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Abstract

We define a monad T on a category of measure spaces such that mor-
phisms from 1 to T(X) correspond to probability density functions on X.
The Kleisli category of this monad is dual to the category of commuta-
tive W*-algebras with normal positive unital maps as morphisms. This is
an extension of the probabilistic Gel’fand duality of Bart Jacobs and the
author to W*-algebras.

The proof proceeds by showing that the category of W*-algebras is
monadic over unital C*-algebras and also over Set, a result of interest
in its own right. We then transfer the Radon monad, considered as a
comonad on commutative C*-algebras, up to a comonad on commutative
WH*-algebras (this time with normal unital *-homomorphisms as mor-
phisms), and obtain a monad on compact complete strictly localizable
measure spaces by duality.

1 Introduction

Gel’'fand duality is the equivalence between the category CHaus of compact
Hausdorff spaces and CC*Alg®®, the opposite of the category of commutative
unital C*-algebras, with unital *-homomorphisms as morphisms. One direction
is given by the functor C' : CHaus — CC*Alg®® that maps a space X to the
algebra of complex-valued continuous functions, made into a C*-algebra with
pointwise addition and multiplication of functions.

In [I4], Bart Jacobs and the author described how to start with the Radon
monad R, the natural probability monad on the category CHaus of compact
Hausdorff spaces, and define a variant of the Gel’fand duality functor to give
an equivalence between K/(R) and CC*Algpy;, the category of commutative
C*-algebras with positive unital maps (not required to preserve multiplication).

The category of commutative W*-algebras CW*Alg is to measure spaces
what CC*Alg is to compact Hausdorff spaces, with the functor L>° playing the
role of C'. To be specific, we take the category Meas to have compactﬂ complete
strictly localizable measure spaces as objects and equivalence classes of nullset-
reflecting measurable maps as morphisms, where the notion of equivalenctﬂ for
measurable maps f,g: (X, Xx,vx) — (Y, Xy, vy) is that for all T € ¥y we have

IThis is a measure-theoretic notion, not the topological one, see [10} 342A (c)].
2In general this relation is coarser than equality almost everywhere, which would not make
L°° a faithful functor.



vx(f~YT)Ag=*(T)) = 0. Then L* : Meas — CW*Alg® is an equivalence,
see for instance [24].

A natural question arises as to whether there exists a monad T on Meas
to play the role of the Radon monad and provide an equivalence K4(T') ~
CW*Algpy. Since conditional expectations are morphisms in CW*Algpy this
would give a monadic description of conditional expectations.

It turns out that this is the case, although the way of getting it is differ-
ent. We start out with the observation that the proof of probabilistic Gel’fand
duality can be viewed under duality as showing that the inclusion CC*Alg —
CC*Algpy has a left adjoint given by C'S, the continuous functions on the state
space, and that the coKleisli comparison functor for the comonad also written
CS on CC*Alg is an equivalence with CC*Algpy.

The forgetful functors CW*Alg — CC*Alg and CW*Algpy — CC*Algpy
both have left adjoints, which are essentially the same, given by the double dual
or enveloping W*-algebra A — A**. For a W*-algebra of the form A**  we know
what the left adjoint of the inclusion CW*Alg — CW*Algpy should be:

CW Algpy(A™, B) = CC*Algp (A, B) = CC*Alg(C(S(A)), B)
~ CW*Alg(C(S(A)™, B).

The trouble is that not every commutative W*-algebra is a double dual. How-
ever, the forgetful functor CW*Alg — CC*Alg and its left adjoint -** form
a monadic adjunction, and so every commutative W*-algebra is canonically a
coequalizer of double duals. This allows us to produce a left adjoint to the
inclusion CW*Alg — CW*Algpy. The coKleisli comparison functor for the
comonad is an equivalence, essentially by the argument given in [34, Theorem
9] (in dual form). We then use the equivalence between CW*Alg®® and Meas
to turn this into a monad 7" on Meas whose Kleisli category is equivalent to
CW*AIngOP.

As an explicit calculation, we are able to show that for all finite sets X, made
into measure spaces with the counting measure, we have L>°(T(X)) = C'(2¥)**,
and we find a compact complete strictly localizable measure space Y such that
L>(Y) =2 C@2v)™. If vg : P(2¥) — [0,00] is the counting measure and v, :
W} — [0,1] is the completion of the usual probability measure describing
an infinite sequence of independent fair coin flips, then

—

Y = (2wap(2w)a Vd) + (2w X 2va(2w) ® BO(Q“’),IJd Y VC)7

where 8/0(2\“’ ) is the completion of the Borel o-algebra (with respect to v.) and
® is Fremlin’s c.l.d. product [9, Definition 251F].

2 Background on Measure Theory and W*-algebras

2.1 Definitions

We collect various needed facts here with references, as well as establishing the
conventions we use when they vary between authors. The general reference texts
for C*-algebras and W*-algebras are [5l, 32, 17, 26]. If A,B are C*-algebras, a
function f : A — B is a *~homomorphism if it preserves the * operation and
multiplication. A wunital *-homomorphism. An element of a C*-algebra a € A



is called positive iff a = b*b for some b € A. The set of positive elements form a
norm-closed cone A, C A that defines an order on A in the usual way. A linear
map f: A — B is said to be positive if f(A;) C B4, and this is equivalent to
being monotone in terms of the orders defined by the cones. It is easy to prove
that a *-homomorphism is positive.

Definition 2.1. The category C*Algpy has unital C*-algebras as objects and
positive unital maps as morphisms, and C*Alg is the subcategory with the same
objects and unital *-homomorphisms as morphisms. The respective full sub-
categories on commutative C*-algebras are CC*Algpy and CC*Alg. A pos-
itive unital map has operator morm < 1, so there is a well-defined functor
Ball : C*Algpy — Set that maps a C*-algebra A to its closed unit ball and
a positive unital map to its restriction.

Proof. For the fact that positive unital maps have operator norm < 1, see [29]
Theorem 1.3.3]. O

We remark at this point that unlike for Banach algebras and Banach *-
algebras there is no need to verify anything about the norm of a *-homomorphism
between C*-algebras, so a *-isomorphism is simply a bijective *-~homomorphism.

Definition 2.2. A W*-algebra A is a C*-algebra that has a predual Ay, ie. a
Banach space such that A = (A,)* isometrically. The weak-* topology o (A, Ay)
s also known as the ultraweak or o-weak topology. O

The above definition is due to Sakai [25], and is a characterization of the
C*-algebras that are isomorphic to von Neumann algebras. There are other
characterizations, but this one has stood the test of time.

Definition 2.3. The following are equivalent for a positive linear functional
¢: A— C, in which case we say ¢ is normal:

(i) ¢ is Scott continuous, i.e. it preserves suprema of directed joins.

(ii) ¢ is continuous in the weak-* topology o(A, A.) with respect to a predual
A, of A.

We say a linear functional ¢ is normal iff it is in the C-linear span of the normal
positive linear functionals. This is equivalent to being o(A, A,) continuous.

Proof. See |26, Theorem 1.13.2]. O

This implies that all preduals define the same weak-* topology, the same set
of normal linear functionals, and are all isometrically isomorphic to the set of
normal linear functionals via the evaluation embedding A, < A*. Therefore
we refer to “the predual” of a W*-algebra rather than “a predual”, which we
can simply take to be the set of normal linear functionals. The uniqueness
of preduals does not hold for ordered Banach spaces or order-unit spaces [13|
Proposition 3.7, Counterexample 4.1 (i)].

Corollary 2.4. Let A be a W*-algebra. FEvery bounded monotone net (a;)ics
of self-adjoint elements weakly converges to its least upper bound. If a € A such
that a; — a weakly, then a is the least upper bound of (a;)icr-



Proof. First, let a be the least upper bound of (a;);c;. For all positive nor-
mal linear functionals, (¢(a;))ier is a monotone net in R such that ¢(a) =
sup;e; ¢(a;), so in R the number ¢(a;) — ¢(a). This implies a; — a in
o(A, (Ay)4), where (A.) 4 is the elements of A, that define positive linear func-
tionals on A. For any vector space, if X C A* then o(A, X) = o(A4, span(X)),
so a; = a in (A, Ay).

Now, since (a;);er converges weakly to its least upper bound and the weak-*
topology is Hausdorff, if a; — a then a must be the least upper bound of

(ai)iej. ]

In fact this is true of any dual order-unit space [I3, Lemma 2.1 (11)]E| and the
reader might prefer to prove it directly rather than deduce it from the previous
two facts.

Definition 2.5. The following are equivalent for a positive map f : A — B
between W*-algebras. If one, hence all, of them holds, we say f is normal.

(i) [ is Scott continuous, i.e. it preserves suprema of directed joins.
(i) If ¥ is a normal state on B, then ¥ o f € A,.
(iii) If ¥ € By, then o f € A,.

(iv) There is a “pre-adjoint” linear mapping f.« : B. — A such that for all
a € A and Y € B,:
(fa),¥) = (a, fu(¥)).

(v) f is continuous from o(A, A,) to o(B, By).

Proof. Since the composite of Scott continuous functions is Scott continuous,
(i) implies (ii) by Definition [2.3]

Now suppose (ii) holds and 3 € B,. By taking positive and negative parts
of real and imaginary parts, it can be expressed as 1y — ¥_ + ith;4 — ith;—
where ¥4, _, ;4 and ;_ are all positive normal linear functionalsﬂ which
are therefore Scott continuous. So 1 o f is Scott continuous, and therefore
normal, for all s € {+,—,i+,i—}, and so ¢ o f is normal. Therefore (ii) implies
(ii).

If (iii) holds, then the map -o f : B, — A, is a pre-adjoint to f:

(f(a),¥) =(f(a)) = (o f)(a) = (a, (- [)(¥)),

so (iii) implies (iv).

Conditions (iv) and (v) are equivalent by a standard characterization of weak
continuity [27, TV.2.1].

Finally, supposing (v) holds, let (a;);er be a bounded monotone net in A
with supremum a. Then a; — a weakly, by Corollary 2:4] Since f is positive,
(f(a;))ier a monotone net in B, and it is bounded above by f(a), so converges

3 An order-unit space is isometrically a dual space iff it is PU-isomorphic to the dual space
of a base-norm space, in which case we say it is a dual order-unit space.

