1,1). The only nonzero projection
in #%(B) = Cp(—2,2) is 1. Every element & in #%(B, E) that has unit length
leaves a nonzero complement (1 — ££*)E and all inner products of elements in
that complement are in I. So #%(B, E') has no quasi orthonormal basis.

Nevertheless, we remark that F, equipped with its natural left action, is
the correspondence of a strict unital endomorphism on %%(F) for some full
Hilbert B-module F'. Indeed, choose two Hilbert spaces H; and Hs and put
F =Cy((-1,1), Hy) ® Co((—2,2),Hs). Then F ® E = Cy((—1,1),H, ® H; ®
Hy) ® Co((—2,2), Hz). Therefore, whenever H; is infinite-dimensional, there
exists an isomorphism H, ® H{® Hy, — Hy so that F®F and F are isomorphic.
We do not know a counter example for nonunital .

Let us start with some generalities, however, without discussing (as would
be natural) how the definitions fit into the frame of multiplier algebras, double
centralizers and strict topology. If E is a Hilbert B—module, then by the strict
completion of E we understand the space #%(B,E). If B is unital, then
P*(B, E) is just E where we consider € E as the map b +— xb. In general,
P°(B, E) is a Hilbert module over #(B) with inner product (X, X') = X*X"'.
Further, #%(B, E) has the same operators as E, that is, #*(#%(B,E)) =
P°(E). (An element a € B°(E) acts on X € #*(B, E) simply by composition
aX, while an operator a on %#%(B, E) determines the operator Xb — (aX)b on

Now we wish to define an appropriate tensor product among such spaces.

7.2. Proposition. Let E be a Hilbert B-module and let F' be a corre-
spondence from B to C. Then:

1. The left action of B on F' extends to a (unique and strict) action of #°(B).
Therefore, also °(C, F') has a left action of B%(B).

2. For every X € BB, E) by setting n(X) = X ©idp we define a map in
PB*(BOF,EOF)=%3"F,EQO®F) with adjoint n(X)* = X* ®idp.

3. The map X ©Y — n(X)Y defines an isometry from the tensor prod-
uct of B*(B,E) and B°(C, F) over *(B) onto a strictly dense subset of
B*(C,EOF).

Proof. For Part 1 see, for instance, [MSS06, Corollary 1.20]. Part 2 is
general theory of tensor products.
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For Part 3 let us choose a bounded approximate unit (u )\) AeA for B. Then

n(X)Ye = li)I\nn(X)uAYc = li/{n(XuA) ® (Ye),
where we made use of uyy — y in norm for all y € F. (This follows from Part
1, but may also easily be verified by three epsilons.) It follows that
(X)Y e, n(XY'e) = lim((Xur) © (Ye), (X'ur) © (Y'¢))
= h)I\l’l(YC, ui (X, XY, Y'd) = li)I\n(uAYc, (X, X"Yu Y'c)
= (Y, (X, XYy =Y, (X, X")Y').
Clearly, when restricted to the subset E© F of %(B, E)® %°(C, F), we obtain

all maps of the form ¢ +— cz for z € E ® F, which form a strictly dense subset
of #*(C,EQF). |

7.3. Definition. By the strict tensor product #*(B,E)® %*(C, F)
we understand the space °(C,E ® F).

The following corollary can be proved as Part 3.

7.4. Corollary.  For every correspondence G from C to D (that may be
viewed also as a correspondence G from %°(C) to D in a unique way) we have

(#“(B,E)® #*(C,F)©G = #(C,E0F)0G = EOFOG.

Clearly, if E is a correspondence from A to B, then #(C,E ® F) is a
correspondence from %%(A) to %°(C). In particular, if E® is a product system
of correspondences over B, then the family of all %(B, E;) form a strict tensor
product system of correspondences over Z%(5). If this product system has a
unital unit 2, then we may proceed as in Section 2. So Z; ® idg, defines an
inductive system of isometric embeddings #%(B, E;) — #B*(B, Es+t). From
the inductive limit of this system we may extract a Hilbert B—module

Ey = (1i{nind;93a(B,Et))®B

so that lim ind;_, .o Z%(B, E:) embeds as a strictly dense subset into 2% (B, Ew).
(Note that B is a self-inverse Morita equivalence over B and that the left ac-
tion of B extends to a strict left action of #*(B) on B in the canonical way.)
P (B, E~) fulfills

(7.1) BB, E) ® BB, E,) = #(B,Ex)



UNIT VECTORS, MORITA EQUIVAL. AND ENDOM. 499

and the usual associativity condition like (2.3), so that ¥;(a) = a ®idg, defines
an Ey—semigroup on #*(#*(B, Ex)). But, we know that #*(#*(B, Ex)) is
just B*(FE). It is easy to show that this Ey—semigroup is strict and that its
product system is nothing but £®. The following proposition is slightly more
general and implies what we just asserted in the special case M = B.

7.5. Proposition.  Let M denote a Morita equivalence from B to C (so
that M carries a unique and strict extension of its left action to $*(B)). Put
Fo i =FEs ®M. Then

Fe = Fu O(M*OE,©M)

(via (7.1) and Corollary 7.4) and 0i(a) := a © idy+or,oMm defines a strict
Eq-semigroup on B*(Fs) whose product system is F© :== M* ® E® © M.

Proof. The isomorphism F, = Fo, © F} is

Fro = B OM = BB, En)© M = (BB, Ex) ® %°(B, E,)) © M

The remaining statements follow as in the second half of the proof of Theorem
5.12 just the roles of E® and F® have now switched. O

7.6. Theorem. Let E be a full correspondence over a unital C*—algebra
B. Then there is a (necessarily full) Hilbert B—-module F' and a unital endo-
morphism of ¥ of B°(F) such that Fy = E.

