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Abstract

WH-categories were introduced by Ghez, Lima and Roberts as many-object
versions of W*-algebras (von Neumann algebras). They appear for example in
abstract harmonic analysis as categories of unitary representations and in algebraic
quantum field theory. Here, we provide a systematic exposition of W*-category
theory which serves both as a review and introduces many new results. Our approach
is centred around the notion of Hilbert presheaf, which is the W*-categorical version
of a presheaf and many-object version of a Hilbert module. We also follow a strategy
of making comparisons with ordinary category theory. This highlights the surprising
simplicity of W*-category theory (e.g. very W*-functor preserves all W*-limits that
exist) and shows that W*-categories are highly rigid objects.

Finally, we use these results to study various bicategories, and we prove that the
following bicategories are all equivalent:

(a) W*-algebras together with self-dual Hilbert bimodules and bounded bimodule
morphisms.

(b) W*-algebras together with Connes correspondences and bounded intertwiners.

(¢) Small W*-categories together with self-dual Hilbert profunctors and Hilbert
transformations (both introduced here).

(d) W*-categories having direct sums, projection splittings and generators, together
with W*-functors and bounded natural transformations.

We furthermore prove that they are compact closed bicategories.
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this is expected to be relevant to the representation theory of 2-groups [1], where certain
WH*-categories have been proposed as a definition of 2-Hilbert space [2]. In fact, it has
been speculated that the bicategory just like the one that we study in this paper should
be the natural setting for a workable definition of representation of 2-group beyond the
finite-dimensional case [2, Section 5]. There are a priori (at least) three natural choices
for how to define such a bicategory, and our main result can be seen as stating that all
three natural choices are equivalent.
Our exposition of W*-category theory is not intended to be fully comprehensive.
Most notable among the topics that we do not cover are the following:

> GNS representations for W*-categories,
> Modular theory [3, Section 3],



> Multiplicity theory, quasicontainment and quasiequivalence [3, Section 7].

> Operator space methods could provide additional insight, as convincingly argued
by Blecher [4].

> A WH*-categorical Deligne tensor product.

> Applications to abstract harmonic analysis or quantum field theory.

Other topics that could be developed by analogy with ordinary category theory, but
which we will not touch upon, are the following:

> Monoidal W*-categories.
> Adjunctions.
> Kan extensions.

Rieffel showed in [5] how to recover a W*-algebra from its category of normal
representations and the forgetful functor to Hilb and how to obtain a bimodule from a
cocontinuous functor between categories of normal representations (Rieffel’s Eilenberg—
Watts theorem). In the following, we give an alternative proof of the Rieffel-Roberts
version of the theorem, and we also characterize categories of normal representations of
WH-algebras without assuming a forgetful functor.

We then give a version of the C*-algebraic theorem, differently formulated from
Woronowicz’s [6], which we then compare it to. We apply this to give an alternative
definition of group C*-algebra in this setting. If there is time, we will approach the
Eilenberg—Watts theorem in this setting, looking for a characterization of strong Morita
equivalence.

Summary
Required background for reading

We assume textbook-level familiarity with the basic theory of W*-algebras (more com-
monly known as von Neumann algebras) and similarly with category theory up to and
including bicategories.

Conventions and notation

Our C*-algebras are not assumed to be unital. Our sesquilinear inner products are
conjugate linear in the first argument and linear in the second argument.

We frequently omit universal quantification over the objects in a category. For
example, we may say that a certain statement “holds for all morphisms f € C(X,Y)”
without saying “for all objects X and Y” at the same time.

> For a morphism f in a W*-category, |f| == /f*f.
> Given a category C, we write |C| for its collection of objects.

Ban is the category of (small) Banach spaces and bounded linear maps of norm < 1.
Throughout, our ground field is C.



Size issues

We adopt the standard solution of size issues given by Grothendieck universes.

All our W*-categories will be locally small by default, but we nevertheless emphasize
local smallness separately for clarity. A general W*-category is assumed to be large; we
do not consider cardinalities beyond large with the exception of the strict bicategory of
WH-categories W*CAT from Definition 2.3.2, which is “very large”.
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2 WH*-categories: basic theory

This section provides a recap of the basic theory of W*-categories as developed in the
original paper of Ghez, Lima and Roberts [3] as well as a detailed list of examples.
Readers familiar with that paper should be able to skip this section and refer back to it
if needed.

2.1 Definition and basic properties

WH-categories are many-object versions of W*-algebras. Before we state the definition,
recall that a category enriched in Banach spaces, or Ban-category for short [7], is a
category C in which every hom-set C(X,Y’) comes equipped with a Banach space structure
such that composition of morphisms is a bilinear operation of norm < 1, meaning that
forall f: X Y and g:Y — Z, we have

g fII < lglHIfI

C*-categories and W*-categories are then Ban-category with an extra involution suitably
compatible with the Banach space structure, as follows.

Definition 2.1.1. A C*-category is a Ban-enriched category C together with an identity-
on-objects functor * : C°P — C that is conjugate linear on every hom-space, and such that
for every f: X =Y, we have:

(1) [ =f.
(i) There is g : X — X such that f*f = g*g.
(i1i) The C*-identity
£ fl = 1f1°
holds.

!As with C*-algebras, it is enough to postulate this in inequality form ||f*f|| > ||f]|°, and the C*-
identity follows by combining this inequality with ||f* f|| < |[f*]/ || f]|, since then we obtain ||f*|| < || f]|
and hence [ f*[| = || f]].




A W*-category is a C*-category C such that each hom-space C(X,Y) has a Banach
space predual: there is a Banach space C(X,Y ). together with an isometric isomorphism

C(X,Y) = (C(X,Y),)". (1)

Remark 2.1.2. This definition corresponds to the original definition in [3, Definitions
1.1 and 2.1] as follows. Axioms Al, A4 and A5 of [3] amount to a Ban-category. Our
description of the involution * including (i) is their A2, our (ii) is their A3, our (iii) is
their A6 and our (1) is their Definition 2.1. The second half of their A3, which states
that f = 0 if and only if f*f = 0, is redundant in the presence of the other axioms:
f*f = 0 implies HfH2 = [|f*f|l = 0 and therefore f = 0.

Remark 2.1.3. C*-categories can also be meaningfully considered and may be of interest
without assuming the existence of identities [8, Section 3]. But since mere C*-categories
are not of interest to us on this paper, we will not dwell on this further.

Remark 2.1.4. While we only work with Banach space enrichment in this paper, it is
worth noting that enrichment in operator spaces would also be very natural to consider
and could allow for better results in some respects [4].

Remark 2.1.5. If A is a unital C*-algebra, then the involution on A is uniquely
determined by the Banach algebra structure of A, since the unitary elements are exactly
those elements of norm 1 that have an inverse also of norm 1; and this determines the
anti-self-adjoint elements as exactly those whose one-parameter group of exponentials
is unitary. As we will see in Remark 3.2.13, the analogous statement is true for W*-
categories as well: the involution x on a W*-category C is uniquely determined by its
structure of Ban-enriched category.

Conversely, it is a standard fact that the norm on C*-algebra is uniquely determined
by the *-algebra structure, and the C*-identity shows that this statement also holds for
C*-categories. So overall, we can say that the norm and the involution on a W*-category
uniquely determine each other.

Remark 2.1.6. The definition above is such that a W*-category can be large in the
sense of having a proper class of objects, while it must be locally small in the sense that
its hom-spaces are objects of Ban, which implies that they must be honest sets rather
than proper classes.

As is the case in category theory quite generally, it can be convenient to have more
flexibility with regards to the treatment of size issues [9, Section 1.1]. This is typically
done by fixing a Grothendieck universe %, or equivalently a set in the cumulative
hierarchy V,, = % for an inaccessible cardinal s, assuming the existence of such [10,
Section 8]. Then if Bany denotes the locally % -small category of Banach spaces with
underlying sets in the universe %, then a locally % -small W*-category is defined as
in Definition 2.1.1, but with Bang in place of Ban. By universe enlargement, it therefore
becomes possible to consider W*-categories that are not locally small (or not even locally
U -small).

However, we will not consider such extensions any further in this paper. For us, the
relevant distinction is only between small and large W*-categories.



Example 2.1.7. By comparison of definitions, we see that a C*-category with one object
is the same thing as a C*-algebra, given by the C*-algebra of endomorphisms of the
unique object. Likewise, a W*-category with one object is the same as a W*-algebra
(von Neumann algebra). For a W*-algebra N, we denote the associated single-object
W*_category by BN .2

Example 2.1.8 ([3, Example 2.2]). Just as how Set is perhaps the most paradigmatic
example of a category, the paradigmatic and most basic example of a W*-category is
Hilb, the category of Hilbert spaces. Let us briefly describe its structure as W*-category.

Hilb has Hilbert spaces as objects and bounded linear maps as morphisms. If
f : H — K is such a morphism, then its adjoint is the uniquely defined morphism
f*: K — H such that

(W, fo) = (", 9)  VoeH,peK.

Furthermore, the norm of a morphism f is defined as its operator norm,

Il =" sup  [[f(&)]-

e : ||olI<1

By the elementary theory of Hilbert spaces, it is straightforward to show that this makes
Hilb into a C*-category.

To conclude that Hilb is a W*-category, it thus remains to be shown that each hom-
space Hilb(H, ) has a predual. Indeed such a predual is given by T (K, H), the space of
trace class operators n : K — H considered as a Banach space with respect to the trace
norm (Schatten 1-norm). To construct an isometric isomorphism Hilb(#H, K)* = T (K, H),
consider the pairing

Hilb(#H, ) x T(K,H) — C

defined on bounded f : H — K and trace class n: K — H as

try(nf) = trec(fn)-

Due to the Holder inequality for Schatten norms with exponents p = 1 and ¢ = oo, this
pairing can equivalently be considered as a bounded map Hilb(H, ) — T(K, H)*. Tt is a
standard fact that this map is indeed an isometric isomorphism [11, Theorem 3.4.4(ii)].

Of course, also full subcategories of Hilb, such as the category of finite-dimensional
Hilbert spaces, are W*-categories with respect to the induced structure. Further examples
of W*-categories will be presented later on in Section 2.4.

Remark 2.1.9. To see how one can work with the involution in a C*-category C, let us
show that two objects X and Y are unitarily isomorphic if and only if they are isomorphic.

2See e.g. also ncatlab.org/nlab/show/delooping for the algebraic topology origins of this notation.


https://ncatlab.org/nlab/show/delooping

Indeed if there is an isomorphism f : X — Y, then also f* : Y — X is an isomorphism
with inverse (f*)~! = (f~1)*. Then |f| :== /f*f is a positive invertible element of the C*-
algebra C(X, X), and we can define u := f|f|~! : X — Y. This is a unitary isomorphism
between X and Y since

wru=fT A = AP = ddx
wu* = fIFITNAIT = AP = idy,

as was to be shown.

As for W*-algebras, the canonical bilinear pairing between a hom-space C(X,Y") and
a predual C(X,Y), equips the former with the ultraweak topology: it is defined as
the weakest topology which makes all of the evaluation maps

CX,Y)—C
fr—n(f)

for n € C(X,Y ). continuous; in other words, it is exactly the weak-* topology on
C(X,Y). By the standard duality theory of locally convex spaces [12, Section IV.1.2], the
elements of C(X,Y). are in natural bijection with the ultraweakly continuous functionals
C(X,Y) — C, and in this way we identify the predual with a subspace of the dual,

C(X,Y), C C(X,Y)".

Ultraweakly continuous maps are also often called normal, although we will largely avoid
this term.

The following construction is very useful for the development of basic properties of
WH-categories, as it lets us reduce problems on W*-categories to problems on W*-algebras
with standard solutions. This will let us in particular understand the ultraweak topology
better. The following definition appears in slightly different form at [3, p. 86], while the
terminology is ours.

Definition 2.1.10. Let C be a W*-category with finitely many objects. Then the linking
W*-algebra® L(C) is the x-algebra whose elements the matrices

fo=(xy Y = X)xyec

where multiplication is given by matriz multiplication,

(f,,g,,)x,z = Z fX,Y 9v,z,

YeC

and with tnvolution
(f,*,)x,y = fgk/,X'

3We used this term because of the closely related linking C*-algebras in the theory of Hilbert
C*-modules [13].




We will explain the underscore notation formally and in general in Sections 3.1
and 3.6.

Lemma 2.1.11. L(C) is indeed a W*-algebra, and is such that for all X,Y € C, the
canonical inclusion and projection maps

C(X,Y) = L(C) » C(X,Y)
are ultraweakly continuous.

Proof. Tt was shown in [3, p. 86] that the linking W*-algebra is indeed a C*-algebra by
constructing a faithful representation (and this works already if C is merely a C*-category).
For the first claim it thus remains to establish the existence of a predual.*

A functional in L(C)* is uniquely determined by how it acts on the subspaces C(X,Y),
and therefore it can itself be represented as a matrix of functionals in C(X,Y)*. Let
us show that the subspace of all such matrices with entries in the preduals C(X,Y).,,
for which we write L(C)., is a predual of L(C). Once we have shown this, the second
statement is clear by construction. It thus only remains to be proven that the canonical
map

L(C) — (L(C).)"

is an isometric isomorphism. To see that it is isometric on a given matrix f_ € L(C),
let n € L(C)* be such that ||n|| < 1 and |p(f_)| = ||f_||. Then n can be written as a
matrix of elements of the dual spaces C(X,Y)*, and the isometry claim follows since
the C(X,Y), are weak-* dense in the C(X,Y)*. For surjectivity, it is enough to note
that every element of (L(C).)" can also be represented as a matrix of functionals on the
C(X,Y),, and hence as an element of L(C). O

For example, the linking W*-algebra lets us work with isometries and partial isometries
as usual: a morphism u : X — Y is a partial isometry if it satisfies either of the
following equivalent conditions:

> u*u is a projection;
> uu* is a projection;
> uutu = u;

> wruu* = u*.

Indeed in order to see that these are equivalent, simply apply the standard equivalence
between these conditions for C*-algebras to the linking W*-algebra of the full W*-
subcategory C|;x yy of C on the two objects X and Y.

“The argument given at [3, Lemma 2.6] does not look correct to us. The attempted reasoning is that
L(C) is (non-isometrically) isomorphic to the Banach space direct sum of the C(X,Y"), and each of these
has a predual, which is apparently thought to imply the existence of a predual for L(C). The problem
with this line of argument is that the existence of a predual for an isomorphic Banach space does not
imply the existence of a predual for the original space, not even for a commutative unital C*-algebra [14,
Example 6.9.10].



We will define linking W*-algebras for (not necessarily finite) small W*-categories C
in Example 3.6.22. In the current form with finite C, the linking W*-algebra is useful for
the general theory of a W*-category C when applied to full W*-subcategories on finitely
many objects X1, ..., X, which we denote by C|x, . x,.

We now apply this machinery to prove some further general properties of W*-categories
of an analytic nature. The first one is the following W*-categorical generalization of
Sakai’s theorem on the uniqueness of the predual of a W*-algebra.

Proposition 2.1.12 ([3, p. 88]). If C is a W*-category, then every hom-space C(X,Y)
has a predual that is unique as a subspace of C(X,Y)*.

Proof. Arguing in terms of L(C|xy), Lemma 2.1.11 shows that the elements of C(X,Y),
correspond to those functionals whose canonical extension to L(C|x y) is ultraweakly
continuous. Therefore the claim follows by Sakai’s theorem. O

This uniqueness result helps illustrate why Definition 2.1.1 is natural despite not
requiring any kind of compatibility between the preduals of different hom-spaces. In fact,
the following Proposition 2.1.15 provides such compatibility statements, and the fact
that these hold automatically can be thought of as explained by the uniqueness of the
preduals.

Example 2.1.13. For a Hilbert space H, the ultraweak topology on Hilb(C, H) = H
coincides with the usual weak topology on H.

Example 2.1.14. For a single-object W*-category BN (Example 2.1.7), the ultraweak
topology on the single hom-space coincides with the ultraweak topology from W*-
algebra theory, which in turn coincides with the weak operator topology (of any faithful
representation) on norm-bounded subsets [15, Lemma 2.5].

Proposition 2.1.15. For every W*-category C and objects X,Y, 7 € C:

(i) The involution map
C(X,Y) — C(Y, X)

is ultraweakly continuous.
(i) The composition maps

CX,)Y)xC(Y,Z) — C(X,2)
are ultraweakly continuous in each variable separately (but generally not jointly).

Proof. These follow by Lemma 2.1.11 and the corresponding statements for W*-algebras,
which are standard. d

Corollary 2.1.16. If C is a W*-category, then the preduals form a functor

C(—,—)« : CxC°? — Ban.



Note that the variance in each argument is exactly opposite to that of the hom-functor
C(—,—):C? x C — Ban.

Proof. In order to define the action on morphisms, let f: X — X" and g: Y’ — Y. Then
we obtain a map

C(X,Y), — C(X',Y"),
n+—n(go—of),

where the right-hand side is indeed in C(X’,Y”), since it is an ultraweakly continuous
functional on C(X’,Y”) by Proposition 2.1.15(ii). It is straightforward to see that this
satisfies functoriality in both arguments. O

We will often characterize preduals by describing dense subspaces thereof. The
following observation shows that this is enough as far as characterizing the ultraweak
topology is concerned. As before, we consider the predual C(X,Y), as a subspace of
C(X,Y)"

Lemma 2.1.17. Let V C C(X,Y). be a subspace that is weak-* dense. Then it is also
norm dense, and the weak topology on C(X,Y) induced by V is exactly the ultraweak
topology.

Proof. Let V denote the norm closure. Then evaluation defines a linear map
C(X,Y)— V"

This map is an isometry by the assumed weak-* density. Surjectivity follows since the
Hahn-Banach theorem lets us extend every norm continuous functional V' — C to a norm
continuous functional C(X,Y), — C, and each functional of the latter type is given by
evaluation on an element of C(X,Y’) by assumption.

Hence V is a predual of C(X,Y), and we conclude the claimed V = C(X,Y), by the
uniqueness of the predual from Proposition 2.1.12. For the second claim, it is enough to
note that the weak topology induced from V' coincides with the weak topology induced
from V, which is straightforward. O

We will often consider infinite sums of parallel morphisms in a W*-category. For
these, the following auxiliary statement will be used frequently.

Lemma 2.1.18. Let (f; : X — Y)ier be a family of morphisms in a W*-category. If
the partial sums ) ;- fi for finite ' C I are uniformly bounded in norm, then ) . ; f;
converges absolutely ultraweakly.

As the proof shows, this is actually a general fact about the weak-* topology on dual
Banach spaces.

10



Proof. By the Banach-Alaoglu theorem, the net consisting of all finite partial sums has
an ultraweak cluster point. To prove ultraweak convergence, it is therefore enough to
show that this net is ultraweakly Cauchy. But this amounts to showing that for every
n € C(X,Y)s, the net of partial sums

> nlf)

i€EF
is Cauchy. Since this net is a net of numbers that is uniformly bounded, the claim follows
from the elementary fact that a series of numbers with uniformly bounded partial sums

converges, e.g. as a consequence of the Riemann rearrangement theorem. The latter also
shows the absolute convergence. O

2.2 W#*-functors

The natural notion of homomorphism between C*-algebras is the notion of x-homomorphism,
while for W*-algebras it is usually desirable to require ultraweak continuity in addition.
There is an entirely analogous distinction between *-functors and W*-functors.

When C and D are C*-categories, then a #-functor F': C — D in the sense of [3] is a
functor that is linear on the hom-spaces and commutes with the involution, meaning that
F(f*) = F(f)* for all morphisms f in C. As with *-homomorphisms between C*-algebras,
every #-functor between C*-categories is contractive, or equivalently Ban-enriched: for
every morphism f in C, we have ||F'(f)| < ||f]| by the C*-identity and the fact that this
contractivity holds for x-homomorphisms.

Definition 2.2.1. Given W*-categories C and D, a W*-functor C — D is a *-functor
whose action on morphisms

C(X,Y) — D(FX,FY), f— F(f)
s ultraweakly continuous for all X,Y € C.

Remark 2.2.2. The original definition of Ghez, Lima and Roberts only required ultra-
weak continuity on endomorphism the hom-spaces C(X, X), but they proved this to be
equivalent to Definition 2.2.1 [3, Proposition 2.12(a)<(b)]. Since we have not found their
weakening to be useful in practice, we have adopted the more intuitive requirement of
ultraweak continuity on all hom-spaces.

A W*-subcategory is a subcategory D C C that is closed under the involution and
such that its hom-sets D(X,Y) C C(X,Y") are ultraweakly closed linear subspaces. The
fact that this is a W*-category as well is not obvious, since it needs to be shown that
the normed spaces D(X,Y’) have preduals. The following result, of which we will make
frequent use, shows that this is indeed the case.

Lemma 2.2.3. Let C be a W*-category and D any category. Let F : D — C be any
faithful functor such that the sets

F(D(X,Y)) € C(F(X), F(Y)) (2)

11



are ultraweakly closed linear subspaces that are also closed under x. Then D is a W*-
category with respect to the structure induced from C, and the ultraweak topology on every
hom-space D(X,Y) is the one induced from C(X,Y).
So in this situation, F' is a W*-functor by construction.

Proof. Since the norm topology refines the ultraweak topology, it is clear that the
images (2) are norm-closed. Therefore the induced structures make D into a C*-category.
The existence of a predual and the statement on the ultraweak topology follow by the
general duality theory of Banach spaces, which shows that D(X,Y ). is the quotient

Banach space of C(X,Y'), with respect to the subspace of those predual elements that
vanish on D(X,Y). O

The notion of faithful functor in W*-category theory is played by W*-functors which
are isometric embeddings on hom-spaces. Due to the following basic observation, this is
actually no stronger than faithfulness.

Lemma 2.2.4. A W*-functor F : C — D is faithful if and only if it is isometric on
hom-spaces.

As the following proof shows, this actually holds for *-functors between C*-categories
in general.

Proof. The nontrivial direction is from faithful to isometric. For f: X — Y in C and F
faithful, the equation ||[F(f)|| = ||f|| follows by the C*-identity ||f||* = ||f*f|| and the
standard fact that an injective *-homomorphism is isometric, which applies to the action
of F' on endomorphisms given by C(X, X) — D(FX, FX). O

It is straightforward to see that the composition of two W*-functors is a W*-functor
again. Therefore we can consider the category of (small) W*-categories and W*-functors.

Notation 2.2.5. We write W* for the category of small W*-categories and W*-functors.

Of course, category theorists will want to consider a 2-category of W*-categories and
WH*-functors. We will turn to 2-morphisms in the subsequent subsection.
Especially in Section 4, we will encounter the following variation on W*-functors.

Definition 2.2.6. Given W*-categories B, C and D, a W*-bifunctor
F:BxC—D
is a functor which is a W*-functor in each argument separately.

In particular, a W*-bifunctor acts bilinearly on hom-spaces. So although B x C can
be considered as a W*-category in its own right (Example 2.4.9), a W*-bifunctor is not a
WH-functor except in degenerate cases.

Example 2.2.7. The formation of tensor products of Hilbert spaces is a W*-bifunctor

Hilb x Hilb — Hilb.

We will construct some vast generalizations of this construction in Sections 4.3 and 4.4.

12



2.3 Bounded natural transformations

The notion of a natural transformation between functors is a fundamental concept in
category theory. Here is the W*-categorical version (which makes sense for C*-categories
just the same).

Definition 2.3.1. Let F,G : C — D be W*-functors. Then a bounded natural
transformation is a natural transformation o : F — G such that

sup |lax]| < oo.
XeC
It is easy to see that bounded natural transformations F' — G and G — H can be
composed, and this composition defines a functor category

Fun(C,D).

As we will see in Example 2.4.11, this is a W*-category again if C is small. Moreover,
given W*-categories C, D and E, we also have a horizontal composition functor

Fun(D, E) x Fun(C,D) — Fun(C,E)

defined in the obvious way analogous to ordinary category theory, and the analogous
arguments as used there show that this defines a strict 2-category.

Definition 2.3.2. The strict bicategory of W*-categories W*CAT has:

> Locally small W*-categories as objects;

> W*-functors as morphisms;

> Bounded natural transformations as 2-morphisms;
> The obvious composition operations.

Its full sub-2-category of small W*-categories is denoted W*cat.

Note that W*CAT is a very large 2-category. As in every 2-category, it has an internal
notion of equivalence of objects, defined as a morphism F' : C — D such that there
exists a morphism G : D — C with GF 2 idc and FG = idp. As in ordinary category
theory, these W*-equivalences can be characterized in more concrete terms, and the
characterization surprisingly carries over.

Proposition 2.3.3. For a W*-functor F : C — D, the following are equivalent:

(i) F is a W*-equivalence;
(i) F is an equivalence;
(i1i) F is fully faithful and essentially surjective.

Proof. The downward implications are clear. Assuming that F is fully faithful and
essentially surjective, we construct an essential inverse G : D — C as follows. For X € D,
let GX € Cbe any object with FFGX = X. Then by Remark 2.1.9, there even is a unitary
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isomorphism ay : FGX = X. Following the proof in ordinary category theory [16, p. 94]
shows that GG extends in a unique way to a functor D — C that is an inverse equivalence
to F. The fact that G is a W*-functor as well now follows from the fact that F is
fully faithful together with the uniqueness of the preduals. Finally, since the natural
isomorphism « : F'G 2 idp has unitary components, the same applies to the induced
natural isomorphism GF 2 id¢, which is therefore bounded as well. O

2.4 Further examples of W*-categories

Here, we present all further examples of W*-categories that will appear in this paper.
Let us start with a trivial examples.

Example 2.4.1. The discrete W*-category on a set I has I as its collection of objects,
all with endomorphism W*-algebra C, and between any two distinct objects only the
zero morphism.

The next few examples are rather classical, and these might be the examples that
most readers will be interested in.

Example 2.4.2 (Normal representations of a W*-algebra). If C is a W*-category and
N is a W*-algebra, then a normal representation of N in C is a pair (X, 7) consisting
of an object X € C and a normal x-homomorphism 7 : N — C(X, X). An intertwiner
between two normal representations (X1, 71) and (X2, m2) is a morphism f : X1 — X5 in
C such that the diagram

X, - x,
m@)| |m@ (3)

X1*>X2

commutes in C for every a € N. It is straightforward to see that this defines a category
NRep(N, C) with normal representations as objects and intertwiners as morphisms. By
construction, we have a faithful functor NRep(V, C) — C. Its hom-set images are clearly
linear subspaces of the hom-spaces in C. They are also closed under *, since if f is an
intertwiner as above, then we also have the diagram

X1<LX2

m(@)] * [ma(a)

X1<;X2

which implies that f* is also an intertwiner upon replacing every a by a*. By Lemma 2.2.3,
NRep(NN, C) therefore becomes a W*-category if we can show that the spaces of intertwiners
are ultraweakly closed. To this end, it is enough to show that the subspace of morphisms
f which make (3) commute for a particular a € N is ultraweakly closed. But this is a
consequence of the respective ultraweak continuity of composing with 71(a) and ma(a).
Therefore NRep(N, C) is indeed a W*-category.
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Since the case C = Hilb is of particular significance, we also use the shorthand notation
NRep(N) := NRep(N, Hilb).

Clearly the same argument as above goes through if instead of N we merely have C*-
algebra A and we consider representations p : A — C(X, X). But this is already covered
by the above, since the double dual A** is a W*-algebra such that *-homomorphisms
A — C(X, X) are in natural bijection with ultraweakly continuous *-homomorphisms
A — C(X,X); and the fact that A C A** is ultraweakly dense also implies that
the intertwiners correspond exactly. Thus considering the W*-category Rep(A4, C) of
representations of a C*-algebra A in any W*-category C is already covered by the above:
there is a canonical isomorphism of W*-categories NRep(A**, C) = Rep(A4, C).

Example 2.4.3 (Representations of a topological group). Let G be a topological group
and C a W*-category. A unitary representation of G in C then consists of X € C
together with a group homomorphism p : G — U(X) that is continuous with respect to
the ultraweak topology, where U(X) C C(X, X) is the group of unitary endomorphisms
of X. For example if C = Hilb, then this specializes to the usual notion of continuous
unitary representation on a Hilbert space H, since then p : G — U(H) is ultraweakly
continuous if and only if it is strongly continuous [17, Section 13.1].

Even for general C, these representations form a W*-category with respect to the
obvious notion of intertwiner analogous to Example 2.4.2, where the existence of preduals
follows in the same way from Lemma 2.2.3. In fact, this W*-category can equivalently be
defined as NRep(W*(G), C), where W*(G) denotes the universal enveloping W*-algebra
of G [18].

The possibility of considering W*-categories of representations in any W*-category C
applies generally to arbitrary x-algebras equipped with a suitable family of seminorms,
and these W*-categories then coincide with the W*-categories of normal representations
of the universal enveloping W*-algebra [18, Theorem 3.9]. We do not consider this further
since it does not produce any genuinely new examples of W*-categories.

There are many other types of mathematical objects for which representations on
Hilbert spaces can be meaningfully considered and for which one therefore obtains a
WH-category of representations. Let us consider operator systems as one further example,
for which one again can consider representations in an arbitrary W*-category, and then
proceed to other types of examples.

Example 2.4.4 (Representations of an operator system). If C is a W*-category and V is
an operator system [19], then a representation of V in C is a pair (X, ) consisting of an
object X € C and a completely positive unital map 7 : V — C(X, X). An intertwiner of
representations is again defined in the same way as in Example 2.4.2. Another application
of Lemma 2.2.3 then shows that representations of V' in C together with their intertwiners
also form a W*-category in the obvious way.

For the following two examples, we refer to Appendix A for background on Hilbert
modules.
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Example 2.4.5 (Hilbert modules). For a C*-algebra A, let us write HilbMod(A) for the
category of self-dual A-Hilbert modules with bounded A-linear maps, or equivalently
adjointable maps, as morphisms. This is a C*-category: the involution is the obvious
one given by taking adjoints, and the norm on hom-spaces is the operator norm as
usual, which is easily seen to be complete. The C*-identity for a morphism ¢ : X — Y
can be verified in the obvious manner [20, p. 8]: the definition of the norm and the
Cauchy-Schwarz inequality in the form (85) give

2 2
[t||® = ([t t) | = |[{E" ¢z, )| < [[*¢]] - [,

which is enough. The fact that t*t is positive in L(X, X) follows from [20, Lemma 4.1].
Hence we are dealing with a C*-category. In general, this C*-category is not a W*-
category. For example if A is a unital C*-algebra, then it is an object in the category
itself with endomorphism algebra L(A, A) = A, which need not have a predual.