4See |5, Theorem 12.3.3] for the decomposition into positive and negative parts of a hermi-
tian normal linear functional. The decomposition of a normal linear functional into hermitian
real and imaginary parts is more elementary and only really needs the fact that -* is o(A, Ax)-
continuous |26, Theorem 1.7.8|.



weakly to its supremum. By (v), f(a;) — f(a), so f(a) is the supremum of of
(f(a;))ier (Corollary 2.4 again). Since this holds for all monotone nets, we have
proved (i). O

Corollary 2.6. If A is a W*-algebra and B a C*-algebra and f : A — B is a
*_isomorphism, then B is a W*-algebra and f a normal isomorphism.

Proof. Given a predual A, and an isometry i : (A.)* = A we have an isometry
foi:(A)* 5 Bso Bisa W*algebra. As f is a *-isomorphism, it is a poset
isomorphism and therefore preserves directed suprema, so is normal. O

There is also a weaker notion of normality that has some use in relation to
measure theory and the dominated convergence theorem.

Definition 2.7. A positive map f : A — B between C*-algebras is said to be o-
normal iff it preserves suprema of increasing sequences, i.e. for each monotone
increasing sequence (a;)ien such that a = \/, .y a; exists, we have that f(a) =
Vien f(ai). By preservation of —, it follows that f also preserves infima of
decreasing sequences. O

Definition 2.8. We define the following categories with W*-algebras as objects,
and the maps as specified:

(i) Normal positive unital maps: W*Algpy
(ii) Normal unital *-homomorphisms: W*Alg

For the full subcategories of on commutative W*-algebras we write a C first:
CW*Algpy or CW*Alg.

We write U for any of the forgetful functors to the corresponding category of
unital C*-algebras, e.g. W*Algpy — C*Algpy. These functors are faithful but
neither full nor essentially surjective. O

In W*-algebras, the *-algebra operations have a useful continuity property.

Theorem 2.9. If A is a W*-algebra, for each a € A the operations a - - and
-ca:A— A are o(A, A,)-continuous. Similarly, the star operation -* : A — A
is 0(A, A,)-continuous.

Proof. See |26, Theorem 1.7.8]. O

2.2 Products and Quotients of W*-algebras

Definition 2.10. Let (B;)ics be a family of unital C*-algebras. Define the space
B = [],c; Bi to consist of uniformly bounded families (B;)icr, i.e.

HBi = {(bz)zel | b; € B; and da € Rzo.Vi S IHblHBz < a}.
iel
Make this into a C*-algebra by doing all the operations pointwise, and defining
the norm as
1bi)icrlrT,e, B: = sup 16l 5, -



This is a unital C*-algebra with unit 1 = (1p,)ics. Define the maps m; :
[lic; Bi — Bi by
mi((bj)jer) = bi.

These are unital *-homomorphisms. If A is a unital C*-algebra and (f;)icr a
family of positive unital maps with f; : A — By, then define (f;)ier : A — B; by

<fi>iel(d) = (fi(d))iel-

This is the unique positive unital map such that for alli € I, m; 0 (f;)ier = fi,
which is a *-homomorphism if all the f; are *-homomorphisms, and defines the
product in C*Algpy and C*Alg. If all the B; are W*-algebras, then so is B and
this defines the product in W*Algpy and W*Alg. If all the B; are commutative,
so is B and this defines the product in the corresponding full subcategories of
commutative C*-algebras and commutative W*-algebras.

Proof. By Definition we know that B = [],.; B; is a Banach space under
the given norm. We need to show that the multiplication, involution and unit
make it into a C*-algebra. It is clear that the involution is well-defined because
the individual involutions preserve the norm. To show that the multiplication is
well-defined, regard ||-|| g as a function from the set-theoretic product of (B;);cr
to [0, 00], and observe that for (a;)ier, (bi)icr € B

bil

|(a:i)icr(bi)icr|| B = sup ||la;bi|| B, < sup ||a;]
icl iel

< (supnaz— Bi> (supnm
el el

It is then a simple matter to show that the product is bilinear, and therefore B
is a Banach algebra. It can then be verified that -* makes it into an involutive
Banach algebra and 1p is the unit element. The C*-identity follows from an
argument similar to the one above and the fact that sup;c; a? = (sup;¢; ai)2
for any family of nonnegative reals («;);er. It is also easy to verify that for all
1 € I, the map m; is a unital *-homomorphism.

In the case that all B; are W*-algebras, by Theorem the ¢!-direct sum
of the preduals forms a predual of the product, and each m; is normal, by
Definition (iv). It is direct from the definitions that whether or not all
B; are W*-algebras, the product on B is commutative iff for all 4 € I, B; is
commutative.

At this point we observe that an element (b;);c; of B is positive iff for all
1 € I, b; is positive in B;. Clearly if (b;);cs is positive, then all the b; are
positive because the m; are all *-homomorphisms. If each b; is positive, then
there exists some a; such that aja; = b;. Putting them all together, we have
(ai)ier(ai)ier = (bi)ier, so (b;)icr is positive.

Now, let A be a unital C*-algebra and (f;);c; a family of positive unital
maps such that f; : A — B;. Define f = (f;)ics as in Definition Since
Ifill <1 forallie I, as for any positive unital map between C*-algebras, for
all a € A:

B;

B;

Bi) = la)ie 5 Ga)ier 5.

[{fi)icr(a)lls = sup || fi(a)l| B, < sup ||a]| = [la],
i€l i€l
So (fi)ier defines a function A — [],.; B;. It is easy to prove this is linear. If a
is positive, then each f;(a) is positive so f(a) is positive. It is then easy to prove



that f is unital if each f; is unital and to verify the universal property for a prod-
uct in C*Algpy. It is also easy to verify that if the f; are all *-homomorphisms,
then f is a *-homomorphism, and satisfies the universal property for a product
in C*Alg.

If A and all the B; are W*-algebras and all the f; are normal positive unital
maps, we can prove that f is normal using Definition (i). Let (aj)jes be a
bounded monotone net in A with supremum a. We prove f(a) = sup;¢; f(a;)
as follows. Since f is positive, f(a;) < f(a) for all j € J. To show that f(a) is a
least upper bound, let (b;)ier € B such that f(a;) < (b;)ier for all j € J. Then
foralli € I, fi(a;) < b;, sosup,c; fi(a;) < b;, and since f; is normal, f;(a) < b;.
So we have shown that f(a) < (b;);er, and therefore f(a) = sup;c; f(a;). The
universal property for products in W*Algp; and W*Alg follows.

The commutative cases follow because fully faithful functors reflect limits,
and the earlier observation that the product of commutative C*-algebras is
commutative. O

Definition 2.11. Let A be a C*-algebra. A central projection is a projection
p € A such that pa = ap for all a € A. Given a central projection p, the corner
defined by p is pAp, which can equivalently be defined as:

pAp = {a € A | pap = a}.

This is a C*-subalgebra of A with unit p, and the mapping 7, : A — pAp defined
by mp(a) = pap is a unital *-homomorphism. If A is a W*-algebra, then pAp is
a W*-subalgebra, and 7, is normal.

Proof. If a € pAp, then there exists a’ € A such that a = pa’p. We then have
pap = ppa'pp = pa’p = a. In the other direction, if pap = a, then clearly
a € pAp, so the two definitions of the corner defined by p are equivalent, so we
will pass back and forth between them from now on without any fanfare.

We first show that pAp it is a *-subalgebra of A. If a = pap and b = pbp, then
pa = a and bp = b, so pabp = ab, so pAp is closed under multiplication. Since
p is self-adjoint, it is immediate that pAp is closed under -*, and it is a linear
subspace of A by bilinearity of multiplication. The unit element is p because
pap = a implies pa = ap = a. We put off proving that it is a C*-subalgebra for
the moment.

In passing, we have proved that 7, is a unital *-homomorphism. It is there-
fore a unital *-homomorphism considered as a map m, : A — A, so is bounded.
If A is a W*-algebra, it is normal because multiplication is separately weak-*
continuous in W*-algebras. So the linear map 7, —ids : A — A is bounded,
and weak-* continuous if 4 is a W*-algebra. It follows that (m, —id4)~1(0) is
norm-closed, and weak-* closed if A is a W*-algebra. Since a € (m, —id4)~1(0)
iff pap = a iff a € pAp, this shows that pAp is a C*-subalgebra, and a W*-
subalgebra if A is a W*-algebra. O

We can now show how to use central projections to describe W*-algebras as
products.

Theorem 2.12. Let A be a W*-algebra, and (p;)icr a family of pairwise orthog-
onal central projections such that 1 =\/,c; pi. Then (mp,)icr : A = [L;c; piApi
1s a *-isomorphism.



Proof. Tt suffices to show that (mp,);cr is injective and surjective, because then
it is an isomorphism of C*-algebras, and therefore a normal isomorphism of
W*-algebras by Corollary

To prove injectivity, let a € A such that (mp,)icr(a) = 0. Then for all ¢ € I,
piap; = 0, so p;a = 0. Since (p;);ecs consists of pairwise orthogonal projections,
for each finite J € I, > ;. ;pi = V,;cypi, and so 1 = > ., p; in the weak-*

topology. Therefore
0=> pa= (Z%) a=a,

il il
by separate weak-* continuity of multiplication.

To prove that (mp,,)ier is surjective, we show that its image contains ev-
ery positive element of J],.; p;Ap;. This suffices, because every element of a
C*-algebra is a linear combination of four positive elements. So let (a;);er €
[I;c; piAp: be positive, so for each i € I, a; is positive in p; Ap;, and therefore
also in A, and p;a; = a;.