Proof. Denote by E© = (E@")neNo
We define M (B) and My, (E;) as the completions of the spaces of matrices

the product system generated by E.

with finitely many nonzero entries in the respective norm topologies and op-
erations like in (6.1). To come to the setting of the preceding proposition we
make up a dictionary.

Propositions 7.5 here
B Moo (B)
C B
M B>
E® My (E®) := (MOO(E”))nGNO
F© E®
Foo F
0 )
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In order to apply Proposition 7.5 (providing us with the F' and the ¢ we seek
according to the dictionary) it remains to show that #% (M (B), Moo (E)) has
a unit vector = (determining a unital unit 2 for the whole product system
M (E®) as ingredient). But this can be done as in Proposition 6.2 using,
however, the ingredients from Lemma 3.2 (that is, [ finite so that n = #N is
sufficient) instead of those from Lemma 4.2. O

7.7. Observation.  Also here the first part of Observation 6.4 remains
true: F' O E°° contains a unit vector. The second half, F' can be chosen B,
remains true at least if E is countably generated. (This follows from the main
result of Brown, Green and Rieffel [BGR77]. We do not give any detail.)

7.8. Remark. Also here a correspondence F over B that should come
from an endomorphism, necessarily must be also a correspondence over Bg.
However, under the present assumptions we cannot simply replace B with Bg
as in Remark 6.5, because Bg, in general, will be nonunital.

It is not difficult to write down endomorphisms or even continuous time
Ep—semigroups of #*(F) for a full Hilbert module F over a nonunital
C*—algebra. (Put B := Cy(0,00) and F := Cy((0,00), H) for some nonzero
Hilbert space H. Then F is a Hilbert B—module with inner product (h, h')(r) :=
(h(r),h'(r)). Define E; = B as right Hilbert module, but with left action
b.x(r) =b(r +t)z(r). Then F @ E; = F via [h © z|(r) = h(r + t)x(r) defines
an Ep—semigroup ¥;(a) = a ® id; on $B%(F) with product system E;.) Nev-
ertheless, without going into detail, we would like to emphasize that in many
respects our motivation to study Ep—semigroups on #%(F') via product systems
(dilation theory!) lets appear as not very natural the case where F' is not full
over a unital C*—algebra. Continuous product systems of correspondences over
a unital C*—algebra always have unit vectors; see [Ske07a, Lemma 3.2].

§8. Representations

In this section we solve Problem 2. We show that every faithful
C*—correspondence admits a faithful nondegenerate representation (Theorem
8.3). This generalizes Hirshberg’s result [Hir05] where the correspondence is
required full. And we show that for a faithful W*—correspondence the repre-
sentation may be chosen normal (Theorem 8.2). Actually, we show first the
result for the W*-case and, then, boil down the C*—case to the W*—case. The
heart of the proof is the well-known statement that faithful representations of
W*-algebras become unitarily equivalent when amplified suitably (Corollary
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4.3). The main reason why we reproved that fact in Section 4 is to underline
how simple a self-contained proof of Theorem 8.2 actually is. The reduction of
Theorem 8.3 to Theorem 8.2 remains somewhat tedious.

Let G be a Hilbert space. A representation on G of a correspondence
E over B is a pair (m,n) of maps 7: B — ZA(G) and n: E — #(G) where 7 is a
representation of B and 7 is a bimodule map (that is, n(bzd’) = 7(b)n(z)w(V'))
such that n(z)*n(y) = 7({x,y)). We always assume that 7 is nondegenerate.
The representation (w,7) is nondegenerate (or essential), if also 7 is non-
degenerate, that is, if spann(E)G = G.

8.1. Remark. The nomenclature here differs, for instance, from Muhly
and Solel [MS98], who call covariant representation a pair (m,n) of completely
contractive mappings fulfilling all conditions but n(z)*n(y) = 7({(z,y)). They
call a covariant representation isometric if also n(z)*n(y) = w({z,y)) holds,
and they call an isometric covariant representation (that is, a representation in
our sense) fully coisometric if spann(E)G = G.

We are done with Problem 2, if we can choose a faithful representation
m such that the induced representation p% of B on H := E ® G is unitarily
equivalent to 7, so that there exists a unitary u € #(G, H) such that umr(b) =
p™(b)u for all b € B. In that case, by setting n(z) = u*n™(x) € B(G) the pair
(m,n) is a faithful nondegenerate representation of E on G. If, in the W*—case,
7 is normal, then so is 1 (see Section 1.7).

8.2. Theorem. FEvery faithful W*—correspondence over a W*—algebra
admits a normal faithful nondegenerate representation on a Hilbert space.

Proof. Let E be a W*—correspondence over a W*-algebra B. Choose a
faithful normal nondegenerate representation 7: B — %(G) of B on a Hilbert
space G. Then the induced representation pj on H := F'® G is nondegenerate
and normal. It is faithful because the left action of B on FE is faithful. By
Corollary 4.3 there exists a Hilbert space $ such that the amplification 7 ® idg,
of m on G ® $H and the amplification pf ® idg of p% on H ® H are unitarily
equivalent. Obviously, EQ(G®$) = H®S$ so that pEQidg is the representation
pg@)idﬁ of B induced by 7 ® idg. By the discussion preceding the theorem we
find a faithful normal nondegenerate representation (7 ® idg,n) of E. |

8.3. Theorem. FEvery faithful C*—correspondence over a C*-algebra
admits a faithful nondegenerate representation on a Hilbert space.