If N is a W*-algebra, then HilbMod(N) is even a W*-category. To prove this, it
remains to be shown that every L(X,Y’) has a predual; for X =Y, this result is due to
Paschke [21, Proposition 3.10], and we now adapt his proof to the general case. So let
L(X,Y ). be the closed subspace of L(X,Y)* spanned by all functionals of the form

. LXY)—cC
ev,y .,
Y t— n((y, tz))

forz € X and y € Y as well as n € N,. Then the canonical map
L(X,)Y) — (L(X,Y),)" (4)

is an isometry. Indeed it having norm < 1 is clear. Conversely, for given t € L(X,Y),
choose x € X with ||z|| <1 such that ||tz| > ||t|| — €, put y := ¢tz and also choose € N,
with ||| < 1 such that the norm of (tz,tx) € N is also attained up to €. This means
that

0y, t2))| = [n((te, t2))| = ||(tz,te)l| —e = [lt]* —e = [lyll ([1¢] — <) —e.

The isometry claim now follows since € was arbitrary.
It remains to be shown that the map (4) is surjective. Every element of (L(X,Y).)*
defines a map

T:XxYxN,—C
by restriction to the evy}, € L(X,Y)*. This map is N-linear in its first argument,
N-conjugate linear in its second argument, C-linear in its third argument, and jointly

bounded. To finish the argument, it is enough to find ¢ € L(X,Y") such that

T(z,y,m) = n((y,tx))  Va,y,7.

Indeed for given = and y, varying n allows us to consider 7 as a map X xY — (N,)* = N,
which we also denote by T for simplicity. Since for fixed x, the map y — T (z,y) is
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N-conjugate linear and bounded, the assumed self-duality of Y means that there is a
unique tx € Y such that T (z,y) = (y, tx) for all y.

To see that the thus defined ¢ belongs to L(X,Y), it is enough to show that ¢ is
adjointable. But this holds because, by the same construction applied with X and Y
interchanged, we can also construct a map t* : Y — X satisfying the relevant equation

({t'y,x) = T(z,y) = (y,tz).

Therefore L(X,Y), is indeed a predual for L(X,Y), and the category of self-dual N-
Hilbert modules is a W*-category. By Proposition 2.1.12, the theory of W*-categories
also let us conclude that the predual L(X,Y). is unique as a subspace of L(X,Y)*.

In particular, the canonical isometric isomorphism L(N, X) = X shows that every
self-dual N-Hilbert module itself has a predual, which again is a result of Paschke [21,
Proposition 3.8]. Setting Y = X shows that every endomorphism C*-algebra L(X, X) is
a W*-algebra [21, Proposition 3.10].

Example 2.4.6 (Hilbert bimodules). If M and N are W*-algebra, then we also
have a notion of N-Hilbert M-module (Definition A.1.8). These form a W*-category
HilbBiMod(M, N) that we now turn to. Its objects are normal self-dual N-Hilbert M-
modules, and the morphisms X — Y are bounded bimodule maps, or equivalently maps
that are adjointable as maps of N-Hilbert modules and in addition preserve the left
action by M.

To see in which way HilbBiMod(M, N) is a W*-category, it is easiest to note that its
definition amounts to defining it as a category of normal representations,

| HilbBiMod(M, N) := NRep(M, HilbMod(N)). |

Therefore the W*-category structure is implied by Examples 2.4.2 and 2.4.5.

Definition 2.4.7. Let M and N be W*-algebras. A Connes correspondence from M
to N is a triple (H, ¢, p) consisting of a Hilbert space H and normal representations

a: M — B(H), B:N — B(H)
such that [a(a), B(b)] =0 for alla € M and b € N.

Example 2.4.8 (Connes correspondences). Let again M and N be W*-algebras. Then
there is a W*-category with Connes correspondences as objects and bounded bimodule
maps as morphisms. Similar to the previous example, this amounts to the definition

‘ Connes(M, N) := NRep(M,NRep(N°P)). ‘

Recall that the Guichardet—Dauns tensor product M®N defines a new W*-
algebra which satisfies the obvious universal property of a tensor product, in that
it classifies pairs of normal unital *-homomorphisms out of M and N into another
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W*-algebra with commuting images [22, 23]. This® shows that there is a canonical
isomorphism

Connes(M, N) = NRep(M®N). (5)

Let us now present some ways to construct new W*-categories from given ones. For
the following example, recall that we write W* for the category of small W*-categories
and W*-functors.

Example 2.4.9 (Products of W*-categories). Let I be a set and (C;);cr a family of
W-categories and I a set. Then we construct a W*-category ] [;; C; in which the objects
are families (X;);er of objects X; € C;, and a morphism (X;);er — (Yi)ier is a family of
morphisms (f; : X; — Y;);er that is bounded,

[(fidier|l = sup|lfill < oo
i€l

These morphisms compose componentwise in the obvious way, and this defines a Ban-
enriched category with respect to the componentwise vector space structure. Using also
the componentwise involution (f;)* := (f;), the C*-identity clearly holds. So to get a
W*-category, it only remains to be shown that the hom-spaces have preduals. Indeed
the predual of (TT;c; Ci) ((Xi)ier, (Yi)ier) can be constructed as the ¢!-direct sum of the

preduals,

(H Ci)((Xi)ieb(Yi)ieI)* = {(nz‘)iel TG v

el i€l

S lmill < oo}, (6)

iel

turned into a Banach space with respect to the ¢!-norm ||n|| = >,/ ||ns]|. This is indeed
the predual by the general fact that the dual of an ¢'-direct sum of Banach spaces is the
¢>°-direct sum of their duals. Therefore [],.; C; is indeed a W*-category with respect to
the componentwise operations introduced above.

For every j € I, the canonical projection functor [[,.; C; — C; is ultraweakly
continuous on hom-spaces due to the canonical inclusion of preduals going the other
way. These projections turn [[,c; C; into the product W*-category of the family
(Ci)ier, since the relevant universal property holds: if D is any other W*-category D, the
W#-functors I : D — [];c; Ci are in canonical bijection with the families of W*-functors
(F; : D — C;)ier through composition with the projections, since for a given such family,
the induced *-functor D — [],.; C; is also ultraweakly continuous on hom-spaces as a
consequence of the fact that the finitely supported families (7;);c; are dense in (6). In
particular if the C; are small, then J],.; C; is the categorical product in W*.

®Although Guichardet’s version of the universal property works again without assuming unitality of
the *-homomorphisms, it restricts to the relevant universal property on unital *-homomorphisms [24].

... together with the fact that the elementary tensors span an ultraweakly dense subspace of
M®N [23, Corollary 4.9].
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In the special case where all the C; contain just a single object, this product W*-
category specializes to the usual product of W*-algebras [22, Proposition 3.1] with the
corresponding universal property.”

Another special case is that the family of categories is constant and consists of a
single category C; = C. In this situation we also write

>(1,0) =]]c¢

el
for the resulting product category. We then have a canonical “diagonal” W*-functor
C—((1,0) (7)
given by mapping every object and morphism to the associated constant family.

Example 2.4.10 (Coproducts of W*-categories). Let (C;);cs be a family of W*-categories
as in Example 2.4.9. Then their coproduct W*-category

I1<

el
is defined to have the disjoint union of the objects of all the C; as its class of objects. The
hom-space between objects X and Y from the same C; is defined to be just C;(X,Y),
while it is defined to be the zero vector space otherwise. The composition and involution
are then inherited from the C; in the obvious way, and the existence of preduals is obvious.
Therefore [[,;.; C; is clearly a W*-category again. If the C; are small, then it is clearly
the coproduct in the category of small W*-categories W*.

For example, the discrete W*-category on a set I from Example 2.4.1 is the coproduct

of I copies of the trivial single-object W*-category BC.

Example 2.4.11 (Functor W*-categories). We can now generalize the W*-categories of
normal representations of a W*-algebra (Example 2.4.2) to W*-categories of W*-functors.
To this end, let C and D be arbitrary W*-categories where D is small.

Together with the bounded natural transformations, we already saw that the W*-
functors D — C form a category Fun(|D|, C) in the obvious way. There is a canonical
faithful functor to the product W*-category ¢>°(D, C) from Example 2.4.9 which forgets
the action on morphisms of D, or equivalently amounts to restricting along the inclusion
of the discrete W*-category on the objects of D into D. As in Example 2.4.2, this
facilitates the application of Lemma 2.2.3 in order to equip Fun(D, C) with the structure
of W*-category. The norm on the hom-spaces is given exactly by

la] == sup [lax|].
XeD

In fact when D is the discrete W*-category on a set I as in Example 2.4.1, then Fun(D, C)
is exactly ¢>°(1,C).

"A minor difference to Guichardet’s setting in [22] is that he does not require his *-homomorphisms
to be unital, but the universal property holds either way with and without unitality.
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When D only has a single object with endomorphism W*-algebra N, then we clearly
have Fun(D, C) = NRep(V,C). When C also just has a single object with endomorphism
WH*-algebra M, then Fun(D, C) has normal x-homomorphisms N — M as objects and
homomorphism-intertwining elements of M as morphisms. This kind of W*-category
plays an important role in algebraic quantum field theory [25].

Functor application now defines a functor

C x Fun(C,D) — D, (8)
and it is straightforward to see that this is a W*-bifunctor.

Example 2.4.12. More generally, let C and D be small W*-categories and E an arbitrary
WH_category. Then we write
BiFun(C x D, E)

for the category of W*-bifunctors C x D — E together with bounded natural transfor-
mations (which are defined between W*-bifunctors in the exact same way as between
WH*-functors). Once again the same definitions of norm and involution can be applied,
and the analogous argument as in the previous example shows that this is a W*-category
as well.

Example 2.4.13 (Arrow W*-categories). In ordinary category theory, arrow categories

are occasionally relevant. We expect the same to be the case in W*-category theory.
For a W*-category C, its arrow W*-category C™ is defined as follows: the objects

are the morphisms of C, and the morphisms from f: A — B to g: C — D are pairs of

morphisms
(:A—=C,r:B— D)

making both the diagrams

A—1,B A B
[ ]
C—— D CTD

commute, where the second one is needed in order for C™ to inherit the involution from

C. These morphisms compose in the obvious way and make C™ into a W*-category with

respect to the norm ||(¢,r)|| := max(||¢]|,||r||). The existence of preduals is once again a

consequence of Lemma 2.2.3, now applied to the obvious faithful functor C7 — C x C.
There are a few canonical W*-functors associated to an arrow W*-category:

> Taking the domain and codomain of an arrow defines two W*-functors C — C.
> Mapping every object to its identity morphism defines a fully faithful W*-functor
C—C.
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Especially the first two are helpful in analyzing properties of C7; see in particular
Example 3.6.12. Also worth considering is the contractive arrow W*-category
C! C C7, by which we mean the full W*-subcategory on those arrows that have norm
at most 1.

One should expect that such diagram W*-categories make sense also for more general
diagram shapes, but we will not consider this here. It also seems natural to expect that
C™ is a special cases of the functor W*-categories as in Example 2.4.11, in the sense that
there would be a W*-category D together with a W*-equivalence Fun(D,C) = C™ for
every C, but the details of this are unclear: there is no such thing as a “free W*-category
generated by an arrow” without giving an upper bound on the norm of that arrow.

Example 2.4.14. If C is a W*-category, then its complex conjugate W*-category C
has the same objects as C, but the hom-spaces are the complex conjugate Banach spaces,

C(X,Y) = C(X,Y),

while all other structure coincides with the one of C, apart from the preduals which are
also given by the corresponding complex conjugate Banach spaces. If f : X — Y in C,
then we write f : X — Y for the associated morphism in C.

We also have the opposite W*-category C°P defined as the opposite category in
the standard way with the induced W*-category structure. There then is a canonical

isomorphism
(9)

given by the identity on objects, and mapping every f : X — Y to the formal dual
of f*:Y — X. Furthermore, it is clear that for a W*-functor F' : C — D, we obtain
W*-functors F : C — D and F°P : C°P — D°P. In this way, taking the complex conjugate
and opposite W*-categories are functors W* — W* that are naturally isomorphic.

For W*-categories C and D with D small, we have a canonical isomorphism®

Fun(D, C)°P 2 Fun(D°P, C°P) (10)
which is most easily described by applying (9) to reduce it to
Fun(D, C) = Fun(D, C).

This is now easily constructed by sending every F : D — C to F : D — C and every
bounded natural transformation F' — G to the natural transformation F — G with the
same components.

Taking D = BN for a W*-algebra N and C = Hilb in (10) shows in particular that
we have canonical isomorphisms

NRep(N°P) = NRep(N)°". | (11)

8Note that there is no such thing in ordinary category theory, and what makes this work is the
involution on hom-sets.
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Several general constructions that we introduce in upcoming sections will provide
further examples, including W*-categories of Hilbert presheaves (Corollary 2.5.22), the
direct sum completion (Theorem 3.6.25) and the projection completion (Theorem 3.7.15)
of a W*-category.

2.5 Hilbert presheaves

Following work of Mitchener [8, Section 8] and Henry [26, Section 2.2] in the C*-setting,
we now generalize Hilbert modules over a W*-algebra to Hilbert modules over a small
WH-category. As we will see, these are the W*-categorical analogue of presheaves in
ordinary category theory, and so we adopt that terminology. The next section will show
that these structures play a fundamental and simplifying role in W*-category theory.

Definition 2.5.1. Let C be a W*-category. Then a pre-Hilbert presheaf on C is a

functor
H : C? — Vect

which is linear on hom-spaces together with a sesquilinear form
(—,—) : HY x HX — C(X,Y) (12)
for every X, Y € C such that the following hold:

(i) Symmetry: for allo € HX and p € HY,

(8,)" = (a, B).
(it) Naturality: for alla € HX and 8 € HY and f : X' — X,
(B,af) = (B, ) f, (13)

where we use the shorthand notation af == (H f)(«).
(i1i) Positive definiteness: for all « € HX, we have

(o, ) >0,
and (o, ) = 0 implies o = 0.

A pre-Hilbert presheaf H is a Hilbert presheaf if every HX is a Banach space with
respect to the norm

1
ledl = ll{a, @) |2
for every X € C.

As already done in condition (ii), we will generally denote the action of H on
morphisms by juxtaposition on the right: for f : X’ —+ X and o € HX, we therefore
write

af = (Hf)(a).
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In this notation, the contravariant functoriality simply amounts to associativity in the
form a(gf) = (ag)f. Combining the symmetry and naturality properties also shows
“antinaturality” of a pre-Hilbert presheaf in the first argument: for all « € HX and
B € HY as aboveand all g : Y/ — Y,

(Bg, ) = g™ (B, ).

As one might expect, pre-Hilbert presheaves play a minor auxiliary role for us, while
Hilbert presheaves are the main objects of interest. It is straightforward to see that every
pre-Hilbert presheaf has an objectwise completion to a Hilbert presheaf.

Example 2.5.2. For every A € C, the hom-functor C(—, A) is a C-Hilbert presheaf in a
canonical way: for f: X - Aand g: Y — A, we have

(9. 1) =g f € CX)Y),
and all relevant properties are straightforward to verify.

Example 2.5.3. More generally, let F': C — D be a fully faithful W*-functor and A € D.
Then the restriction of the hom-functor D(—, A) along F' is a Hilbert presheaf C°? — Ban
with respect to the inner products defined as in Example 2.5.2 and pulled back to F'.
More explicitly, the inner product of f: FX — Aand g: FY — A for X,Y € Cis the
unique morphism X — Y in C such that

F((g, ) =g"f

Example 2.5.4. If C = BN for a W*-algebra N is a single-object W*-category, then a
C-Hilbert presheaf is manifestly the same thing as an N-Hilbert module.

Example 2.5.5. As a generalization of Example 2.5.2, let £k : A — A be positive and
invertible. Then C(—, A) is also a Hilbert presheaf on C with respect to the inner product
weighted by the kernel k,

(9. f) =gkf € CX,Y).

For example, If A = H in Hilb is any Hilbert space, then this presheaf is represented by
H itself with the modified inner product (—, k—).

Remark 2.5.6. If f: X — X is positive, then we also have

(o, af) = <\/?a, \/?a> >0

by the positive semidefiniteness of the inner product.

We can use this to show that every Hilbert presheaf H : C°P — Ban is automatically
a Ban-enriched functor, which means that the action on hom-spaces has norm < 1, or
more explicitly that for any « € HX and f:Y — X we have

lecf | < e[ 1£1]-
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Indeed this follows from

laf|? = (af,af) = (a.af ) < | fIP (@ a),

where the inequality step uses the above together with the fact that both summands on
the right-hand side of

1P idx = £+ (IfPidx — ££7)

are positive. In conclusion, a Hilbert presheaf is automatically a Ban-enriched functor,
and we will occasionally use this terminology.

Essentially the same Cauchy-Schwarz inequality as for pre-Hilbert modules also holds
for pre-Hilbert presheaves, as follows.

Lemma 2.5.7. For every o € HX and 8 € HY in a pre-Hilbert presheaf H, we have

(B8, a) (. B) < lall* (8. 5). (14)

Proof. The proof for the Hilbert module case [20, Proposition 1.1] works verbatim the
same: for every f:Y — X, and assuming ||| = 1 without loss of generality,

0<{af —B,af —B)
= Yo, a)f = (B,a)f = [ (a, B) + (B, B)
<= Ba)f = [, B) + (B, B).

Putting f := (a, ) now proves the claim. O

Definition 2.5.8. Given pre-Hilbert presheaves H, K : C°P — Norm, a transformation’
t: H — K is adjointable if there is a transformation t* : K — H such that

(B,ta) = (t*B,0) VYo e HX, B € KY.

It is clear that t* is unique if it exists. For example for every f: X — Y, the induced
transformation

fo—1:C(—X)— C(-,Y)

is adjointable, and its adjoint is given by f*o—. Just as in the case of Hilbert modules [20,
p. 8], adjointability for transformations between pre-Hilbert presheaves has important
consequences.

Lemma 2.5.9. An adjointable transformation t : H — K is automatically natural, has
linear components and satisfies t** = t.

Proof. Straightforward. O

9A transformation t : H — K is simply a family of maps tx : HX — KX, not necessarily natural.
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Just like for Hilbert modules [20, p. 8], if H is a Hilbert presheaf, then one can also
apply the Banach-Steinhaus theorem to show that the components tx : HX — KX of
adjointable ¢ are bounded. However, adjointability does not guarantee that they are
uniformly bounded. For example if C is the discrete W*-category on an infinite set
I (Example 2.4.1), then a Hilbert presheaf C°? — Ban is the same thing as a family
of Hilbert spaces (H;)icr, and an adjointable transformation (H;)ic;r — (K;)ier is an
arbitrary family of bounded linear maps (f; : H; — K;)icr. We therefore need to postulate
the uniform boundedness separately:

Definition 2.5.10. Let H and K be pre-Hilbert presheaves on a W*-category C. Then
a Hilbert transformation from H to K is an adjointable transformationt: H — K
such that
[l = sup|tx| < oo.
XeC

With respect to this norm, the collection of Hilbert transformations H — K is a
(possibly large) normed space. It is easy to see that if K is a Hilbert presheaf, then this
normed space is complete. Hence the collection of Hilbert presheaves becomes a category
enriched in (possibly large) Banach spaces.

Here is the generalization of self-duality from Hilbert modules to their many-object
versions.

Definition 2.5.11. A pre-Hilbert presheaf H : C°P? — Vect is self-dual if for every
X € C and every uniformly bounded natural transformation

t: H— C(—,X),
there is B € HX such that t = (3, —).
By the Yoneda lemma, we could equivalently just require every such ¢ to be adjointable.
Example 2.5.12. Every hom-presheaf C(—,Y") is self-dual by the Yoneda lemma.
The following generalizes a known result for Hilbert modules [21, Proposition 3.6].

Lemma 2.5.13. If H and K are pre-Hilbert presheaves with H self-dual, then every
bounded natural transformation t : H — K is a Hilbert transformation.

Proof. For given § € KX, consider the transformation
(B,t—) + H— C(—,X).
As H is self-dual, there is a unique t*8 € HX such that
(B,ta) = (t"B,a)

for all . By the uniqueness, it is straightforward to see that ¢* is linear in 3, and this
implies that ¢ is adjointable. O
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The following result generalizes the observation that a self-dual pre-Hilbert space is
actually a Hilbert space.

Corollary 2.5.14. Fvery self-dual pre-Hilbert presheaf is a Hilbert presheaf.

Proof. Let (a)nen be a Cauchy sequence in HX for X € C. Then the (a,,—) form
a Cauchy sequence of Hilbert transformations H — C(—, X). Their limit is a Hilbert
transformation ¢, which by the assumption of self-duality is also of the form («, —) for
some o € HX. The fact that « is the limit of the sequence (o, )neny now follows by

lor = nl* = [l — am, @ — )| = [[{@r = i, @) + [[{er = i, ),

where both terms on the right tend to zero as n — oo thanks to the Cauchy-Schwarz
inequality (14), where the second also uses the fact that the «;, are uniformly bounded. [J

Our next statement is a vast generalization of the familiar correspondence between
bounded linear operators on a Hilbert space and bounded sesquilinear forms on it. We
will need it only further down the line.

Lemma 2.5.15. Let H and K be pre-Hilbert presheaves with K self-dual. Let
((-,—)) : KY x HX — C(X,Y)
be a sesquilinear form defined for all X,Y € C such that the naturality equations

(B, af) =((B,e))f  Vf: X' =X,
((Bg.)) = g"((B,a))  Vg:Y' =Y

hold, and such that there is C > 0 with

1B, oIl < ClB, )l Ve, B.

Then there is a unique Hilbert transformation t : H — K such that

((8,0)) = (B,ta) Ve, B. (15)

Conversely, it is obvious that every Hilbert transformation ¢ defines a family of
sesquilinear forms as in the statement. The proof is quite analogous to the corresponding
arguments we had made in Example 2.4.5.

Proof. For the uniqueness, it is enough to note that if ¢ is such that (15) vanishes
identically, then already ¢ = 0, and this is a consequence of the positive definiteness of

<_7 _>'
For existence, fix a € HX for now. Letting 8 vary, we obtain a transformation
K — C(—,X)
B r— (B,a)"
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which is natural by the second naturality assumption and uniformly bounded by the
boundedness assumption and the Cauchy-Schwarz inequality (14). The self-duality of K
therefore provides a unique element ta € K X such that

(6,a)" = (ta, B),

for all 3, or equivalently such that the desired (15) holds. The adjointability of ¢ follows
by constructing ¢* in the same manner from the sesquilinear form (—,—)*, and the
uniform boundedness holds by assumption. O

Our next definition is the analogue of the notion of small presheaf in ordinary category
theory, a property which plays an important role in the context of the representable
functor theorem [27, Theorem 4.84].1°, of which we will provide a W*-categorical version
in Theorem 3.8.16.

Definition 2.5.16. A self-dual'' Hilbert presheaf H : C°P — Ban is small if there is
a family of elements (o; € HX;)ier such that for every 8 € HY there are i € I and
f:Y = X; such that B = a; f.

Clearly if C is small, then every Hilbert presheaf on C is small since we can simply
consider the family consisting of all elements of all sets HX. Even if C is not small, every
representable Hilbert presheaf C(—, X)) is trivially small (with a single generator given
by idx). In fact, naturally occurring Hilbert presheaves are typically small, and finding
an example of a non-small Hilbert presheaf is not obvious. Here is one.

Example 2.5.17. Let C be the discrete W*-category on a large set I (Example 2.4.1).
Then there is a Hilbert presheaf H : C°? — Ban given by HX := C for every object
X € I, and with the unique action on morphisms which makes this assignment into
a Ban-enriched functor. This is a Hilbert presheaf with respect to the inner products
given by necessarily (3,a) =0 for « € HX and 8 € HY with X #Y, and (8, a) := Ba
otherwise. It is easy to see that this H is self-dual by noting that a Hilbert transformation
t: H— C(—, X) has only zero components except possibly for tx. However, H is clearly
not small.

Proposition 2.5.18. Let H and K be pre-Hilbert presheaves with H small and K
self-dual. Then the space of Hilbert transformations H — K is a (small) Banach space
with a predual.

Proof. The smallness is clear since a Hilbert transformation ¢ : H — K is uniquely
determined by its values on a family of generating elements as in Definition 2.5.16.

101y [27], Kelly uses the term accessible instead of small. It is also worth noting that the solution set
condition appearing in Freyd’s adjoint functor theorem is an instance of this property.

HWhile the definition still makes sense without self-duality, the smallness criteria we develop in
Corollary 3.2.9 use self-duality in the proof. So without self-duality, there is some ambiguity as to what
the “right” definition is, and it seems likely to us that the alternative condition given in Corollary 3.2.9(iii)
would be more useful than the definition given here.
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The existence of a predual can be proven in a way that directly generalizes the
corresponding argument in the Hilbert module case (Example 2.4.5). Let us write

N

C(H, K) for the Banach space under consideration, and let
C(H,K), C C(H,K)*

be the closed subspace spanned by all functionals of the form

" C(H,K)—C

Vas L (B ta)), (19

where o € HX for some X € C and § € KY for some Y € C as well as n € C(X,Y),.
Then the canonical map ) X
C(H,K) — (C(H,K).)"

is an isometry by the same argument as in the Hilbert module case. To see that it is
surjective, we again consider a given element of (C(H K )*)* as defining maps

Txy : HX x KY x C(X,Y), — C

by restriction to the evZ 5 Varying n turns this into a map HX x KY — C(X,Y’), which
we also denote by Tx y by abuse of notation. The fact that the ev maps satisfy the
naturality equations
U (G b N )
Varp T Vap o “Va,89 T Va8
implies the naturality equations for 7 that are needed for the application of Lemma 2.5.15.
This lets us finish the proof by the same argument as in Example 2.4.5. O
From now on, let us write

C(H,K)

to denote the Banach space of Hilbert transformation H — K, whenever both H and
K are small self-dual. This notation will be motivated by Corollary 2.5.22 and Theo-
rem 3.8.20.

Theorem 2.5.19. Let H : C°°P — Ban be a small self-dual Hilbert presheaf. Then:

(i) Every HX for X € C has a unique Banach space predual.
(ii) For every X,Y € C, the inner product (12) is ultraweakly continuous in each
argument,
(iii) For every X,Y € C, the functoriality

HY x C(X,Y) — HX
(a, f) — af

s ultraweakly continuous in each argument.
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(iv) For every X € C and any other small self-dual Hilbert presheaf K, the evaluation

map

CH,K)x HX — KX
(t,a) — t(a)

1s ultraweakly continuous in each argument.

Proof. (i) This is clear by Corollary 2.5.22 and the Yoneda isometric isomorphism (18).

More explicitly, applying (18) to the construction of the predual in the previous
proof shows that the predual of HX is the closed subspace of (HX)* spanned by
all functionals of the form

ar— (v, af))

where vy € HZ and f : Y — X for arbitrary Y and Z as well as n € C(Y, Z).,, or
with 3 := v f* equivalently the subspace spanned by the functionals of the form

a— (@) (17)

for 5 € HY and n € C(X,Y)..

Based on this characterization of (HX),, the ultraweak continuity of o — (53, )
now follows upon specializing this class of functionals to f = idx, and ultraweak
continuity in the first argument follows by symmetry.

Also straightforward by the above characterization of (HX ), and (HY),.
Consider ultraweak continuity in ¢ first. Using the concrete form of (KX), as
spanned by functionals of the type (17), it is enough to show that

C(H,K), — (KX).
t—r n((B,ta))

is ultraweakly continuous for every 5 € HY and n € C(X,Y )., but this holds by
construction of C(H, K),. The proof of ultraweak continuity in « is similar. O

A useful consequence is a version of Lemma 2.1.18 for infinite sums of elements in

Hilbert presheaves, where the proof is the same (based on HX being a dual space).

12

Lemma 2.5.20. Let H be a small self-dual Hilbert presheaf, X an object in C, and
(04)ier a family of elements of HX . If the partial sums ), oy for finite FF C I are
uniformly bounded in norm, then ) ;. o; converges absolutely ultraweakly.

We can now generalize Example 2.4.5, where we had constructed W*-categories of
Hilbert modules, to the many-object case.
We also have a W*-categorical strengthening of the Yoneda lemma.

121t would also be Eossible to derive this as an instance of Lemma 2.1.18 based on the Yoneda isometric
isomorphism HX = C(C(—, X), HX).
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Theorem 2.5.21 (Yoneda lemma). Let H: C — Vect be a pre-Hilbert presheaf on a
W*-category C and X € C. Then the Yoneda bijection

HX — C(C(—, X), H)
ar— (f—=af) (18)
t(idx) —it

s an isometric isomorphism.

Proof. Let us first ensure that for every o € HX, assigning f — «f indeed defines a
Hilbert transformation. The adjointability holds because for all f: A — X and g € HB,

(B,af) = (e, B)"f,

which shows that the adjoint is given by the transformation'3

H— C(—,X)
Br—{a, B).

The uniform boundedness is obvious by |laf]| < ||a| || f]]. Thanks to the proof of the
Yoneda lemma in ordinary category theory, we only need to note two additional properties.

Second, we need to show that (18) is actually norm-preserving. But this is also clear
by taking f = idx. O

Corollary 2.5.22. Let C be a W*-category. Then the small self-dual Hilbert presheaves
on g form a W*-category with Hilbert transformations as morphisms, and we denote it
by C. Furthermore, the Yoneda embedding

Jic : C—)C
X — C(—,X)

1s a W*-functor that is an isometric isomorphism on hom-spaces.

Proof. All basic properties are straightforward; for example, the C*-identity holds since
it holds componentwise. What is less clear is local smallness and the existence of preduals
for the hom-spaces, which were both established in Definition 2.5.16.

The statement about the Yoneda embedding is a straightforward consequence of
Theorem 2.5.21. O

Remark 2.5.23. We will often use the Yoneda embedding in order to translate results
back and forth between statements about W*-categories and statements on Hilbert
presheaves. Indeed given a statement on W*-categories, we can apply it to the W*-
category C in order to obtain a statement about Hilbert presheaves. Conversely, given a
statement about Hilbert presheaves, we can instantiate it on those of the form C(—, X) in
order to obtain a statement about W*-categories. For an example of this, the upcoming
Theorem 3.2.6 and Corollary 3.2.8 correspond in this way.