For reasons that will become clear later, we do this for the case of a finite I

first. In this case, given (a;)ics in [[,;c; piApi, we define a = 3, ; a;. Then

T, (@) = pia = p; Zaj =Di ijaj :Zpipjﬁj:mai:an
Jjel jJeI jeI

80 (mp, yier(a) = (a;)ier. So this proves that in the case that I is finite, (mp,)icr
is a *-isomorphism, and therefore an isometry between the underlying Banach
spaces. So for a finite index set I,

S

i€l

= ||(ai zEIHl—LeIpzApz = SUP llaill -

A

We now turn to the general case where [ is infinite. Define (ZieJ ai) JEPun ()"
This is a monotone net in A because all the a; are positive. We show that it
is bounded as follows. By the definition of the product, there is some o € R>g
such that for all ¢ € I, ||a;|| < a. For each finite set J € Pgn (), we can define
PJ = D ;e Pi, which is a projection by pairwise orthogonality. Then we apply

the finite case from the previous paragraph to p;Aps, so we have

Saf =|Sa

ic€J ieJ

— sup flagla < o
ieJ

A psADs

Therefore (ZieJ ai) JePn(l) is a bounded monotone net, so it has a supremum
a € A to which it converges in the weak-* topology. This implies that a =
> icr i, convergence of the sum being in the weak-* topology. By separate

weak-* continuity of multiplication, for all i € I:

T, () = p;a = p; a; | = lim ipia; = aj,
pi(@) = pia = p; Jepf.nmz’ Jepﬁn(l)j;pzp] j=a;

so (mp, )ier(a) = (ai)ier- O



It is convenient at this point to recall a factorization theorem for *-homomorphisms
that uses central projections. We require some facts about about quotients and
ideals first.

Proposition 2.13. Let A be a C*-algebra and I C A a closed two-sided ideal.
Then I is a *-ideal and A/I, equipped with the quotient norm (Deﬁm'tion
is a C*-algebra, and the quotient mapping q : A — A/I is a *~homomorphism.
If A is unital, then A/I is unital with unit q(1).

Proof. For all but the last sentence, see [0, Proposition 1.8.2] or [32] 1.8 Theorem
8.1]. If A is unital, then for all ¢(a) € A/I we have ¢(a)q(1) = g(al) = q(a) and
likewise on the other side, so ¢(1) is a unit for A/I. O

Proposition 2.14. Let f : A — B be a *~homomorphism between C*-algebras.
Define

ker(f) = f71(0) = {a € A| f(a) = 0}
This is a norm-closed *-ideal in A. For each closed two-sided ideal I C A such
that I C ker(f), we can define f: AJ/I — B as in Deﬁm’tion which is a *-
homomorphism, and the unique function such that foq = f, whereq: A — A/l
is the quotient mapping.

Proof. Since *-homomorphisms are contractions, and therefore continuous, ker( f)
is closed, and it is easy to verify that it is a *-ideal. The definition of f as a
linear map follows from Definition [A4] directly. We have

f(la]az]) = f(laraz]) = flara2) = f(ar)f(az) = f([ar]) f([az]),

so it is an algebra homomorphism, and

so it is a *-homomorphism, as required. O

Lemma 2.15. Let A be a W*-algebra and I C A a subset. The following are
equivalent:

(i) I is a weak-* closed two-sided ideal.
(i) I is a weak-* closed *-ideal.
(i) I = Ap for a central projection p € A.

The central projection p is uniquely determined by I, and I = pA = pAp. As
an algebra I is non—um’tallzﬂ a W*-subalgebra of A with unit p.

Proof. A *-ideal is necessarily two-sided, so (ii) implies (i). For (i) < (iii), see
[26, Proposition 1.10.5]. If (iii) holds, then since p is central, Ap = pA = pAp,
and (Ap)* = pA = Ap, so I is a *-ideal, which shows (iii) implies (ii). In the
course of the proof in [26], Proposition 1.10.5], the projection p is defined to be
the identity element of the W*-subalgebra I N I*, and since I* = I by (ii), this
Wr-algebra equals I itself. O

51t has a unit, but the inclusion mapping is not necessarily a unital *-homomorphism, only
a *-homomorphism.



Proposition 2.16. Let A be a W*-algebra and I C A a closed two-sided ideal
(equivalently *-ideal), which is of the form I = pAp = pA for a unique central
projection p (Lemma .

Take q : A — A/I to be the quotient mapping. This is a normal unital *-
homomorphism and q|,. 4pr ptApt — A/I is a *-isomorphism of C*-algebras,
and therefore of W*-algebras.

If f + A — B is a *homomorphism of C*-algebras such that I C ker(f),
then under the isomorphism described above, f corresponds to Flptape.

Proof. We know that A/I is a unital C*-algebra in the quotient norm by Propo-
sition and that ¢ is a unital *-homomorphism. We show that q[,. 4, is
bijective, and therefore is a *-isomorphism. Given [a] € A/I, we have ap € I
because p € I. Since p is a central projection, so is p*, so

prApt 3 prapt = apt = a(l - p) = a - ap.

Therefore g(ptap™) = [pTap*] = [a], 50 q|,1 4,1 is surjective.
Now suppose that a;,as € ptApt and q(a;) = q(az). It follows that a; —
as € I, 80 a; — az = p(ay — az). We can therefore deduce that

a1 —az = pra; — pras = p(ag —az) = prplas —az) =0

So a1 = ag, finishing the proof that ¢|,. 4,+ is a *-isomorphism. Since ptApt
is a W*-algebra (see Definition , so is A/I. The quotient map can then
be viewed as a composition of the normal map 7,. from Definition and
the inverse of g|,1 4,1, so ¢ is normal. This can also be proved by taking the
subspace of A, that vanishes on I as a predual of A/I and proving weak-*
continuity of ¢ directly.

We have fog=f,so fo qlprapr = flpLapr as well. O

Proposition 2.17. Let f : A — B be a normal *-homomorphism of W*-
algebras. It factorizes as

Afker(f) ——= f(4)

The ideal ker(f) = pyApy where py is a central projection which is the largest
projection in ker(f), which we call the kernel projection. The map q is the quo-
tient mapping, f s as defined in Proposition @L' and is an isomorphism, and
i is the inclusion mapping. All the objects are W*-algebras, all the morphisms

are normal *-homomorphisms, q and f are unital and i is unital iff f is.

Proof. Since f is normal, the kernel ker(f) = f~1(0) is weak-* closed. So by
Lemma [2.15] it is of the form Ap, or equivalently pAp, for a unique central
projection p. It follows that p € ker(f), because A is unital. For each projection
p’ € ker(f) = Ap, we have p'p = p/, so p’ < p, and therefore p is py, the join of
all projections in ker(f), which is therefore the largest projection in ker(f).

The map g : A — A/ ker(f) restricts to a *-isomorphism q|plAprJ-ApJ- —
A/ ker(f), so A/ ker(f)is a W*-algebra, and also ¢ is a normal *-homomorphism,
by Proposition [2.16] and unital by Proposition |2.13]
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The *-homomorphism f is as defined in Proposition and makes the
whole diagram commute. It is easy to see that it is injective and surjective
onto f(A). An injective *-homomorphism between C*-algebras is an isometry
onto its image [32, Chapter I, Corollary 5.4], so f(A) is norm-closed in B, so a
C*-subalgebra of B, and f is therefore a *-isomorphism, and therefore unital.
This is enough to conclude that f(A) is a W*-algebra, but we also need it to be
a W*-subalgebra of B, i.e. for i to be normal.

By the Banach-Alaoglu theorem, the unit ball of A is Weak:* compact, so
f(Ball(A)) is weak-* compact in B. We show that f(Ball(A)) = f(Ball(A/ker(f))).
If a € Ball(A), then g(a) € Ball(A/ker(f)) and f(q(a)) = f(a), so f(Ball(4)) C
f(Ball(A/ker(f))). If b € Ball(A/ ker(f)), then under the *-isomorphism qlpraps,
there exists a € Ball(ptApt) C Ball(A) such that g(a) = b, and therefore
fla) = f(b), 50 f(Ball(A/ ker(f))) C f(Ball(A)). Since f is an isometry,
Ball(f(A)) = f(Ball(A/ ker(f))) = f(Ball(A)), which is therefore weak-* com-
pact in B. It follows from the Krein-Smulian theorem [27, IV.6.4 Corollary]
that f(A) is weak-* closed and therefore a W*-subalgebra of B. It follows that
f is normal both as a map A/ ker(f) — f(A) and as a map A/ ker(f) — B, and
1 is normal.

Lastly, we have that the unit of f(A) is f(1), so ¢ is unital iff f is. O

2.3 Probabilistic Gel’fand Duality for C*-algebras

We summarize the main result of [I4] and its dual version that occurs entirely
on commutative C*-algebras. We write CHaus for the category of compact
Hausdorff spaces and continuous maps.

Definition 2.18. A state on a unital C*-algebra A is a positive unital map to
C. The set of states is equipped with the weak-* topology o(A*, A), in which it
is a compact Hausdorff space, and this is called the state space. We define the
functor S : C*Algy}; — CHaus to be the hom functor C*Algpy (-, C), but with
the state spaces given the weak-* topology. O

Definition 2.19. For a compact Hausdorff space X, C(X) is the set of contin-
wous functions to C, made into a commutative unital C*-algebra with pointwise
operations and the supremum norm. This defines a functor C' : CHaus —
CC*Alg® if for f € CHaus(X,Y) and b € C(Y) we define C(f)(b) =bo f.

For a commutative C*-algebra A, the spectrum Spec(A) is the set of unital
*-homomorphisms to C. It forms a closed subset of S(A), and is a functor
Spec : CC*Alg®® — CHaus, defined on maps as for S.

These functors form an adjoint equivalence making CC*Alg®® ~ CHaus,
which is known as Gel'fand duality. The unit and counit are as follows:

nx : X — Spec(C(X))

nx (z)(a) = a(x)
€a: A — C(Spec(A))

ea(a)(¢) = ¢(a).
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Definition 2.20. Let R = S o C as a functor. If we take n to be the map
with that name in Definition and define (x : C(X) — C(R(X)) and
px : R(R(X)) = R by

(x(a)(9) = ¢(a)
px (®)(a) = (Cx(a)).

Then (R,n,p) is a monad. Define a functor Cpy : KI(R) — CC*Algpy; on
objects as Cpy(X) = C(X) and on maps f : X — R(Y) by

Cru(f): C(Y) = C(X)
Cpu(f)(b)(z) = f(z)(b).
Then Cpy is an equivalence of categories [14), Theorem 5.1]. O

By combining this with Gel’fand duality we get the following.

KO(R) —S2% CCrAlg, (2.21)

FRHGR HCOS

CHaus — CC*Alg°P,

and this is a morphism of adjunctions in the sense of [20, IV.7]. Removing

the opposites on the right hand side, the operator-algebraic adjunction can be
expressed as CC*Alg(C(S(A)), B) =2 CC*Algp (A, B).