502 MICHAEL SKEIDE

Proof. Suppose E is a correspondence over B with a faithful left ac-
tion. We are done, if we can choose a faithful (nondegenerate) representation
m: B — %(G) in such a way that the induced representation pf on H :== EOG
extends to a normal and faithful representation of B” := w(B)" C Z(G). This
representation turns, then, E” := st the strong closure of the subset
n™(F) in #(G, H), into a von Neumann correspondence over 5" with faithful
left action. (See Section 9 for details.) We apply Theorem 8.2 to E” and obtain
a (normal) faithful nondegenerate representation 7’ of E” on a Hilbert space.
As F is strongly dense in E” (via ™) and 5" is normal, also the restriction of
n:=1n" | E to E is nondegenerate.

Let Bt := {peB:p>0¢l| <1} and Ey := {z € E: |jz| < 1}.
Suppose we can find a subset S of B{Jr that fulfills:

1. For all b # 0, there is a ¢ € S such that p(b*d) # 0.
2. For all p € S and z € Ey, also po (z,ex) € S.
3. For every ¢ € S, there exist 1) € S and x € E; such that ¢ = ¢ o (x, ex).

We represent B by m = P g7, on G = g Gy as the direct sum of
all GNS-representations (m,,G, 2 7,) to all elements ¢ in S. Then, by (1)
this representation of B is faithful. By (2) the induced representation of 5 on
H:=E0G =@ 5 EOG, extends to a normal representation of B” C #(G).
(Indeed, for p € S, x € E7 and ¢ = po(x, ex) € S we observe that the subspace
H, , := span Bz © v, with the natural left action of B is unitarily equivalent
to the GNS-representation m, on Gy by vy, 5: bx © v, — byy. For b € B” we
simply define the action on an element h € H, , as U;’zb”v%mh. It is easy to
see that this extends as a well-defined representation of B” on all of H that is
strongly continuous on bounded subsets and, therefore, normal.) And by (3)
this representation of B” is faithful.

For sequences <90")neN in Bfr and ($n)n in £ we denote

eN

n

() = (‘0n0<$1®®$n,.$1®®$n>

Recall that a subnet of a net (a)\))\eA is a net of the form (ag(#))ueM for some
cofinal function g: M — A (that is, for every A € A there is a uy € M such
that p > ux = g(p) > A). We define a suitable set S by

§ = {SD < BT+ } 3 (cp")nEN - BT+’ (:En)nEN C El such that

@ is the weak* limit of a subnet of (@”)neN}.
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To show (1), let b € B with ||b] = 1. Then choose z1,x2,... € Ey such
that

n+1
b2y © ... 0z, > > ——
2n
for all n € N, and choose states ¢, such that
(b1 @ . O @, b2y O ... O,)) = [br1 O ... O,

BiT is weak* compact so that the sequence (gp”)n N has a weak* convergent
subnet. Its limit ¢ is an element of S that fulfills p(b*b) > 1.

For (2) and (3) let us fix an arbitrary element of ¢ € S represented as
weak* limit ¢ = limy ¢/ for some sequences (gpn)neN in BT and (xn)neN
in Fq, a directed set A and a cofinal function f: A — N.

To show (2), choose z € E;. Then for ¥, = ¢n_1,Yn = Tn—1 (n > 2)
and ¢¥; = 0,y; = z and the cofinal function g(A) = f(\) + 1 we find that
I (B) = by (11 © - O Yg(r), b1 © ... O yg(n))) = ! N ((z, b)) converges
to p((x,bx)) for all b € B. So, @ o (z,ex) = limy 9N € S.

To show (3), a candidate for x is x;. We put y, = Tpi1,%n = ©ni1
(n € N) and g(A) = max(f(A) — 1,1). By weak™ compactness, from the net
(wg(’\)))\eA we may choose a subnet (wgoh(“))ueM converging weakly to a 1.
Clearly, the function g o h: M — N is cofinal, so that ¥ € S. And v fulfills
Yo (xy,ex1) = ¢, because the net (9" o (z,, ox1>)H€M has the same limit as
the subnet (cpth(“))ueM of (cp")neN, namely, . (These two nets are identical
for all 1 except for those p € M where f(h(p)) =1.) O

8.4. Remark. If F is a (WW*—)correspondence that admits a faithful
(normal) nondegenerate representation (m,7), then necessarily E is faithful.
(The induced representation pf% is unitarily equivalent to the faithful represen-
tation 7.) If E is (strongly) full, then for m being faithful it is sufficient (and
necessary) that 7 alone is faithful.

What happens, if we require only that 7 is faithful in the case when F
is not necessarily (strongly) full? In this case, at least the restriction of 7 to
Bg (respectively, BiE‘()) must be faithful and the left action of Bg (respectively,
BiE‘g) must be nondegenerate and faithful. It follows that E must be faith-
ful as (W*-)correspondence over By (respectively, Bg ). But in this case we
can apply Theorem 8.3 (8.2) and obtain a faithful representation (n, ) of the
correspondence over the smaller algebra. The part m of that representation
may be extended to a (of course, in general not faithful) representation of B
and the extended 7 together with 7 gives rise to a (normal) nondegenerate not
necessarily faithful representation where 7 is faithful.
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8.5. Observation. The proof of Theorem 8.2 shows that, if B C B(G)
is a von Neumann algebra, then the representation of a W*-correspondence
E over B may be chosen to live on a multiple of the representation space G
with B acting in the natural way as amplification. Also, in the C*—case the
representation of E will live on a suitable multiple of the representation space
of the representation 7 constructed on the proof of Theorem 8.3.

The following consequence of Theorems 8.3, 8.2, and Section 2 is a discrete
time version of a result by Arveson and Kishimoto [AK92] for W*-algebras. In
Skeide [Ske06¢c] we prove a continuous time version for C*—modules. In Skeide

[Ske08a] we will use the same technique to give a completely different proof of
[AK92].

8.6. Theorem.  Ewvery faithful strict (normal) unital endomorphism 9
of Z*(F) for some Hilbert module (W*-module) over B is the restriction of
an automorphism of some B(H) containing B*(F) as (W*-)subalgebra.