13This seems like an observation worth noting in itself, and we are tempted to write it as (a—)* = (a, —).
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Remark 2.5.24. We will obtain further results on self-dual Hilbert presheaves in
Section 3, including the existence of orthonormal bases (Theorem 3.5.12).

It is now natural to move on to universal properties of objects in W*-categories.

Definition 2.5.25. A Hilbert presheaf H = C°® — Ban is representable if there is a
unitary isomorphism H = C(—, X)) for some object X € C.

We turn to a more high-level perspective on an observation made in [28, Section 3]:
universal properties in W*-categories can be formulated purely in terms of Banach space
enrichment.

Lemma 2.5.26. Let H be a Hilbert presheaf. Then H is representable as a Hilbert
presheaf if and only if it is representable as a functor C°°P — Ban.

In fact, the proof will show something a bit stronger, namely a bijection between
the representations of H as a Hilbert presheaf and those as a functor. It follows that
the representing object is unique up to unique unitary isomorphism, a known result [28,
Corollary 3.5].

Proof. 1t is enough to show that every functor representation can be lifted to a Hilbert
presheaf representation. A representation as a functor is equivalent to a choice of element
a € HX for some X (the universal object) such that for every A, the map

C(A,X) — HA
fr—af

is an isometric isomorphism. But this is obviously a Hilbert presheaf representation as
well. O

Example 2.5.27. Evaluation at any X € C defines a functor

C°? — Ban

H+— HX

t—
where we take conjugates since Hilbert presheaves are required to be contravariant, and
we therefore need to act on morphisms by taking the involution, which is conjugate
linear. It may not be clear a priori whether this a Hilbert presheaf, since there is no
immediate candidate for an inner product. However, since the Yoneda lemma in the
form Theorem 2.5.21 amounts to representing it by the Hilbert presheaf C(—, X), we can
in particular conclude that it is a Hilbert presheaf. And indeed an inner product can

be constructed by assigning to any € KX and o € HX the Hilbert transformation
H — K given by B(a, —).

Proposition 2.5.28. If H, K : C°°? — Ban are Hilbert presheaves and t : H — K is
a natural transformation with isometric isomorphism components, then t is a unitary
isomorphism.
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In other words, the inner products on a Hilbert presheaf are uniquely determined by
its structure as a functor C°® — Ban, and being a Hilbert presheaf is a property rather
than a structure of such a functor. For Hilbert modules, this result is due to Lance [29].

Proof. This is because ||| = |[¢t7!|| = 1 implies that ¢~* = ¢*, and therefore ¢ preserves
the inner products. ]

Our next goal is to develop a less trivial example of representability, which provides
a universal property for the GINS construction. In order to state it, it is convenient
to also introduce Hilbert copresheaves, which are the covariant analogs C — Ban
of Hilbert presheaves. Since C°P 22 C by Example 2.4.14, we can equivalently consider
these as Hilbert presheaves on the complex conjugate W*-category C. In particular, this
implies that a Hilbert copresheaf H : C — Ban has inner products of the form

(—,—) : HY x HX — C(X,Y)

but now these are linear in the first and conjugate linear in the second argument. With the
covariant functoriality written as an action of morphisms from the left, the naturality (13)
now turns into

(fB,a) = f(B,a)  Vf:Y =Y
For example, every hom-functor C(X,—) is a Hilbert copresheaf with inner product
(9. ) =gf".

The GNS construction in its most basic form starts with a unital C*-algebra A and
state ¢ : A — C. It is a representation of A on a certain Hilbert space Hg4, which
we henceforth write as a left action. So naturally the universal property that we are
looking for amounts to representability of a Hilbert (co)presheaf on the category of
representations Rep(A). So for any representation H, let us write

L2(H,¢) :={€ € H|3C >0 s.t. (€,a*af) < C ¢(a*a) Va € A}H—Ilqb’

where the norm ||{]|, is defined as the smallest C' for which the given inequalities hold
and the overline denotes completion.'* Furthermore, if f : H — K is any intertwiner,
then a short calculation shows that we obtain an induced map

L*(f,¢) « L*(H,¢) — L*(K, ).

In this way, we are dealing with a functor L?(—, #) : Rep(A) — Ban. Note that the
existence of inner products which would turn this functor into a Hilbert copresheaf is not
obvious. We will come back to this point in Remark 2.5.30.

Proposition 2.5.29 (Universal property of the GNS construction). Let A be a unital
C*-algebra and ¢ : A — C a state. Then L?>(—,¢) : Rep(A) — Ban is a representable
Hilbert copresheaf with the GNS representation of ¢ as representing object.

Y The fact that it is a subspace of H follows by the Cauchy-Schwarz inequality, while the completeness
with respect to ||—||, is straightforward to see. Note that L2(H, ¢) is generally not closed as a subspace
of H.
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This universal property is similar to—but not the same as—the more involved universal
property of the GNS construction due to Parzygnat [30, Section 5].

Proof. Let G4 be the GNS representation of ¢. Recall that the C*-algebra A is dense in
the Hilbert space Gy, and on this dense subspace the inner product is (b, a) = ¢(b*a).
We then prove that the functor L?(—, ¢) is isometrically isomorphic to

Rep(A)(Gy, —) : Rep(A) — Ban.

This is enough to prove the claim thanks to Proposition 2.5.28.
More precisely, we show that for every Hilbert space H with a left action of A,
evaluating an intertwiner on 1 € G, gives an isometric isomorphism

Rep(A)(Gy, H) = L*(H, ¢).
Indeed for an intertwiner f : Gy, — H, we have

(f(1),a*af(1)) = (af(1),af(1)) = (f(a), f(a)) < [[f1*(a,a) = [|f|*¢(a*a),

and hence the evaluation map indeed lands in L?(H, ¢). To see that it is well-defined
and an isometry, note that

IF1* = sup  (f(a), f(a)) = sup  (f(1),a"af(1)) = | SV,

acA: lal|<1in Gy a€A: ¢(a*a)<1

as was to be shown.

It remains to prove the surjectivity. It is enough to prove surjectivity on those &
which satisfy the indicated inequalities. On such an element, the map f : G4 — H given
by f(a) := a& is easily seen to be well-defined and is an intertwiner with f(1) = ¢ by
construction. 0

Remark 2.5.30. To determine the inner product on L?(—, ¢), we simply transfer the
inner product on Rep(A)(Gy, —) along the isomorphism of Proposition 2.5.29. For given
€€ L*(H,¢) and n € L?(K, ¢), the associated intertwiners are represented by a — a¢
and a — an, respectively, and the inner product (1, ) coincides with the composition
of the adjoint of the first by the second. Since the required adjoint of a — a& does not
seem to have a simple explicit description, let us denote its action on any u € H by

do

to be thought of as a Radon-Nikodym derivative. This interpretation is justified by the
adjointness relation, which reads'®

¢(ad<i(;'u>) = (&, au) Va € A, p€H.

5For pu = £, this recovers
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By the above discussion, we can now write the inner product on L?(—, ¢) as

H———— K
<77,€> : d(&,—p)
p— 5z

7.
Question 2.5.31. Does this universal property generalize to a universal property for
Kasparov’s GNS construction?

2.6 Hilbert profunctors

In ordinary category theory, profunctors generalize functors similarly to how relations
generalize functions and to how bimodules between rings generalize ring homomorphisms.
Transferring the notion of profunctor to W*-category theory is not immediate, since one
needs to decide how to deal with the inner products: do they take values in one of the
WH-categories involved, or should there be two families of inner products with respective
values in both categories? In line with the standard definition of Hilbert bimodule, we
opt for the former.

Throughout our consideration of Hilbert profunctors, we restrict ourselves to small
W-categories; avoiding this restriction would require us to introduce a notion of smallness
for Hilbert profunctors, and it is not clear to us which notion would be the “right” one.
With this in mind, a Hilbert profunctor is just a W*-functor C — D. Let us spell this
out in some detail.

Definition 2.6.1. For small W*-categories C and D, a Hilbert profunctor' P : C -+ D
is a Ban-enriched functor
P : D°° x C — Ban (19)

such that P(—, X) is a Hilbert presheaf on D for every X € C and the action of every
f:A— B in Cis by adjointable morphisms,

(B, fa) = (f*B, ) Va € P(X,A), pe€P(Y,B).

Similarly to a Hilbert presheaf, we write the action of morphisms from C on P
by juxtaposition from the left and the contravariant action of morphisms on P by
juxtaposition from the right. Note that a Hilbert profunctor is equivalently just a
W*-functor C — D, and our definition merely explicates this further.!”

Example 2.6.2. For every small W*-category C, we have a Hilbert hom-profunctor
C -+ C given by (X,Y) — C(X,Y), with the action on morphisms given by composition.
The inner product is once again of the form

C(B, X) x C(A, X) — C(A, B)
(9, f)—9g"f

Qur choice of notation, and in particular on which argument comes first, follows the standard
conventions in ordinary category theory.
17T ikewise in ordinary category theory, and this is why one writes P : C = D rather than P : D - C.
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This example explains why we write the contravariant argument first in (19). As a
WH-functor C — C, this Hilbert profunctor is simply the Yoneda embedding X¢ : C — C.

Example 2.6.3. More generally, for a W*-functor F' : C — D between small W*-
categories, we have a Hilbert profunctor D(—, F—) : C -+ D defined in the obvious way.
We call a Hilbert profunctor isomorphic to one of this type representable. Considered
as a W¥-functor C — D, this Hilbert profunctor is given by the composition

CLDin),

which gives a more explicit description.

While the choice of which category the inner products take values in is conventional, it
is customary that the inner product on a Hilbert module is associated with the C*-algebra
acting on the right. Acting on the right corresponds to contravariance for us, and this is
part of why our Hilbert presheaves have been developed as contravariant. Nevertheless,
there are two opposing conventions which we cannot satisfy both:

Example 2.6.4. For W*-algebras M and N, a Hilbert profunctor BM — BN is by
definition the same thing as a N-Hilbert M-module.

Definition 2.6.5. A Hilbert profunctor P : C — D is self-dual if P(—, X) : D°? — Ban
1s self-dual as a Hilbert presheaf for every X € C.

The notion of Hilbert transformation extends from Hilbert presheaves to Hilbert
profunctors, meaning that for P,Q : C -+ D, a Hilbert transformation ¢t : P — @ is a
family of Hilbert transformations P(—, X ) — Q(—, X) for every X € C which is natural
with respect to the action of C and uniformly bounded in X. In this way, we obtain a
WH-category of Hilbert profunctors C + D, which by definition is just

HProf(C, D) := Fun(C, D).

We will return to Hilbert profunctors and investigate their composition in Section 4.2,
once we are better equipped with a number of auxiliary results.

3 WH*-categories: structure theory and rigidity phenomena

In this section, we develop further properties of W*-categories. The general theme will be
that W*-categories are quite rigid objects, as exemplified by strong classification results
like Theorem 3.8.16 and Corollary 3.9.5. In particular, the examples of W*-categories
from the previous section will turn out be quite exhaustive.

3.1 Square summable families of morphisms

We will often consider families of objects (X;);er in a W*-category C indexed by a set
I. Unless otherwise noted, this I will be a small set; on a few occasions we will also
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consider families one Grothendieck universe level up, but in these cases we will note this
explicitly. If I is clear from context, we also often use the placeholder notation

X = (Xi)ier
to denote such a family. Further, we write
X3

as shorthand for “X; for some i € I”. For example, f : X3 — Y indicates that f is a
morphism of type X; — Y for some 4, and similarly for g : Y — X35. We also write
C(X3,Y), respectively C(Y, X3), for the set of all morphisms of this kind, meaning the
disjoint union of the individual hom-sets.

Given a family X_ as above, we similarly write f as shorthand for a family (f; : A —
Xi)ier of morphisms, and we think of such a family as a column vector. Dually, the
family f* = (f} : X; — B);er can be considered a row vector. We say that the family is
square summable if

Fr=) fifi<oo, (20)
i€l
where by the above f*f_ is a formal matrix multiplication. This serves to define the norm
of a square summable family as

1= VAL £ (21)

which is finite by assumption. If f and g are square summable families, then the formal
matrix multiplication
gf=> gt
i€l
converges ultraweakly, as per the following result.

Lemma 3.1.1. For square summable families f = (fi: A — Xi)ier and g_= (g; : B —
Xi)ier in any W*-category C, the product

gf=> gfi
el

converges absolutely ultraweakly, and

g™ £ < g IHIA-

Although we feel that the use of linking W*-algebras in the following proof is not
in the spirit of W*-categories, we have not been able to find any alternative proof that
would avoid their use.
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Proof. Suppose first that I is finite, say I = {1,...,n}. Then we can consider all
morphisms involved as elements of the linking W*-algebra L(C| B x,... x,), and the
x-algebra of n x n-matrices with entries in it is again a W*-algebra. Then the claimed
inequality follows by submultiplicativity of the norm on there and the equation

gfr 0 - g1 = gn\ (f1 O
0 0 -0 -~ 0 T
fa O

For infinite I, it is enough to prove the claim about absolute ultraweak convergence, since

then the inequality follows by the finite case. But this is a straightforward application
of Lemma 2.1.18 based on the inequality in the finite case. O

13

Occasionally, we will want to consider families of morphisms “with multiplicity”, in
the sense that we will want to generalize from families of morphisms to (f; : A = Xj)ier
to those where the same object X; may appear multiple times.

Definition 3.1.2. Let A_ = (Ai)ier be a family of objects. Then a family with
multiplicity is a family of morphisms (f; : A — X,(;))jes for some set J and function
i:J— 1.

We abbreviate such a family with multiplicity as f(y: A — X .

Of course, the notion of square summability and Lemma 3.1.1 apply to families with
multiplicity just as well.

3.2 Source, range and factorization theorems

We proceed by stating some basic results on source and range projections before developing
a deeper criterion for one morphism in a W*-category to factor across another. Throughout
this subsection, we work in an arbitrary W*-category C.

Definition 3.2.1. Every morphism f: X — Y has:

> A source projection s(f) : X — X defined as the support projection of f*f in
C(X, X).

> A range projection r(f) : Y — Y defined as the support projection of ff* in
CY,Y).

For concrete constructions, one can obtain s(f) as the ultraweak limit of a suitable
sequence of polynomials with vanishing constant coefficient applied to f*f, and likewise
for r(f). Alternatively, the more explicit ultraweak limits

S() = lim f77(f°f +2)7,
r(f) = lim fF(ff o)

may be used. The source and range projections have the following elementary property.
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Lemma 3.2.2. (i) s(f) is the smallest projection on X such that

fs(f) =1
(ii) r(f) is the smallest projection on'Y such that
r(f)f=1.

For a projection p, we write p* := id — p for its complement.

Proof. For (i), standard W*-algebra theory applied to C(X, X) tells us that s(f)* is
the largest projection with f*f s(f)* = 0. Then the claim follows since this equation is
equivalent to f s(f)* =0 by

|£5H| = st £es(0]| = o
Property (ii) follows by duality. O]
Lemma 3.2.3. For a composable pair of morphisms

x 1oy 9.7 (22)

the following are equivalent:

(i) gf = 0.
(1) gr(f) =0.
(iii) s(g) f = 0.
() s(g)r(f) = 0.
Proof. All three upwards implications are obvious by the previous lemma. The downwards
implications all work the same way, so let us just consider the first one explicitly. For this,

it is enough to use the fact that gf = 0 implies g(ff*)™ for all n > 1, and r(f) can be
ultraweakly approximated by polynomials in f f* with vanishing constant coefficient. [J

By Lemma 3.2.3, the complementary source projection s(g)* can be thought of as
the kernel of g, while r(f)* plays the role of the cokernel of f; we will make this precise
in Lemma 3.7.11.

Further relevant properties to keep in mind are the equations

s(f) = s(f*f) = s(V 7 f) = (),
r(f) =r(f ) =r(V 1) = s(f),

and these are straightforward to prove.

Lemma 3.2.4. For parallel morphisms f,g: X =Y,

s(f+g) <s(f)Vs(9)
r(f+g) <r(f)Vr(g).
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Proof. Lemma 3.2.2(i) implies the claim by

(f+9)(s(f) vs(g) = f(s(f) Vs(g)) +g(s(f) Vs(g) =0,

and the second inequality works dually. O

Lemma 3.2.5. For a composable pair of morphisms (22),

s(gf) <s(f),  rlgf) <r(9)
Proof. Straightforward again by Lemma 3.2.2. O

We can now already prove a surprising factorization result. As far as we know, it
goes back for the case of B(H) to Douglas [31, Theorem 1] and to Westerbaan for the
case of general W*-algebras [32, §81y]. It seems to be new for W*-categories.

Theorem 3.2.6. For morphisms f: A— X and g: A — 'Y, the following are equivalent:

(i) There is h: X — Y such that g =hf.
(i) There is a number C' > 0 such that

gg<Cf*f.

If these equivalent conditions hold, then there is a unique h : X —'Y satisfying g = hf
and s(h) < r(f). It also satisfies r(h) = r(g) and

|2]l = inf{C = 0]g"g < Cf"f}.

Proof. Assuming (i), the inequality in (ii) follows with C := ||h*h/||, since then C'idx —
h*h >0 in C(X, X), and hence
g'g = f"h"hf < Cff,

where we use the fact that compression by f preserves positivity.

So then assume that (ii) holds, and also assume ||f|| < 1 without loss of generality.
Then proving (i) is a bit more difficult, and we adapt an argument due to Westerbaan [32,
§80y] to the W*-category setting. For n € N, let |f|,2 : X — X be the morphism
obtained by applying the function

-2 e 1 1
. x if =5 T <z,
0 otherwise

to |f|. Since these functions have disjoint support and sum to z + 272 for x > 0,
functional calculus in C(X, X) shows that we have

SR F=s), YR =),
n=1 n=1
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where the sums converge ultraweakly and their terms are pairwise orthogonal subprojec-
tions. Our goal is now to define

he=> glfl,%f"
n=1

and to use Lemma 2.1.18 in order to argue that this converges ultraweakly. The partial
sum up to the k-th term satisfies

k 2 k
STl =1 Y0 gl 1R
n=1

n,m=1

k
<C| D RS

n,m=1

k
=C|>_ fIf
n=1
<,

where the third step uses the pairwise orthogonality mentioned above. Therefore the
defining series of h converges ultraweakly, and the ultraweak continuity of composition
gives

o0 o
hf = glf2F f=9) |fI22 f =g9s(9) = g,
n=1 n=1
as desired.

We now turn to the additional claims. Since h*h < C'r(f) by the same calculation
as in the norm estimate above, we indeed obtain s(h) < r(f), and we have ||h|| < C by
the partial sum norm estimate above. For the uniqueness, suppose that h:X =Y is
another morphism with g = Af and s(h) < r(f). Then the equation

(h—h)f =0

implies s(h — h)r(f) = 0 by Lemma 3.2.3. But since we also have s(h — h) < r(f) by
Lemma 3.2.4, we can conclude s(h — h) = 0, or equivalently h — h = 0.

Finally, we have r(g) < r(h) by Lemma 3.2.5, and the other direction of inequality
follows by 7(g)h = h, which is itself a consequence of the uniqueness: since h := r(g)h
also satisfies the required properties, we obtain the claim. O

A good way to understand this result is in terms of a certain Hilbert copresheaf, which
is of the Hilbert copresheaf of the GNS construction from Proposition 2.5.29. Indeed for
given f: A — X and any object Y, consider

L*f,Y)={g: A=Y |3C >0st. g*g < C f*f},
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which is a Banach space with respect to the norm ||g|| defined as the smallest constant C
which satisfies the given inequality. Furthermore, this construction is clearly functorial
in Y, resulting in a functor L?(f,—): C — Ban. As in the case of the GNS construction
from Proposition 2.5.29, the existence of inner products turning this functor into a Hilbert
copresheaf is not a priori obvious, but rather a consequence of the following.

Corollary 3.2.7. There is an isometric isomorphism of functors
L2(f’ _) = C(X’ _) T‘(f),
and in particular L?(f,—) is a Hilbert copresheaf.

Here, C(X, —) r(f) denotes the subfunctor of C(X, —) consisting of all morphisms h
out of X which satisfy hr(f) = h, or equivalently s(h) < r(f), and this subfunctor is a
Hilbert copresheaf with respect to the induced inner product.'®

Proof. For every Y, composition with f induces a map
C(X,Y) = L*(f.Y),
and this is an isometric isomorphism by Theorem 3.2.6. O
From Theorem 3.2.6 we also automatically obtain a corresponding factorization result

for Hilbert presheaves.

Corollary 3.2.8. Let C be a W*-category and H : C°P — Ban a small self-dual Hilbert
presheaf. Then for o € HX and B € HY , the following are equivalent:

(i) There is f : Y — X such that § = af.
(i3) There is C > 0 such that'?
BB, -) < Cafa, —).
in C(H,H).
Proof. Using Corollary 2.5.22, we take f and g to be given by
(a,—) : H— C(—, X),
(B,—): H— C(—,Y).
Then f*f is the Hilbert transformation H — H given by a{«, —), and similarly for g*g.
This reduces the claim to Theorem 3.2.6. 0
We obtain two useful criteria for witnessing smallness.
Corollary 3.2.9. For a self-dual Hilbert presheaf H, the following are equivalent:

(i) H is small.
(i) There is a family of elements o € HX_ such that the pre-Hilbert presheaf they
generate is locally?® ultraweakly dense.

¥We will encounter the contravariant version of such functors in Section 3.7, and in particular in (53)
and (54).

YHere, 5(8, —) denotes the composite of the Hilbert transformation (8, =) : H — C(—,Y") with the
Hilbert transformation S8— : C(—,Y) — H, which is its adjoint. Likewise for a(a, —).

29That is, ultraweakly dense in every space HY .
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(iii) The collection of Hilbert transformations H — H is a small set.

This equivalence seems surprising, as (ii) looks a priori much weaker than our definition
of smallness.

Proof. Assuming (i), we trivially have (ii). Given (ii), the claimed (iii) follows since a
Hilbert transformation ¢ : H — H is uniquely determined by its values on the generating
family a_, and therefore C(X, X) is small.

Finally, assume (iii). Then for every Hilbert transformation H — H which can be
realized in the form B(3, —), choose some 8 € HX which witnesses this. Then this family

of elements generates H by Corollary 3.2.8.%! O

The following result is a slight generalization of [28, Lemma 3.2], and we adapt the
proof correspondingly.

Lemma 3.2.10. Letu: X —» Y and v :Y — X be morphisms such that ||ul],|v] <1
and such that
vu = s(u) = r(v), s(v) = r(u).

Then u and v are partial isometries with v = u*.

Proof. Using the first assumed equation and the norm inequalities, we have
s(u) = v v*vu < uu < s(u),

and hence s(u) = u*u, making u a partial isometry. Similarly,
r(v) = vuu*v* < vv* < r(v),

and hence v is a partial isometry. But then the second assumed equation gives v*v = uu®,
and hence

v =vv*'v = vuu* = s(u)u* = u*,

as was to be shown. O

There is a polar decomposition for morphisms going back to Ghez, Lima and Roberts [3,
Corollary 2.7], who had proved it by reduction to polar decomposition in the linking
WH-algebra L(C|x y). More in the spirit of W*-categories, we derive it as a consequence
of our new factorization criterion based on the following variant of Theorem 3.2.6.

Theorem 3.2.11. Let f: A— X and g: A — Y be such that f*f = g*g. Then there is
a unique partial isometry u : X — Y such that:

(i) f = ug,
(ii) wu=r(f),
(iii) wu* =r(g).
21Technically, this application of Corollary 3.2.8 requires used it within the next Grothendieck universe
in case that H is not small.
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Proof. By Theorem 3.2.6, the equation f*f = g*g gives us a unique v : X — Y such that
f =wug and s(u) < r(g). This already establishes the uniqueness claim (under notably
weaker hypotheses). Moreover, we know that this u satisfies ||u|| < 1 and r(u) = r(f).
Applying Theorem 3.2.6 the other way around likewise gives us a unique v : Y — X such
that g = vf and s(v) < r(f), which also satisfies ||v]| < 1 and r(v) = r(g).

Our goal is now to finish the proof by an application of Lemma 3.2.10. By g = vug
and s(vu) < s(u) < r(g), the uniqueness part of Theorem 3.2.6 implies vu = r(g).
Therefore 7(g) < s(u) by Lemma 3.2.5, and hence s(u) = r(g) since we already know
s(u) < r(g). Hence we have vu = s(u) = r(v) as needed for Lemma 3.2.10. We likewise
obtain uv = s(v) = r(u), and hence the claim follows by Lemma 3.2.10 indeed. O

The polar decomposition of Ghez, Lima and Roberts follows now as an immediate
special case.

Corollary 3.2.12 (Polar decomposition). For any morphism f : X — Y, there is a
unique partial isometry u: X — Y such that:

(1) f=ulfl,
(i) wu = s(f),
(i17) uu* =r(f).

Proof. Apply Theorem 3.2.11 with g = |f|. O

Remark 3.2.13. We saw in Remark 2.1.5 that the involution on a C*-algebra is uniquely
determined by its Banach algebra structure, and similarly in Proposition 2.5.28 that
the inner products on a Hilbert presheaf are uniquely determined by its structure as
a Ban-enriched presheaf. We can now show a similar statement: the involution on a
W*_category is uniquely determined by its structure as a Ban-enriched category. Indeed
on the endomorphism W*-algebras C(A, A), we can reconstruct the involution thanks
to Remark 2.1.5. But then we in particular we know which morphisms are projections,
and by Lemma 3.2.2 we therefore can reconstruct sources and ranges of all morphisms.
Hence from Lemma 3.2.10 we can learn which morphisms are partial isometries as well
as their adjoints. But this implies that we can recognize the polar decomposition of any
given morphism and therefore compute its adjoint.

For future use, we record some observations on when a morphism intertwines two
projections, or more generally representations of any W*-algebra.

Lemma 3.2.14. Letp: X — X and q: Y — Y be projections, and let f : X =Y be a
morphism with || f|| < 1. Then the following are equivalent:

(i) The inequalities
ffaf <p,  fr¢tf<p*.

(ii) fp=qf.
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Proof. Assuming (i), we have s(qf) = s(f*qf) < p, and hence qfp = qf. Likewise
the other inequality gives ¢ fpt = ¢ f, or equivalently ¢fp = fp. Hence (ii) holds.
The converse is straightforward by f*qf = pf*fp < p, and similarly for the other
inequality. O

This provides us with a way of characterizing intertwiners between representations of
a W*-algebra in any W*-category, which will come in very handy later.

Proposition 3.2.15. Let C be a W*-category and N a W*-algebra. Then for any two
normal representations

m: N — C(X,X), p: N—CY)Y),
we have
NRep(N, C)((X,7), (Y,p)) = {f : X =Y | f'pla*a)f < ||f|*r(a*a) Va € N}.
Proof. Recall that being an intertwiner means that
fr(a) = pla)f Va € N. (23)

Clearly if this condition holds, then we have f*p(a*a)f = m(a)* f*fn(a) < ||f]|*7(a*a),
as needed. For the converse, we prove the intertwiner equation only in case that a € N
is a projection, which is enough since NV is generated by projections. But in this case,
taking p = 7(a) and q == p(a) gives the claim as an instance of Lemma 3.2.14. O

Question 3.2.16. How does Proposition 3.2.15 generalize to a characterization of
bounded natural transformations between W*-functors D — C?
3.3 Central supports

Ghez, Lima and Roberts had also considered the following different notion of support [3,
Definition 5.1].

Definition 3.3.1. For a family of objects A_ = (A;)ic1, the central support at any
object X is the smallest projection ¢c(A.)x : X — X such that

cA)xf=f VYf:A =X

Equivalently, c(A_)x is the supremum of the range projections of all morphisms
A3 — X. Taking adjoints shows that the defining equation is equivalent to gc(A_)x =g
for all g: X — A_, and hence ¢(A_)x is also the supremum of the source projections of
all morphisms X — As.

Lemma 3.3.2. Let p: X — X be a projection with 0 < p < c(A_)x. Then there is a
partial isometry u : A3 — X with 0 < uu* < p.
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Proof. By the minimality property of ¢(A_)x, there must be a morphism f: A3 - X
such that pf # 0. Using polar decomposition in the form pf = u|pf| with a partial
isometry u : A3 — X, we obtain

w” =r(pf) <p,
and hence pu = u. Since u # 0 by pf # 0, we conclude that 0 < uu* < p. O

The following sequence of propositions exhibits the main properties of central supports,
through which we will make use of them later. For the first one, recall the notion of
family with multiplicity from Definition 3.1.2.

Proposition 3.3.3. For ecvery family of objects A and every object X, there is a family
with multiplicity of partial isometries uy : X — A() such that

C(Ai)X = U(i)uz)

Note that such partial isometries are necessarily pairwise orthogonal.

Proof. By Zorn’s lemma, there is a largest set of partial isometries U C C(Ag, X) with
the property that

Z uu® < c(A)x.

uelU
Since c(A_)x is a projection itself, the summands uu* are pairwise orthogonal and the
left-hand side is a projection too, so let us denote it by q. Now suppose that ¢ # c(A_)x,
so that p := ¢(A_)x — ¢ is a nonzero projection. Then an application of Lemma 3.3.2
shows that the set U was not maximal to begin with, a contradiction. O

Proposition 3.3.4. For a morphism f: X — Y, the following are equivalent:

(1) fe(A)x = f.

(ii) c(A)yf=7f.
(iii) There are square summable families with multiplicity gy : X — Ay and h( :

Y — A(y such that
f=hogty
Proof. As (iii) is self-dual, it is enough to prove the equivalence of (i) and (iii). Assum-
ing (i), by Proposition 3.3.3 we have
f=fugyugy,

where the bracketing does not matter thanks to ultraweak continuity of composition.
Therefore taking g == u) and h( = fu() works, where the square summability of
both families with multiplicity follows by the square summability U(f)u’(ki) < 0.

Assuming (iii), suppose that the families with multiplicity are indexed by j € J. Then
we have s(h;g;) < s(gj) for each j, and therefore

s(f) <\ s(g)) < c(A)x,
jeJ

which is enough to get (i). O
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We can now explain the term “central support”: the centre of a category C is the
set of natural transformations from idc to itself, and we can now conclude that c¢(A.)
belong to this centre: it is a central projection.