2.4 The Enveloping W*-algebra of a C*-algebra

The forgetful functors U from Definition have left adjoints given on objects
by the enveloping W*-algebra, a construction introduced by Sherman [28] and
Takeda [31]. The universal property for *-homomorphisms is described by Dauns
in [4 §3.1]. We need the universal property for positive unital maps, so we go
over the proof of this as well, while explaining some notations and clearing up
a point that sometimes causes confusion.

The underlying Banach space of the enveloping W*-algebra is A**. It is
helpful to have an explicit description of the product and involution to work
with, although if one knows that A** is supposed to be a W*-algebra and the
evaluation mapping ev : A — A** a *-homomorphism then they could be defined
“by continuity”. We find this approach unsatisfying and there is a vexing subtlety
to it that I will point out in Warning

We take the definition of the dual norm for granted, and the fact that if £
is a Banach space, the evaluation mapping ev : £ — E** is isometric onto its
image.

Definition 2.22 (Arens Products). Let A be a Banach algebra. There are two
ways to define an associative Banach algebra structure on A**, called the first
and second Arens products, shown on the left and right respectively of the third
row below. In the following, a,b € A, ¢ € A* and T') A € A**:

(6 2a)(b) = d(ab) (ab §)(b) = d(ba)
(I 4¢)(a) = T(p aa) (65 A)(a) = Aa> 9)
(N9 A)(6) = T(A <9) (I A)(6) = Alg>T)
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Then ev : A — A** is a Banach algebra homomorphism for both products. In
fact the products agree if one element is ev(a) because of a relation between the
multiplications on A*:

prev(a) =d<a and ev(a)dp=ar ¢
ev(a) <A =ev(a)>A and F'<ev(a) =Tr>ev(a).

If A has a unit 1, the element 1 = ev(1l) € A** is a unit for both of the above
multiplications, and so ev : A — A** is unital.

The algebra A is said to be Arens regular iff <A =T'>A for allT', A € A**.
If A is a Banach *-algebra, define a star on A** by:

This is an antilinear involution of norm 1 on A**. We have ev(a*) = ev(a)*
and (T 9A)* = A*pT*.

Proof. We give the proof as a sequence of smaller statements to be proved, each
of which can be proved by elementary algebraic arguments. We miss out the
the steps for proving that > defines a Banach algebra multiplication on A**, as
the reader can write the proof that < is one using symmetrical letters, turn it
round, hold it up to a mirror, and interpret it according to the convention that
arguments precede functions, rather than follow them, in order to get a proof
for p.

1. p<da: A — Cis linear.
2. |[¢p<all < o]l - |lall, so < defines a function A* x A — A*:

p<-: A— A* is a linear map:

- W

-<da: A* — A* is a linear map:

ot

(p<a)<ab=p<ab:
I'a¢: A— Cis linear: by 3.
IT <] < ||IT|- |||, so < defines a function A** x A* — A*: by 2.

I'a-: A* - A* is a linear map: by 4.

© »®» N @

-<d4¢: A¥ — A" is a linear map.

10. T<A : A* — C is linear: by 8.

11, IT< Al < I - J|A]l, so T <A € A**: by 7.
12. T<-: A* — A* is a linear map: by 9.

13. -9 A: A" — A* is a linear map.

14. T<¢)<a=T<(¢p<a): by 5.

15. (T<A)a¢p=T<(A<¢): by 14.

13



16. T<A)<«O® =T<(A<0O): by 15.
So we have proved that A** is a Banach algebra under <.
17. ev(a) <ev(b) = ev(ab).

So ev is a Banach algebra homomorphism. We know from Banach space theory
that it is an isometry, and therefore injective with closed range.

18. ¢>ev(a) = p<a.
19. ev(a) <A =ev(a) > A: by 18.

The proof that 19 is true on the other side is similar, and omitted. Now let A
have a unit 1, and define 1 = ev(1).

20. p<al=0¢.
21. 1<a¢=o.
22. 1aA = A: by 20.
23. 'al =T by 21.

So (A** <, 1) is a unital Banach algebra and ev is a unital Banach algebra
homomorphism. The proof of the corresponding facts for © is similar, and
therefore omitted.

Now, suppose that A is a Banach *-algebra, and define the stars on A* and
A** as in the definition above.

24. ¢* : A — C is linear.
25. ||¢*|| < ||#]], so -* defines a function A* — A*.
26. ¢** = ¢, and 50 [|6*]| = ]l
27. -*: A* — A* is antilinear.
28. I'* : A* — C is linear: by 27.
29. ||T*]] < ||IT|l, so -* defines a function A** — A**: by 25.
30. T** =T, so |[T*|| = ||T||: by 26.
31. -* : A* — A** is antilinear.
32. ev(a*) = ev(a)*.
33. (p<a)* =a*>o*.
34. T'<a¢)* = ¢*>T": by 33 and 26.
35. (< A)* = A*>T*: by 34 and 30.
O

Lemma 2.23. Let A be a Banach algebra. For all T € A**, the mappings
A* — A* defined by -<T and T'> - are o(A**, A*)-continuous. If A is an
involutive Banach algebra, then the involution -* : A* — A** is o(A**, A*)-
continuous.
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Proof. The mapping -<A : A** — A** is continuous for the o(A**, A*) topology
because it is the adjoint [27, IV.2.1] of A a- : A* — A* under the pairing
A** x A* — C defined by evaluation:

(TaA,¢) = (TaA)(¢) =T(Agg) = (T,Aq9).

The proof that I'>-: A** — A** is g(A**, A*)-continuous is similar.
To prove -* : A** — A** is g(A**, A*)-continuous, we use the same kind of
reasoning. We have, taking I' € A** and ¢ € A*:

((-*)(I),0) =T*(¢) =T(¢*) =T(¢") = (', (-")(9))-
O

Proposition 2.24. Let A be a Banach algebra. The following are equivalent:

(i) A is Arens regular, i.e. for allT,A € A**, T<A=TpA.

(ii) For allT € A**, T < - is o(A**, A*)-continuous.

(iii) For all A € A*™, -> A is o(A*, A*)-continuous.
If A is a Banach *-algebra, we can add:

(iv) A** is a Banach *-algebra under < and -* in Definition [2.29

(v) A** is a Banach *-algebra under > and -* in Definition[2.23

(vi) A** is a Banach *-algebra under < or > under an involution -* that is
o(A**, A*)-continuous and for which ev : A — A** is a *~homomorphism.

Proof. 1t is immediate from Lemma [2.23] that (i) implies (i) and (ii).

Now, by a standard fact |27, IV.1.3], the image of A in A** under ev is
o(A**, A*)-dense, and by Definition 2.22] for all a € A, I'<ev(a) = I'>ev(a).
Therefore if (ii) holds, for all ' € A**, we have I'<- = I'>- by o(A**, A*)-
continuity, so (i) holds. The proof that (iii) implies (i) is similar.

If A is a Banach *-algebra, we know from Deﬁnitionthat (i) implies (iv),
(v). It also follows from Lemma that both (iv) and (v) individually imply
(vi). We also have that (vi) implies that either (iv) or (v) holds: If (A**,«,-*) is
a Banach *-algebra satisfying the conditions of (vi), then since the canonical -*
is also o(A**, A*)-continuous and agrees with -* on the dense image of A under
ev, so the two are equal by continuity.

To finish the proof, observe that (iv) implies (ii) and (v) implies (iii). For
(iv), this is because I' - = -* o (->T'*), a composite of o(A**, A*)-continuous
functions. The argument that (v) implies (iii) is similar. O

Proposition 2.25. If A is commutative, then for all T,A € A*, T'aA =
Ab>T. Therefore a Banach algebra A is Arens reqular and commutative iff A**
is commutative under either of the products < or .

Proof. Assume that A is commutative. By direct algebraic manipulation it is
easy to prove that for all a € A, ¢ € A* and ', A € A** that ¢ <a = a < ¢,
therefore I' <¢ = ¢ > T", and therefore '< A = ApT.

Therefore we have shown that if A is commutative and Arens regular, then
A** is commutative in both Arens products.
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Now, if A** is commutative in either Arens product, then so is A because ev
is an injective algebra homomorphism for both Arens products. Furthermore,
without loss of generality assuming that A** is commutative in <, we have
F'aA=A«Tl'=TpA, so Ais Arens regular. O

Warning 2.26.
One might think that if a Banach *-algebra A is commutative, then A**
is commutative and so A is Arens regular. One might even think that all
Banach *-algebras, or at least all used in practice, are Arens regular, by
some weak continuity argument or other. Neither of these things is so. The
convolution *-algebra ¢!(Z) is not Arens regular |2, Theorem 3.1], so the -*
operation on ¢!(Z)** makes neither < nor > into a Banach *-algebra product

@ and ¢1(Z)** is not commutative in either product. In fact a locally compact
group G is finite iff L}(G) is Arens regular [35]. For a C*-algebra A, we
show below that A is Arens regular and that A** is commutative
iff A is, but it follows from the above discussion that this cannot
be proved by any elementary algebraic argument or one involving
properties of weak-* topologies of arbitrary dual or double dual
Banach spaces. The textbook [23] p. 47] warns of the “unusual number
of false results” published in this area. O

Parts 1 to 5 of the proof of Definition [2:22] can be interpreted as saying ¢<a
defines a right module structure of A on A* for any Banach algebra, and the
mirrored version is that a > ¢ defines a left module structure. We will need the
fact that this module structure interacts nicely with homomorphisms. It is well
known in ring theory that a ring homomorphism f : A — B defines a way of
turning a B-module into an A module.

Normally I would write f* for the following operation. Unfortunately that
conflicts with the need to use -* in C*-algebras.

Lemma 2.27. Let E,F be Banach spaces with preduals E.,F, respectively.
Let f . F, — E, be a bounded linear map. Then there exists an adjoint map
f7 : E — F, which is bounded and continuous from o(E, E,) to o(F,F,). In
the case that the pairings are the transposed dual pairings, f° can be defined for
x € FE by fo(x) =xo f.