Proof. 'We discuss only the (more difficult) C*—case. By making B smaller,
we assume that F'is full. Denote by E = F*®yF the correspondence of 9. Since
9 is faithful, so is E. Applying Theorem 8.3, we obtain a faithful nondegenerate
representation (m,7n) of E on G. Define H := F ® G. Since 7 is faithful, so is
the embedding a — a @ idg from Z%(F) into A(H). Since 7 is nondegenerate,
the elements n(y* @y z)g are total in G. By

rON(y" Oy z)g — Hey")z Oy
we define a unitary u € B(H). For every a € #°(F), we find that
u(a ®idg)(z ©ny* Os 2)9) = ulaz ©ny” Oy 2)g)
= Yazy")z0g = ((a)0ide)(V(zy")20g) = (¥(a)Oide)u(zOn(y" O92)g)-

In other words, u(a ® idg)u* = ¥(a) ® idg, so that the restriction of the inner
automorphism u e u* of B(H) to the subalgebra #*(F) @ idg & $*(F) gives
back 9. O

8.7. Corollary.  FEvery faithful (normal) nondegenerate endomorphism
of a C*— (W*=)algebra B is the restriction of an inner automorphism of some

B(H) > B to B.

Proof. 1f B is a von Neumann algebra, apply Theorem 8.6 to #%(B) = B.
If B is a C*—algebra, then the nondegenerate(!) homomorphism ¢: B — B C
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P*(B) extends uniquely to a strict unital homomorphism of #*(B). Now we
may apply Theorem 8.6. U

As another application we prove that every normal faithful representation
(00,0) on G of a faithful W*—correspondence E over B admits a nondegener-
ate extension (19,7) on H D G. (In the terminology of [MS98], every normal
isometric covariant representation admits a unitary, that is isometric and fully
coisometric, extension.) By this we mean that (g, 7) is normal nondegenerate
(faithful) representation of E such that 7(x)g = o(z)g and 74(b)g = o¢(b)g for
alge G C H.

Note that this is a stronger statement than existence of a nondegenerate
dilation of (¢, o). Dilation would mean that the compression to G gives back
(00,0). (Existence of a nondegenerate dilation has been shown [MS02]. As
explained in [SkeO8b], existence also follows via the commutant (see Section
9) from the inductive limit construction described in Section 2 due to [BSO00,
BBLS04].) It is known that the statement may fail for C*—correspondences,
see Solel [MS98, Example 5.16].

8.8. Theorem. FEvery normal faithful representation of a (faithful)
W* —correspondence admits a nondegenerate extension.

Proof. Let E denote a faithful W*—correspondence over a W*—algebra B.
Suppose (0g, o) is a normal isometric faithful covariant representation of E on
the Hilbert space G.

Then the Hilbert space E ® G is canonically isomorphic to the subspace
H := spano(E)G of G and the induced representation p3’: b — b ® idg on
E © G is unitarily equivalent to og | H.

Since E is faithful, by Theorem 8.2 there exists a normal faithful nonde-
generate representation (1g,n). By Observation 8.5 the representation space
may be chosen G#9 := P,cs G for some infinite set S in such a way that
no = id%".

Choose sg € S and fix a bijection ¢: S — S\{so}. For every Hilbert space
K we define a unitary vg: K @ K#5 — K#9 by setting

v (k, (ks)ses) = (k;)SGS with ki = Fk, kfp(s) = ki

(cf. Example 2.2). Denote by H+ the orthogonal complement of H in G. Of
course, G#5 = H#5 @ HA#® in the obvious way. If we understand o(x) as an
element in #(G, H), then (1o, T) with

7(z) = (v ®idyows)(o(x) ® 0™ (2))vg
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defines a normal faithful nondegenerate representation of E on G#° that sends
the subspace G' = G, to Hy, C G, and, on that subspace, gives back . U

8.9. Remark. The extension does not give an extension of the repre-
sentation (in the sense of Definition 9.8) of the whole product system (EG”)n eNo
generated by E. A “semigroup” version of this result has to wait for future

investigation.

89. Commutants: Endomorphisms versus Representations

In this section we show that the W*—versions of our results, Theorem
6.3 and Theorem 8.2, are dual to each other in the sense of commutants of
von Neumann correspondences. The commutant is a duality between a von
Neumann correspondence over the von Neumann algebra B C Z(G) and its
commutant, a von Neumann correspondence over the commutant B’ of B. In
Theorem 9.5 we will show that, under commutant, endomorphisms associated
with a von Neumann correspondence E are in correspondence (in a sense one-
to-one) with representations of its commutant, £’. An endomorphism is unital,
if and only if the corresponding representation is nondegenerate.

Von Neumann modules (Skeide [Ske00]) are the concrete operator ana-
logues of W*—modules and Neumann correspondences (Skeide [Ske03, Ske06b)])
are the concrete operator analogues of W*—correspondences. (As categories the
two versions are equivalent.) Unlike the W*—version, for von Neumann mod-
ules there is a double commutant theorem and von Neumann correspondences
possess a commutant. (The commutant was introduced in Skeide [Ske03]. In-
dependently, Muhly and Solel [MS04] have considered a W*—version, in which
the W*-algebra, first, must be represented faithfully. In [MS05] they gener-
alized the construction to A-B—correspondences.) We start by giving a very
brief account on these subjects.

Let B C #(G) be a von Neumann algebra acting nondegenerately on the
Hilbert space G. Then every (pre-)Hilbert B—module E may be identified as a
concrete operator B-submodule of #(G, H) (nondegenerate in the sense that
span EG = H) via the representation n := nidﬁ from G to H induced by the
identity representation idg of B on G; see Section 1.7. Following Skeide [Ske00],
we say F is a von Neumann B-module, if E is strongly closed in Z(G, H).