Proposition 3.3.5. ¢(A.) is natural: for all f : X =Y, the diagram

X c(A)x X

fl f
% c(A)y. v

commautes.

Proof. Proposition 3.3.4, and in particular the equivalence of (i) and (ii), shows that
both composites equal c¢(A)y f c(A)x. O

Proposition 3.3.6. For any morphism f: X =Y,

Ife(A)x]l = lle(A)y fll = sup [[full = sup [lv*f]| = sup [[o" full

u:Ag—X v:Az—=Y u:Ag—X, v:Ag—
where the suprema range over all partial isometries of the specified type.

Proof. We only prove the equation [|f ¢(A.) x| = sup,. a5 x|/ ful|; the others follow by
duality and naturality of central supports.

For the inequality direction >, it is enough to use the trivial ¢(A_)x u = u for any
partial isometry u : A3 — X, since then

[full = If e(A)x ull < |If e(A)x]-

The direction < is more difficult. Again because of ¢(A_)x u = u, it is enough to prove
the desired inequality with f c¢(A_)x in place of f. Therefore we can assume fc(A )x = f
without loss of generality, or equivalently s(f) < c¢(A_)x. Under this assumption we will
prove ||f|| < sup, .4, x|l full. Restricting further to || f|| = 1 without loss of generality,
it is then enough to prove that sup,,. 4, x| full > 1.

For given € > 0, let p : X — X be the spectral projection of |f| with respect to the
interval [1 — ¢, 1]. This projection satisfies 0 # p < s(f) < c(A.)x and f*f > p —eidx,
which implies

sup | full = sup [|f*full > sup [[(p—e)ull = sup [pul —e.

w:Ag—X u:Ag—X uw:Ag—X u:Ag—X

Since € was arbitrary, the claim follows if we can show that sup,.4__, x||pu|| = 1 for any
nonzero projection p: X — X with p < c¢(A4_)x. Indeed an application of Lemma 3.3.2
provides us with a nonzero partial isometry u : A3 — X such that pu = u. Then
llpu|| = Jjul| = 1 as desired. O

For self-adjoint morphisms, a simpler formula can be given.
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Proposition 3.3.7. For any morphism f : X — X with f* = f, we have

Ife(A)x]l = sup [lu”ful
u:Ag—X
and
fc(A)x >0 = ufu>0 Yu:As— X.
where u ranges over partial isometries.

Proof. The norm formula follows by the C*-identity and an application of Proposition 3.3.6
to |f|. The characterization of positive elements is implied by the norm formula via the
standard C*-algebra fact that fc(A_)x > 0 if and only if |[A-id — fc(A ) x| < A with
A =||fc(A)x]|, since the assumption implies that

uw (N-id — fe(A)x)u < Muu,
which gives ||A-id — fc(A) x| < A. O
Here is a useful consequence which already does not refer to central supports anymore.

Proposition 3.3.8. Let A_ be a family of objects, and let f : X — A_andg : Y — A_
be square summable. Then

lg™ /-l = sup [o*g" full,

w:Ag—X, v:A3—Y
where the supremum is over all partial isometries u and v of the specified type.

Proof. This follows by Proposition 3.3.6 and the fact that

c(A)yg fe(A)x =g,

which in turn holds because it holds for each summand g f; in place of g* f and ultraweak
continuity of composition. O

3.4 Fullness theorems

Roberts proved in [33, Lemma 2.1] that if C is a W*-category and A, X,Y € C, then any
bounded linear map

t: C(A,X) — C(A,Y) (24)

which commutes with the canonical action of C(A, A) on both sides arises from a morphism
X — Y (though generally not uniquely so). Note that this is once again a statement
that is far from true in ordinary category theory. Our goal is to generalize Roberts’s
statement and proof to the setting of full W*-subcategories and Hilbert transformations.

Lemma 3.4.1. Let C be a W*-category, D C C a full W*-subcategory and H € C. Then
there is a (small) family of objects B_ = (B;)icr in D and a family of elements 5_: HB._
such that:

47



(i) With c¢(D) denoting the central support in C of the (potentially large) family of
Hilbert presheaves represented by objects in D, we have

C(D)H = /87<ﬁ77 _>7
(i1) (B, B;) is a nonzero projection whenever i’ =i and vanishes otherwise.
Proof. Applying Corollary 3.5.9(i) to the potentially large family consisting of all objects

in D gives a potentially large family of objects B_ = (B;);cs in D and a family of partial
isometries u_: H — C(—, B_) such that

c(D)g =u*u.. (25)
By the Yoneda lemma, there is a family of elements 5. € HB_ such that u*(f) = 5_f and
such that (8;, 5;) is a projection for all i. By simply dropping all i € I with 5; = 0, we
can assume all of these projections to be nonzero. Moreover, Since the adjoint of such

a u; is the Hilbert transformation H — C(—, B;) given by a — (8;, a), we obtain the
desired form
c(D)u = BB, —)-

Since each term in this sum is a projection and the sum is as well, also the orthogonality
relation (By, 8;) = 0 for i’ # i follows.

While the index set I is a priori large, in every equation?? a = B.(3_, a) only a small
set of 8;’s can make a nonzero contribution. Therefore by the smallness of H, we can
assume without loss of generality that the index set I is small. O

This results in our generalization which we present now.
Theorem 3.4.2. Let C be a W*-category and D C C a full W*-subcategory. Then:

(i) For every H € C, the restricted Hilbert presheaf H|p is small self-dual.
(i) Writing R )
C(H,K)p ={te C(H,K) |tc(D)g =t},
for H K € C, the restriction of Hilbert presheaves from C to D defines a natural
isometric isomorphism

C(H,K)p —— D(H|p, K|p) (26)

t— tp

that is compatible with composition in the sense that for all H, K, L € C, the diagram

C(H,K)p x C(K,L)p —— C(H,L)p
~ F (27)
D(H|p, K|p) x D(K|p, LIp) — D(H|p, L|p)

commutes, where the horizontal arrows are the (bilinear) composition maps.

22Note that we still have ultraweak convergence in this equation by Theorem 2.5.19(iv).
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Since the condition t¢(D)y = t is equivalent to ¢(D) gt = ¢ by the naturality of central
supports (Proposition 3.3.5), there is no asymmetry between H and K in (26), and this
also makes clear that the right-hand side of the isomorphism is functorial in the obvious
way in both H and K.

A good way to think about this result is that D(H|p, K|p) can be realized in a
canonical way as a 1-complemented subspace of C(H K.

Proof. 1t is clear that if H € C, then the restriction of H to a presheaf H|p : D°? — Ban
is still a Hilbert presheaf, where the relevant inner products are still the same as those of
H. With this in mind, (ii) still makes sense even without (i) if one interprets D(H|p, K |p)
as the space of Hilbert transformations, regardless of smallness and self-duality of the
restricted Hilbert presheaves. We will prove this version of statement (ii) below, while
we now indicate how to derive (i) from it.

For self-duality of H|p : D°? — Ban, consider a Hilbert transformation ¢ : H|p —
D(—,X). Then (ii) shows that ¢ is itself the restriction of a Hilbert transformation
H — C(—, X). This transformation has an adjoint by the self-duality assumption on H,
and its restriction to D provides the required adjoint for t. For the smallness of H|p, we
can apply (ii) together with the smallness criterion of Corollary 3.2.9.

The main statement to be proven is (ii). We first show that if a Hilbert transformation
t: H — K satisfies tc(D)g = t, then ||t|| = ||t|p]||, which means that the restriction map
is isometric. Indeed Proposition 3.3.6 yields

[t = sup sup [[v*tul|
X,YeD w:C(—,X)—H, v:C(—,Y)>H
= sup sup [[(B, t(a))],

X,YeD a€HX,BeHY

where the supremum over u and v is over partial isometries of the specified type, the second
equality holds by the Yoneda lemma, and the supremum over « and 3 is correspondingly
over elements with (o, a), (8,8) € {0,1}. This implies the desired ||¢|| < |/t|p|| by the
Cauchy-Schwarz inequality, while the other inequality direction is trivial.

It remains to be shown that every Hilbert transformation

tIH|D—>K’D (28)

can be extended to a Hilbert transformation # : H — K with t¢(D)y = t. Using a family
[ as in Lemma 3.4.1, we put

() = t(8) (8., ). (20)

To conclude the ultraweak convergence of this expression from Lemma 2.1.18, we must
show that the partial sums are uniformly bounded in norm. Indeed the restriction to any
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finite subfamily satisfies

188 Bl = sup[[t(B) (B, ) o]

AeD, v:A—X

= sup [[H(B(B, av))|

AeD, v:A—X

<[t sup [IBAB., av)
AeD,v:A—X

< (¢l flexl

where the first equation, with v ranging over partial isometries v : A — X, holds again
by Proposition 3.3.8 and a Yoneda argument, and the second step crucially uses the
assumed naturality of £ on D. Hence the defining sum (29) converges ultraweakly and we
obtain a Hilbert transformation ¢ : H — K. The relevant equation £c(D)y = t follows
from ¢(D)g = (5., —) and the pairwise orthogonality of the /..

To finish the proof of this claim, ¢ indeed recovers ¢ on D since for all o € HA with
A € D, we have

tHa) = t(u){u_, o) = t(u_{u_a)) = t(a), (30)

where the second step is again by the assumed naturality on D.

The final claim on compatibility with composition is clear by naturality of the central
support ¢(D). O

Corollary 3.4.3. Let C be a W*-C(Aztegot’y and D C C a full W*-subcategory. Then
restriction defines a full W*-functor C — D.

Proof. The fact that restriction defines a *-functor is clear, while the ultraweak continuity
holds as a consequence of the characterization of preduals of spaces of Hilbert transfor-
mations in the proof of Corollary 2.5.22. The fullness is part of Theorem 3.4.2(ii). [

Remark 3.4.4. If D contains a generating family, then the restriction W*-functor
C — D is even fully faithful. This can be thought of as saying that a generating family
is automatically dense, although we will not given a formal definition of density in
W*_category theory.??

The following immediate specialization of Corollary 3.4.3 recovers Roberts’ fullness
result mentioned at (24) upon specializing further to the case where D consists of a single
object.

Corollary 3.4.5. If D C C is a full W*-subcategory, then the restricted Yoneda embedding

C—D
X — C(—,X)|p

s a full W*-functor.

23Recall that in ordinary category theory, a full subcategory D C C is dense if C—Dis fully faithful [9,
Proposition 4.5.14]. In ordinary category theory, not every generating family is dense.
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As a trivial space case with C = Hilb and D consisting of C only, one recovers the
fact that the morphisms % — K in Hilb are exactly the bounded linear maps.?* Note
also that f is not unique in general, as one can see already in Hilb with D consisting of
the zero Hilbert space only.

We now turn to similar fullness results for W*-functors instead of Hilbert presheaves.

Theorem 3.4.6. Let C be a W*-category and D C C a full W*-subcategory. Then for
every W*-category E and W*-functors F,G : C — E, restriction from C to D defines an
isometric isomorphism

{o € Fun(C,E)(F,G) | ax F(c¢(D)x) = ax VX € C} —— Fun(D,E)(F|p,G|p).

Without any smallness assumption on the W*-categories involved, this will in general
be an isometric isomorphism between large Banach spaces. Also, note that the equation
ax F(c(D)x) = ax for all X € C can also be read as saying that the natural transfor-
mation « is invariant under horizontal post-composition with ¢(D) in the 2-category
W*CAT. By the naturality of ¢(D) from Proposition 3.3.5, we can also equivalently require
G(c(D)x) ax = ax, which amounts to « being preserved by horizontal pre-composition
with ¢(D).

Similar as for Theorem 3.4.2, the result says that Fun(D, E)(F|p, G|p) can be realized
in a canonical way as a 1-complemented subspace of Fun(C, E)(F, G).

Proof. As in the proof of Theorem 3.4.2(ii), we first show that this map is isometric. So
for W*-functors F,G : C — E, let o : F — G be a bounded natural transformation such
that ax F(c(D)x) = ax for all X € C. We then need to prove that

led]| = sup [lary . (31)
YeD

Applying the C*-identity on both sides lets us reduce to the case where G = F and
a : F — F is positive, and we assume this from now on. Then for any X € C,
Proposition 3.3.3 gives us a family of objects B_in D and a family of partial isometries
u_: X — B_such that

c¢(D)x =u"u_, (32)

and hence

0 < ax = axF")F(u) = F(u)ap F(u")

IN

sup [|lay || F(u)F(u?) = supllay || F(c(D)x),
YeD YeD

where the second equation holds by naturality of «. Since F(¢(D)x) is a projection, this
implies that ||ax|| < supycpllay ||, and hence we get the desired (31).

24Basic examples like this already illustrate that Theorem 3.4.2 is far from true in ordinary category
theory. For example if C is any category and D the full subcategory on a terminal object I, then the
statement would be that every map C(I, X) — C(I,Y) is induced by a morphism X — Y, which is clearly
not true in general.
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It remains to be shown that every « : F|p — Gp can be extended to a bounded
natural transformation & : F' — G satisfying the invariance under ¢(D). For a given
X € C, consider again (32) and let us define

ax = G(u)ap F(u¥).

This converges ultraweakly by Lemma 2.1.18, where the uniform boundedness of the
finite partial sums is a consequence of the C*-identity and the fact that the u* are
pairwise orthogonal partial isometries. This in fact shows that ||ax| < supycpllay|,
which already establishes the boundedness. Moreover, ax is clearly invariant under
pre-composition by ¢(D)x and post-composition by ¢(D)y.

For naturality with respect to a morphism f : X — Y, consider another family of
partial isometries v_: Y — C_in D such that ¢(D)y = v*v_. Then we need to prove that

ay F(f) = G(f) ax,

or equivalently that
G(v)ac F(v'f) = G(fu) ap_F(ul).

By the invariance under ¢(D), it is enough to prove this equation upon pre-composition
by F(w) for any partial isometry w : D — X in C, which reduces the problem to showing
that

G(v) ac F(v! fw) = G(fu_) ap F(u w)

holds. But now naturality of o on D applies and further reduces the problem to showing
that
G(vv' fw)ap = G(fuu'w)ap,

which is of course true by v_v* fw = ¢(D)y f = f¢(D)x = u_u*w. In particular, applying
this naturality proof with f = idx shows that ax is independent of the choice of the
family wu_.

Finally, we need to prove that ax = ax for all X € D. But this holds trivially, since
then we have ¢(D)x = idx and we can take u_ to be the singleton family consisting of
idx only. O

Corollary 3.4.7. Let C be a W*-category and D C C a full W*-subcategory. Then for
every W*-category E, the restriction functor

Fun(D,E) — Fun(C,E) (33)
is full.
Proof. Clear from Theorem 3.4.6. O

If D and C are small, then the categories appearing in (33) are W*-categories, and in
this case the restriction functor is of course a W*-functor.
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Remark 3.4.8. Theorem 3.4.2(ii) and Theorem 3.4.6 are quite similar in both the
statements and the proofs. In particular, both establish a fullness result by providing a
canonical extension of a given transformation between restricted functors.?” Therefore,
it is tantalizing to think that there may be a common generalization of both theorems.
However, we have not been able to find such a generalization.

Analyzing similar problems for non-full W*-functors F' : D — C appears much more
difficult. However, we do have some results in the special case D = BC and C = BN
for a W*-algebra N, in which case the restriction functor (33) becomes the forgetful
W*-functor

NRep(N,E) — E.

In the following, we write C again in place of E. We then have the following result about
this kind of situation, which amounts to an equivariant version of Theorem 3.2.6.

Theorem 3.4.9. Let C be a W*-category, N any W*-algebra and
m: N — C(X,X), p: N—=CY)Y)

two normal representations. Then for arbitrary morphisms f : X —Y andg:Y — X,
the following are equivalent:

(i) There is an intertwiner h : X —'Y such that g = hf and ||h| < 1.
(ii) We have
g°p(=)g <cp f'n(=)f,

where <cp means that the difference of the two sides is completely positive as a

map N — C(S,59).
Proof. Given (i), we get (ii) via
g'p(=)g=f"Wp(=)hf = fRhr(=)f <cp f'm(=) [,

where we have used the assumptions that h is an intertwiner, and the inequality step
holds because h is an intertwiner and

(1= h*R)m(=) = (1= F*R)Y2 m(=) (1 = h*R)V2 >cp 0.
Assuming (ii), the idea is to try and construct a map C(S, X) — C(S,Y’) which takes
m(a) fr — p(a)gr Va € N, r € C(S,S). (34)
To this end, consider the space
W= m(N)fC(8,9) € C(S. X),

by which we mean the norm closed linear span of all morphisms of the form 7(a)fr as
above. We then claim that there is a unique contraction ¢ : W — C(S,Y") which acts

25Tt reminds us of an orthogonal projection to a subspace of a Hilbert space.

93



like (34). Indeed for any finite family of elements (a;)ier in N and (7;);er in C(S5,.5), we
have in C(S, S)

(p(a_)gr)*(pla)gr) =r"g"p(a’a)gr.
<r*f*rn(a*a.)fr.

= (m(a)fr)"(w(a)fr),

where the inequality holds by the assumed <cp. This establishes that the desired map is
well-defined and contractive on a dense subspace of W, and therefore extends uniquely
to a contraction ¢ : W — C(S,Y).

Moreover, the left action of N and right action of C(S,S) make C(S, X) into a Hilbert
bimodule, and it is clear that I is a Hilbert subbimodule thereof. With v : W — C(S, X)
denoting the isometric inclusion, we can consider the composite

*

C(S,X) L= W —— C(S,Y) (35)

in the category HilbBiMod(N, C(S,S)). By construction, this composite implements the
desired mapping (34).

Finally, consider the commutative diagram of W*-categories and W*-functors given
by

NRep(N, C) C

| |

HilbBiMod (NN, C(S, S)) —— HilbMod(C(S, S))

where all arrows are the obvious forgetful W*-functors. By Theorem 3.4.2 and the Yoneda
embedding, the right vertical arrow has a canonical section whose image consists of those
morphisms in C which are invariant under the central support ¢(S). By the naturality
of ¢(S), the same follows for the left vertical arrow, and in particular the left vertical
arrow is full as well, and every morphism can be lifted to a morphism of the same norm.
Applying this to the composite (35) produces the desired intertwiner h. O

3.5 Generating families

Generating objects and generating families of objects are a classical concept in ordinary
category theory, and there are several different notions with subtle technical distinc-
tions [34]. As it happens likewise with other categorical concepts in W*-category theory,
these subtle distinctions no longer exist: as we will see, the formal theory of generators
in W*-categories is quite simple and rigid.

In the following definition, we denote the generating family by “S” in order to
indicate that they separate the category.?6

Corollary 3.5.1. For a family of objects S_ = (S;)icr in a W*-category C, the following
are equivalent:

26Note that we reserve the letter G for functors.
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(1) c(S) = idiq, -

(i) The hom-functors C(S_,—) : C — Ban are jointly faithful.
(iii) fg =0 for all g : S5 — X implies f = 0.
(iv) fu =0 for all partial isometries u : Sg — X implies f = 0.

The proof of the equivalence of these properties is immediate from the results on
central supports of the previous subsection.

Definition 3.5.2. A generating family is a family of objects S_ satisfying the equivalent
conditions of Corollary 3.5.1. If a generating family consists of a single object, then that
object is called a generator.

Probably the earliest reference on generators in W*-categories is Rieffel [5, p. 54],
who had investigated them in categories of Hilbert modules. The general definition of
generator then appears in [3, Proposition 7.3]. More recently, generating families were
considered by Yamagami [35, Lemma 1.5].

Example 3.5.3. In Hilb, every nonzero object is a generator.

Example 3.5.4. If C is small, then the family of all objects C is trivially a generating
family.

Example 3.5.5. If C is small, then the family of representable Hilbert presheaves C(—, X)
is a generating family for the W*-category of Hilbert presheaves C by the Yoneda lemma.

Example 3.5.6. If A is merely a C*-algebra, then a faithful representation of A is not
necessarily a generator in its W*-category of representations Rep(A) (see Example 2.4.2
for background on this W*-category). Counterexamples exist even for a commutative
C*-algebra like A = C([0,1]). Indeed if we consider (H, p) to be the GNS representation
associated to the state induced by any atomic probability measure on [0, 1] with dense
support, then p is faithful because continuous functions are determined by their values
on a dense subset. But there is also the representation of C(]0,1]) by multiplication on
L%(]0,1]), which is the GNS representation associated to the Lebesgue measure considered
as a state. Since the only intertwiner # — L?([0, 1]) is the zero map, we conclude that
(H, p) is not a generator despite being a faithful representation.

Nevertheless, generators in arbitrary W*-categories of the form NRep(N) exist, as we
will see in Lemma 3.9.9.

Example 3.5.7. Let C; and Cy be W*-categories with generators S; € C; and Sy € Co.
Then the coproduct W*-category C; + Co (see Example 2.4.10) has a generating family
given by {S1, S2}. However, C; + Cy does not have a single generator unless C; or Cy is
trivial (in the sense that all morphisms are zero).

Let us consider examples of W*-categories in which no generating family exists.
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Example 3.5.8. Let N be a large W*-algebra, such as N = ¢°°(S) for a large set S.
Then NRep(N) is a locally small W*-category that does not have a generating family.

Indeed by the upcoming Lemma 3.9.9—which still applies with N large—such a
generator would have to be a faithful representation. But since N clearly does not have
a faithful representation on a (small) Hilbert space, we conclude that no generator exists.
By our our upcoming results on direct sums (Example 3.6.12 and Remark 3.6.14), we
can hence conclude further that no generating family exists either.

We return to the general theory, noting some direct consequences of Propositions 3.3.3
to 3.3.7.

Corollary 3.5.9. Let S_ be a generating family in a W*-category.

(i) For any object X, there is a family with multiplicity of partial isometries uy: X =
S such that
idX = u’(*i)u(i).

(i) Every morphism f: X — Y can be written as an ultraweakly convergent series

F=h0

for suitable square summable families with multiplicity gy : X — Sy and h( ) :
(iii) For every morphism f: X =Y,

IfII = sup [[o" full,

u:Sg%X, v:Sg%Y

where u and v range over partial isometries of the specified type.
(iv) For every morphism f: X — X with f = f*,

I/l = sup [lu"full,

’U,ZSE —X

and
f>0 — ufu>0 Yu:S3— X,

where u ranges over partial isometries of the specified type.

Example 3.5.10. In Hilb, applying (iii) to C as a generator recovers a standard formula
for the operator norm, namely that for any bounded linear map between Hilbert spaces

fH—=K,
If1l = sup [, ho)l,
R

where ¢ and 1) ranges over unit vectors in H and /C, respectively.

We now record an astonishing consequence, namely that every small self-dual Hilbert
presheaf has an orthonormal basis.

o6



Definition 3.5.11. An orthonormal basis of a self-dual Hilbert presheaf H : C°P — Ban
1s a family of objects B_ in C together with a family of elements 8. € HB_ such that:

(i) (B, Bi) =0 whenever i’ # i.
(i) (Bi, Bi) is a nonzero projection for all i.
(111) For every X € C and o € HX,

a=p (8, ) (36)
where the right-hand side converges ultraweakly.

This generalizes the definition of orthonormal basis for a self-dual Hilbert module over
a W*-algebra [36, Lemma 8.5.23]. Interestingly, Paschke’s original formulation of the
definition [21, Theorem 3.12] considers direct sums decompositions into singly generated
Hilbert modules instead. For our Hilbert presheaves, the analogous statement is that
the data of an orthonormal basis for H is equivalent to a direct sum decomposition of
H in C into subobjects of representable Hilbert presheaves; this clearly matches with
Definition 3.5.11 with the transformations

,87; : C(—,Bl) — H

as direct sum inclusions.

For self-dual Hilbert modules, Paschke proved that orthonormal bases always exist [21,
Theorem 3.12]. Our W*-categorical methods have pretty much already established this
in our more general setting.

Theorem 3.5.12. Let C be a WH*-category. Then every small self-dual Hilbert presheaf
H : C°P — Ban has an orthonormal basis.

Proof. This is Lemma 3.4.1 applied with D = C, since then ¢(C)y = idy gives us
idg = B.(B_, —). By the ultraweak continuity of evaluation from Theorem 2.5.19(iv), the
claimed (36) holds as well. O

Remark 3.5.13. For self-dual Hilbert presheaves that are not necessarily small, the
same arguments still go through, but now the orthonormal basis itself may have to be
indexed by a large set.

Finally, let us record special cases of our fullness theorems in the case where the
subcategory is generating.

Corollary 3.5.14. Let C be a W#*-category and D C C a generating full W*-subcategory.
Then:

(i) The restriction W*-functor C — D is fully faithful.?”

2"™We will prove in Corollary 3.8.28 that it is actually a W*-equivalence.
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(ii) For every W*-category E, the restriction functor
Fun(C,E) — Fun(D, E)
is fully faithful.
Proof. Upon using that ¢(D) = id in both cases, these claims follow directly by Theo-
rems 3.4.2 and 3.4.6. 0

In particular, every W*-functor F': C — E is the (two-sided) Kan extension of its
restriction D — E along the inclusion D — C in the 2-category W*CAT. For some
purposes, it is useful to have a more explicit description of what this Kan extension looks
like. By the Yoneda lemma, this amounts to describing morphisms out of F'.X for X € C,
which we now turn to.

Lemma 3.5.15. Let D C C be a generating full W*-subcategory and F : C — E any
WH*-functor. Then for any X € C and morphism f :Y — FX in E, there are square
summable families of morphisms g : S — X with S_in D and h_:Y — FS_ such that

f=F(g)h.
Proof. Using a decomposition idx = u*u_, where u_: X — S_is a family of partial
isometries with S_in D as in Corollary 3.5.9(i), we obtain
f=Fu)F(u)f,
so that taking g := u* and h_:= F(u_)f works. O

Assuming that D is small, let us use this to characterize the hom-space E(Y, FX)
more precisely. To this end, we consider formal linear combinations of the form?®

Z 9i ® hy,
el
for square summable families of morphisms g : S — X and h. : Y — FS as in

Lemma 3.5.15. The space of these formal linear combinations carries a E(Y,Y)-valued
sesquilinear form given by

<Zg§- D09 ®hi> = Y WF(gehi

Jj€J il iel,jed

28Formally, such a formal linear combination is formally given by a function

c: (]_[ C(X,A) x E(Y,FA)) —C,

AeD

given by assigning to very pair of morphisms its coefficient in the formal linear combination and such
that the relevant square summability conditions

> lelg, h)*gg” < o0, > lelg, W)PRh < o0
(g,h) (g,h)

hold. But we will not use this more cumbersome notation.
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This sesquilinear form is positive semidefinite, as is straightforward to see e.g. from the
formalism of bounded matrices of Definition 3.6.17 and after. Of course it typically has
quite a large null space, for example containing formal linear combinations like?”

gk @ h—g® F(k)h

forany g: B— X and h:Y — FAand k: A — B. We can now get to the point of
considering all this.

Proposition 3.5.16. The map

> gi@hi— Y F(gi)hi

i€l i€l
defines an isometric isomorphism between E(Y, FX) and these linear combinations modulo
the null space, which thereby also form an E(Y,Y')-Hilbert module.

Proof. The inner product of these formal linear combinations was defined precisely in
such a way that the isometry holds. The surjectivity of this map is a consequence of
Lemma 3.5.15. O

The fullness and faithfulness statements in Corollary 3.5.14 are not to be confused
with the following.

Lemma 3.5.17. Let C and E be W*-categories and D C C a generating full W*-
subcategory. Then for a W*-functor F : C — E, we have:

(i) F is faithful if and only if F|p : D — E is.
(ii) F is fully faithful if and only if F|p : D — E is.

Proof. The “only if” directions are trivial, so we focus on the converses.

(i) We assume that F|p : D — E is faithful and show the same for F. To see that
also F' is faithful, suppose that f : X — Y in C is such that F(f) = 0. Then by
functoriality, we also have F'(v*fu) =0 for allu: A — X and v : B — Y with
A, B € D. By the assumed faithfulness of F|p, this gives v* fu = 0. Since u and v
were arbitrary and D is generating, we get f = 0.

(ii) We assume that F|p : D — E is fully faithful and show that F' is full too. So let
f:F(X)— F(Y)in E for X,Y € C. By Corollary 3.5.9(ii), we may assume Y € D
without loss of generality. Upon writing idx = u*u_ for a suitable family of partial
isometries u_: X — S with the S_in D, let g* : . — Y be the unique family of
morphisms in D such that

Flg") = f F(u").
By the assumed faithfulness of F', this family is still square summable since the
family F'(¢*) is. Now h = g*u_: X — Y is a morphism in C such that

F(h)=F(g") F(u) = fF(u’) F(u) = f,
and hence F' is full. O

29The similarity to tensor products is not at all accidental, and we will return to this point in Section 4.2.
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3.6 Direct sums and the direct sum completion

In Hilb, there are direct sums. Given a family H_= (#,;);cs of Hilbert spaces, their direct

sum is given by
P = {(¢i)ie] e [T | D lleal? < 00} (37)

iel el i€l

It is a Hilbert space with respect to the pointwise vector space structure and inner
product given by the sum of the componentwise inner products,

(&) =Y (i, i)
i€l
It is worth noting explicitly that I may be uncountable, in which case each element
of the direct sum has at most countable support by the square summability condition.
The inner product converges absolutely by a first application of the Cauchy-Schwarz
inequality in H; and a second application of Cauchy-Schwarz in £2(I). The completeness
is a simple consequence of the completeness of the summands H;.

We will next state the general definition of direct sums in W*-categories. We follow [28]
in using the universal property as the definition, and we will subsequently state the
equivalence with the original definition given in [3]. To begin, for any finite or infinite
family of objects (X;);e; and any other object A in a W*-category C, we define the
Banach space of square summable families of morphisms,

Zf;fi<oo}.

el

P x) = {(fz' c A= Xi)ier

i€l

With A = C in Hilb, this specializes to (37). In general, @, ; C(4, X;) is a vector space
with respect to the componentwise operations, and in addition a Banach space with
respect to the norm (f;) — ||, fi*fiHl/2 [28, Lemma 4.1]. This generalizes the norm on
the Hilbert space £2(I), since with A = X; = C in Hilb, our f is exactly an element of
¢%(I). By our underscore notation, this norm can also be formally written as

1
I =LA
Our underscore notation also applies to the direct sums themselves, for which we write
P x) =i x).
i€l
Precomposing a square summable family f : A — X with any g : B — A results in
another square summable family f g := (f;g)ier, now in C(A, X_), which satisfies

gl < NI gll-

It follows that mapping A to the set of square summable families with values in X_is a
functor

@C(—,Xﬁ) : C°P — Ban.
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We aim at showing that this functor can be made into a Hilbert presheaf on C. By
Proposition 2.5.28, there is at most one way to choose inner products in order for this to
be the case.