Proof. First define g : (E.)* — (Fy)* by g(z) = x o f. This map is bounded.
Let ip : E = (E,)* and ip : F = (F.)* be the isometries making E, and
F. preduals of E and F, respectively, and (-,-)g : F x E, — C and {(-,-)F :
F x F, — C the bilinear pairings defined by uncurrying these maps. Define
fo= i;l ogoig. Since ig and ip are isometries, f? is bounded. For all z € E
and Y € Fy:

(f7(@), )r = ir(f7(2))(¥) = g(ip()(¥) = (ip(z) o [)() = ie(x)(f(¥))

It follows from [27, IV.2.1] that f° is continuous from o(E, E,) to o(F, F),
because it has an adjoint map. O

Lemma 2.28. Let f : A — B be a homomorphism of Banach algebras. Then
f7:B* = A* (recall Lemma is a homomorphism of right A-modules with
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respect to <, and a homomorphism of left A-modules with respect to >, i.e. for
alla € A, ¢ € B*:

[P <f(a)) = f7(¥)<a fo(fla)p9p) = av f7(¢).

Proof. Simple algebraic manipulations using Definition 2.22] and Lemma [2.27]
O

We also need a fact about this module structure when the underlying Banach
algebra is a W*-algebra, as well as the -* defined on the dual space.

Lemma 2.29. Let A be a W*-algebra. For both < and >, A, is a submodule of
A*, ie. foralla€ A and ¢ € Ax, p<a and a> ¢ are in A,. Furthermore, A,
is invariant under -*, i.e. if ¢ € Ay, then ¢* € A,.

Proof. We consider A, to be the set of o(A, A.)-continuous linear functionals
on A. So we want to show that if ¢ is o(A, A,)-continuous, then so are ¢<a and
a> ¢ for all a € A. Since (¢p<a)(b) = ¢(ab), the mapping ¢ < a is the composite
of b — ab and ¢. Since multiplication is separately weakly continuous on each
side in W*-algebras (Theorem , it follows that ¢ < a is (A, A,)-continuous
and hence an element of A,. The argument for a > ¢ is similar, using separate
continuity on the other side.

The -* map A — A is 0(A, A,)-continuous by Theoremso for all ¢ € A,,
(-, ¢) o (-*) is 0(A, A,)-continuous. Given a € A, we see

((- @) o (-))(a) = (a*, ) = d(a*) = ¢*(a),

so we have shown that ¢* is o(A, A.)-continuous and therefore an element of
A,. O

At last, we can define the enveloping W*-algebra.

Definition 2.30. Let A be a unital C*-algebra. Then A is Arens regular and
A** is a C*-algebra, and since it is a dual space, a W*-algebra. It is com-
mutative iff A is. The evaluation mapping na = ev : A — A** is a unital
*-homomorphism. If B is a W*-algebra and f : A — B a positive unital map,
then there is a unique mormal positive unital map f : A™ — B such that the
following commutes:

A g (2.31)

and f is a *-homomorphism or unital iff f is, respectively.

It follows that -** extends to a functor that is left adjoint to the forgetful
functor U with unit n where U any of the four forgetful functors involving positive
maps or *-homomorphisms for noncommutative W*-algebras in Definition
(completely positive maps will be handled later) and any of the four forgetful
functors for the full subcategories on commutative W*-algebras.

On maps, f: A— B:

7M@) =T (o f).
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By the universal property above, for all these adjunctions the counit €4 : A** —
A for a W*-algebra A is a normal *-homomorphism, and the unique map such
that for allT' € A** and ¢ € A,:

¢(ea(l) = T(¢).

Proof. We will prove the universal property for *-homomorphisms first, and then
use it to finally prove that A** is a C*-algebra, and therefore a W*-algebra, and
then deal with the other cases. However, we will start with the definition of
f and the uniqueness part of the universal property in the most general case,
positive unital maps.

Let f : A — B be positive and unital, and therefore bounded. We have
f? : B* — A* (recall Lemma so we can define g : B, — A* to be the
restriction of this map to B,, on which it is still bounded and linear. Now
define f = ¢ : A** — B. By Lemma this is continuous from o(A**, A*)
to o(B, B.), and for all T' € A**, the element f(I') € B is characterized by the
property that for all ¥ € B,:

U(f(I)) =T(f7 (). (2.32)

For each a € A, and ¢ € B, we have

(f(nala))) = nala)(f7 () = f7(@)(a) = ¥(f(a)),

so fona = f, i.e. f makes the diagram commute. Since n4(A) C A** is
o(A**, A*)-dense (a standard fact about weak topologies [27, IV.1.3]), for any
function h : A** — B that is continuous from o(A**, A*) to o(B, B,) such that
hong = f, it must be that h = f . This establishes the uniqueness part of the
universal property in all cases.

We also have that if f is unital, then since the unit of A** is defined to
be 1 = ev(1) = n4(1), then f is unital. Therefore we will concentrate on the
sub-unital versions because the unital versions will take care of themselves.

Now, take f to be a *~homomorphism. We first show that f preserves <, >
and -*.

Let ' A € A** and ¢ € B,:

P(f(TaA)) = (T aA)(f7(¥) =T(Aaf7(¥)),

and

G(FD)F(A)) = (F(A) > 9)(F(D) = T(f7(F(A) > ),
by Lemma and . Then for all a € A:

(A f7(¥))(a) = AS7
a))) by Lemmas and
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SO

D(f(TaA) =T(A<f7 () =T(f7(F(A)>v)) = w(fT)F(A)),

and therefore f(I' < A) = f(I')f(A). The proof that f(I'> A) = f(I)f(A) is
similar. For the star, observe that given I' € A** and ¥ € B,, we have

Y(f(T*) =T*(f7 (1)) = T(f7 ()",
and by Lemma [2.29]

G(f(T)*) = ¢=(f(T) =T(f7 (¥")).
For all a € A we have

f7@W) (a) = fo($)(a*) = ¢(f(a*)) = »(f(a)*) = ¢*(f(a)) = [7(¢")(a),

SO

G(FI) =T(f7()*) = T(f7 (&) = »(f(1)"),
and therefore f(I'*) = f(I')*. }
So we have almost proved that f is a *-homomorphism. Unfortunately we
still have not proved that A** is a C*-algebra and that the two Arens products

coincide. Let (H,,m,) be the universal representation of A, the direct sum
of all GNS representations [32, III Theorem 2.4] so H, = @¢€A1)H¢ and

7w : A — B(H,) is the direct sum of the GNS representations of each ¢ € A% .
We have a map 7, : A** — B(H).

First we show that 7, is injective. Since linear functionals on A can be
expressed as linear combinations of positive linear functionals, for every I' € A**
such that I' # 0, there is some ¢ € A% such that I'(¢) # 0. Let’s write {4 for
the vector in M, such that (§4,m.(a)(§s)) = ¢(a) for all a € A, which exists
by the definition of a GNS representation [32, I Theorem 9.14]. Then by
and the normality of the linear functional (&4, (-)¢s) we have

(€omu()(s)) = T(my (€4, ()(€)))) = T'(#) # 0,

so 7, (I") # 0. Therefore 7, is injective. So
7T <A)=aD)a(A) =7(T>A)

implies that the two products coincide, and therefore A** is a Banach *-algebra,
so A is Arens regular and A** is commutative iff A is by Proposition [2.25]

Now we show that the double dual norm in A** is equivalent to the operator
norm on B(H,,) under the mapping 7, which finally establishes that the double-
dual norm on A** makes it into a C*-algebra.

By Goldstine’s theorem [7, V.4.5 Theorem]|, n4(Ball(A)) is o(A**, A*)-dense
in Ball(A**), which is o(A**, A*)-compact by Banach-Alaoglu, so the image
7y (Ball(A*)) is compact and 7, is a homeomorphism of Ball(A**) onto its
image. By Kaplansky’s density theorem (see [6, 1.3 §5, Theorem 3] or [32
Chapter II, Theorem 4.8]) the weak closure of m,(Ball(A)) is the unit ball of
the weak closure of m,(A). Therefore Ball(B(H,,)) N 7, (A*) = 7, (Ball(A**)),
so 7, preserves norm. Since the operator norm on B(H,) is a C*-norm, so is
the double-dual norm on A**, so A** is a C*-algebra, and as it is a dual space,
a W*-algebra.
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Therefore we have proved the universal properties for W*Alg and CW*Alg,
so two down and two to go. Since we have established that A** is commutative
iff A is, the rest of the proof will only be for the noncommutative case, as the
commutative case is implied.

Suppose that f : A — B is positive and unital. We need to show that f
is positive for the positive cone of A** as a C*-algebra. So we need to return
briefly to the universal representation to establish the following fact: If I' € A**
is positive in the sense of C*-algebras, then for all ¢ € A%, I'(¢) > 0. By the
definition of the universal representation, there exists &4 in H,, such that ¢(a) =
(€4, mu(a)(€y)) for all a € A. Since T is positive and 7, is a *-homomorphism,
74 (T") is a positive operator on H,,, so:

0 < {6, mu(D)(E5)) = Ty ((€a (-)(€0)))) = T(9),

so I'(¢) > 0 for all ¢ € A7

With this fact in hand, we can prove that f is positive for f : A — B a
positive bounded map as follows. In a W*-algebra, the positive cone is weak-*
closed [20, 1.7.1 Lemma], and it is convex and contains 0 because it is a cone. It
then follows by the bipolar theorem [27, IV.1.5 Theorem] that an element b € B
is positive iff 1(b) > 0 for all positive ¥ € B,. So to prove that f is positive, it
suffices to show that for all ' € A** and for all positive normal linear functionals

¢ € B, that ¢(f(I')) > 0. By
$(f(T) =T (o f) >0,

because v o f is positive in A*, and we proved in the last paragraph that I is
positive on positive elements of A*. This concludes the proof of the universal
property for the positive case.

Now we only need to prove the formulas for the functor -** and the counit
€4 : A — A. By translating from the universal property formulation of an
adjunction to the functorial form [20, IV.1 Theorem 2|, we know that for a map

*

f: A — B between C*-algebras, f** = 77/3;;/]‘. To evaluate this, we will use
the fact that ev : B* — B}* is an isomorphism, by uniqueness of preduals. Let
I'e A** and ¢ € B*:

FET)W) = ev(@)(f(T)) = ev()(ng o £(T)) = T((ng o £)° (ev (1))
— T(ev(¥)) o g o f).