One may show that F is a von Neumann module, if and only if E is self-
dual, that is, if and only if F is a W*—module; see [Ske00, Ske05b]. For a fixed
von Neumann algebra B the category of von Neumann B—modules and the cat-
egory of W*—modules over B are, therefore, equivalent. (The morphisms are, in
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both cases, the adjointable maps.) Fixing an equivalence between the category
of W*-algebras and the category of von Neumann algebras, also the category of
von Neumann modules and the category of W*—modules are equivalent. (The
morphisms are the ternary morphisms; see Abbaspour and Skeide [AS07] for
details.)

9.1. Remark. The point about von Neumann modules is that it is
easier to obtain them (from pre-Hilbert modules over a von Neumann algebra)
than W*-modules. Simply take strong closure. In the sequel, we will learn
another possibility that is completely algebraic and parallels the operation of
taking the double commutant of an operator *x—algebra in order to obtain a von
Neumann algebra; see Remark 9.2.

We identify £%(F) as a subalgebra of Z(H) via the induced representation
pld5 Clearly, if E is a von Neumann module, then P*(E) is a von Neumann
subalgebra of #(H). When E is also a correspondence over B such that the
canonical representation p: B — $B%(E) — Z(H) is normal, then we say F is a
von Neumann correspondence. (So F is a von Neumann correspondence,
if and only if it is also a W*—correspondence. Once more there are equivalences
of von Neumann categories and W*—categories, with and without fixing the
algebra in question.) We refer to p as the Stinespring representation of B.

On H there is a second (normal nondegenerate) representation, namely,
the so-called commutant lifting p' of B’ defined as p/(b') = idg@b. It
is not difficult to show that the intertwiner space Cp/(#(G,H)) := {z €
B(G,H): p'(t)x =zt (b € B)} is a von Neumann B—module (see [Rie74])
and that F is a von Neumann module, if and only if £ = Cg/(%(G, H)) (see
[Ske05b]). Less obvious is the converse statement: If p’ is a normal nonde-
generate representation of B’ on a Hilbert space H, then the von Neumann
B-module E := Cp/(#(G, H)) acts nondegenerately on G (see [MS02, Lemma
2.10]), that is, E ® G = H via z ® g = zg. Clearly, the commutant lifting for
that E is the p’ we started with. The fact that the correspondence between von
W*-modules over B and representations of B’ (in standard representation) is
an equivalence of categories, has been observed in Baillet, Denizeau and Havet
[BDHS88|. ([BDHS88, Theorem 2.2] is, actually, between W*—correspondences
and correspondences in the sense of Connes [Con80]. One has to put the al-
gebra acting from the left to C.) A version as a bijective functor (between

concrete von Neumann B-modules and representations of B’) is due to Skeide
[SkeO6D)].

9.2. Remark. If Eis only a pre-Hilbert module over the von Neumann
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algebra B, then E” is just Cz/ (2(G, H)) and provides us with the minimal self-
dual extension of E in the sense of Paschke [Pas73]; see [Rie74, Ske05b]. This
is the double commutant theorem for von Neumann modules.

A von Neumann B—module is strongly full, if and only if the commutant
lifting p’ is faithful.

9.3. Corollary. If F is a strongly full von Neumann module, then there
is a cardinal number n such that F*° =~ B . In particular, if 9 is a uni-
tal normal endomorphism of B%(F) with associated von Neumann correspon-
dence E, then the amplification gives a unital normal endomorphism 9" on
B (F") = 2°(B*) = B® B(C"), whose associated von, Neumann correspon-
dence is F, too.

Proof. The first statement is a simple consequence of Corollary 4.3 and
the observation that the correspondence between von Neumann modules and
their commutant liftings respects direct sums (of arbitrary cardinality). The
second statement follows from the (easy to proof) fact that Ey—semigroups with
the same associated product system may be added. d

As a curiosity we reprove a well-known result (see [Rie74, Theorem 8.15]
and its footnote) about when two W*-algebras are Morita equivalent.

9.4. Corollary. Let A and B denote two W*—-algebras. Then the fol-
lowing conditions are equivalent:

1. A and B are Morita equivalent.

2. A and B admit faithful normal nondegenerate representations p: A —
PB(H) and w: B — B(G) with isomorphic commutants p(A) = 7(B)’.

3. There is a Hilbert space $) such that AQAB($) and BRA($H) are isomorphic.

Proof. 1 = 2. Suppose F is a Morita equivalence from A to B. Choose
a faithful normal nondegenerate representation = of B on G. Put B’ := «(B)’
and define as usual the commutant lifting p’ of B’ on H := E® G. Since F
is a Morita equivalence, p’ is faithful and p™ is an isomorphism onto #%(E) =
p (B C B(H). In other words, p(A) = p'(B") = B = =(B)".

2 = 3. Suppose we have two representations 7 and p as stated. Then
Corollary 4.3 provides us with a Hilbert space $) such that p(A) ® idg and

m(B)' ® idg are unitarily equivalent. Thus, they have isomorphic commutants
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p(A) @ B(H) and 7(B) @ B(H) so that also A ® B(H) and B @ B(H) are
isomorphic.