Proposition 3.6.1. € C(—, X ) : C°? — Ban is a Hilbert presheaf with inner product
given by
(9. 1) =g f.

For |I| = 1, this of course recovers the representable Hilbert presheaves from Exam-
ple 2.5.2.

Proof. Straightforward. O

Applying the Cauchy-Schwarz inequality for Hilbert presheaves (14) then sharpens
Lemma 3.1.1 to the stronger inequality

Fag f. <lgl*rr.

Definition 3.6.2 ([28]). Given a W*-category C and an arbitrary family X = (X;)ier
of objects in C, a direct sum is any object Xg which represents the Ban-enriched functor

@C(—,Xﬁ) : C°P — Ban.

By Lemma 2.5.26, such a representation is automatically also a representation of
& C(—, X_) as a Hilbert presheaf, and this implies uniqueness up to unique unitary
isomorphism.

Let us spell out the definition. The defining property of the representing object Xg
is that there must be isometric isomorphisms

C(A, Xe) =D C(A X) (38)

that are natural in A. Thus, having a morphism into a direct sum is the same thing as
having a square summable family of morphisms into its summands.

Notation 3.6.3. If X_is any family of objects as above and Xg is their direct sum, then
we also denote the defining isometric isomorphism (38) by f_— fg.

Thus every square summable family of morphisms f maps to the single morphism
fe and conversely, and this correspondence must satisfy

I fell = NI£II

Following [28], we now relate Definition 3.6.2 to the original definition of direct sum
given by Ghez, Lima and Roberts [3, p. 100]. To this end, note that for every family of
objects X_= (Xj)ies, there is a canonical matrix of morphisms

k= (ki Xi = Xir)iier
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with entries given by

idy, ifi= i,
Riil = .
0 otherwise.

Then for every i € I, applying the isomorphism (38) with A = X; to the trivially square-
summable family of morphisms «_; on the right produces a morphism xg; : X; — Xg.
We think of the resulting family kg_: X_ — Xg as a row vector.

Theorem 3.6.4 ([28, Theorem 5.1]). Let X = (X;)ier be a family of objects in a
W*-category. Then the following pieces of structure on an object Xq are equivalent:

(i) Families of isometries kg_: X_— Xg such that
Kg K. = 1dx, . (39)

(1i) A natural isometric isomorphism

C(_aX@) = @C(_va)' (40)
By (39), the isometries kg; in this definition are necessarily pairwise orthogonal,
H%ilﬁ@i/ = 6ii’idXz--

We now give a concise proof based on the methods developed so far. These facilitate
significantly shorter arguments than the ones used in [28].

Proof. Assuming (i), the isomorphism (40) is given explicitly by

f,zﬁ'fé,feaa Jo = ke f.

from left to right and right to left, respectively. The fact that these maps are isometric
and inverse of each other is straightforward to see from the assumptions and the ultraweak
continuity of composition, and the naturality is obvious. Conversely, if (ii) holds, then
we obtain the family «%,_ by applying (40) with idx, on the left. The isomorphism from
left to right is then given by fq +— k% fe by naturality, and we obtain (39) by the fact
that the isomorphism must be an isomorphism of Hilbert presheaf and therefore preserve
inner products.

We leave it to the reader to check that the two constructions are inverse to each
other. O

Example 3.6.5. In Hilb, the W*-categorical direct sum of a family of Hilbert spaces
H_ = (H;)ier coincides with the usual direct sums (37), with kg; : H; — Hg given
by the canonical inclusion operators. Their adjoints k%, : He — H; are the canonical
projections ¢ — ¢;.
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We now turn to the construction of direct sums of self-dual Hilbert presheaves
and prove their universal property. These generalize direct sums for self-dual Hilbert
modules [21, p. 457/458]3C.

For a W*-category C and a family H_ = (H;);cs of small self-dual Hilbert presheaves
on it, we put

HeX = H:X,
il
where the direct sum on the right-hand side by definition consists of all families . € H X
that are square summable in the sense that

(a,a) = Z(%‘,%’) < 00.
i€l
Hyg is functorial in the obvious way: if a_ € H_X is square summable and f:Y — X,
then also a_f € HY is square summable, since

(a fia f)=fa,a)f < oo.

If I is finite, then we can declare the inner product of a. € H X and 5. € HY to be
given by
<BJ O‘7> = Z<ﬁh ai>'
i€l
This converges ultraweakly by the assumed square summability and Lemma 3.1.1, where
we also use the Yoneda lemma again in order to view the o and 3_ as Hilbert transfor-
mations.

Lemma 3.6.6. These definitions make Hg, into a small self-dual Hilbert presheaf, and
the finitely supported families a_ € Hg X are ultraweakly dense.

Proof. 1t is straightforward to see that Hg is a pre-Hilbert presheaf. We thus start by
proving self-duality of Hg by Corollary 2.5.14, which takes some work.?! So let

té : H@ — C(—,X)

be a Hilbert transformation, where our notation already indicates that there will be an
adjoint tg, which amounts to the desired self-duality. By assumption, for every ¢ € I the
restricted transformation

t: + Hi— C(—, X)
can be represented by some 5; € H; X,

ti (i) = (Bi, ) Vo, € HY;.

39Note that the notion of direct sum that is relevant for us is what Paschke calls the ultraweak direct
sum, which is in general different from the direct sum of Hilbert modules considered e.g. at [20, p. 6],
since the latter contains fewer elements and does not necessarily preserve self-duality.

3n the Hilbert module case, Paschke claims that verifying the self-duality is “routine” [21, p. 458].
We do not find this to be the case, since the application of Egoroff’s theorem that we use does not seem
obvious, and specializing to the single-object case of Hilbert modules does not simplify the problem.
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We then argue first that 5. = (5;);er is a square summable family. For a finite subset
F C I, let us write B € HgX for the family that is given by f; for ¢ € F' and zero
otherwise. Then

1811 = 1(Br, Br) = [|t5(8R)|| < |[t& || 187 -

Since the resulting bound ||8r|| < HtjeH is independent of F', the square summability

follows by the fact that the implied bound (B, fr) < HtéHQ is independent of F. We
now know that

te(a) = (6, a.) (41)

for all finitely supported a_ € Hg Y, and we still need to prove this equation for general
a_ € HgY. A straightforward approximation argument shows that the equation also
holds if a*a_ = (s, ;) converges in norm. For the fully general case, we argue that
idx can be ultraweakly approximated by projections p € C(X, X) for which the sum

> plai,ca)p =D (cip, cip)

el el

converges in norm. Indeed for given normal states nq,...,m € C(X,X), and any
€ > 0, Saito’s noncommutative Egoroff theorem [15, Theorem 4.13]3? provides us with a
projection p : X — X such that

mp),...,m(p) >1—c¢

and such that ), (a;, o;)p converges in norm. But then also

ty(a)p = th(ap) = (B, ap) = (B, a)p,

and the claimed (41) follows upon taking p " idx. Therefore Hg is indeed self-dual.
Incidentally, these approximations also establish the second claim on the ultraweak density
of finitely supported families, since «_p converges ultraweakly to a._ by Theorem 2.5.19(iii).

Finally, the smallness of Hg now follows straightforwardly by the smallness criterion
given in Corollary 3.2.9(ii): choosing generating families of elements for each H; and
including them into Hg generates the pre-Hilbert presheaf of all finitely supported
families, which we already proved to be ultraweakly dense. O

Proposition 3.6.7. Hg is indeed a direct sum of the family H_ in C.

Proof. To verify the universal property, let K € C be another small self-dual Hilbert
presheaf and let ¢ : K — H_be a family of Hilbert transformations satisfying the square
summability condition ¢*t. < oo in C(K, K). Then for every o € KX with X € C, we
also have

{t(a),t (@) = (a, (Tt )(a)) < [[t7L [|{e, ),

32Note that we are dealing with a bounded directed set of positive elements, so that ultraweak
convergence implies strong convergence.
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and therefore also ¢ (o) € H X is a square summable family. But then if we define
te : K — Hg via
to(a) = (ti(®))ier, (42)

then the above inequality also shows that the resulting transformation tg is bounded
uniformly in X. Since the naturality is obvious by naturality of each ¢;, Lemma 2.5.13
implies that tg is a Hilbert transformation.

It is clear that {g recovers ¢; upon composing with the inclusion H; — H. The
uniqueness is obvious as the required (42) determines tg uniquely. O

Example 3.6.8. Let X_be any family of objects in a W*-category C. Then the Hilbert
presheaf @ C(—, X ) of Proposition 3.6.1 is the direct sum of the family of representable
Hilbert presheaves C(—, X ).

The following concrete example adds an important caveat.

Example 3.6.9 ([37, Example 2.5.6]). Let H := ¢/?(N) be a Hilbert space with orthonor-
mal basis given by {e;}ien. Then @,y H, the N-fold direct sum of H with itself in
Hilb, is canonically isomorphic to £2(N x N). In particular, the sequence of basis vectors
(€i)ien does not define an element of @, . H, since it obviously fails the relevant square
summability condition by >, y(e:, e;) = oo.

However, it is instructive to note that H can also be considered as a B(H)-module
with B(H)-valued inner product «B, a» = a(f, ). In this setting, the direct sum @, .y H
is a B(#H)-Hilbert module whose underlying set is different from the one of the Hilbert
space direct sum of the previous paragraph: now the sequence (¢;);en does define a valid
element, since the square summability condition

Y (ened) = eifer, ) =idy < 0o
€N ieN
is satisfied.

Remark 3.6.10. More generally for any finite set I, a direct sum @, ; X; is in particular
a biproduct in C.?3 However, the universal property of a biproduct characterizes it only
up to unique isomorphism, while the universal property of a W*-categorical direct sum
characterizes it up to unique unitary isomorphism.

When [ is infinite, then @, ; X; is typically neither a product nor a coproduct. For
example in Hilb, this happens for a family of Hilbert spaces (H;);cs as soon as infinitely
many of them are nonzero. What is still true is that every morphism between direct sums

f : X@ — Y@ (43)
of families X = (X;)ier and Y. = (Yj);es can be expressed as a matrix of morphisms

fo=(fji: Xi = Y))ierjes

33Which for I = §) specializes to a zero object.
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whose components are obtained by composing f with the direct sum inclusions and
projections. The universal properties of the two direct sums involved imply that f is
uniquely specified by this matrix. However, just as for morphisms between Hilbert spaces,
not every such matrix defines a morphism, since an additional boundedness condition is
needed. We will investigate this in detail below.

Definition 3.6.11. We say that a W*-category has direct sums if a direct sum exists
for every (small) family of objects.

Example 3.6.12. As we just showed, every W*-category of small self-dual Hilbert
presheaves C has direct sums. Let us see which of our examples of W*-categories from
Section 2.4 have direct sums.

> The discrete W*-category on a set I from Example 2.4.1 clearly does not have
direct sums unless I = ().

> For a W*-algebra N, the W*-category of normal representations NRep(N) from
Example 2.4.2 has direct sums, constructed as in Hilb. Similarly for the W*-
categories of representations of topological groups (Example 2.4.3) and operator
systems (Example 2.4.4).

> A W*-category of self-dual Hilbert modules HilbMod (V) has direct sums because
of HilbMod(N) = BN.

> A product W*-category [[;c; C;i as in Example 2.4.9 has direct sums if and only if
the individual C; do, and they can be constructed componentwise.?*

> As with the first item, a coproduct W*-category [[;.; C; as in Example 2.4.10 does
not have direct sums unless it is highly degenerate: any family of nonzero objects
which does not belong to one component C; only fails to have a direct sum.

> If C and D are W*-categories with C having direct sums and D small, then also
the functor W*-category Fun(D, C) has direct sums. This is straightforward to see
upon constructing them objectwise on D and proving the universal property in the
obvious manner.
As special cases of this, we obtain that a W*-category of the form NRep(N, C) has
direct sums if C does, and that all W*-categories of the form HilbBiMod(M, N) and
Connes(M, N) do.

> Provided that a W*-category C has direct sums, its arrow W*-category C as
in Example 2.4.13 has a direct sum for a family f : X — Y if and only if || f ||
is bounded. Indeed if this is the case, then their upcoming sum is the induced
morphism fg : Xg — Yg as in the upcoming (44). Conversely if a direct sum
exists, then using the fact that the domain and codomain W*-functors C* — C
must preserve direct sums by the upcoming Proposition 3.6.16, we conclude that

34For the “only if” direction, note that the empty W*-category does not have direct sums as it is
missing a zero object. Hence if [],.; C; has direct sums, then neither C; is empty. The fact that the
product preservation W*-functors must preserve direct sums by the upcoming Proposition 3.6.16 implies
that the direct sum of a family of objects in some C; can be constructed by lifting arbitrarily to the
product W*-category, which is possible by none of the W*-categories involved being empty, forming the
direct sum there, and then projecting back.
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the direct sum must be of the claimed form. It follows that the contractive arrow
WH-category C! has direct sums if and only if C does.

> Given a W*-category C with direct sums, clearly also the conjugate W*-category C
as in Example 2.4.14 has direct sums.

Remark 3.6.13. The only way for a nontrivial W*-category to have direct sums is if the
WH_category is large. Indeed if X € C is such that C(X, X) # 0, then the hom-spaces
between direct sums of X with itself will be of arbitrary large cardinality, and therefore
C cannot be small.

In the original paper on W*-categories [3], this size issue has not been dealt with
consistently.?> A case in point is given by their Propositions 1.14 and 2.13, which purport
to show that every C*-category—regardless of size—has a faithful (normal) functor into
Hilb. Granted that we assume local smallness, the given proof requires direct sums of
cardinality |C| in Hilb. So either C needs to be a small W*-category in order for the
argument to go through, or one needs to use a W*-category of large Hilbert spaces (which
would itself be very large).

Remark 3.6.14. If a W*-category C has direct sums and a generating family S_, then it
also has a single generator given by Sg. This is a straightforward consequence of the
universal property of direct sums.

The universal property of direct sums implies that their formation is functorial: for
families of objects X = (X;)ier and Y. = (Y;)ier, any uniformly bounded family of
morphisms f. = (f; : X; — Y;);esr induces a morphism

f@ : X@ — Y@. (44)

In terms of the W*-category from (7), the formation of direct sums with index set I thus
becomes a functor

P : 1.0 —cC (45)

In fact, this is a W*-functor: it is clearly faithful, and thus by Lemma 2.2.3 we only
need to argue that its action on each hom-set has ultraweakly closed image. But this is
because a generic morphism f : Xg — Yg is of the form (44) if and only if it is block
diagonal, by which we mean that the composites

Ray,! fi*i
Xi/i>X@ f>Y@ EB}Y;

vanish for i’ # i, and each one of these conditions is ultraweakly closed.

Remark 3.6.15. Naively, one might hope that the direct sum functor (45) would be
adjoint to the diagonal functor A : C — ¢°°(/, C) similar to what happens with products
in ordinary category theory. This is of course the case for finite I, in which case direct

3%However, it is worth noting that their Footnote 2 indicates awareness of size issues.
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sums are just finite biproducts, but not for infinite I. Indeed if this held for infinite I,
then we would in particular have a bijection

C(A, Xg) = 0°(I,0)(AA, X))

for every object A and family of objects Xg implemented by composing with the direct
sum projections. With C = Hilb and all objects A and X_ given by C, we obtain ¢?(I) on
the left but £°°(I) on the right, and the canonical map ¢£2(I) — ¢>°(I) which corresponds
to composition with the projections is of course not surjective.

Every additive functor between additive categories preserves biproducts (whenever
these exist). The following abstract version of Rieffel’s [5, Proposition 4.9] extends this
to infinite direct sums in W*-categories.

Proposition 3.6.16. A W*-functor F : C — D preserves all direct sums that exist in C.

Proof. In full, the statement to be proved is that if a family of morphisms (kg; : X; —
Xg )icr makes Xg into a direct sum of a family of objects (X;);er in C, then also the
family

(F(k@i) : F(Xi) = F(Xg))ier

makes F'(Xg) into a direct sum of the family (F(X;));cs. This is a straightforward
consequence of the equational characterization of direct sums in Theorem 3.6.4 and the
ultraweak continuity of F. O

Our next goal is to construct, for every W*-category C, a direct sum completion
C®, which is another W*-category obtained by formally adjoining direct sums to C. In
doing so, the main difficulty consists in finding the right definition of the hom-spaces and
in proving that they have preduals.

To this end, we first characterize which matrices of morphisms correspond to mor-
phisms between direct sums Xg — Y of arbitrary families X = (X;)ier and Y. = (Y});e.
Using the norm of square summable families defined in (21), we can introduce the relevant
notion of boundedness of matrices of morphisms f : X — Y.

Definition 3.6.17. A matriz of morphisms f_: X_— Y is bounded if for every finitely
supported ¢_: A — X _, the product f_¢_ is square summable, and in addition

I/|l :=sup sup [|f_¢|| < oo. (46)
A€C g |I<1

Example 3.6.18. In C = Hilb and with X; = Y; = C, a matrix as above is bounded if
and only if it is bounded as an operator ¢2(I) — £2(.J).

The following observation lets us apply our existing machinery in order to obtain lots
of results on bounded matrices for free.
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Lemma 3.6.19. There is an isometric isomorphism between bounded matrices f_: X_ —
Y and Hilbert transformations

Pc-.x)—Pc-.v), (47)

given by ¢_+— f_o_.

Proof. We first show that a bounded matrix defines such a transformation of the same
norm. This holds by definition if the index set [ is finite. In general, for given ¢ : A — X_
and finite F' C I, we have

|rr > = 6 f7 S rorll < 6w sl Lrlorl®| < 15 P16,

and therefore Lemma 2.5.20 applies to show that f ¢ : A — Y is square summable as
well. The same inequality also shows that the norm of this transformation is exactly
|| /|l while the naturality is obvious. Hence we indeed get a Hilbert transformation of
the same norm.

Conversely, given such a given Hilbert transformation we can plug in vectors a_ and
B_ with singleton support and apply the Yoneda lemma produces a candidate matrix of
morphisms f_, which is the unique matrix such that

(Bt(e)) = (B, fra) = ([ a) = ((B), )

holds for all finitely supported o and §_. Linearity and naturality together with bound-
edness of the Hilbert transformation then imply that the resulting matrix is bounded
as well. The last equation implies t*(5.) = f*/_ for all finitely supported (_; since both
adjunctions apply generally, this implies that the first equation holds for all «_ and all
finitely supported B_. But this is enough to conclude t(a_) = f_a_ in general.?t O

As one immediate consequence of Lemma 3.6.19 and the Yoneda lemma, we obtain
that if the direct sums Xg and Yg exist, then the morphisms fgq : Xo — Yg are exactly
the bounded matrices f_ : X_— Y, where the matrix entries are constructed as the
composites

*

Ki / R
Xi 2 Xg 5 Vg — 5 V.

By (39), the composition of Hilbert transformations of the form (47) corresponds to
matrix multiplication of the corresponding bounded matrices. Similarly, forming the
adjoint of a Hilbert transformation like this corresponds to forming the entrywise adjoint
of the transposed matrix.

Also by Lemma 3.6.19 or by Lemma 3.1.1, we can derive alternative formulas for the
operator norm,

| f_|| = sup sup  [[*f ¢ || =sup sup [T ].
ABEC g, lle-[I<1 BeC |[y_||<1

36We can also conclude this from the fact that it holds on finitely supported «_ by construction,
that these are ultraweakly dense by Lemma 3.6.6, and the application of a Hilbert transformation is
ultraweakly continuous by Theorem 2.5.19(iv).
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where ¢_: A — X_and ¢_: B — Y. can be assumed finitely supported, and f* denotes
the transposed matrix with the involution applied entrywise.

Definition 3.6.20. For any W*-category C, its direct sum completion C® is either
of the following two equivalent W*-categories:

(i) The full subcategory of C on Hilbert presheaves of the form P C(—, X).
(i) The W*-category with

> families X_= (X;)icr of objects of C as objects,

> hom-spaces given by

C¥(X.,Y) = {bounded f_: X — Y}, (48)

with respect to matriz multiplication as composition, operator norm (46) as norm
and the usual involution on matrices.

While we have not explicitly shown that the latter category is indeed a W*-category,
this follows by the already established equivalence with the first category. Nevertheless,
it is useful to have a more explicit description of the preduals. To obtain this, for given
families X_and Y, consider matrices of predual elements

n_ = (nji € C(X4, Yj)s)ierjes-
If such 7 is finitely supported, then
r(n_f )= Y milfy) (49)
icl,jed

trivially converges. Since | fi;|| < || f_|| for all ¢ and j, (49) defines a bounded linear
functional on the space of bounded matrices.

Proposition 3.6.21. For a hom-space C®(X_,Y') of a direct sum completion C®, we
have:

(1) Its predual is the mnorm closure in C®(X_,Y)* of the set of functionals of the
form (49) for finitely supported n__.
(ii) The finitely supported matrices are ultraweakly dense.

Proof. (i) Using the preduals of spaces of Hilbert transformations constructed in the
proof of Corollary 2.5.22 shows that the predual is the closed subspace of C*(X_, Y )*
spanned by the functionals of the form

fo—n(B7f a)

for . € C(A,X ) and 5. € C(B,Y ) and n € C(A, B).. Using finitely supported
a_and S then produces a functional of the claimed form. These functionals are
ultraweakly dense in C¥(X_|Y)) by Lemma 3.6.6 and the ultraweak continuity (in
each argument) of matrix multiplication. But then they are also norm dense by
Lemma 2.1.17.

70



(ii) The finitely supported 7__ also induce the ultraweak topology on (48) by Lemma 2.1.17.
Now the claim is obvious. O

Example 3.6.22. Let C be a small W*-category. Then we define the linking W*-
algebra L(C) to be the endomorphism W*-algebra of the Hilbert presheaf

P c(-.x). (50)

XeC

When C has finitely many objects, then this specializes to our earlier Definition 2.1.10.
A simple nontrivial example with infinitely many objects is the discrete W*-category
on a set I (Example 2.4.1), whose linking W*-algebra is exactly B(¢?(I)), arising as the
endomorphism W*-algebra of the Hilbert presheaf that maps every object to C.

With D ranging over all full subcategories D C C with finitely many objects ordered
by inclusion, L(C) is the filtered colimit of the L(D) in the category of W*-algebras and
not necessarily unital ultraweakly continuous *-homomorphisms®’. This characterization
was originally used as the definition [3, p. 90]. Proving the relevant universal property
as a filtered colimit is straightforward based on the facts that every L(D) is included
in L(C), and the union of these subalgebras | J L(D) is ultraweakly dense in L(C) by
Proposition 3.6.21.

The importance of the linking W*-algebra is grounded in the fact that (50) is a
generator in C. As we will see in Example 3.9.7, the associated fully faithful W*-functor
BL(C) — C induces a W*-equivalence C 2 HilbMod(L(C)).

We need two more lemmas before we can state and prove a 2-categorical universal
property of C®. First, it is useful to have an algebraic certificate for the boundedness of
a matrix.

Lemma 3.6.23. A matriz of morphisms f_: X_—Y_ is bounded if and only if there is
A >0 and a matriz g_ : X_— X_ such that

ff_ +g g =X\id_.

Furthermore, such g__ exists if and only if X > ||f_]|.

Proof. If f_ is bounded, then the fact that C¥(X_, X ) is a W*-algebra implies that

f*f_ < A%id_ for any A > ||f_||, so that we can take e.g. g = /A2 — f*f _and the
stated equation follows.

Conversely, suppose that f _ satisfies the stated condition. Then it implies that for
finitely supported ¢_: A — X_, we have in the W*-algebra C(A4, A),

O b =N — g g b <N

Hence we obtain the claimed boundedness with ||f_|| < A. O

37This is exactly Guichardet’s category of W*-algebras [22, §2].
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Lemma 3.6.24. Let F': C — D be a W*-functor and (f_: X_— Y.) a bounded matrix
of morphisms in C. Then the matrix of morphisms (F(f_): F(X) — F(Y.)) in D is
bounded as well.

Note that this is not obvious directly from the definition of boundedness.

Proof. This follows by applying the previous Lemma 3.6.23 together with ultraweak
continuity of F. O

Our 2-categorical universal property of C® is based on the canonical inclusion C < C%
corresponding to including every object of C as the singleton family in C¥. It is clear
that this is fully faithful, for example since the composite C < C¥ — C is the Yoneda
embedding.

Theorem 3.6.25. Let C be a W*-category. Then:

(i) The W*-category C® has direct sums.
(ii) For any W*-category D with direct sums, composition with the fully faithful embed-
ding C — C% establishes a W*-equivalence

Fun(C®,D) = Fun(C, D). (51)

Moreover, if a W*-functor C — D is fully faithful, then its extension to C® — D is
fully faithful as well.

In particular, this shows that Fun(C®, D) is locally small as soon as C is small.

Proof. (i) The embedding C — C? identifies every X_ € C% with the corresponding
Hilbert presheaf @ C(—, X_). A family of such objects corresponds to a doubly
indexed family (X _)_, and Proposition 3.6.7 shows that its direct sum in C is given

by the Hilbert presheaf
PP x)).

The relevant square summability condition that defines the elements of this Hilbert
presheaf is equivalently square summability of the total family obtained by con-
sidering the double index as a single index. Therefore the double direct sum can
equivalently be written as a single direct sum, thereby showing that this Hilbert
presheaf is of the required form for being an object of C¥.

(i) For W*-functors F,G : C® — D, we already know from Corollary 3.5.14(ii) that
the space of bounded natural transformations F — G is isometrically isomorphic
to the space of bounded natural transformation F'|c — G|c through the restriction
map, since C is a generating full subcategory of C.

It thus remains to be shown that every W*-functor F': C — D can be extended to
a W*-functor F': C® — D, where extended means that F |c is naturally isomorphic
to F. Indeed by Lemma 3.6.24, the formation of the direct sum completion is itself
functorial, and this is ultraweakly continuous on hom-spaces by the characterization
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of the preduals from Proposition 3.6.21(i). Therefore F' induces a W*-functor
F® . C® — D® which is such that the diagram

commutes up to unitary natural isomorphism. But now the claim follows since the
inclusion D < D? is a W*-equivalence by the assumption that D has direct sums.
The final statement is an instance of Lemma 3.5.17. O

This ends the main part of our treatment of the direct sum completion, and we turn
to a few auxiliary results that will be useful later on in the considerations on composition
of Hilbert profunctors. The first is a simplification of the definition of operator norm of a
bounded matrix, showing that we only need to take the supremum over square summable
families originating in the family of objects X_ itself.

Lemma 3.6.26. For any bounded f _: X_—Y , we have

[fl="sup  sup [o"f u,

u_: X3—X_v:Y3-Y.
where both suprema are over partial isometries of the given type.
Proof. Working in C® reduces this to ¢(X_)x, = idx, and Proposition 3.3.6. O

There is a similar statement in the self-adjoint case, which similarly follows by
Proposition 3.3.7.

Lemma 3.6.27. For a self-adjoint bounded matriz f_: X_— X_, we similarly have

[f_ = sup [u'f u],
’U,JX;—)X?
and
f.>0 = ufu>0 Yu:X3— X, (52)

where u ranges over partial isometries.

The following consequence for Hilbert presheaves is what we will actually need, where
we restrict to finite families in order to avoid the question of boundedness.

Proposition 3.6.28. Let H be a Hilbert presheaf on a W*-category C and a. € HX _a
finite family of elements. Then the matrix

(o, )

is positive in C®(X_, X ), and vanishes if and only if a_ = 0.

73



This is a standard result in the case where C has only a single object, so that H is
simply a Hilbert module [20, Lemma 4.2].

Proof. We apply (52) to f_ = (a_,a_), which reduces the problem to showing that
u o, a)u. = (o u_,ou) >0,

which is clearly the case. O

3.7 Projection splittings and the projection completion

In ordinary category theory, we have the concept of idempotent splitting and idempotent
completion. We now develop the analogous concepts for W*-categories. After that, we
will show that the existence of such splittings together with direct sums already makes a
WH-category “W*-complete”.

Ordinarily, a subobject of an object X is an equivalence class of monomorphisms with
codomain X, where two monomorphisms are considered equivalent if they are isomorphic
as objects over X. In W*-categories, isometries play the role of monomorphisms.

Definition 3.7.1. A subobject of an object X in a W*-category C is an equivalence class
of isometries v: A — X, wherev: A— X and w: B — X are considered equivalent if
there is invertible uw : A — B such that v = wu.

We write Sub(X) for the collection of subobjects of X .

Remark 3.7.2. (i) As is commonplace in category theory, we will abuse terminology
a bit by leaving the distinction between a subobject and a representing isometry
implicit.

(ii) Any u: A — B satisfying v = wu for subobjects v and w is not only unique (as in
ordinary category theory), but it is itself is an isometry since

wru = vwrwu = viv =1idy.

(iii) As in ordinary category theory, Sub(X) becomes a partially ordered set with v < w
if and only if such w exists. The proof of antisymmetry is straightforward.

(iv) If v and w are equivalent, then (by the previous item) this equivalence is implemented
by a unique unitary wu.

(v) A subobject represented by v : Y < X is uniquely determined by the projection
vu* 1 X — X. Indeed if vo* = ww*, then Theorem 3.2.11 gives a partial isometry u
with v = wu, and this is necessarily an isometry by (ii), and therefore v < w. The
other direction w < v holds by symmetry. In this way, Sub(X) becomes a subposet
of the projection lattice of X.

Definition 3.7.3. A projection p: X — X in a W*-category C is split if there is an
isometry v : A — X with p = vv*. We say that C is projection complete if every
projection is split.
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It is straightforward to see that if a splitting exists, then it is unique up to unique
unitary isomorphism. Therefore in any case, Sub(X) embeds into the projection lattice
of X. Cis projection complete if for every X € C, this inclusion is surjective, so that
subobjects of X can be identified with projections on X. A nonempty projection complete
WH-category must have a zero object (as the splitting of any zero projection).

If projection completeness holds, then in particular every subobject v : A < X has a
complement w : B — X in the sense that

w* + ww* = idy,
and this identifies X =2 A & B. This immediately proves the following.