Now, given b € B:

(ev(¥) omp)(b) = ev(¥)(np (b)) = np(b)(¥) = (b)),
o)
[rM)W) =T(ev(¥)onpo f) =T(¥o f),
as required. -
We know that €4 is defined in each case as id4. This is a normal unital

*_homomorphism because id4 is a unital *-homomorphism. For all ¢ € A, and
I' € A** we have

d(ea(l) = 6(ida(I) = T(id%(4)) = T(9)-
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Convention 2.33. Since the only Banach *-algebras that we are interested in
here are C*-algebras, we can now ignore the distinction between < and > in cases
where we are not directly applying the definition and only using the existence
of the multiplication, in which case we can use juxtaposition or - to represent
the multiplication. O

2.5 Gel’fand Duality for W*-algebras

Here we describe Gel’fand duality for commutative W*-algebras. The categori-
cal aspects were developed independently by Dmitri Pavlov [24] and the authorﬁ
The reader can consult [24] for the proofs as we only give a sketch here.

If (X, X) is a measurable space, we can define £ (X, X)) to be the *-algebra
of bounded measurable C-valued functions on X. This is a closed *-subalgebra
of £*°(X) and therefore a commutative unital C*-algebra. On maps, we have
L>®(f)(b) = bo f and this is a functor from the category of measurable spaces
Mble to CC*Alg®?, and L(f) is always o-normal.

If (X, X, v) is a measure space, we can define

I(v) = {a € L2(X) | v(a™'(C\ {0})) = 0}

i.e. the functions supported on a set of measure zero. Then L>(X, ¥ v) =
L>(X,%)/I(v) is a commutative unital C*-algebra. If f is a nullset-reflecting
measurable map, then L°(f), defined as for £°°(f), is well-defined. However, in
general it only produces o-normal *-homomorphisms, not normal ones, a matter
we address later.

In order to get L>=(X, X, ) to be a W*-algebra, we need (X,%,v) to be a
localizable measure space |9, 211G, 243G|. However, localizable measure spaces
are still too wild to produce a duality — one does not get that L is a full
functor.

The map from A € CW*Alg®® to measure spaces is provided by taking the
Gel’fand spectrum Spec(A), and equipping it with the o-algebra of sets with the
Baire property, which in this situation can equivalently be described as those
symmetrically differing from a Borel set by a meagre set, or from a clopen set
by a meagre set. It is possible to put a localizable measure on Spec(A) whose
null sets are the meagre sets, so we choose one of these arbitrarily.

What we require on our measure spaces is that they be compact [I0, 342A
(c)], complete [9, 211A] and strictly localizablem [9, 211E]. Define Meas to
have these measure spaces as objects and nullset-reflecting measurable maps
as morphisms. This ensures that for any normal unital *-homomorphism g :
L>(Y) — L*™°(X) we get a nullset-reflecting measurable map f : X — Y such
that L>°(f) = ¢ [10, 343B (v)]. Furthermore the measure space Spec(A) is
compact, complete and strictly localizable, and the completeness and strict lo-
calizability on the one hand and compactness on the other provide a morphism
(X,3,v) = Spec(L>=(X, X, v)) and its inverse.

6Unfortunately the author’s work was in a chapter of his thesis that he was forced to
remove by some members of the thesis committee.

"We in fact must alter Fremlin’s definition slightly and require that the elements of a
decomposition have strictly positive measure. This is to take care of the empty set as a
measure space correctly.

21



As we have defined it, L*° is not faithful. We define an equivalence relation
on Meas(X,Y)

fr~ge VT eSyux(fH(T)Ag (T)) = 0.

We then form Meas by quotienting the hom sets by this relation. Then the
functor L is faithful. This relation is strictly coarser than equality almost
everywhere, in general |10, 3431I] [21].

Although L*°(f) is in general only o-normal and not normal, this problem
does not occur if f maps from a compact localizable space to a strictly localiz-
able space, because this would contradict [1T] 451Q]|ﬂ So we do not need add
anything to nullset-reflecting when working with Meas.

Once this is all set up, L>° and Spec form an equivalence Meas ~ CW*Alg®P.
As well as the “Gel’fand realization” Spec(A) of a commutative W*-algebra A,
there is also a “Maharam realization”. For each A there is a measure space Y

—

such that L>°(Y) = A such that Y = [[,,;(2", Bo(2%),7,) where v, is the
measure representing an independent sequence of x; fair Bernoulli trials, k; be-
ing a cardinal [I0, 332B]. Since Y is compact, complete and strictly localizable,
if we obtain this space for X € Meas, we have an isomorphism X = Y because
L™ is an equivalence.

3 (C(2¥)* in Terms of Measure Spaces

It seems common that, when introduced to C([0,1])**, people think it must
actually be something familiar. Usually people expect that it is one of L>°([0, 1]),
£°(]0,1]), or £([0,1]). It is none of these things, and the last one is not even
a W*-algebra. EI

However, with the techniques developed in this subsection we will eventually
be able to find a measure space (X, Xx,vx) such that C([0, 1])** = L*>°(X), i.e.
in the terminology of the previous section, we will find its “Maharam realization”.

We first require some general notions for normal states on W*-algebras.

Definition 3.1. If ¢ is a normal state on a W*-algebra A, the null projection
ng is defined as

ng = \/{p € Proj(4) | ¢(p) = 0},

and normality of ¢ implies ¢p(ny) = 0, which means it is the largest projection
mapping to 0. The support projection pg s

po = \p € Proj(4) | é(p) = 1}.

Normality of ¢ implies ¢(py) = 1, and we have py =1 — ng.

If ¢, are normal states, we say that they are orthogonal iff py and py are
orthogonal, and write ¢ 1 1.

An orthogonal family of normal states is a family {¢; }icr such thati # j € 1
implies ¢; L ¢;. O

8451P in earlier editions.
9See |19, §8.3 Theorem 14 (ii)] for this mistake being made by an author I hold in high
esteem. The error was pointed out in [16].
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The following lemma is well-known, and used for example in [33, VII The-
orem 2.7] to prove the existence of a faithful semi-finite normal weight on any
W*-algebra.

Lemma 3.2. Let A be a W*-algebra. Orthogonal families of normal states form
a poset under the relation of extension. An orthogonal family {¢;}icr of normal
states on A is mazimal iff \/;c;pg, = 1. Every orthogonal family of normal
states extends to a maximal family.

Proof. Tt is easy to verify that extension of families is reflexive, antisymmetric
and transitive, so this is left to the reader. We prove the characterization of
maximal orthogonal families of normal states as follows. Let {¢;}i;c;r be an
orthogonal family of normal states such that \/,.; py, = 1, and suppose that it
could be extended by a normal state v, orthogonal to ¢; for all ¢ € I. But since
Dy L pg, forall i € I, py L 1 so py =0, a contradiction.

In the other direction, suppose that {¢;};cs is a maximal orthogonal family
of normal states. Let p = \/,.; pg,, and suppose for a contradiction that p < 1,
and define ¢ = 1 —p. If ¢(q) = 0 for all normal states ¢, then this is true for all
1 € A, contradicting the fact that A is isomorphic to the dual of A,. So there

exists a state ¢ such that ¢(q) > 0. We define v : A — C by ¢(a) = ¢(;‘f;;1).

It is then easy to verify that 1 is a normal state on A such that 1(¢) = 1, and
therefore ¢ L ¢; for all i € I, contradicting the maximality of {¢;}icr.

To prove that each orthogonal family of normal states extends a maximal
family, all we need is Zorn’s lemma, and the fact that the union of a chain of
orthogonal families of normal states is an orthogonal family of normal states,
which is easily proved. O

We require the following lemma to simplify some algebra in the next proof,
which we have made external because it is used twice.

Lemma 3.3. Let A, B be involutive vector spaces, and f,g : A — B C-linear
maps. If f and g agree on self-adjoint elements of A, then f = g. This also holds
if f,g are both C-antilinear, because a C-antilinear map A — B is a C-linear
map A — B.

Proof. Let a € A. We can write ag = ‘”’Ta and ag = “5;’*7 which are both
self-adjoint, and then a = ax + iag. Then

fla) = flap +ias) = flaw) +if(as) = g(an) + ig(as) = glan +ias) = g(a).

O

*%

We can now relate, for any compact Hausdorff space X, the algebras C'(X)
and £>(X), where we use the Baire o-algebra Ba(X).

Definition 3.4. Let X be a compact Hausdorff space, which we equip with
the Baire o-algebra when it is being treated as a measurable space. Let M(X)
denote the Banach space of bounded complex-valued measures on X with its
total variation norm [10, 326Y (e),(m)]. Then define sx : M(X) — C(X)*, by
taking for each v € M(X) and a € C(X):

sx()(a) = /X adv.
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By the complex version of the Riesz representation theorem, this is an isometric
isomorphism of Banach spaces. We use tx : C(X)* — M(X) for the inverse.

We can therefore define a map Bx : L®(X) — C(X)** by taking for each
a€ LX) and ¢ € C(X)*:

By (a)(9) = /X adix (),

so in particular for v € M(X) we have

5x(@)(sx () = [ adv
X
The map Bx 15 a o-normal unital *~homomorphism. The diagram

O(X)—> £=(X) (3.5)

I

commutes, i.e. Bx agrees with nx when restricted to continuous functions.

Proof. We first have to show that Sx(a) is a bounded linear map C(X)* — C.
Since the maps sx,tx arising from the Riesz representation theorem are linear,
and integration is linear in the measure, we have for all a € £L°(X), a € C and

61,0 € C(X)*
Bx(a)(ady + o) = / adtx (a1 + ds)
X
- / adatx(é1) + tx (¢2)
X

:Oz/ ath(¢1)+/ ath(¢2)
X X
= afx(a)(¢1) + Bx(a)(¢2),

so fx(a) is linear. If a is a bounded real-valued measurable function and v a
bounded real-valued signed measure, then | [ adv| < |lal|||v|. Therefore, by
splitting into real and imaginary parts we have | [ adv| < 4a||||v]| wherm
a € LX) and v € M(X). Since tx is an isometry, this proves that Sx(a) is
a bounded linear functional on C(X)*.

The linearity of Bx itself follows from the linearity of integration, and the o-
normality of By is a standard application of the dominated convergence theorem.

By the definition of sx and tx coming from the Riesz representation theo-
rem, for all a € C'(X) we have

Bx (a)(6) = / adix (9) = 6la) = nx (a)(6),

X

which proves that (3.5) commutes, and also that Sx is unital.