3= 1. AIm9 is a Morita equivalence from A® B($H) to A and Bams®
is a Morita equivalence from B ® #($) to B. If A® #(H) and B ® B(9H)
are isomorphic, then the tensor product .A4dim% "5 BIMS” over A® B(H)
B ® 2($) makes sense and is a Morita equivalence from A to B. O

Summarizing, we have a one-to-one correspondence between von Neumann
B-modules and representations of B’ and a one-to-one correspondence between
von Neumann correspondences E over B and pairs of representations (p, p', H)
of B and B’ with mutually commuting range. In the latter picture of correspon-
dences as two representations nobody prevents us from exchanging the roles of
B and B’. In that way, we obtain a further von Neumann correspondence,
namely

E' = Cp(#(G,H)) = {z' € B(G,H): p(b)a’ =2'b (b B)},

this time over B’ with left action of B’ via p’. This duality between E and
its commutant E’ was mentioned in [Ske03]. See Skeide [SkeO6b] for defini-
tions (concrete von Neumann correspondences) where the commutant becomes,
really, a bijective functor.

We are now in a position to formulate the theorem about the relation
between Problem 1 and Problem 2 for von Neumann correspondences. But
first let us recall that a von Neumann correspondence F over B is strongly
full, if and only if the left action of B’ on the commutant E’ defines a faithful
representation of B’ on E’. If (7', n’) is a faithful nondegenerate representation
of E’, so that the left action of B’ on F’ is faithful, then necessarily E is strongly
full.

9.5. Theorem. Let E be a von Neumann correspondence over a von
Neumann algebra B C B(G) and E' its commutant. Then the following condi-
tions are equivalent.

1. E is the correspondence of a normal unital endomorphism ¥ of #*(F) for
some strongly full von Neumann B-module F'.

2. E' admits a faithful normal nondegenerate representation (7',n') on a
Hilbert space K.

Moreover, if either of the conditions is fulfilled, then E is strongly full or,
equivalently, the left action of B' on E’ is faithful.
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Proof. Let (p,p',H) be the triple that determines E as Cp (%(G, H))
and E' as Cp(#(G, H)).

Suppose that F' is a strongly full von Neumann B-module and that ¥ is
a normal unital endomorphism of %%(F) such that FF = F ®* E and 9(a) =
a@idg. (As F is strongly full, E is uniquely determined by these properties
and necessarily F is itself strongly full.) Put K := FO G. As F =F &° E we
have K = F® E® G. (If the last factor in a tensor product is a Hilbert space,
then norm closure is sufficient.) By construction we have E ® G = span EG =
H =span E'G = E' ® G. (Note that span EG = H = span E'G is true equality
of Hilbert spaces. The equalities E ® G = span EG and E’ ©® G = span E'G are
by canonical isomorphism.) We find

FOG =K = FOFE 0G.

There are several ways to understand why 7' (z'): y©g— y® 2’ © g is a well-
defined element of Z(K). One is that 7/(z’) = idp @2’ where 2’ is considered
a B—C-linear operator from G to H = E' ©® G. Let 7’ denote the (normall)
commutant lifting of B’ on K = FOG. We leave it as an instructive exercise to
check that (7/,n’) is a representation of E’ on K. Obviously this representation
is nondegenerate. It is normal, because 7’ is normal. It is faithful because F
is strongly full.

Suppose now that (7/,7’) is a faithful normal nondegenerate representation
of E' on K. We put F := Cp/(#(G, K)). As 7’ is faithful, F' is strongly full.
Again

FoOG =K = FOE G

now via ' (z')(y © g) — y © 2’ ® g. (Note that the set n'(E')F ® G is total in
K, because n’ is nondegenerate.) Again we substitute E' ©G = H = E® G so
that FOG = F© E®G. The action of b’ € B’ on these spaces is the same. To
see this we observe, first, that b (y 0z © g) =y 0z o bg=y 06 p/'{)(x ® g).
Then, writing a typical element of H = F ® G not as elementary tensor  ® g
but as elementary tensor z’ ® g and recalling that the action of ¥’ on 2/ @ g is
just p/(V'), we find

Viyor og)=yopW)(c’og =yt og
=7z y©g)=7")n (") (y o g).

As the commutant liftings on F ©G and on F© E®G coincide, also the modules
F and F &° E (being intertwiner spaces for the same commutant lifting) must
coincide and ¥(a) = a @ idg induces a unital normal endomorphism of #*(E).
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Once again, as F' is strongly full, a correspondence E is determined uniquely
by these properties, so that F* ®° yF gives us back E. O

9.6. Remark. Muhly and Solel [MS99] have constructed from a non-
degenerate representation (7/,7') on K an endomorphism of 7'(B') C AB(K).
Taking into account that this algebra coincides exactly with our #%(F) C
Z(K), puts into perspective the second part of the proof of Theorem 9.5 with
the result from [MS99]. In fact, the constructions of the endomorphism are
very much the same, except that we have added the construction of F' and the
interpretation of the algebra on which the endomorphism acts as #%(F'). This
considerably facilitates understanding why everything is well-defined.

9.7. Example. Suppose F = H is a Hilbert space of dimension n =
2,3,...,00. Then the commutant H' of H is isomorphic to H and we recover
the well-known fact that representations of the Cuntz algebra O,, correspond to
endomorphisms of index n of Z(K), and that nondegenerate representations
correspond to unital endomorphisms. Note that the isomorphism H = H’
is by no means a trivial issue. One may see this by looking at the discrete
product systems generated by H and H’, respectively. One is the commutant
of the other, but their product system structures are anti-isomorphic. This is
the same relation as that between the Bhat system and the Arveson system
constructed from an Ey—semigroup on #(K); see Skeide [Ske07b].

We give now a version of Theorem 9.5 for a whole product system. The fol-
lowing definition (from [MS04], but in a different terminology; see Remark 8.1)
extends suitably the definition of a representation of a single correspondence
to the definition of a representation of a whole product system.

9.8. Definition. A representation of a product system E® of corre-
spondences over a C*—algebra B is a pair (m,n) where 7 is a nondegenerate

representation of B on a Hilbert space K and n = (nt) is a family such that

tes
each (m,n;) is a representation of F; on K and such that

9.1) Ns+t(Ts O yr) = 0s(Ts)0e(Ye)-

A representation is nondegenerate, if every (m,n;) is nondegenerate. In case
of product systems of W*—correspondences we require that 7 (and, therefore,
every (m, 7)) is normal.