Lemma 3.7.4. Let X € C for projection complete C, and let p : X — X be a projection.
Then
X =X, ® Xia—p,

where X, splits p and Xiq—p, splits idx — p.

Remark 3.7.5. In practice, one can often construct the splitting of a projection p as
the kernel of the complementary projection idy — p. This applies for example to prove
that Hilb is projection complete.

Example 3.7.6. As we had done for direct sums in Example 3.6.12, let us see which of
the W*-categories of Section 2.4 are projection complete.

> The discrete W*-category on a set I is not projection complete (unless I = }) as it
lacks a zero object.

> With splittings constructed as for Hilb, any W*-category of (normal) representations
is projection complete.

> A W*-category of self-dual Hilbert modules HilbMod(NN) is projection complete.
This will be a special case of the projection completeness of W*-categories of small
self-dual Hilbert presheaves which we consider below.

> A product W*-category [[;c; C; is projection complete if and only if the individual
C; do, since projection splittings can be constructed componentwise.?®

> A coproduct W*-category [[,.; C; has projection splittings as soon as each individual
C; does. The converse is not true: for example, the coproduct BC II B0 has
projection splittings, although BC does not: taking the coproduct with B0 adds
the missing zero object to BC.

> If a W*-category C is projection complete and D is any small W*-category, then
Fun(D, C) is projection complete as well. The proof is straightforward upon using
the objectwise projection splitting.
In particular, a W*-category of the form NRep(N, C) is projection complete if C
is. Even more particularly, all W*-categories of the form HilbBiMod(M, N) and
Connes(M, N) are projection complete.

38As in the case of direct sums, the other direction follows upon noting that neither C; can be empty if
I1;c; Ci is projection complete, and then using that the product projection W*-functors must preserve
splittings by the upcoming Lemma 3.7.12.
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> An arrow W*-category C™ is projection complete if and only if C is, and likewise
for the full W*-subcategory C!. Indeed projection splittings in C~ can be
constructed by functoriality of projection splittings in C, and the converse follows
from the existence of W*-functors C — C! — C which compose to the identity
and the fact that W*-functors preserve projection splittings as per the upcoming
Lemma 3.7.12.

> Finally, a W*-category C has projection splittings if and only if its conjugate
W_category C does.

Example 3.7.7. If C is a W*-category, then the W*-category of small self-dual Hilbert
presheaves C is projection complete.

Indeed if H € C and p: H — H is any projection, then consider the Hilbert presheaf
pH : C°? — Ban defined by

(PH)(X) = {a € HX | p(a) = a}, (53)

with the induced action on morphisms. The naturality of p implies that pH is a Hilbert
presheaf as well with respect to the induced inner products. The smallness holds by
the smallness of H, while the self-duality follows upon applying the self-duality of H to
composite transformations of the form

H 2% pH —— C(—, X).
Finally, the natural inclusion pH — H then is clearly an isometry that splits p.

Example 3.7.8. A W*-category with a single nonzero? object is not projection complete
since the zero projection does not split.

As a first application of projection completeness, we can derive a simplified criterion
for the existence of a generator.

Lemma 3.7.9. Let C be projection complete. Then an object S € C is a generator if and
only if for every X € C,

C(S,X)={0} =  idy=0.

Note that idx = 0 is equivalent to X being a zero object, i.e. an object which is both
initial and terminal.

Proof. The “only if” direction follows e.g. by the properties of generators developed in
Corollary 3.5.9. For the “if” direction, suppose that S satisfies the stated condition.
By Corollary 3.5.1, it is enough to show that ¢(5)x = idx for every X € C. Applying
Lemma 3.7.4 with e := ¢(S)x gives a decomposition

X = X9)x D Xidy—c(S)x-

The definition of central support shows that the only morphism S — Xjq, _¢(s)y is the
zero morphism. But then we conclude idx — ¢(S)x = 0 from the assumption. O

39An object X is nonzero if idx # 0.
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Projection completeness implies that every partial isometry can be decomposed as
follows.

Lemma 3.7.10. Let C be a projection complete W*-category. Then for every partial
isometry u : X — Y in C, there is A € C together with isometries v : Z — X and
w:Z —Y such that u = wv*.

Proof. Let v: Z — X be an isometry which splits the projection v*u : X — X. Then
w = uv is also an isometry, since

w'w = v'ufur = vivvtv = v'v = idy,

and we have

as was to be shown. O

In relation to kernels as in Remark 3.7.5, projection completeness is a powerful
condition which implies the existence of kernels and cokernels, as per the following
abstract version of Rieffel’s [5, Lemma 1.2].

Lemma 3.7.11. Let C have projection splittings. For a morphism f: X — Y, we have:

(i) The splitting of idx — s(f) is a kernel of f.
(ii) The splitting of idy — r(f) is a cokernel of f.

Proof. By Lemma 3.2.3, we can assume without loss of generality that f itself is a
projection. Then the statement is straightforward to check. O

We already saw in Proposition 3.6.16 that every W*-functor preserves all direct sums
that exist. The same holds for projection splittings.

Lemma 3.7.12. A W*functor F: C — D preserves all projection splittings that exist in
C.

Proof. As in ordinary category theory, this is a consequence of the fact that projection
splittings have an equational characterization, namely that v*v = id4 and ww* =p. 0O

Lemma 3.7.13. A W*-category C is projection complete if and only if every Hilbert
presheaf that is a subobject in C of a representable presheaf is representable as well.

Proof. For the “only if” direction, assume that C is projection complete and that ¢ :
H — C(—, X) is a subobject of a representable presheaf. Then t*¢ : C(—, X) — C(—, X)
corresponds to composition with a projection p : X — X by the Yoneda lemma. With
p = vu* a splitting for some isometry v : A — X, the subobject ¢ : H < C(—, X) becomes
unitarily isomorphic to the subobject C(—, A) < C(—, X) given by composition with v
by Remark 3.7.2(iv), and hence H is representable.
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For the “if” direction, we construct a splitting for a given projection p : X — X. To
this end, consider the Hilbert presheaf H : C°? — Ban given by

HA=pC(A,X)={f: A= X |pf = f} (54)

with the obvious action on morphisms and inner products induced from C(—, X). It is
straightforward to see that this subobject splits the projection C(—, X) — C(—, X)) given
by composition with p. Since H is in the image of the Yoneda embedding by assumption,
it follows that p already splits in C. ]

As in the case of direct sums and the direct sum completion, we can formally adjoin
splittings in order to form a “projection completion” for any given W*-category. This is
essentially the Karoubi envelope from ordinary category theory turned into a W*-category.

Definition 3.7.14. Let C be a W*-category. Then its projection completion or
Karoubi envelope Kar(C) is the W*-category where:

> Objects are pairs (X, p) where X € C and p € C(X, X) is a projection.
> A morphism (X,p) — (Y, q) is a morphism f € C(X,Y) such that fp=qf = f.
> Composition, involution and norm are induced from C in the obvious way.

Of course, it needs to be shown that Kar(C) is actually a W*-category. To this end,
we still need to establish the existence of preduals, which can also be done as in the
direct sum case by constructing an extended Yoneda embedding

Kar(C) < C

which maps every (X, p) to the Hilbert presheaf (54) and acts on morphisms by composi-
tion. By a Yoneda-style argument, it is straightforward to see that this is fully faithful,
and hence Kar(C) is a W*-category as well.*

In terms of the obvious faithful embedding C < Kar(C) given by mapping every
X € Cto (X,idx) € Kar(C) and every morphism to itself, the universal property of the
projection splitting is exactly what one would expect and reads as follows.

Theorem 3.7.15. Let C be a W*-category. Then:

(i) The W*-category Kar(C) has projection splittings.
(ii) For any W*-category D with projection splittings, composition with the fully faithful
embedding C < Kar(C) establishes a W*-equivalence

Fun(Kar(C),D) = Fun(C, D).

40For an alternative argument, recall the W*-subcategory criterion of Lemma 2.2.3. Although this
does not technically apply since forgetting the projections is not a functor Kar(C) — C as identities are
not preserved, we can argue in the exact same way as in its proof, which reduces the problem to showing
that every hom-space
Kar(C)((X,p), (Y.q)) C C(X,Y) (55)
is ultraweakly closed. But this is an immediate consequence of the definition and the ultraweak continuity
of f— fpand f— qf.
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Moreover, if a W*-functor C — D is fully faithful, then its extension to Kar(C) — D
is fully faithful as well.

Proof. (i) This is quite clear, as a projection (X, p) — (X, p) in Kar(C) is a projection
q: X — X with gp = ¢ = pq, or equivalently ¢ < p. Then (X, ¢q) splits (X, q) via
the isometry (X, q) < (X, p) represented by idy.

(ii) While one can given a proof that is quite analogous to the one in ordinary category
theory [9, Proposition 6.5.9], in light of our results so far it is more advantageous
to conduct a proof similar to the one in the direct sum case (Theorem 3.6.25).
Indeed it is clear that the full W*-subcategory C < Kar(C) is generating. Hence
Corollary 3.5.14(ii) already implies that the restriction functor

Fun(Kar(C),D) — Fun(C,D) (56)

is fully faithful. It remains to be shown that it is essentially surjective. To this
end, note that every the projection completion is functorial, in the sense that every
W*-functor F' : C — D yields a W*-functor Kar(F') : Kar(C) — Kar(D) such that
the diagram

C —— Kar(C)

Fl lKar(F)

D — Kar(D)

commutes. Since the lower horizontal arrow is a W*-equivalence, the essential
surjectivity claim follows.
The final statement is again an instance of Lemma 3.5.17. O

3.8 WH*-limits and the W*-completion

The goal of this subsection will be to introduce and study notions of W*-limits and W*-
completeness. This is close in spirit to Henry’s work on completeness for C*-categories [26].
Before turning to that, let us quickly note a consequence of the preceding two subsections.

Corollary 3.8.1. If C is a W*-category with finite direct sums and projection splittings,
then C has finite limits and finite colimits.

Proof. Finite direct sums are in particular biproducts (Remark 3.6.10), and these make
C into an additive category. Furthermore, C has kernels and cokernels by Lemma 3.7.11.
Finally, it is a standard fact that an additive category with kernels and cokernels has
finite limits and colimits. O

Throughout the following, we focus on the discussion of limits, and leave it understood
that the involution allows us to regard every limit also as a colimit at the same time.
First, we generalize a result of Ghez, Lima and Roberts [3, Proposition 7.3(f)] from single
generators to generating subcategories.41

“1Sce also Rieffel’s earlier [5, Proposition 1.1], which shows this in the special case C = NRep(N).
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Lemma 3.8.2. Let C be a W*-category with direct sums and projection splittings and
D C C a generating full W*-subcategory. Then for every X € C there is a family of objects
Y in D and a subfamily of subobjects Z_— Y in C together with a unitary isomorphism
X =2 7.

Proof. By Corollary 3.5.9(i), we have a family of objects Y. = (Y;);cs in D with a family
of partial isometries u_: X — Y_ such that idx = u_u*. While this family is a priori large,
only a small set of members can make a nonzero contribution, and hence we restrict to
that.

Splitting these partial isometries as in Lemma 3.7.10 results in subobject inclusions
v.:Z =Y and w_:Z < X such that u; = w;v] for all ¢ € I. Therefore

idy =uu* = E wiv viw; = w_w”,

(2

which by Theorem 3.6.4 makes X into a direct sum of the family Z . O

The following special case will be important for us in this subsection.

Proposition 3.8.3. Fvery small self-dual Hilbert presheaf H € C is a direct sum of
subobjects of representables.

Proof. Apply Lemma 3.8.2 to C with C as generating full subcategory. Alternatively, use
the existence of an orthonormal basis (Theorem 3.5.12). O

The most general notion of limit in W*-category theory may involve weightings by
Hilbert presheaves or something along these lines. Since the technical details of such
a putative definition are unclear to us, we contend ourselves with a simpler and more
restrictive definition that will be sufficient for our purposes; as we will see, both direct
sums and projection splittings are instances of it.

Definition 3.8.4. Let C be a W*-category, J a small category and D : J — C a functor.
For an object A € C, a cone (fx : A — DX)xey is square summable if

1= fixfx <. (57)

Xel
We denote the set of these cones by Cone(A, D).

With the cone considered as a family of morphisms with common domain, this is really
the same notion of square summability that we have been using throughout since (20).
Note that J is merely an ordinary category rather than a W*-category.

Remark 3.8.5. An unpleasant feature of our definition is that the square summability
is not invariant under equivalence. For example, let J be the terminal category consisting
of a single object and its identity morphism. Similarly, let J’ be a category with infinitely
many isomorphic objects with trivial endomorphism monoid. Then J and J' are equivalent
as categories. However, while a cone over a functor J — C is trivially square summable,
a cone over the associated functor J/ — C is square summable only if it vanishes, since
all of the infinitely many terms in (57) are then equal.
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We will prove easily that cones as above form a Hilbert presheaf, but proving its
self-duality requires a bit more work, so let us be prepared by considering first how to
“project” the two morphisms at the apex of a triangle such that the triangle commutes.

Lemma 3.8.6. Let C be a W*-category and Y,Z € C. Then for every f:Y — Z, the

matrix
( (idy + f<f)71 (idy + f*f)_lf*)
fldy + <01 fldy + ff)~'
represents a projection in C on the Hilbert presheaf C(—,Y)® C(—,Z). Its image is the
set of all pairs (9: A—Y,h: A— Z) such that fg = h.

Proof. Straightforward calculation. O

Proposition 3.8.7. For any diagram D : J — C, the square summable cones form a
small self-dual Hilbert presheaf

Cone(—, D) : C°° — Ban. (58)

Proof. By definition, the square summable cones with apex A are a subset of the square
summable families of morphisms (fx : A — DX)xcy, namely those that make all the
relevant triangles commute. Since cones are clearly closed under precomposition by
morphisms in C, the square summable cones form a subfunctor

Cone(—, D) € @ C(-,DX), (59)
Xel

and we can equip it with the induced inner product to see that it is a Hilbert presheaf
with isometric inclusion v : Cone(—, D) < C(—, DX). It remains to prove self-duality of
Cone(—, D), which is the actually tricky part.

We first prove the adjointability of v by constructing a projection on €y, C(—, DX)
that projects to Cone(—, D). For any morphism j : Y — Z in J, let

g - (-, DX) — P (-, DX)

Xel Xel

be the projection represented by the matrix which coincides with (58) on the Y and Z
summands and is identity elsewhere. Then our desired projection is the infimum

p= /g
j

where j ranges over all morphisms in J, and this infimum is taken in the lattice of
projections of the endomorphism W*-algebra of @y, C(—, DX). By construction, p
projects onto all families of morphisms (fx : A — DX)xey which make all the relevant
triangles commute, or in other words it projects onto Cone(—, D), and this provides the
desired adjoint v*.

Since we can now project onto Cone(—, D), its self-duality follows as in our proof of
projection completeness of C given in Example 3.7.7. O
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Definition 3.8.8. The W*-limit of a diagram D : J — C is a representation of
the Hilbert presheaf Cone(—, D), meaning an object L € C and a natural isometric
isomorphism

C(—, L) = Cone(—, D). (60)

Let us spell this out more explicitly based on the definition of Cone(—, D) as a
subfunctor of @ y; C(—, DX). This shows that a W*-limit consists of an object L € C
and a square summable cone ({x : L — DX)x¢j that is universal in the sense that for
every square summable cone (fx : A — DX)x¢j, there is a unique morphism g : A — L
such that fx = fxg for all X and

lgll* = 11717 = 1L/l

Example 3.8.9. If J is a discrete category consisting of a set of objects and only identity
morphisms, then a diagram J — C is simply a family of objects in C indexed by the
objects of J, and a W*-limit is a direct sum of this family.

Example 3.8.10. Let J be the category consisting of a single object and a single non-
identity morphism squaring to itself. Then a diagram J — C is given by an object X € C
together with a (not necessarily self-adjoint!) morphism e : X — X satisfying e? = e.
The Hilbert presheaf assigns to an object A the set of all f: A — X with ef = f, with
the usual inner product (g, f) = g*f.

A limit of this diagram thus consists of an object L together with an isometry
v : L — X such that ef = f is equivalent to vvo*f = f. By Lemma 3.7.11, this
equivalently means that v splits the projection s(idx — e)*. If e is self-adjoint, then this
is equivalent to v splitting e. In general, W*-limits of this shape exist as soon as C is
projection complete.

Example 3.8.11. Let G be a group and C any W*-category. Then recall that a
unitary representation of GG in C consists of an object X € C and a group homomorphism
7 : G — C(X, X) with values in unitaries. The invariant subobject of such a representation
is the W*-limit of the diagram = itself, if it exists.

Generalizing the equational characterization of direct sums (Theorem 3.6.4) and
projection splittings (by definition), we obtain the following equational characterization
of W*-limits in general.

Proposition 3.8.12. Let D : J — C be a diagram in a W*-category C. Then for any
L € C and cone ({x : L — DX)xey, the following are equivalent:

(i) This cone makes L into the W*-limit of D.
(ii) We have
"0 =idy, (61)

and the matrix ¢ {* represents the projection p from the proof of Proposition 3.8.7.
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Proof. Condition (ii) states exactly that the Hilbert transformation C(—, L) = @y, C(—, DX)
represented by the cone £_ is a splitting of the projection p from the proof of Proposi-
tion 3.8.7. The claim therefore follows by the uniqueness of projection splittings up to
unique unitary isomorphism. O

Since the condition on the matrix ¢_¢* in Proposition 3.8.12 is somewhat unwieldy,
this result is arguably not useful when dealing with W*-limits in practice, but it has the
following important theoretical consequence.

Theorem 3.8.13. Let F': C — D be a W*-functor. Then F preserves all W*-limits that
exist in C.

Proof. This follows by the equational characterization of Proposition 3.8.12 together with
the fact that the ultraweakly continuous *-homomorphism

@XEJ C(_7DX) — @XGJ D(F—,FDX)

given by entrywise application of F preserves meets of projections.*? O

Example 3.8.14. Let J be the “walking isomorphism”, i.e. the category consisting of
two objects with a pair of inverse isomorphisms between them and no other non-identity
morphisms. Then a functor J — Hilb is a diagram of the form

where ¢ is an isomorphism of Hilbert spaces (not necessarily unitary). Of course, a cone
to this diagram is determined uniquely by either of its two components; let us just use
the H component. Then the cones at any A € Hilb are in bijection with the hom-set
Hilb(A, H), but the inner product is different: using the prescription above gives

(9, /) =9"f+g"t"tf = g"(idy + t7t) f. (62)

Hence the W*-limit of the above diagram exists and is given by H with the inner product
weighted by the kernel idy + t*¢ (see also Example 2.5.5).

Remark 3.8.15. Although it is unclear to us if and how our W*-limits can be generalized
further by introducing (something like) an additional Hilbert presheaf J°° — Ban as
weight, a different way of introducing weights seems to be more straightforward, as
anticipated for the case of direct sums at [28, Remark 4.5]. The idea is to introduce a
positive semidefinite kernel matric K = (KXuY)X,YEJ e RUIXHI as weight by modifying

421 et us argue instead that joins of projections are preserved, so that the preservation of meets follows
upon taking complements. The preservation of a binary join p V g follows by pV g = s(p + q). The
preservation of an arbitrary join follows as this is the ultraweak limit of the finite joins below it.
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the definition of @y, C(—, DX) accordingly, namely by introducing K__ in both the
definition of square summability and the definition of the inner product as*?

(9, f) =g K_f.

In this way, we can hope to address the main shortcoming of our present definition,
namely the lack of invariance under equivalence from Remark 3.8.5: it is conceivable that
replacing J by an equivalent category preserves the limit provided that one also adjusts
the kernel K__ accordingly; see (62) for an example where this seems to happen.

The following theorem is our main result on W*-completeness. Its part (iii) amounts
to a W*-categorical version of Freyd’s representable functor theorem; no preservation of
limits appears as such preservation is automatic (Theorem 3.8.13).

Theorem 3.8.16. Let C be a W*-category. Then the following are equivalent:

(i) C has all W*-limits.

(i) C has direct sums and projection splittings.
(iii) Every small self-dual Hilbert presheaf H : C°P — Ban is representable.
(iv) The Yoneda embedding C — C is a W*-equivalence.

(v) There is a W*-category D and a W*-equivalence C = D.

Proof. Given (i), we obtain (ii) since direct sums and projection splittings are W*-limits
of a particular shape by Examples 3.8.9 and 3.8.10. Assuming (ii), let H : C°? — Ban be
a small self-dual Hilbert presheaf. By Proposition 3.8.3, we can write it as a direct sum
of subobjects of representables. These subobjects are representable by the existence of
projection splittings and Lemma 3.7.13. Their direct sums are therefore representable by
the existence of direct sums in C and we obtain (iii). Conversely, (iii) clearly implies (i),
so that the first three items are all equivalent.

If (iii) holds, then the Yoneda embedding is indeed a W*-equivalence since it is
fully faithful anyway and essentially surjective by assumption. Given (iv), we obtain
(v) by taking D := C. Finally assuming (v), we get (ii) by the existence of direct sums
(Proposition 3.6.7) and projection splittings (Example 3.7.7). O

Definition 3.8.17. A W?*-category C is W*-complete if it satisfies the equivalent
conditions of Theorem 3.8.16.

So by (v) above, the only W*-complete W*-categories are those equivalent to C for
some W*-category C. Here is a family of examples which are not manifestly of this form.

Example 3.8.18. Let us see which of our examples of W*-categories from Section 2.4
are W*-complete. Thanks to Theorem 3.8.16, we can combine Examples 3.6.12 and 3.7.6
to obtain the following;:

> The discrete W*-category on a set I is W*-complete if and only if I = ().

43In general, one will also have to quotient by the resulting null space.
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> A W¥*-category of normal representations NRep (V) is W*-complete, as is HilbMod(N).

> A product W*-category [[;c; Ci is W*-complete if and only if the individual C; are.

> A coproduct W*-category [[;c; C; is not W*-complete, provided that at least two
of the components C; contain a nonzero object.

> For C a W*-complete W*-category and D any small W*-category, the functor
W-category Fun(D, C) is also W*-complete. In particular, all W*-categories of the
form HilbBiMod(M, N) and Connes(M, N) are W*-complete.

> For a W*-complete W*-category C, also its contractive arrow W*-category C™! is
W*-complete.

> A W*-category C is W*-complete if and only if its conjugate C is.

An important step in the proof of Theorem 3.8.16 was that every small self-dual
Hilbert presheaf can be written as a direct sum of subobjects of representables. Let us
reformulate this observation a bit more abstractly.

Proposition 3.8.19. For every W*-category C, there is a W*-equivalence Kar(C)® =
such that the diagram
C

-

Kar(Q)® —— = 5 ¢

commutes up to natural unitary isomorphism, where the upper arrows are the inclusions.
Moreover, this W*-functor is the unique one (up to unitary isomorphism) which makes
the triangle commute.

Proof. With Kar(C) in place of Kar(C)®, the existence and essential uniqueness follow by
Theorem 3.7.15. In a second step, one can then extend from Kar(C) to Kar(C)® through
Theorem 3.6.25.

It remains to be shown that the extension is a W*-equivalence. The fact that it is
fully faithful also follows by the corresponding statements in Theorems 3.6.25 and 3.7.15.
Its essential surjectivity is a restatement of Proposition 3.8.3. O

As a consequence, we obtain a universal property of C as the W#*-completion. This
is analogous to the fact that small presheaves on an ordinary category form its free
cocompletion [38].

Theorem 3.8.20. Let C be a W*-category. Then:

(i) The W*-category C is W*-complete.
(i) For any W*-complete W*-category D, composition with the Yoneda embedding
C — C establishes a W*-equivalence

Fun(C,D) 2 Fun(C, D).

Moreover, if a W*-functor C — D is fully faithful, then its extension to C—Dis
fully faithful as well.
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Proof. (i) See Theorem 3.8.16.

(ii) This W*-equivalence follows by Proposition 3.8.19 together with the universal
properties of the projection completion (Theorem 3.7.15) and direct sum completion
(Theorem 3.6.25). The final claim likewise follows by the final claims in the
referenced statements. O

Let us record another immediate consequence of Theorem 3.8.20, where we abbreviate
“up to unitary isomorphism” to “essentially”.

Corollary 3.8.21. If C and D are W*-categories and F : C — D is a W*-functor, then
there is a essentially unique W*-functor F' such that the diagram

(63)

Pl

o 0
O —— O

essentially commutes, where the vertical arrows are the Yoneda embeddings.

Given W*-functors F,G : C — D and a bounded natural transformation o : ' — G,
we can again apply the 2-categorical universal property of Theorem 3.8.20 to obtain a
bounded natural transformation & : F' — G. In this way, the W*-completion becomes a
weak 2-functor W*CAT — W*CAT.

Since F' extends small self-dual Hilbert presheaves from C to D, we also use the term
extension along F' to refer to the action of F.

Remark 3.8.22. The extension of H € C along F' can be concretely understood in
terms of orthonormal bases: if . € HX_is an orthonormal basis for H, then FH
likewise has an orthonormal basis consisting of a family of elements v € (FH)(FX.)
with (vi,7vi) = F((7i,7i)). This follows by the essential commutativity of (63) and the
fact that as a W*-functor, F' preserves direct sums and projection splittings.

Remark 3.8.23. The universal property Theorem 3.8.20 shows that C is the free
WH*-completion of C. While free cocompletion in ordinary category theory is a lax-
idempotent 2-monad [39], this free W*-completion is even better behaved: every W*-
functors preserves W*-limits, and therefore the W*-complete W*-categories simply form
a reflective subbicategory of W*CAT.

In particular, using th§ identification D = D, we write [ : EA: — D for the extension
of a W*-functor F': C — D along the Yoneda embedding C — C.

We add an important caveat to the notion of extension.

Remark 3.8.24. One might hope that extension might be adjoint to some sort of
“restriction” W*-functor D — C. It is not clear how one might define such a restriction,
given that D-valued inner products cannot be turned into C-valued inner products in
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general. However, in general there is no W*-functor F™* : D — C which would be adjoint
to F in the sense of an isometric isomorphism

C(H,F*K)~D(FH,K)

natural in H € C and K € D. Indeed this already fails with C = BC and H = C, in
which case F' simply picks out an object F(x) € D, we have FH = D(—, F(x)), and
therefore by Yoneda a putative isomorphism as above would instantiate to an isometric
isomorphism

F K = K(F(x)).

Since C = #, this implies that K (F(x)) would have to be isometrically isomorphic to a
Hilbert space, which of course happens very rarely.

On the positive side, if F': C — D is fully faithful, then of course we do have the
restriction W*-functor already considered in Theorem 3.4.2 and CorpllarX 3.4.7, though
with C and D used the other way around. Let us denote it by F* : D — C.

Theorem 3.8.25. Let F' : D — C a fully faithful W*-functor. Then there is an isometric
adjunction

which is such that:

(i) The unit n : idg — F*FE is a unitary isomorphism.
(ii) The counit ¢ : FF* — idg is an isometry.

In particular, Disa coreflective W*-subcategory of C.

Item (ii) in particular means that the counit has split monomorphism components.
By general abstract nonsense [16, Theorem IV.3.1], this is equivalent to fullness of the
right adjoint F™*, which we already saw in Corollary 3.4.3. In this sense, (ii) strengthens
that earlier result.

By the existence of the involution, we can equivalently regard F* as the left and F
as the right adjoint, so that D is also a reflective WH*-subcategory of C. With this in
mind, the isometry property of the counit means equivalently that the composition of
the counit above and the unit of the reversed adjunction

FF* S ide —=— FF* (64)

is the identity. This additional coherence property shows that D is actually a bireflective
subcategory of C in the sense of [40, Definition 8].
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Proof. Throughout, we assume without loss of generality that D C C with F' being the
inclusion in order to simplify notation. This gives F*K = K|p for any K € C. By
Theorem 3.8.20, we already know that F is fully faithful, since it is constructed through
the universal property apply to the W*-functor

~

De——C——2~C

which is fully faithful as a composite of fully faithful functors.
To construct the adjunction, let us fix K € C and consider two Hilbert presheaves
DoP — Ban, namely
C(F—,K) and D(— K|p).

The first of these is a Hilbert presheaf as in Example 2.5.3, while the second is manifestly
representable. Proving the adjunction amounts to showing that they are isometrically
isomorphic. To this end, we apply Corollary 3.5.14(i) to the Yoneda embedding D —
f), which reduces the problem to constructing a natural isometric isomorphism on
representable Hilbert presheaves. Indeed for X € D, using FD(—, X) = C(—, X) gives

C(FD(—,X),K) = C(C(—, X),K) 2 KX = D(D(—, X),K|p),

as was to be shown; it is clear that all steps are isometric isomorphisms and natural in
both X and K.

We show that every unit component ng : H — (FH)p is a unitary isomorphism.
By the same reasoning as above, it is enough to show this on representable presheaves
H = D(—, X). But by definition of the unit, the diagram

S D(-,x)°—
e

D(HlvD(_v*X)) D(Hlv(FD(_aX»D)

m l_

C(FH',FD(—, X))

commutes for every H' € D. This implies that composition by np_ x) is an isometric
isomorphism since the other two arrows are, and hence 7p(_ x) is unitary.
Next, we prove that every counit component

e F(K|p) — K

is an isometry. To this end, consider the commuting diagram®!

C(F(K|p), K) x C(K, F(K|p)) — C(F(K|p), F(K|p))

: :

D(K|p, K|p) x D(K|p, K|p) ——— D(K|p, K|p)

“4This diagram can also be seen as an instance of (27), since in this case the invariance under the
central support ¢(D) is obviously automatic since F'(K|p) lies in the subcategory.
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Here, the vertical arrows are restriction to D, where we have identified F(K|p)|p with
K|p to simplify the bottom row, and the horizontal arrows are composition. The vertical
arrows are isometric isomorphisms by the fact that restriction is a (co)reflector, as was
already shown. Now the counit e is the counterpart of idg |, at the very bottom left.
Thus if we start with (ex,}) top left, then its composite (top right) is the counterpart
of idf |, which is idF(K|D)’ as was to be shown. O

A similar result holds for W*-functors landing in a W*-complete W*-category. In
this setting, we can phrase this as a (left or right) Kan extension, which is why we denote
the W*-functor adjoint to restriction as Kan.