10The constant 4 can be improved to 1, but we do not require this so it isn’t worth the
effort.
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We aim to show that Sx preserves the x, which is the same as Sxo-* = -*obx.
As these are both C-antilinear maps £>°(X) — C(X)**, by Lemmal[3.3]it suffices
to very this on self-adjoint (i.e. real-valued) elements a € £(X). So we aim
to show that Bx(a*) = Bx(a)*. Since these are C-linear maps C(X)* — C, by
Lemma it suffices to verify this for self-adjoint ¢ € C'(X)*. We then have

By (a*)(6) = fx (a)(6) = / adix(4),

X

and

Bx (@) (6) = Bx (@(#) = B@)(@) = / adix (),

b'e
and these two are equal, because the integral of a real-valued function by a
real-valued signed measure is real. This proves that Sx preserves the .
We show that Sx preserves multiplication as follows. We aim to show that
for all a,b € L>(X), Bx(ab) = Bx(a) < Sx(b). We start by evaluating the right
hand side at an arbitrary ¢ € C(X)*:

(Bx (@) < Bx (B)) () = Bx (a) (Bx (b) <6)
- /X adx(Bx(b) <9)

We also evaluate the left hand side, but first recall that for v € M(X), if
b€ LY(X,v) we can define the bounded complex measure b - v

b-v<S>=/ xsdv,
X

where S € Ba(X). It follows by a routine linearity and dominated convergence
argument that for all a € £°°(X) we have

/adb-uz/abdy.
X X

ﬁX(ab)(qﬁ):/Xabdtx(¢):/xadb-tx(¢).

In order to prove that this is equal to [, adtx(Bx(b) <), for all a € L®(X),
it suffices to verify it for all a € C(X). So let a € C(X), and by the Riesz
representation theorem

/ adx (Bx (b) <) = (Bx (b) < 6)(a) = Ax (B)(é<a) :/ bdix (<),
X X

While

So

/Xadb-tx(¢):/Xabdtx(¢):/Xbadtx(qb):/xbdwtx(qb).

Again, to verify this for all b € £°(X), it suffices to verify it for all b € C(X),
so let b € C(X), and by the Riesz representation theorem

/bth(qzﬁqa):(qbqa)(b):gb(ab):/ abdtx (6),
X

X

as required. All together, this shows that Sx is a o-normal unital *-homomorphism.
O
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Proposition 3.6. Let X be a compact Hausdorff space and v a Baire probability
measure. Recall that we define

I(v) = {a € L2(X) | v(a™ (C\ {0})) = 0}

and this is a closed *-ideal and L™ (X,v) = L>®(X)/Z(v) which is a W*-algebra
with predual L*(X,v). Writing q : L2(X) — L®(X), and qo for its restriction
to C(X) we obtain a commuting diagram

O(X) s LX) — X5 O(X)* (3.7)
L™(X,v)

Let ¢ = ev(sx(v)) be the normal state on C(X)** defined by v (where ev is the
evaluation map C(X)* — C(X)***). The kernel projection of ¢o (see Proposi-

tion is exactly the null projection ng of ¢ (recall Definition , Therefore
do restricts to an isomorphism pyC(X)**py = L= (X, v).

Proof. The fact that L>°(X) is a W*-algebra with predual L'(X) is a standard
fact [9, 243G Theorem, 243K] [32] III, Theorem 1.2 (iii)].

By definition the left triangle of (3.7)) commutes, and the outer triangle com-
mutes because Bx|c(x) = nx (by and the universal property diagram for
nx (2.31). Therefore the right triangle commutes when ¢ and Sx are restricted
to C(X). The map ¢y o Bx is o-normal, because ¢y is normal (Definition
and By is o-normal (Definition [3.4). The map ¢ is o-normal because Z(v)
is closed under bounded monotone suprema of sequences. Since every bounded
Baire function on a compact Hausdorff space can be obtained by taking iterated
monotone increasing or decreasing limits of sequences starting with continuous
functions, this proves that ¢ = ¢p o Bx on all of L (X).

Taking ¢ = ev(sx(v)), the normal state on C'(X)** defined by v, we aim to
show that the kernel projection of ¢y is the null projection of ¢. It suffices to
show that for any projection P € Proj(C(X)**) we have ¢(P) = 0iff §o(P) =0,
because then the null projection and the kernel projection are the least upper
bound of the same set of projections.

Define 9 : L*°(X,v) — C to be the normal state on L>°(X,v) defined by v,
so Y([a]) = [y adv for a € L>(X). It is obvious that ¢f (¢) =1 o gy = sx(v).
Now, if go(P) = 0, then it follows that ¥(do(P)) = 0. By definition

P(P) = ev(sx(v))(P) = P(sx(v)) = P(q§ (¢)) = ¥(4o(P)) = 0,
using for qq.

In the other direction, suppose that ¢(P) = 0, and we aim to show that
do(P) = 0. To prove this, since L' (X, v) is a predual for L> (X, v), it suffices to
show that for all a € £!(X,v) that [ go(P)adr = 0. In turn, by applying the
dominated convergence theorem and the fact that every v-integrable Baire func-
tion occurs by iterating pointwise limits of continuous functions on X, it suffices
to show that for all a € C(X), [y qo(P)adv = 0. If we let ¢, : L°(X,v) = C
be the normal linear functional defined by ), (b) = [ + abdv, then we have by
2-32)

/X do(P)adv = va(@o(P)) = P(q5 (1))
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and we see that for all b € C'(X)

@ﬂ@<@@=sﬂwmw=/¥ww=¢a%w»=ﬁwa@,

X

so continuing the previous equation and using the Arens product identities (Def-

inition
/X Go(Pady = P(qf (1)) = P(sx () aa) = P(sx (1) b ev(a))
= (ev(a) > P)(sx(v)) = é(ev(a) > P).

By the Cauchy-Schwarz inequality for states |5, 2.1.2 (2)] (this time writing the
product on C(X)** by juxtaposition):

[p(ev(a) P)* < ¢(ev(a)ev(a)*)o(P?) = ¢(ev(a)ev(a)*)$(P).

Since by the initial assumption ¢(P) = 0, we have ¢(Pev(a)) = 0,s0 [ go(P)adr =
0. As discussed, since this holds for all continuous a this implies ¢o(P) = 0.
It then follows that gy restricts to an isomorphism pyC(X)**py = L™ (X, v)

by Proposition 2.17] O

Proposition 3.8. Let X be a compact Hausdorff space and vy,vy be Baire
probability measures on X, and write ¢1, ¢o for the corresponding normal linear
functionals on C(X)** defined by the Riesz representation theorem, so ¢; =
ev(sx(v;)) (for i € {1,2}, where ev : C(X)* — C(X)*** is the evaluation
embedding). We have ¢1 L ¢o iff there exists S € Ba(X) such that v1(S) =1
and v2(S) = 0.

Proof. Suppose there is such an S € Ba(X) such that v4(S) =1 and v,(S) = 0.
Then Bx(xg) is a projection in C(X)**, and for all ¢ € {1,2}:

$i(Bx (xs)) = ev(sx (1)) (Bx (xs)) = Bx (xs)(sx (1)) = /X xs dvi = vi(S)

So ¢1(Bx(xs)) =1 and ¢2(Bx(xs)) = 0. So (by Definition P, < Bx(xs)
and pg, < 1— Bx(xs), and therefore ¢; L ¢.

Now suppose that ¢ L ¢s. Define v = %1/1 + %VQ. The map ¢ : L2(X) —
L>(X,v) is surjective, as it is a quotient mapping. For a set S € Ba(X), we
have v(S) = 0 implies 14 (S) = 1,(S) = 0, by positivity, so v1,v2 < v. For
each probability measure v such that v’ < v and we can define a normal state
s% (V") on L*>°(X,v) by

50 (ala)) = [ adv,

X

where the well-definedness of this follows from v/ < v.
We define P; = supp(¢1) and by surjectivity of the quotient map there exists
S € Ba(X) such that ¢(xs) = go(P1). For each i € {1,2} we have

vi(S) = /X Xs dvi = s (vi)(q(xs)) = s (vi)(qo(F1)) = Pi(qg (sk (v3)))-
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Then for each a € C'(X) we have

a3 (5% (vi)) (@) = 8% () (q0(a)) = / adv; = sx()(a),

X

so
vi(9) = Pi(sx(vi)) = ¢i(P1),
and since ¢1 L ¢o we have v1(S) = ¢1(P1) =1 and v5(S) = ¢o(P) = 0. O

Theorem 3.9. Let 2* be the Cantor space, v, the probability measure defined
by a sequence of independent fair coin flips. Then

C(29) = = e=(29) x [] =2, ve)

1€2%

If we let vy be the discrete counting measure on P(2¥), we therefore have an
isomorphism between C(2¥) and L™ (X), where the measure space X is defined
as

—

X = (QM,P(2w)a Vd) + (2w X 2w780(2w) ® 7)(20.7)’ Ve ® Vd)a

where 87(2\“’) s the completion of the Borel sets of 2“ for the measure v, and
® 1s the c.l.d. product of Fremlin [9, Definition 251F].

For any uncountable compact metric space Y, C(Y)** = C(2¥)**, so this
also describes C(Y')**.

Proof. We first find an orthogonal family of normal states on C(2¥)**. We
start with (0;)zeow, the d-measures. If z1,29 € 2 are distinct points, then
0z, ({x1}) = 1 and §,,({z1}) = 0, so the corresponding family of normal func-
tionals on C'(X)** is orthogonal (Proposition [3.8)).

By Lemma[3.2] this family extends to a maximal one, so there is a family of
Baire probability measures (1;);c; on 2% that are each orthogonal to every state
defined by (0;)ze2~ and mutually orthogonal. It follows that for all z € 2¢,
there exists a Baire set S € Ba(2¥) such that §,(S) = 1 and v;(S) = 0. This
implies « € S so v;({x}) =0, i.e. each of the measures vanishes on singletons.
It follows [18, Theorem 17.41] that for each ¢ € I, there is a measure-preserving
Borel isomorphism (2¥,v;) = (2¥,v.), where v, is the fair coin-flip measure
restricted to Borel sets (which are the same as Baire sets for 2¢). So it remains
to prove that we can take I = 2¢.

We have an upper bound on the cardinality of I. The state space of C'(2)
is metrizable and separable, so has cardinality < |[NY| = 2%0. Therefore there
cannot be > 2% orthogonal normal states on C(2%)** because there are only
2% normal states at all.