Suppose 17 = (7). is a family of mappings fulfilling (9.1) and the iso-
metricity condition 7 (z¢)*n(y:) = no({x¢, y¢))- It is easy to see that (19, n) is a
representation.
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Speaking about a whole product system instead of a single correspondence,
Theorem 9.5 remains true (with practically no changes in the proof, except
for a few more indices) for product systems of von Neumann correspondences
indexed by Ny or R;. We phrase it here.

9.9. Theorem. Let E®° be a product system of von Neumann corre-
spondences over a von Neumann algebra B C %(G). Then also the commutant
E'©° = (E,ﬁ)tES possesses a canonical structure of a product system. Suppose
that all Ey are strongly full or, equivalently, that all E} are faithful. Then there
is a one-to-one correspondence between normal Eg—semigroups ¥ associated
with E ©° (acting on the operators of a necessarily strongly full von Neumann
B-module) and nondegenerate normal faithful representations (', n') of E’ o7,

Proof. Just do for every couple ¥; and 7, what we did in the proof of
Theorem 9.5 for single mappings, and verify the additional conditions. This
proceeding also reveals automatically how the product system structure of the
commutant of a product system must be defined. O

9.10. Remark. The theorem has two extensions. The first is to the
nonfull case. Here, by Remark 6.5, we must require that B—Ets is stationary
for ¢ > 0 and acts nondegenerately on all E;. (Recall from Section 2 that
Ey := B is defined by hand.) We may phrase an equivalent condition on the
E;, following Remark 8.4. Dropping strong fullness, on the commutant side
this leads to possibly non faithful 7/ where, however, still every 7, is injective.
All this can be proved very simply, by restricting B to the smaller algebra BiEts
(acting nondegenerately on the subspace span Bg, G of G) and its commutant.
Then we are in the strongly full case.

The second extension is to F—semigroups, that is, to semigroups of not
necessarily unital endomorphisms. (The definition of the product system asso-
ciated with an E-semigroup on #%(FE) is the same. The only difference is that
now we do no longer obtain an isomorphism F ® E; — E but only an isometry
onto the subspace J;(1)E of E.) On the commutant side this leads to possibly
degenerate representations. In this setting we are no longer sure that B—Ets is
stationary for ¢ > 0, so we possibly leave also the strongly full case. This time
7, need no longer be injective. Anyway, also in this case we remain with a
one-to-one correspondence of E—semigroups associated with E ©° and normal
representations of £ ®° .
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810. Examples

In this section we discuss for two examples what Theorem 6.3 asserts. The
first example discusses the correspondence in Example 3.1. The reader might
object that this correspondence is a Morita equivalence and that, therefore, the
endomorphism granted by Theorem 6.3 is an automorphism. However, this is
the simplest nontrivial example possible, and the discussion is already quite
involved. The second example is a correspondence of a proper endomorphism.
In the end of each example we discuss (due to space reasons only very briefly)
the meanings of Theorems 8.2 and 9.5.

10.1. Example. As in Example 3.1 we put B = (C 0 ) C Mj and

0 My
E = (C% 602) C Ms3. The operations of the correspondence E over B are those
inherited from Mj3. This remains even true for the tensor product:

rOQy = a2y € EOF = B.

In particular,
B n even,

E, = E°" =
E nodd.

Fortunately, the structure of Hilbert 5—modules F' is not much more compli-
cated than that of Hilbert spaces and we still can say in advance how automor-
phisms of %%(F) may look like. In particular, we can say when an automor-
phism is associated with the correspondence F.

Let p; = ([1) g) and py = (g 2) denote the two nontrivial central projections
in B. Every Hilbert B—module F' decomposes into the direct sum F = F} @ Fy
with F; = Fp;. The summand F; has inner product in (g g) We may identify

it with a Hilbert space $;. The summand F5 has inner product in (8 M°2) Its
structure is therefore that of a Hilbert Ms;—module. A short computation shows
that

Fy = Fb0M, = F2®C2®(C2 = $H0C = ~62®(C27

where we defined the Hilbert space o := Fy ® C? and where we used in the
last step that there is no difference between the interior tensor product ® over
C and the exterior tensor product ®.

We note that F' is also a W*—module. Also most tensor products we write
down in the sequel are strongly closed if they are norm closed.

An operator ¢ on F cannot mix the components in F; and in Fy. (To
see this simply multiply with p; from the right and use right linearity of a.)
Therefore, a decomposes as a = a1 @ as where each a; is an operator on F;
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alone. a; can be any element in %($)1), while as must be an element in %A(9s)
that acts on Fp = $2 ® Cy as as ® ide,. (To see the latter statement we
may, for instance, observe that tensoring with Cs is an operation of Morita
equivalence so that F» and $, indeed, have the same operators.) We find
BUF) = B(H1) © B(H2).

It is easy to check that an automorphism of %%(F) either sends Z(9;)
onto A($;) or sends HB($H1) onto B($H2) and vice versa. The first type is
simply implemented by two unitaries u; € #(5);). It is, therefore, conjugate to
the identity automorphism and the associated correspondence is B. In order to
have the second case necessarily $; and $), are isomorphic, to a Hilbert space
9 say, and the action of the automorphism is exchange of the two copies of
A(9) plus, possibly, an automorphism of the first type. This second case is,
thus, simply the flip #(a1 ® az) = az ® a1 on B(H) ® B(H) (up to conjugation
with a unitary in Z($) ® B(9)).