Theorem 3.8.26. Let F' : C — D be a fully faithful W*-functor and E any W*-complete
WH*-category. Then there is an isometric adjunction

Kanp

/_\J
Fun(C,E) 1 Fun(D,E)
~_

—oF
which is such that:

(i) The unit with components ng : G — Kanp(G) o F' is a unitary isomorphism.
(i) The counit with components e¢ : Kanp(GF) — G is an isometry.

In particular, every W*-functor C — E can extended to a W*-functor D — E. More
specifically, Fun(C, E) becomes a bireflective W*-subcategory of Fun(D, E).

Proof. In the diagram (63), we know that also F is fully faithful by Theorem 3.8.25.
Since furthermore restricting along the Yoneda embedding defines a W*-equivalence
Fun(C,E) = Fun(C, E), and similarly for D, it is enough to prove the statement with “hats
everywhere”. But in this case we get an isometric adjunction

—oF
~ /N A
Fun(C,E) 1 Fun(D,E)
N

—oF%

from Theorem 3.8.25 on purely formal grounds. Since composing with a W*-functor
C — E (resp. D — E) preserves unitaries (resp. isometries), the claim (i) (resp. (ii))
follows from the corresponding claim in Theorem 3.8.25. O
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Remark 3.8.27. The previous proof can be turned into the following explicit construction
of Kanp(G) for any G : C — E. It is given by the right composite in the diagram

C £ > D

G\é/
e

E

where the upper right arrow is the restricted Yoneda embedding and the lower right
arrow is the essentially unique extension of GG to C.

The previous two theorems imply another variation on the universal property of
Theorem 3.8.20(ii), a result which will be our workhorse in Section 4.

Corollary 3.8.28. Let D C C be a generating full W*-subcategory. Then restriction
along the inclusion D — C implements:

(i) A W*-equivalence D = C, where extension along the inclusion is its essential
wnverse.
(ii) For every W*-complete W*-category E, a W*-equivalence®®

Fun(C,E) = Fun(D, E).
Moreover, this W*-equivalence respects faithfulness and full faithfulness.

With D and E of the form NRep(/N) and C C D a single object, (ii) is due to Rieffel [5,
Proposition 5.4]. For the general case with a single generator, see also [3, Corollary 7.4].

Proof. Claim (i) holds by Theorem 3.8.25 and Corollary 3.5.14(i). Similarly, the W*-
equivalence of (ii) holds by Theorem 3.8.26 and Corollary 3.5.14(ii). The final statement
is Lemma 3.5.17. O

Example 3.8.29. Let C be a W*-category with a generator S having endomorphism
WH-algebra N := C(S,S), and let D a be a W*-complete W*-category. If there is a
faithful representation of N on an object in D, then there also is a faithful W*-functor
C—D.

3.9 Grothendieck W*-categories

In ordinary category theory, a Grothendieck category is a suitably well-behaved abelian
category with a generator [41]. The goal of this subsection is to develop the analogous
concept for W*-categories. Once again the situation is simpler than in ordinary category
theory, and in fact there is a complete classification of all Grothendieck W*-categories.

45Note that these functor W*-categories may be large.
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Definition 3.9.1. A Grothendieck W*-category is a W*-complete W*-category with
a generating family.

As noted already at Remark 3.6.14, one can equivalently postulate the existence of a
single generator rather than a generating family. The simplest nontrivial example of a
Grothendieck W*-category is Hilb. Given the results that we have already developed,
it is an easy matter to give one version of the complete classification of Grothendieck
WH-categories already.

Theorem 3.9.2. Let C be a Grothendieck W*-category with small generating full W*-
subcategory D C C. Then the restricted Yoneda embedding

C—D
X — C(—,X)|p

18 a WH*-equivalence.

Proof. This is the composite of the Yoneda embedding C — C, which is a WH*-equivalence
by Theorem 3.8.16, and the restriction C — D, which is a W*-equivalence by Corol-
lary 3.8.28(i). O

Corollary 3.9.3. 4 W*—Acategory C is a Grothendieck W*-category if and only if there
is a W*-equivalence C = D for a small W*-category D.

Proof. If D is a small W*-category, then D is a Grothendieck WH-category since it is
W#*-complete (Theorem 3.8.20) and has a generating family given by the representable
Hilbert presheaves (Example 3.5.5). The converse is by Theorem 3.9.2. O

In particular, if N is a W*-algebra, then HilbMod(V) = BN is a Grothendieck W*-
category. Once again this is the general case, as per the following versions of Theorem 3.9.2
and Corollary 3.9.3 which have appeared as [33, Theorem 2.3] and [3, Proposition 7.6].

Theorem 3.9.4. Let C be a Grothendieck W*-category with generator S. Then the
hom-functor

C(—,S) : C— HilbMod(C(S, S)°P)
is a W*-equivalence.

Proof. This is simply the special case of Theorem 3.9.2 where the generating family is a
single generator. We need to take the opposite W*-algebra because the hom-functor is
contravariant, which corresponds to a left action of C(S,.S), and hence a right action (as
required) of C(S,5)°P. O

The following characterization of Grothendieck W*-categories is a W*-analogue
of the Gabriel-Popescu theorem characterizing categories of modules over rings [41,
Theorem 3.7.9].
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Corollary 3.9.5. A W*-category C is a Grothendieck W*-category if and only if there
is a W*-equivalence C = HilbMod(N) for some W*-algebra N.

Let us turn to some examples which are not manifestly of this form.

Example 3.9.6. Given a family of Grothendieck W*-categories (C;);cr, also the product
W-category [ [,c; C; is a Grothendieck W*-category: it is W*-complete by Example 3.8.18
and the product of a family of generators gives a generator. Together with Theorem 3.9.4,
this gives us a W*-equivalence

[ I HilbMod(V;) = HilbMod (H Nz~>

iel iel
for every family of W*-algebras (N;);er.
Example 3.9.7. If C is a small W*-category, then we have a W*-equivalence
C = HilbMod(L(C)°?),

where L(C) is the linking W*-algebra as defined in Example 3.6.22. Indeed as was noted
there, L(C) is the endomorphism W*-algebra of a generator in C, and therefore this
follows as an instance of Theorem 3.9.4.

Proving the existence of a generator in the case of a functor W*-category relies on
much of the power of our stronger results thus far.

Theorem 3.9.8. If C is a Grothendieck W*-category and D a small W*-category, then
also Fun(D, C) is a Grothendieck W*-category.

Proof. The W*-completeness of Fun(D, C) is Example 3.8.18. Showing the existence of a
generating family is significantly more difficult.

Let us start with the case that D has a single object, or equivalently D = BN for
some W*-algebra N. Then we have Fun(D,C) = NRep(BN, C). For a fixed generator
S € C and morphism f : S — X, every representation 7 : N — C(X, X) on any X € C
has a profile, by which we mean the linear map

N —— C(S5,5)

a —— f*m(a)f.

o(r, f) :

Profiles are ordered with respect to the complete positivity order as in Theorem 3.4.9.
This result also tells us that given another representation p: N — C(Y,Y)and g: S — Y,
we have p(p,g) < p(m, f) if and only if there is an intertwiner A : X — Y such that
g=nhf.

Now let S be a generator in C, and choose for every profile N — C(S,S) a particular
pair (7, f) which realizes this profile. Then we claim that this family of objects in
NRep(N, C) is generating. Indeed for every other representation p : N — C(Y,Y) on
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nonzero Y, we can find some nonzero g : S — Y since S is a generator, and hence the
discussion of the previous paragraph guarantees that there is a nonzero intertwiner from
one of our generating representation to this one. This proves the generating property by
Lemma 3.7.9, and therefore NRep(V, C) is indeed a Grothendieck W*-category.

Now on to the general case of a functor W*-category Fun(D, C). Again by Lemma 3.7.9,
it suffices to find a W*-functor F4 : D — C for every A € D such that if G: D — C
is a W*-functor with GA nonzero, then there is a nonzero bounded natural transfor-
mation F4 — G. Considering the single-object full W*-subcategory on the object A
shows that NRep(D(A4, A), C) is a full bireflective W*-subcategory of Fun(D, C), with the
reflector given by restriction. Since G A is nonzero, also the corresponding object in
NRep(D(A4, A), C) is nonzero. In this way, we have reduced the problem to the previously
treated single-object case.?6 O

The simplest instances of this are arguably the W*-categories NRep(NN), for which
we can say more.

Lemma 3.9.9 (Rieffel [5, Proposition 1.3]). The generators in NRep(N) are exactly the
faithful normal representations.

Proof. In one direction, every representation has to arise as a subobject of a direct sum of
the generating one by Lemma 3.8.2, and hence has a kernel at least as large as the kernel
of the generating one; but since there are faithful representations, also every generating
one needs to be faithful.

Conversely, if 7 : N — B(H) is faithful, then it is a standard fact that any normal
state on N can be written as a countable convex combination of vector states from 7 [42,
Theorem 7.1.8]. Hence the profile of any vector from any representation dominates the
profile of some nonzero vector from 7. Hence Theorem 3.4.9 with § = C gives us the
desired nonzero intertwiner. O

As a simple consequence, we obtain a result of Rieffel and Roberts on reconstructing a
WH-algebra from its W*-category of normal representations together with the associated
forgetful functor to Hilb.

Corollary 3.9.10 (Rieffel-Roberts). Let N be a W*-algebra and U : NRep(IN') — Hilb the
canonical forgetful functor. Then the canonical map N — Nat(U,U) is a *-isomorphism.

Proof. Fix some generator (H,p) in NRep(N), such as L?(N). Then Corollary 3.8.28
identifies Nat(U, U) with the double commutant p(N)”, which is exactly p(NN). Hence
the composite

N — Nat(U,U) —— p(N)" = p(N)

is a *-isomorphism, and therefore so is 1. O

46For an alternative such reduction, note that Fun(D, C) 2 Fun(D, C) 22 NRep(L(C), C), where the first
WH*-equivalence is by Theorem 3.8.20(ii) and the second by Example 3.9.7 together with the fact that
Fun(—, C) is a 2-functor.
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Remark 3.9.11. In particular, if A is a C*-algebra and U : Rep(A) — Hilb is the
forgetful functor, then Nat(U,U) = A**. This follows upon combining Corollary 3.9.10
with the isomorphism of categories Rep(A) = NRep(A**) from Example 2.4.2.

More generally, if C is a Grothendieck W*-category, then so is NRep(N, C) for every
WH-algebra NN, although in this case an explicit description of the generators seems to be
more difficult to obtain. Let us note the usual further special cases of this.

Example 3.9.12. The W*-categories of Hilbert bimodules HilbBiMod(M, N) and Connes
correspondences Connes(M, N) are Grothendieck W*-categories for every two W*-algebras
M and N.

Let us now turn to studying W*-functors between Grothendieck W*-categories,
starting with some canonical W*-equivalences.

A canonical choice of generator in NRep(V) is given by the standard representation
or standard form of a W*-algebra N, which is a particularly well-behaved faithful
representation L2(N) [43, § IX.1]. In fact L?(V) also has a right action of N which is
exactly the commutant of the left action, and this is the property behind the following
result, which seems to have been folklore for a long time.*”

Theorem 3.9.13. For every W#*-algebra N, there is a W*-equivalence

| NRep(N°P) = HilbMod(N) | (65)

implemented by
NRep(N°P)(L*(N),~-)

NRep(N°P) = HilbMod (V) (66)
X>X®@yL2(N)

Here, we view NRep(N°P) as the W*-category of Hilbert spaces equipped with
right actions of N. A particular such Hilbert space is L*(N). The hom-functor
NRep(N°P)(L?(N),—) lands in the W*-category of Hilbert modules over the endomor-
phism W*-algebra of L?(N), but as mentioned above this commutant is exactly N acting
on the left, so that we indeed end up in HilbMod(V).

In the other direction, the W*-functor X — X ®y L?(N) operates by inducing,
considering L?(N) now as a Hilbert module over N. The right action of N is then what
turns it into a normal representation of N°P.

Proof. The fact that NRep(N°P)(L?(N), —) is a W*-equivalence is an instance of Theo-
rem 3.9.4 thanks to Lemma 3.9.9.

To see that — ®y L?(N) is its essential inverse, it is enough to show by Corol-
lary 3.5.14(ii) that this is the case on a generator and its endomorphisms. Starting in

47See also Corollary 3.9.14 below.
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NRep(IN°P) with the generator L?(N) and going full circle gives us N @ L2(N) = L2(N),
and it is clear that this isomorphism respects the left action of N. Starting in HilbMod (V)
with the generator IV, going full circle gives us NRep(N°P)(L?(N), L?(N)), and it is simi-
larly clear that this is compatible with the left action. O

In combination with Corollary 3.9.5, we can thus conclude that the Grothendieck
W*_categories are precisely those W*-categories equivalent to one of the form NRep(NN)
for some W*-algebra N.

The following more general W*-equivalence seems to have been made explicit first by
Baillet, Denizeau and Havet [44, Théoreme 2.2].%%

Corollary 3.9.14. For every two W*-algebras M and N, there is a W*-equivalence

| Connes(M, N) 2 HilbBiMod (M, N) | (67)

implemented by

NRep(N°P)(L?(N),-)

/_\

Connes(M, N) = HilbBiMod (M, N)
X X®nL2(N)

Here, the top W*-functor simply takes bounded linear maps out of L?(NN) that respect
the right action by NV, and the resulting object still carries an obvious left action by M.

Proof. Apply the 2-functor NRep(M, —) to (66). O

We obtain another known result now as a simple consequence. The following was
proven as [3, Proposition 2.13] via a GNS-like construction.

Corollary 3.9.15. For any small W*-category C there is a faithful W*-functor C — Hilb.

Proof. Combining Example 3.9.7 and Theorem 3.9.13 shows C — NRep(L(C)), and the
latter has a faithful W*—functor to Hilb by definition. We can now compose with the
Yoneda embedding C < C to get the desired result. O

Remark 3.9.16. Since a Connes correspondence with a left action of M and a right
action of N is equivalently a Connes correspondence with a left action of N°P and a right
action of M°P, we also see that for Hilbert bimodules, we can reverse the direction of the
inner product: there is a canonical W*-equivalence

HilbBiMod (M, N) = HilbMod (NP, M°?) |

and we can clearly think of HilbMod(N°P, M°P) as the W*-category of M-N-bimodules
with an M-valued inner product. However, it is important to keep in mind that this
equivalence does not preserve the underlying sets.

“8See also [3, Corollary 7.11] for a closely related statement.
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We can generalize Theorem 3.9.8 to bifunctor W*-categories.

Theorem 3.9.17. If D and E are small W*-categories and C is a Grothendieck W*-
category, then also

BiFun(D x E, C)
is a Grothendieck W*-category.

Proof. There is a canonical W*-equivalence
BiFun(D x E, C) = Fun(D, Fun(E, C)), (68)
so that this is an immediate consequence of Theorem 3.9.8. O

We also obtain a W*-categorical version of the Deligne tensor product for abelian
categories [45, Section 5].

Theorem 3.9.18. For Grothendieck W*-categories C and D, there is a Grothendieck
WH*-category C® D together with a W*-bifunctor

CxD—-C®D
such that composition establishes a W*-equivalence
Fun(C® D,E) = BiFun(C x D, E).
for every W*-complete W*-category E.

Proof. We can assume C = NRep(M) and D = NRep(N) for W*-algebras M and N by
Corollary 3.9.5. Then we have W*-equivalences

BiFun(NRep(M) x NRep(N),E) = Fun(NRep(M ), Fun(NRep(N), E))
NRep(M,NRep(N, E))
NRep(M®N, E)
Fun(NRep(M®N), E),

1R

12

where the second and fourth equivalences are by Corollary 3.8.28(ii). We thus take
C® D := NRep(M®N), and take the universal W*-bifunctor to be given by

NRep(M) x NRep(N) —> NRep(M®N)
(H,K) — HOK,

where the tensor product of Hilbert spaces carries the obvious tensor representation
and the action on morphisms is also given by tensoring. Another look at the above
sequence of isomorphisms above shows that the composite isomorphism is indeed given
by restriction along this W*-bifunctor, since this is the case on the pair (L?(M), L?(N))
and we can apply Corollary 3.8.28(ii) again. O
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4 Bicategories of W*-algebras and W*-categories

It should now be clear that W*-category theory is a rich and powerful subject. We now
turn to a more detailed study of bicategories of W*-algebras and W*-categories, focusing
on one particular such bicategory that we will present in four different versions. It is the
WH_categorical analogue of the bicategory of small categories and profunctors. In fact,
as it a bit more structure than just a bicategory, as in the following notion considered
somewhat informally by Yamagami [46, 35].

Definition 4.0.1. A W*-bicategory is a bicategory DD in which the hom-categories
D(A, B) are W*-categories such that:

(i) The horizontal composition o is a W*-bifunctor.
(ii) The associators and unitors are unitary.

In other words, a W*-bicategory is a bicategory enriched in the bicategory W*CAT [47]
and such that the associators and unitors are unitary. There is also an obvious notion of
equivalence of W*-bicategories: two W*-bicategories are equivalent if they are equivalent
as bicategories [48] in such a way that the equivalence preserves the involution on 2-cells
or the norm (in which case it necessarily preserves both).

4.1 The W*-bicategory of Grothendieck W*-categories

Perhaps the most paradigmatic example of a bicategory is the bicategory of (small)
categories, which has categories as objects, functors as morphisms and natural transfor-
mations as 2-cells. Its W*-analogue was introduced already in Definition 2.3.2, and we
can now consider it even as a W*-bicategory.

Definition 4.1.1. We write W*cat for the strict W*-bicategory with

> Small W*-categories as objects,
> W*-functors as morphisms,
> Bounded natural transformations as 2-cells,

and the obvious composition operations.

Here, we leave it understood that the W*-structure is the obvious one, i.e. the one
corresponding to the functor W*-categories from Example 2.4.11. Also W* is a strict
W*-bicategories, so we do not need to specify any coherence isomorphisms.

We now restrict to the full subbicategory of W*cat consisting of the Grothendieck
WH-categories.

Definition 4.1.2. We write W*g,, for the W*-bicategory with

> Grothendieck W*-categories as objects,
> W*-functors as morphisms,
> Bounded natural transformations as 2-cells,

and the obvious composition operations.

The idea behind this restriction and our choice of notation for it will become clear in
the following subsections.
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4.2 The bicategory of small W*-categories and self-dual Hilbert pro-
functors

Our aim is now to define another W*-bicategory equivalent to W*g,,, where the equiva-
lence will follow quite straightforwardly from the results of the previous section.

The formalism of Hilbert profunctors from Section 2.6 has not yet added anything
other than terminology, as we simply are dealing with W*-functors C — D. A less trivial
treatment should also develop the composition of Hilbert profunctors by analogy with
profunctor composition in ordinary category theory. It is only after having developed
Section 3 that we are sufficiently equipped to do so in an elegant way. Let us start by
giving an abstract treatment of this composition; although this is perfectly sufficient
and no concrete description is necessary for working with it, we do give such an explicit
description later on.

Theorem 4.2.1. For any small W*-categories C and D, there is a W*-equivalence

Fun(C, D) = HProf(C, D)

implemented by the adjoint equivalence

Fun(C, D) o HProf (C, D) (69)

\/

KaunctC

Proof. Since HProf(C, D) = Fun(C, D) by definition, the restriction W*-functor — o X,
or equivalently F' +— F|c, is a W*-equivalence by Theorem 3.8.20(ii). Its adjoint is given
by the Kan extension W*-functor Kan x. by Theorem 3.8.26, and it is a WH_equivalence
as —o K¢ is. O

In other words, for a Hilbert profunctor ) : C + D there is an essentially unique
W*-functor
Qo—:C—D
with the property that Q\c = (), and we call it inducing along (). Its action on objects
P € C can be described in terms of Kan extension along the Yoneda embedding,

QOP = Kanctc(Q)oP.

Before we proceed with the abstract theory, it may be helpful to understand the Hilbert
presheaf () ©® P more concretely.

As noted before, we can view an element o« € PX as a Hilbert transformation
C(—,X) — P. Applying Kan otC(Q) to this transformation produces a Hilbert transfor-
mation

Q(—X)— QOoP
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Evaluating this new transformation on some 5 € Q(Y, X) thus gives us an element
a®pfe(QoP)Y).

This observation can used in order to obtain a more explicit description of the Hilbert
presheaf @Q ® P which generalizes the tensor product of Hilbert bimodules (Section 4.3) to
the many-object case. This will be explicit even in the sense that it does not require the
formation of any sort of completion, as the resulting Hilbert presheaf will automatically
be self-dual. Perhaps surprisingly, proving that this explicit description indeed gives
Q ® P is once again a simple application of our general results on W*-categories.*’
To see what it looks like, define first (Q ® P)o(Z) to be the space of all formal linear
combinations of the form®°

Z o; @ B (70)
el
for families a_ € PY_ and _€ Q(Z,Y.), for a family of objects Y_ in C, which are square
summable in the sense that

a_{a,—) < oo, (B, B.) < o0,

and indexed by any set I.°" The set of these formal linear combinations is equipped with
the D-valued inner product given by

<Za}®ﬁ§-,2ai®ﬁi> = Z (85, (o}, i) Bs). (71)

jeJ il icl,jeJ

This sesquilinear form typically has null spaces: as is standard for tensor products of
bimodules, elements corresponding to formal linear combinations like

af@Bf—-a® fB (72)

fora € PY' and S € Q(Z,Y) and f: Y — Y’ are null. We suspect that the null space
consists precisely of the (infinite) linear combinations of elements of this form, but this
has not been proven at this point.”? In any case, using (Q ® P) we indeed obtain a
concrete description of the induced Hilbert presheaf () ® P in the following sense.

49This follows Blecher’s identification of the tensor product of Hilbert modules with the extended
Haagerup tensor product of operator spaces [4], which is going to be the single-object special case of our
construction.

59The reader may be put off by the order of P and @Q having switched now, as the a; belong to P
and the B; to Q. Some mismatch like this seems to be impossible to avoid completely in any choice of
conventions, and we follow the existing conventions for profunctors in ordinary category theory as used
at ncatlab.org/nlab/show /profunctor.

5!Formally, these formal linear combinations should be understood as maps

c: (]_[PYxQ(Z,Y)) —C

assigning to every pair («a,f8) its coefficient, subject to the square summability requirements
X el Bl =) < 00 and 3 g le(er, B)I(B, B) < oo,

2The known characterization in the single-object case [49, Remark 3.7] may be helpful here.
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Proposition 4.2.2. For @ : C—+ D and P € Cand Z € D, the map

Q@ P)o(2) — (RO P)(Z)
Zai®/8i — Zaz‘QBi
i€l iel
s a surjective tsometry for every Z € D.

Proof. This is an instance of Proposition 3.5.16 applied to the generating full WH-
subcategory ¢ : C < C and the W*-functor Kany :C—D. O

So to summarize, we can describe (Q ® P)(Z) as consisting of the formal linear
combinations (70) modulo the null space of the positive semidefinite sesquilinear form (71),
and this correspondence also preserves the D-valued inner product. Moreover, the W*-
functoriality of Q@ ® P in P is reproduced: if s : P — P’ is any Hilbert transformation,
then is can be described in terms of the concrete construction as mapping

Y i @By s(ai) @ B

iel i€l

This can be seen perhaps most easily in the general categorical setting of Proposi-
tion 3.5.16.

Let us return to the abstract theory and consider functoriality in the other argument.
For every Hilbert transformation ¢ : Q — R between Hilbert profunctors in HProf (C, D),
we get an induced bounded natural transformation

tO—-—: QOo——RO—-

via the universal property of the Kan extensions as Kan y (¢) : Kany (Q) — Kan _(R).
In the concrete construction, a brief look back at Proposition 3.5.16 will show that this
is given by

Zai ® B — Zai ® t(Bs).

i€l el

Let us finish this discussion with another abstract perspective on the same operation.

Proposition 4.2.3. There is an essentially unique functor
C x HProf(C,D) — D, (73)

which is a W*-bifunctor and such that its restriction to C in the first argument is the
application functor

C x HProf(C,D) — D.

Proof. Note first that the application functor is indeed a W*-bifunctor as an instance
of (8). Now the statement is clear as for fixed @ € HProf(C, D), we had defined @ ® —
as the essentially unique extension of @) : C — D. O
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Suppose that we now consider a third small W*-category B. Then applying (73)
objectwise in B results in a W*-bifunctor

HProf (B, C) x HProf(C,D) — HProf(B, D).

This is now the composition of Hilbert profunctors in general. More explicitly, for
P:B -+ Cand @ : C- D, their composition is

QOP = Kany (Q)oP. (74)

For B = BC, this specializes back to (73) by construction. In general, Proposition 4.2.2
also provides us with an explicit construction: (Q ® P)(Z, X) can be obtained concretely
as the space of formal linear combinations

j£:<lz@>5i

el
for square summable families «_ € P(Y, X) and 8. € Q(Z,Y.), modulo the null space of
the positive semidefinite D-valued sesquilinear form given by

(Seges Taen) - TX0 (5009
jeJ el el jeJ
which at the same time defines the D-valued inner product on Q ® P.

Remark 4.2.4. It is plausible that the composition of Hilbert profunctors has a universal
property generalizing Blecher’s universal property for the tensor product of Hilbert
bimodules [4]. However this is not easily expressible in our setting as it requires operator
space structure, and finding suitable extensions of this to the many-object setting remains
open.

Our next goal is to show that (74) can be used as composition in a bicategory, we
need some auxiliary results.

Lemma 4.2.5. There is a unitary isomorphism of W*-functors B—D of the form
Kan, (Q®P) = Kan, (Q)oKan, (P)
natural in P € HProf (B, C) and @ € HProf(C,D).
Proof. By Theorem 3.8.20(ii) again since both sides restrict to @ ® P on B. O
It follows that our composition of Hilbert profunctors is naturally associative.
Lemma 4.2.6. For given self-dual Hilbert profunctors
P:B-»C, Q:C—+D, R:D -+ E,

there is a unitary isomorphism

ROQO®P) = (ROQ)6P. (75)
natural in all three Hilbert profunctors. Moreover, this associator satisfies the pentagon
equation.
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S(R(QP))

(S(RQ))P

Proof. We can construct such an isomorphism via
RO (Q®P) = Kan, _(R)o (Kanokc(cg) o P)

= (Kan;D(R) o Kan;C(Q)> oP

= Kany (ROQ)oP

= (ROQ)OP,
where we have applied Lemma 4.2.5 in the third step. For the pentagon equation, suppose
that we are given another Hilbert profunctor S : E — F. Suppressing all composition

symbols and indices for ease of notation, what we need to prove is that the outer diagram
in

IR
IR

(SR)(QP)

/

Kan(S)Kan(R)Kan(Q)P —— Kan(SR)Kan(Q)P —— Kan((SR)Q

|2 E

Kan(S)Kan(RQ)P Kan(S(RQ))P

1%

1%

1R

H )1:/

\
/

commutes, where all arrows are (induced from) the already constructed isomorphisms.

Since the outer rectangles commute by definition, it is enough to show that the inner
pentagon commutes. But this can be done without the P on the right. Moreover, by
Theorem 3.8.20(ii) again, we can prove it after restriction along k¢, which reduces the
problem to showing commutativity of

Kan(S) o Kan(R) o Q —— Kan(S®R)oQ —— (SOR) 6 Q

3 |

Kan(S) o (R® Q) SOROQ)

1R

where we have reinstated the composition symbols for clarity. Upon now plugging in
the definition of ® via (74), all arrows turn into identities except for the upper left
horizontal one and the right vertical one, which coincide. Therefore the pentagon diagram
commutes. 0

For every W*-category C we have its Hilbert hom-profunctor C(—,—) : C + C from
Example 2.6.2, which as a W*-functor is precisely the Yoneda embedding ¢ : C — C,
which is why we also use that notation. It plays the role of an identity Hilbert
profunctor in the following sense.
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Lemma 4.2.7. For every Hilbert profunctor P : B - C, there are unitary isomorphisms
Po kg = P, XcOP = P, (76)
natural in P, and these satisfy the triangle equation.

Proof. The first isomorphism must be explicitly given by
Kan, (P)o &g = P,

and we take this to be given by the isomorphism associated to the equivalence (69),
which is the unit of the adjunction from Theorem 3.8.26. The second isomorphism is of
the type

Kany (kc)oP = P,

and we take it to correspond to the unitary isomorphism Kany (Jc) = ids which arises

from the fact that both sides restrict to k¢ on C.
The triangle equation takes the form, with any other @ : C + D,

o

QO(&cOP)

\

Kan(Q) o Kan(&¢)o P

1R

o)

Kan(Q) o

QoP

where as for the pentagon equation, the commutativity of the outer triangle is reduced
to that of the inner. To show its commutativity in turn, it is enough to show the
commutativity without P and upon restriction to C, where we get

Kan(Q) o X¢ —>Q® ENe
\ /

At this point, the horizontal arrow is an identity, while the other two coincide. Hence
the triangle equation holds. O

We have thus established that the following indeed is a W*-bicategory.
Definition 4.2.8. We write W*ypor for the W*-bicategory with

> Small W*-categories as objects,
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> Self-dual Hilbert profunctors M -+ N as morphisms M — N,
> Bounded natural transformations maps as 2-cells,

and the obvious composition operations.

This W*-bicategory is no longer strict, and we leave it understood that the associators
and unitors are the isomorphisms constructed in the proofs of Lemmas 4.2.6 and 4.2.7,
respectively.

Proposition 4.2.9. The W*-bicategories W*gun and W*yp,of are equivalent, where the
equivalence is implemented by

W Hprof (BC, —) + Whpror —> W Eyn.
For the detailed definition of such a hom-2-functor, we refer to [48, Proposition 4.5.2].

Proof. For any W*- category C, a self-dual Hilbert profunctor BC -+ C is by definition
a W*-functor BC — C, or equivalently an object of C. Therefore the 2-functor under
consideration can also be described as acting on objects by C — C. Ona morphism
P : C - D, it induces the W*-functor P ® —, which is Kan, (P) : C — D, and the
action on 2-cells is obvious.
The fact that the 2-functor under consideration is a local equivalence is now exactly
the statement of Theorem 4.2.1. Its essential surjectivity is Corollary 3.9.3. O

Remark 4.2.10. The preservation of composition of 1-morphisms is exactly the statement
of Lemma 4.2.5.

Recall also representable Hilbert profunctors from Example 2.6.3. In terms of these,
we can generalize the right unitality from Lemma 4.2.7.