We claim that the correspondence associated with the flip is E. We show
this by giving an isomorphism from F' ® E to F that implements the flip as
a — a ®idg and appeal to the uniqueness of the correspondence inducing #.
Indeed, one checks easily that

<h2}<§v*> © (vol v02> — (%1%21;)) (h1,ha € H;v,v1,v2 € C?)

defines a surjective isometry. Moreover, choosing an arbitrary unit vector e €
C? we see that (a1 @ az) ® idg acting on

(o) = (wee) @ (00)

aiha 0v™\ _ azhy _ ha
<a2h1®e*> © <e O) - (a1h2®v*> - ‘g(al ®a2)<h2®v*>'

The discussion shows that a Hilbert B—module F' with an endomorphism

gives

on #*(F) that has E as associated correspondence must have the form F =
HB(H®Cs) and that the endomorphism is the flip # on B (F) = B(H)DHB(H)
up to unitary equivalence in %*(F'). That is, the possible endomorphisms
associated with F are simply classified by the dimension of $).

We ask now which of them can be obtained by the steps used in the proof of
Theorem 6.3. The answer is simple: E does not have unit vectors, but E? has.
As the cardinality that occurs in Lemma 4.2 is [ = 2, the minimal cardinality n
in Proposition 6.2 is simply countably infinite, which we denote n = co. A unit
vector E € M, (E) gives rise to an isometry 20 = € M, (E) © My (F) = M,(B)
that must be proper. Example 2.2 tells us that inductive limit over the even
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half M,(E)®?" will be an infinite-dimensional space. Therefore, § cannot be
finite-dimensional. It will simply have dim$ = n. For n = oo it is separable,
otherwise it is nonseparable.

Let us now calculate the commutant of E. To that goal we consider B C
M3 = 2(C?) as von Neumann algebra acting on G = C? = (c2)- We observe

c2):

that FOG = (0 C2) @(C) = (C) = G via (g 1'0*) ® (j) = (“;@). The Stinespring

2 2 2
representation Es j(ilst the iden‘sity representation. We find £/ = B’ = ({ &) and
the identity E/ — £(C3) is a normal faithful nondegenerate representation.
The same is true for the identity representation of E itself. So, as far as
representations are concerned neither E nor its commutant E’ yield interesting
results. The only approximately noteworthy fact is that the commutant lifting
for E is the flip (3 MO1> — (g Aol).

10.2. Example. We now give an example of a correspondence without
unit vector, that comes from a proper endomorphism. Moreover, no tensor
power of this correspondence admits a unit vector.

We consider the von Neumann algebra B = @, oy MnS acting on G =
@neN C™. Recall that M, = C"®C,, is a von Neumann correspondence from
M, to M, (actually, a Morita equivalence) that may also be considered as a
correspondence over B. As E we choose the von Neumann B-correspondence
direct sum o

E:=Cod C"®Cnp1.
neN
Here B acts on direct summands of F from either side with that direct summand
M, that fits the correct dimension. That is, M7 acts from the left on the
summands C and C' ® C, = C, but from the right only on C. It is easy to
check that

EO™ = CoC®...0Cn® C"®Crym.
neN

All E©°™ are strongly full but none of them has a unit vector.

F is not a Morita equivalence, so it must come from a proper endomor-
phism. To understand which endomorphisms could be associated with E, we
analyze the general structure of a von Neumann B—module F' and look for which
(strongly full) F' we can write down an isomorphism F ®° E = F. According
to the minimal ideals M,, in B, also F' decomposes into a direct sum of von
Neumann M,—modules F,. Every F,, must have the form $),, ® C, for some
Hilbert space 9,,. Of course, Z*(F) = @,y %(Sﬁn)s. (In order that F be
strongly full, we must have 9, # {0} for all n € N.) A short computation
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yields that

—s
FOE = ma 9.®Copr.
neN

Therefore, F ©° E = F, if and only if $,, = § for all n € N. Another computa-
tion shows that the endomorphism induced by this isomorphism acts on %% (F')
as ¥(a1,az,...) = (a1, a1, as,...). It is nothing but the unitalization of the one-
sided shift on Z*(F). As our construction of the inductive limit runs (even for
each ideal M,,!) through a countable inductive system of proper isometries, an
$ coming from our construction must be infinite-dimensional and separable.
(Note that in this case F' has a unit vector, while if § is finite-dimensional,
then F fails to have a unit vector.)

Clearly, the commutant of B is B’ = ®sneN C1,,. Denote by #(z1, 22,
zg,...) = (%2, 23,...) the left shift on B’. We invite the reader to check that
the commutant of E is

E = M. B

and that the maps of the representation (7',7') of E' on FF © G = @, H
granted by Theorem 9.5 simply let act (21, 22,...) € B  and A ® (21, 22,...) =
(A, 21, 22,...) € E' component-wise on P, .y 9-

F is also a faithful von Neumann correspondence. The steps in the proof
of Theorem 8.2 to be carried out explicitly are very plain. Indeed, £ © G =
C @ G (with B acting with its 1-component on the summand C). Clearly,
the components in the multiple (C @ G)* can be rearranged easily to give a
unitary equivalence with G* (including the respective actions of B on these
spaces). The von Neumann B’—module induced by the representation of B
on G* is simply F' = (B'*)”. The identification F' ®° E’ = F’ granted
by the theorem simply identifies the infinitely many components C and C! C
B’ contained F' &° E' = (C® B')>" with the infinitely many components of
C! C B’ contained in F’ = (B'*)”. The remaining components of B’ remain
untouched. The endomorphism ¢’ on Z°(F') = (B®idg) = B' @ #($) leaves
the ideal (1 — 1;) ® #(H) fixed and simply “doubles” the action of the ideal
1; ® B($H). (By “doubling”, we mean that after choosing a suitable unitary
H — H P H the operator ¥ (11 ® a) acts as 11 ® (g 2))
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