Lemma 4.2.11. Let C(—, F—) : B - C be the representable Hilbert profunctor associated
to a W*-functor F : B — C. Then for every Q : C - D, there is a unitary isomorphism

QGC(_vF_) = Q<_7F_)
natural in F and Q.

Proof. We have
QoC(— F-) = Kanckc(Q)o KcoF 2 QoF,

where the isomorphism is again because Kan ;C(Q) reproduces Q on C. O
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4.3 The bicategory of W*-algebras and self-dual Hilbert bimodules

Specializing the composition of Hilbert profunctors to the single-object case produces the
standard W*-tensor product of Hilbert bimodules [49, 4]. For any three W*-algebras
M, N, and O, this is given by a W*-bifunctor of the form

HilbBiMod (M, N) x HilbBiMod(N,0) —— HilbBiMod(}M, O)
(X,Y) XoyY,

where the only difference relative to the previous subsection is that we now write ®
and swap the order of the factors for consistency with standard notation. The concrete
construction of Proposition 4.2.2 now takes the following form.

Proposition 4.3.1. Let X € HilbBiMod(M,N) and Y € HilbBiMod(N,O). Then
X QN Y is modelled by the space of formal linear combinations

Z T Q@ Yi
i€l
of families x_ in X and y_ in 'Y which are square summable in the sense that

$7<£U7, _> < 0, <y77y7> < oo,

and modulo the null space corresponding to the O-valued inner product

(TaeuTacu) = ¥ thlhamm)

jed icl icl,jeJ

For fixed X, the operation of forming this tensor product is often called inducing
by X. Considering the special case M = C, we get for fixed Y € HilbBiMod(N,O) a
WH-functor
HilbMod(N) —— HilbMod(O)

X —— X®yY.

Similarly for O = C and fixed X € HilbBiMod(M, N), we get a W*-functor

NRep(N) —— NRep(M)

Y — X®ynY.
Now as a W*-categorical analogue of the Eilenberg—Watts theorem for rings, we
note as a special case of our earlier results that these constructions implement a W*-

equivalence between the relevant W*-category of Hilbert bimodules and the respective
functor W*-category.
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Theorem 4.3.2. For any W*-algebras M and N, there is a W*-equivalence

| Fun(HilbMod (), HilbMod(N)) = HilbBiMod(M, N) |

implemented by the adjoint equivalence

F—F(M)

T

Fun(HilbMod (M), HilbMod (') =S HilbBiMod (M, N) (77)

\_/

P—(—®MmP)

Here, we regard M itself as a generator in HilbMod(M), and note that its endomor-
phism W*-algebra is also M acting on itself by left multiplication. For the proof, note
that this statement is simply the single-object special case of Theorem 4.2.1. It is due to
Rieffel [5, Theorems 5.5 and 6.9].%3

Let us now return to bicategorical considerations. We can restrict W*yp,or even further
to the full subbicategory consisting of the single-object W*-categories, or equivalently
the W*-algebras, which results in the following.

Definition 4.3.3. We write W*Hibmod for the W*-bicategory with

> W*-algebras as objects,
> Self-dual Hilbert bimodules as morphisms M — N,
> Bounded bimodule maps as 2-cells,

and the obvious composition operations.

We can now show that this restriction does not lose anything, which is arguably
part of why W*-categories have not received all that much attention so far: as far as
bimodules are concerned, moving to the many-object case is not necessary.

Proposition 4.3.4. The inclusion of W*-bicategories W*HibMod <> W*Hprof 45 an
equivalence.

Proof. It is enough to prove essential surjectivity. But upon using the equivalence
with W*g,, from Proposition 4.2.9, this is an application of the W*-equivalences C =
HilbMod(L(C)°P) from Example 3.9.7. O

53Rieffel’s formulation uses W*-categories of normal representations NRep(V) rather than W*-categories
of Hilbert modules HilbMod (M), but by Theorem 3.9.13 these results can be directly translated.
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4.4 The bicategory of W*-algebras and Connes correspondences

For W*-algebras M and N, we had introduced the W*-category of Connes correspondences
Connes(M, N) in Example 2.4.8, whose objects are simply Hilbert spaces equipped with
commuting actions of M and N°P, and we also saw in Corollary 3.9.14 that it is equivalent
to HilbBiMod(M, N). Our goal is now to extend this equivalence to a W*-bicategorical
equivalence, and in particular a description of the tensor product of Hilbert bimodules in
terms of the associated Connes correspondences. So for a third W*-algebra O, Connes
fusion is supposed to be a W*-bifunctor

Connes(M, N) x Connes(N,O) — Connes(M, O), (78)

analogous to the tensor product of Hilbert bimodules. To see what this might look like,
we use a minor variation on an idea of Sauvageot [50] and ignore the actions of M and O
for the moment.

Proposition 4.4.1. For every W*-algebra N, there is an essentially unique W*-bifunctor
— Xy — : NRep(N°P) x NRep(N) — Hilb (79)

that satisfies
L*(N) Ry L?(N) = L*(N).

Proof. Recall that L?(N), when considered as an object in either categories, has endo-
morphism W*-algebra given by

NRep(N°P)(L?(N), L>(N)) = N, NRep(N)(L?(N), L*(N)) = N°P, (80)

where the isomorphisms are given by NV acting on the left and right, respectively. Moreover,
we have a functor
BN x BN°P — Hilb

given by sending the unique object to L?(N) as a Hilbert space and letting N act on each
side, and this is a W*-functor in each argument by construction. Now since NRep(NV)
is W*-complete and L?(N) is a generator in it, Corollary 3.8.28(ii) lets us extend this
functor in an essentially unique way to°*

BN x NRep(N) — Hilb

thanks to (80) and the W*-completeness of Hilb. Now for every H in NRep(XNV), we can
apply the same idea for the first argument and get a W*-functor

— K H : NRep(N°P) — Hilb.

Another application of Corollary 3.8.28(ii) extends this to (79) as desired. O

541t may be worth noting that the restriction of this functor to idsy in the first argument is essentially
the forgetful functor NRep(N) — Hilb.
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Similarly to how we had defined the composition of Hilbert profunctors in (74), we can
now use Proposition 4.4.1 to define Connes fusion in general: if we have H € Connes(M, N)
and K € Connes(N, O), then forgetting the left action of M on H and the right action
of O on K makes (79) applicable, and its functoriality shows that we obtain the desired
WH-bifunctor (78).

Before we show that Connes fusion can be used as the horizontal composition in a
bicategory, let us consider an alternative formulation. The following reduction of Connes
fusion to the tensor product of Hilbert bimodules has also been used as the definition [51,
Section 3].

Proposition 4.4.2. Given H € NRep(N°P) and K € NRep(N), there are unitary
isomorphisms

NRep(N°P)(LA(N),H) &y K = HKy K = H y@ NRep(N)(L*(N), K)

natural in H and IC, where @ denotes the usual tensor of Hilbert bimodules while N& is
the “reverse” one where the N-valued inner product on comes from the second factor.

Proof. In this description, what happens is that the functors NRep(N°P)(L?(N), —) and
NRep(N)(—, L2(N)) first convert the given correspondences into Hilbert modules per
Theorem 3.9.13, where the tensor product of Hilbert modules can then be used.

It is clear that the left-hand side and right-hand side are indeed W*-bifunctors with
arguments H and K. For the first isomorphism, by Proposition 4.4.1 it is enough to
evaluate

NRep(N°P)(L2(N), LA(N)) @ LA(N) = N @y LA(N) = L}(N),

where we used the fact that the left and right actions of N are each others commutants.
The other isomorphism works similarly. The claimed naturality in H and K is a conse-
quence of Corollary 3.8.28(ii), again applied with respect to the Yoneda embedding. [

To get some idea of what Connes fusion looks like more concretely, we can apply
our earlier construction of Hilbert profunctor composition from Proposition 4.3.1 to
Proposition 4.4.2. This shows that H Xy I can be defined as the space of formal linear

combinations

Z fi®&

el
where the families of intertwiners f : L?(N) — H and elements & € K are square
summable®®, modulo the null space of the sesquilinear form

<Zf§®f}azfi®€i> = (& il &),

jedJ el icl,jed

55In this situation, this means Dier fifi <ooand Y, (& &) < oo.
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However, we will not need any explicit description in the rest of this work.’® We also
encourage the reader to work with the abstract characterization of Proposition 4.4.1
whenever possible, as this can help to avoid some of the technicalities.

In order for Connes fusion to serve as horizontal composition in a bicategory, we need
to construct coherent associators and unitors. We show how to do this and prove the
relevant coherences based on the abstract approach. Starting with the unitors, for every
H € Connes(M, N) we get natural unitary isomorphisms

L*(M)Ry H = H = HRy L*(N)

again by ignoring the action of IV on the right (resp. of M on the left) and reducing to the
case H = L?(M) (resp. H = L*(N)) by applying Corollary 3.8.28(ii). We will take these
isomorphisms to be the unitors, and note that the two unitors L?(N) Xy L?(N) = L?(N)
coincide by construction.

Lemma 4.4.3. With these unitors, the diagram

M) Ry H) Ry L2(N

/ \

L2(M) Xy H H Xy L2(N)

\H/

Proof. This is a naturality square for the unitor L?(M) Xy H = H. O

commutes.

For the associators, we use the unitors to obtain a composite unitary isomorphism

(L2(M) By H) By LX(N) ——————— L*(M) Ky (H Ry L*(N))

| == |

L2(M) Ry H H®y L2(N) (81)

\/

where the diagram without the upper horizontal arrow commutes by Lemma 4.4.3. We
use the same idea as before to extend this to an associator for every composable triple of
correspondences.

Showing the triangle equation is now a simple matter.

56For Connes’ own more explicit description of Connes fusion, see also [52, Section V.B.4].
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Lemma 4.4.4. For all H € Connes(M,N) and K € Connes(N,O), the diagram

(=23

(HRy L*(N)) Ry £ H Ky (L*(N) Ky K)

R
R

HEN K
commutes.

Proof. Taking H = K = L?(N) without loss of generality reduces this to either of the
two triangles in (81), which both commute by definition of the associator. O

Before we can prove the pentagon equation for the associators, it is helpful to show
another coherence involving the unitors first.

Lemma 4.4.5. With unitors and associators as above, the diagram

o

H Ry (KXo L?(0))

(HXy K) Ko L?(0)

T
/

L*(M) Ry (H Ry K)

HERy K

(L2(M) By H) By K

1%

commutes for all correspondences H € Connes(M, N) and IC € Connes(N, O).

Proof. We only consider the upper triangle as the lower one is analogous. Then it is
enough to consider H = L?(M) by another application of Corollary 3.8.28(ii) O

We can now turn to the pentagon equation, the proof of which reduces by the usual
argument to the following statement, where we omit the subscript on ® for simplicity.

Lemma 4.4.6. For every H € Connes(M, N) and K € Connes(N, O), the diagram

o)

(L2(M)RH)RK) R L2(0) —— (LA(M) X H) K (KK L2(0)) —— L*(M) K (H K (K K L%(0))

: ﬁ

(LA(M)X (HXK)) R L?(0) L2(M)R (HRK) K L?(0))

IR

commutes.
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Proof. To simplify the notation further, we also drop the X symbol and abbreviate L?(M)
to M and L?(0) to O for this proof. Then the diagram can be filled in as

o) o

(MH)K)O

(MH)(KO)

M(H(KO))

1%

[~23 o)

)K H(
\ N /

M(HK) (HK)O

IR

(MH KO)

IR

1%
1%

1%

1R

1%

(M(HK))O

M((HK)O)

where all square-shaped subdiagrams commute as naturality diagrams of the unitors,
the triangles commute by Lemma 4.4.4 and the pentagon commutes by definition of the
associator (81). ]

Remark 4.4.7. The way in which Corollary 3.8.28(ii) has allowed us to reduce everything
to identity correspondences L?(N) is strongly reminiscent of path induction in homotopy
type theory [53]. Especially in light of the role of W*-algebras and correspondences in
topology, this connection may merit further exploration.

It is now clear that we indeed obtain a bicategory, and in fact a W*-bicategory.
Definition 4.4.8 (Brouwer [54]). We write W*connes for the W*-bicategory with

> W*-algebras as objects,
> Connes correspondences as morphisms M — N,
> Bounded intertwiners as 2-cells,

and the composition operations described above.

Before stating the equivalence with the W*-bicategories considered in the previous
subsections, let us mention Rieffel’s Eilenberg—Watts theorem, which is the Connes
correspondence analog of Theorem 4.3.2.

Theorem 4.4.9 ([5]). For any W*-algebras M and N, there is a W*-equivalence

| Fun(NRep(M?), NRep(N°P)) = Connes(M, N) |
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implemented by the adjoint equivalence

F—F(L*(M))

T

Fun(NRep(M°P), NRep(N°P)) = Connes(M, N) (82)

\/

H’—)(*@]\/['H)
Proof. By Corollary 3.8.28(ii), we have a W*-equivalence
Fun(NRep(M°P),NRep(N°P)) = Fun(BM,NRep(N°P))

given by restriction to L2(M). But the W*-category on the right-hand side is Connes(M, N)
by definition, and this establishes the equivalence given by the upper arrow.

It is now enough to show that the lower arrow is its adjoint. Indeed for given
‘H € Connes(M, N) and W*-functor F' : NRep(M°) — NRep(IN°P), we have a natural
isometric isomorphism between bounded natural transformations

—QQuH—F

and intertwiners H — F(L?(M)) given by restriction and another application of
Corollary 3.8.28(ii). O

We have now a statement analogous to Proposition 4.2.9.

Proposition 4.4.10. The W*-bicategories W*eyn and W*connes are equivalent, where
the equivalence is implemented by

W*Connes(ca _) : W*Connes — W*Fun-

Proof. To a W*-algebra N, this construction assigns the W*-category Connes(C, N) =
NRep(N°P). A Connes correspondence H € Connes(M, N) induces the W*-functor

— ®pm H : NRep(M®°P) — NRep(N°P)

and this is a W*-equivalence by Theorem 4.4.9. Finally, essential surjectivity holds as
every Grothendieck W*-category is W*-equivalent to some NRep(N°P) by Corollary 3.9.5
and Theorem 3.9.13. 0

Remark 4.4.11. Also
W*Connes(_y(c) : W*Connes — WP

Fun

is an equivalence of W*-bicategories, assigning to every W*-algebra N the W*-category
Connes(C, N) = NRep(/N°P) and to every H € Connes(M, N) the W*-functor

— @y H : NRep(N) — NRep(M)
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going in the other direction. This arises from W*connes(—, C) by composing with the
obvious equivalence

. op

=% W* Fun

which acts as N +— N°P on objects and applies the canonical equivalences Connes(M, N) =

Connes(N°P, M°P) on morphisms and 2-cells.

— W*Fun

Let us briefly summarize the main results so far.

Theorem 4.4.12. There are canonical equivalences of W*-bicategories

* * * * *O0D
Weun & Wihprot & WihibMod = W connes = W Fun*

We thus simply write W* for any of these W*-bicategories from now on, and we will
work with whichever one of them is most convenient in a given situation.

4.5 Consequences for Morita equivalence of W*-algebras

Rieffel’s Eilenberg—Watts theorem gives one module-theoretic definition of Morita equiva-
lence for W*-algebras, which can be defined categorically as equivalence of the categories
of normal representations. One interprets the abstract definition of equivalence in the
2-category W*. One has an N-Hilbert M-module yX,, and a M-Hilbert N-module
M Yy such that X, @, Yy = y Ny, the right hand side meaning A interpreted as
a bimodule over itself, and that ;; Yy @n X, = 3y My, -

There is also Rieffel’s Morita theorem. For this theorem, one has instead only a
single bimodule showing the equivalence of NRep(/N) and NRep(M). The bimodule is an
equivalence bimodule [5, Definition 7.5].

Definition 4.5.1. An N-M -equivalence bimodule X is a module that is both a normal
right M -Hilbert left N-module and a normal left N-Hilbert right M -module, i.e. it is a
triple (X7 <_7 _>N7 <_7 _>M>; such that

(ii) (X, X)n is weak-* dense in N, and (X, X))y is weak-* dense in M.
An equivalence bimodule is called self-dual if it is self-dual in both inner products, although
[5, Proposition 7.7] shows that it is equivalent to ask that it be self-dual in either inner
product alone.

For an N-M-equivalence bimodule X, one can define X , which is a M-N-equivlence
bimodule. The underlying C-vector space is X, and one defines a-x = x - a*, for a € N
and z € X. The action of M is defined similarly. The inner products are the same. One
then has

Theorem 4.5.2 (Rieffel-Morita, [5, Theorem 7.9]). Let N, M be W*-algebras. If there
exists an N-M -equivalence bimodule X, then X @ — and X ®Qp; — define an equivalence
between NRep(N) and NRep(M). From any equivalence F' : NRep(N) — NRep(M) one
may define a self-dual equivalence bimodule defining an equivalence naturally isomorphic
to F'. These constructions define a bijection between isomorphism classes of equivalences
NRep(N) — NRep(M) and isomorphism classes of self-dual N-M -equivalence bimodules.
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4.6 W* as a (weak) proarrow equipment

Since the pioneering work of Wood [55, 56], it has become more and more clear that
every flavour of category theory is formalized most adequately not as a bicategory, but
as a special kind of double category, namely a proarrow equipment. The basic idea is
that there are two relevant notions of morphism in any flavour of category theory, namely
functors and profunctors. Moreover, every functor F' : C — D induces profunctors

D(—,F-): CD, D(F-,-):D=C,

respectively. For W*-categories, the relevant notions of morphism are W*-functors and
Hilbert profunctors. Since a W*-functor F' : C — D induces a Hilbert profunctor C + D,
but often not the other way around (Example 4.6.3), we need to consider a weaker notion.

Definition 4.6.1 (Verity [57, Definition 1.2.1]). A weak proarrow equipment consists

of:

> A strict bicategory Dy.
> A bicategory Dy.
> A 2-functor
(—)* Dy — ]D)g

which is identity-on-objects and locally fully faithful.

Note that the strictness condition is not part of Verity’s definition, but is usually
assumed in more recent work. The reason is that it strongly simplifies the treatment of
many coherence issues, and this will be crucial below in the construction of the symmetric
monoidal structure.

We follow [58] in calling the morphisms in D; tight and those D, loose, which also
explains our choice of subscripts. This terminology rests on the fact that Dy is often a
strict bicategory while D, is weak, and this is also what happens in our case.

Proposition 4.6.2. There is a weak proarrow equipment with:

> W¥cat as its tight bicategory,
> W* as its loose bicategory,

> The 2-functor (—). : W*cat — W* sending a W*-functor F : C — D to the
representable Hilbert profunctor C -+ D given by

F, = D(—, F=) = %pF (83)
as in Example 2.6.3, and the induced action on bounded natural transformations.

By abuse of notation, we write W* for this weak proarrow equipment, and leave the
distinction between this and W* as its loose bicategory to context.

Proof. As the proof of Proposition 4.2.9 shows, W* is equivalent to the strict bicategory
with:
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> Small W*-categories as objects,
> A morphism C — D being a W*-functor C — D,
> Bounded natural transformations as 2-cells.

We can thus work with this picture of W*, where we use (=), : '+ F with F': C —» D
the essentially unique extension from Corollary 3.8.21. This is a equivalent to (83) by
the commutativity of (63). Moreover, we can assume without loss of generality that
F(C(—, X)) = D(—, FX) strictly for all objects X € C, and in addition that ide = ide
for all identity W*-functors.

Constructing the coherence isomorphisms of a 2-functor and proving the relevant
equations is now routine. Concerning the coherence isomorphisms for composition, for
W*-categories B, C, and D with W*-functors F : B — C and G : C — D, we need a
natural isomorphism -

GF = GF,
and this can be obtained by Corollary 3.5.14(ii), as both sides are canonically isomorphic
to &pGF on C.

Since both bicategories under consideration are strict, the hexagon identity involving

a third W*-functor H : D — E amounts to showing that the diagram

HGF HGE

HGF

commutes. Once again by Corollary 3.5.14(ii), it is enough to show this commutativity
on representable Hilbert presheaves B(—, X). On this, the diagram commutes trivially,
as all objects become HGF X and all morphisms become the identity.

Finally, we also need to show that the coherence isomorphisms

are identities. These both follow in the same way by evaluation on a representable Hilbert

presheaf. O

A proarrow equipment distinguishes itself from a weak proarrow equipment in that for
every morphism F' in ;, the associated loose morphism F, has a right adjoint F™* in Dy.
Unfortunately these adjoints do generally not exist in W*, not even in the single-object
case.

Example 4.6.3. Let N be a W*-algebra and F : BC — BN the unique W*-functor
associated to the unique *-homomorphism C — N. Then we have

F. : Hilb — HilbMod(N)
H —— Hilb ®¢ N.
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Therefore a putative right adjoint F* will in particular implement a bijection
N = HilbMod(N)(F.C,N) = Hilb(C,F*N) = F*N,

which has to be a (not necessarily isometric) isomorphism of Banach spaces since the
unit and counit of the adjunction are bounded linear maps. In particular, N should be
isomorphic to a Hilbert space, which is not the case if N is infinite-dimensional.?”

It therefore may be appropriate to restrict the tight morphisms to be those W*-
functors for which this adjoint exists. In the single-object case, these are the finite
s-homomorphisms in the terminology of Bartels, Douglas and Henriques [51]. These
are most commonly encountered in subfactor theory, where the inclusion of a subfactor
M C N is finite if and only if the Jones index [N : M] is finite.

Definition 4.6.4. A W*-functor F : C — D is finite if F, : C - D has a (necessarily
two-sided) adjoint F* in W*.

So if one takes the finite W*-functors as the tight morphisms, then W* becomes a
proarrow equipment.

Nowadays, proarrow equipments are more commonly defined as certain double
categories [59]°® These involve 2-cells of the square form

Fl S lG’ (84)

and it is known that every weak proarrow equipment gives rise to a double category by
defining such 2-cells s to be given by 2-cells

G«P — QF,

in Dy [57, Definition 1.2.4]. In particular, we can also consider W* as a double category.
Let us spell this out in a bit more detail.

Proposition 4.6.5. There is a double category with:

> Small W*-categories as objects,

> Tight morphisms C — D being W*-functors C — D,

> Loose morphisms C — D being W*-functors C— f),

> 2-cells (84) being bounded natural transformations GP — QF,
> all composition operations being the obvious ones.

5TFor example because a Hilbert space is reflexive while an infinite-dimensional W*-algebra, is not.
58Note that this reference uses the term “framed bicategory” instead of “proarrow equipment”.
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In particular, the horizontal composition of 2-cells

e
%
V,)
O+a—0
~
%
T

Ut
m

is given by the composite bounded natural transformation
HRP £ SGP —25 SQF,

and the axioms of a double category are now straightforward to verify directly.
Proarrow equipments can equivalently be seen as fibrant double categories [60],
which are double categories satisfying additional lifting conditions.

4.7 W* as a symmetric monoidal bicategory

Our next goal is to turn W* into a symmetric monoidal bicategory. This is most
easily done by using a construction due to Shulman [60], who gave a general recipe for
constructing symmetric monoidal bicategories which avoids explicit verifications of many
of the coherences. Shulman’s construction applies to fibrant double categories equipped
with a monoidal structure. We do not repeat the full definition here but refer to [60,
Section 2] for the details. Nevertheless, the upcoming proof of Theorem 4.7.1 will go
through the relevant conditions, so that the general definition can also be extracted from
that.

Although the most commonly considered tensor product of W*-algebras is the spa-
tial tensor product, in our context the Guichardet—Dauns tensor product seems more
appropriate, due to its universal property which results in isomorphisms like (5). In
Section 4.8, we will see that this is what makes W* into a compact closed bicategory.

Throughout this subsection, we consider W* as a proarrow equipment with W*-
algebras as objects and finite x-homomorphisms as tight morphisms, and with W*cgnnes
as the bicategory of loose morphisms.

Theorem 4.7.1. W* is a symmetric monoidal double category with respect to the
Guichardet—Dauns tensor product of W*-algebras.

Proof. 1t is standard to see that this makes W*cat into a symmetric monoidal category.
The loose morphisms are themselves the objects of a category, with 2-cells

LM

fl S lg
r & M’
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as morphisms P — ) which compose vertically. The tensor product of objects is given
by

r-—Lsm © (N—450 = LeNI¥ ueo,

where the W*-functor

P® R : NRep((L ® N)°?) — NRep((M ® O)°P)

O
4.8 W* as a compact closed bicategory
Theorem 4.8.1. The symmetric monoidal bicategory W* is compact closed.
Proof. O

5 Outlook

2-Hilbert spaces, universal property of direct integrals

A Hilbert modules

A.1 Definition and basic properties

The following definition is standard; a good textbook account can be found in [20].

Definition A.1.1. Let A be a C*-algebra. Then a right A-Hilbert module is a right
A-module X together with a map
(—, =) XxX—= A
that is additive in both arguments, satisfies the conditions
(z,ya) = (z,y)a.
(z,9)" = (y, 7).
(x, x) >0 in A.
(x,x) =0 <= z=0.

vV VvV vV V

and is such that X is complete with respect to the norm ||z|| = ||<a:,a:)H%

For example, a C-Hilbert module is the same thing as a Hilbert space. Rieffel also
calls A-Hilbert modules A-rigged spaces [5, Definition 3.1 and 3.3]. Among the most
important basic observations of their theory is the Cauchy-Schwarz inequality in the form

(@, 1) (@) < (=, 2)[[(y, y)- (85)

Every Hilbert space is self-dual by virtue of the Riesz representation theorem. The
analogous statement is generally not true for Hilbert modules, where self-duality becomes
an additional property that a particular Hilbert module may or may not enjoy:
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Definition A.1.2. A A-Hilbert module X is self-dual if for each bounded A-linear map
¢ : X — A there exists an x € X such that

P(y) = (z,y)
forallyeY.

Note that such z is necessarily unique.

For example, if A is unital, then A itself is a self-dual A-Hilbert module with
(x,y) = x*y. For A = C, it is a standard textbook fact that a pre-Hilbert space X is
self-dual if and only if it is norm complete (a Hilbert space) if and only if it has an
orthonormal basis. Westerbaan [61, §149y] provides an elegant generalization of this fact
to general W*-algebras A, extending earlier results of Paschke and Frank. Paschke also
proved that every A-Hilbert module can be completed to a self-dual one [21, Theorem
3.2], and this completion has the expected universal property [61, §1517].

Definition A.1.3. Let X and Y be A-Hilbert modules. A mapT : X — Y is adjointable
if there exists T* : Y — X such that

{y, Tx) = (T"y, x)
forallx e X andy €Y.

As is easy to see, an adjointable map T is automatically A-linear and satisfies T%* = T'.
Furthermore, it is necessarily bounded, as follows for example by an application of the
Banach-Steinhaus theorem [20, p. §].

Lemma A.1.4. If X and Y are A-Hilbert modules with X self-dual, then every bounded
A-linear map X — Y is adjointable.

Proof. For y € Y, the element T*y € X must be the unique element representing the
bounded A-linear map = +— (y, Tx). O

Remark A.1.5. Also (by definition), X is self-dual if every bounded A-linear map
X — A is adjointable.

The space of adjointable operators from X to Y is a Banach space with respect to
the operator norm, and we denote it by L(X,Y’). For example, L(A, A) is the multiplier
algebra of A. In the special case A = C, we have L(X,Y) = Hilb(X,Y).

It is often of interest to consider an additional left action by another C*-algebra on a
Hilbert module, as in the following standard definition.

Definition A.1.6. Let A and B be C*-algebras. An A-Hilbert B-module is a right
A-Hilbert module X which is also a left B-module by virtue of a *-homomorphism
B — L(X, X) such that BX is norm dense in X (non-degeneracy).

If B is unital, then the non-degeneracy condition says exactly that 1x = z for all
z € X. In particular, the A-Hilbert C-modules are precisely the A-Hilbert modules from
Definition A.1.1.
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Example A.1.7. Considering B itself as a B-Hilbert module over itself, a x-homomorphism
f:+ A — B makes B into a B-Hilbert A-module if and only if it is non-degenerate, i.e. if
the elements of the form f(a)b are dense in B.

In the W*-algebra case, it is natural to expect a further condition on A-Hilbert
B-modules. This reads as follows.

Definition A.1.8. Let M and N be W*-algebras. Then a mormal N -Hilbert M -
module is an N-Hilbert M-module X such that for all x,y € X, the map M — N
defined by

a — (x,ay)

s normal.

Rieffel calls such X a normal N-rigged M-module [5, Definition 5.1].

For example, a C-Hilbert M-module is the same thing as a normal representation of
M on a Hilbert space. As the opposite special case, a N-Hilbert C-module is the same
thing as an N-Hilbert module since the normality condition is trivial.

Example A.1.9. Continuing Example A.1.7, the Hilbert module induced by a *-
homomorphism f: M — N is normal if and only if the map a — x* f(a)y is normal for
all z,y € N, which holds if and only if f itself is normal.

Sometimes a normal self-dual N-Hilbert M-module is also called a Hilbert W*-module.
This combination of conditions is the one that we use in the main text.
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generating family, 55

generator, 55

GNS construction, 32
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Grothendieck W*-category, 91
Guichardet—Dauns tensor product, 17
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Hilbert copresheaf, 32

Hilbert presheaf, 22
Hilbert profunctor, 34
Hilbert transformation, 25, 35

identity Hilbert profunctor, 102
inducing, 98, 105
intertwiner, 14

Karoubi envelope, 78

large W*-category, 5

linking W*-algebra, 7, 71
locally % -small W*-category, 5
locally small, 5

loose morphism, 114

normal N-Hilbert M-module, 120
normal representation, 14

opposite W*-category, 21
orthonormal basis, 57

partial isometry, 8
pre-Hilbert presheaf, 22
proarrow equipment, 114
product W*-category, 18
projection complete, 74
projection completion, 78

range projection, 37
representable, 31, 35
representation, 15

right A-Hilbert module, 118

self-dual, 25, 35, 119

small Hilbert presheaf, 27

source projection, 37

split projection, 74

square summable, 36, 80

standard representation, 94

strict bicategory of W*-categories, 13
subobject, 74

tight morphism, 114
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unitary representation, 15

W*-bicategory, 97
WH*-bifunctor, 12
WH-category, 5
WH*-complete, 84
WH*-completion, 85
WH*-equivalences, 13
W*-functor, 11
W*limit, 82
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WH*-tensor product, 105
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