We now find a family of Baire measures on 2¢ of size continuum. For each o €
(0,1), let v, be the Baire measure on 2* representing a sequence of independent
Bernoulli trials taking the value 0 with probability « and 1 with probability 1—«
(so v = v1). Each of these measures assigns probability 0 to every singleton,
so they are all orthogonal to all the measures in (J;)zeo-. Consider the sets

o aln)

Sa:{a€2“’
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By the strong law of large numbers [8, VII.8 Theorem 1], these are Borel subsets
of 2 and v,(Sa) = 1 for each o € (0,1), but the two occurrences of o have
to match. Since the limit of a sequence in [0,1] has at most one value, it is
clear that if a # o' then S, NSy = 0, 50 Vo (Sa) = 0. S0 (Va)ac(o,1) i a
family of orthogonal measures of cardinality 2% (Lemma . By extending
it to a maximal family, we get a maximal orthogonal family of Baire measures
(02)ze2e X (Vi)icaw-

We write (p°®),eow for the support projections of the normal states corre-
sponding to (0;)zeaw and (p¥i);c2+ for the support projections of the normal
states corresponding to (v;);c2«. By Theorem we have isomorphisms

c(2v)* ~ H %= C(29) o= x H priC(2%)* * p¥i Theorem 2.12]
re2vw 1€2%
= H L>(2%,6,) x H L>(2¥ ;) Proposition [3.6
weaw i€2v
=[] cx [ =@ v) [18, Theorem 17.41]
we2w ic2w
= 02(2¢) x [ 224 we).
ic2v

To get this in the form of L*> of a complete compact strictly localizable mea-
sure space, it suffices to take [[ .o ({7},02) + [1;c00 (2%, V), where U, is the
(Lebesgue) completion of the Borel measure v,. This is isomorphic to (2¢,v4) +
(2¥ x 2% 14 ® U,), where we use ® to represent Fremlin’s c.l.d. product [9]
Definition 251F], which by definition is complete, and is strictly localizable and
compact if the spaces being multiplied are [9, 251N Proposition] [I0, Proposi-
tion 342G (e)]. It follows from [9, 251N Proposition| that the c.l.d. product of
a space by the counting measure on X is the same as the X-fold coproduct [9]
251X ().

Finally, if X is an uncountable compact metrizable space, it is an uncount-
able Polish space, so there is a Borel isomorphism f : X — 2¢ [I8 Theorem
15.6]. For each v € M(X), we can define the pushforward f.(v) € M(2¥)
by f.(v)(S) = v(f~1(S)), and this gives an isometric isomorphism of Banach
spaces f, @ M(X) — M(2¥). Using the Riesz representation theorem and
dualizing gives an isometric isomorphism f7 : C(2¥)** — C(X)**. If two com-
mutative C*-algebras are isometrically isomorphic, then they are *-isomorphic,
by the Banach-Stone theorem [3, IV Theorem 2.1][] O

In the above, C(2¥)** was expressed as an (uncountable) union of standard
Lebesgue spaces. We remark that not all W*-algebras can be expressed as
such. Consider (¢>°)**. The predual of it is (¢*°)*, and we have Spec(¢*°) =
B(N). In a stonean space, such as B(N), every convergent sequence is eventually
constant, so if a point has a countable neighbourhood base, it must be an isolated
point. Therefore 5(N) \ N is nowhere first-countable, so there is an embedding
2%y B(N) \ N C B(N), by the Cech-Pospisil theorem [I5} 7.19 Theorem|, and
therefore an embedding 2™ < Spec(¢>°). We can put the independent coin-
flipping measure on the copy of 2%* and have the complement of it be of measure

H1n fact this dual map is a *-isomorphism, but since we only need an isomorphism, we take
this short cut.
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zero. This gives a probability measure on Spec(£*°(X)) of Maharam type Ny,
so cannot be expressed using standard Lebesgue spaces, which have countable
Maharam type.

In fact it is possible to improve the above and show that if A is a commutative
W*-algebra then there is a state ¢ € A* such that, letting pg be the support
projection, the complete Boolean algebra Proj(psA**ps) has Maharam type
> oo, However, we leave this out for reasons of space.

4 Monadicity of W*-algebras

The construction of the comonad in Section [B] uses the fact that commutative
W*-algebras are monadic over unital commutative C*-algebras. Since it is useful
to have around, we will prove this for the noncommutative case as well.

For the convenience of the reader, we state here some different types of
coequalizer that we will be using.

Definition 4.1. In a category C, a parallel pair is a pair of maps f,g: X =Y,
i.e. with the same domain and codomain. A reflexive pair is a parallel pair
fig: X =Y such that there exists a common section/right inverse r : Y — X,
ie. for=1idy = gor. A reflexive coequalizer is a coequalizer ¢ : Y — Q of a
reflexive pair. O

Definition 4.2. In a category C, a split fork is a diagram

4>f h
X" Y——>7
%g S

such that ho f = hog, for =idy, hos = idgz, and gor = so h [20,
VI.6]. The first three conditions can be described as (Z,h) is a cocone on (f,g),
r is a section of f and s is a section of h. In a split fork, (Z,h) is actually a
coequalizer of (f,g), and we call it a split coequalizer when viewed as such. O

We first show that W*Alg and CW*Alg have coequalizers and that reflex-
ive coequalizers are preserved by the forgetful functors to the corresponding
categories of positive unital maps.

Proposition 4.3. Let f,g: A — B be a parallel pair in W*Alg. Define
N = {f(a) - gla) |a€ A} C B.

This is a linear subspace, invariant under *. Define I to be the smallest weak-*
closed *-ideal containing N (possibly the improper ideal B itself). The quotient
mapping q : B — B/I is the coequalizer of f and g in W*Alg. If B is commu-
tative, so is B/I, so this construction also gives coequalizers in CW*Alg.

If f,g form a reflexive pair with common section r : B — A, then N is al-
ready a *~ideal, so I is the weak-* closure of N. In this case, A/I is a coequalizer
in W*Algpy, and in CW*Algpy if A, B are commutative.

Proof. We start by proving that NV is a linear subspace of B. If we have two
elements of N, they are of the form f(a1) — g(a1), f(az) — g(az) for aj,as € A,
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and so if we take a scalar o € C we have:

a(f(a1) — g(ar)) + faz) — glaz) = f(aar) — g(aar) + f(az) — g(az)
= flaay + a2) — g(aay + as),

so N is a linear subspace of B. For any f(a) — g(a)

fla) —g(a))” = f(a)" —g(a)" = f(a®) — g(a®),

so N is invariant under .
Skipping ahead, if r : B — A is a common section of f, g making them into
a reflexive pair, we show that N is a *-ideal. If b € B and f(a) —g(a) € N, then

b(f(a)—g(a)) = bf(a)—=bg(a) = f(r(b))f(a)—g(r(b))g(a) = f(r(b)a)—g(r(b)a),

so N is closed under left multiplication in B. It follows from the invariance
under * that we already proved that N is also closed under right multiplication
in B and is a *-ideal. Since multiplication is separately weak-* continuous and
the -* operation is weak-* continuous, the weak-* closure cl (IV) is also a *-ideal,
and is therefore the smallest weak-* closed *-ideal containing N.

Returning to the general case, define

J= {Zn: bib),
1=1

Then since B is unital we have N C J, and J is clearly a linear subspace of B,
it is invariant under * because N is, and it is closed under left multiplication by
elements of B on the left, so is a *-ideal containing N. Since *-ideals are right
ideals as well, any *-ideal containing N contains .J, so it is the smallest *-ideal
containing J, and the weak-* closure I = cl(J) is the smallest weak-* closed
*_ideal containing N.

The quotient B/I is a W*-algebra and ¢ : B — B/I is a normal unital *-
homomorphism (Proposition, and it follows that if B is commutative then
so is B/I.

Returning to the reflexive case, suppose C' is a W*-algebra and h : B — C
a normal positive unital map such that ho f = hog. For each f(a) —g(a) € N,
we have

a € N,b;, b, EB}.

h(f(a) — g(a)) = h(f(a)) = h(g(a)) = 0,

so h vanishes on N, and since it is normal, it vanishes on I = cl(N). It
follows that the map h : B/cl(N) — C defined by h(q(a)) = h(a) is well-
defined and linear, and if A is unital, so is & because the unit of B/I is g(1).
It is also immediate that h o g = h. A positive element of B/I is of the form
q(b)*q(b) = q(b*b) for some b € B and is therefore the image of a positive
element of B. So h(q(b*b)) = h(b*b) which is positive because h is a positive
map. So h is a PU map.

To prove h is normal, let (x;)ier be a net in B/I converging to x € B/I in
the weak-* topology. Recall that there is a unique central projection p € B such
that I = pAp, and that g|,. 4,1 : ptApt — B/I is a normal *-isomorphism of
W+-algebras (see Proposition. Using this isomorphism backwards gives a
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net (b;);cr in B converging to b € B in the weak-* topology such that ¢(b;) = x;
and ¢(b) = . Then, since h is normal:

h(z:) = h(q(b:)) = h(bi) — h(b) = h(q(b)) = h(),

so h is weak-* continuous, i.e. normal. For the uniqueness part of the universal
property, suppose that k : B/I — C is a normal PU-map such that ko g = h.
Since ¢ is surjective, k = h.

Returning again to the general, non-reflexive case, let C' be a W*-algebra
and h : B — C a normal unital *-homomorphism such that ho f = hog. As
before, h vanishes on N, and we see that for each b,’ € B and x € N, we have

h(bab') = h(b)h(z)h(V') = h(b)Oh(V') =0,

so h vanishes on J, and by normality, on I = cl(J). We can therefore define
h as before on B/I, and it is well-defined, linear, unital, normal and hog = h
with essentially the same proofs. Given b, € B we have

h(a(0)a (b)) = h(a(bb')) = h(b') = h(b)A(V') = h(g(b))h(a(¥)),

so h preserves multiplication, and the proof that it preserves the x is similar.
The uniqueness part of the universal property follows from the surjectivity of ¢
again. O

The importance of the latter part of the proposition above comes from the
fact that neither W*Algp; nor CW*Algpy has coequalizers of all parallel pairs.

Proposition 4.4. Let A, B be W*-algebras and f,g: A — B be a reflexive pair
(Deﬁnition with common section r : B — A, such that either (f,g) has a
split coequalizer in C*Alg or (Ball(f),Ball(g)) has a split coequalizer in Set.
Then N, as defined in Pmposition@ is already weak-* closed, so is a W*-ideal,
i.e. a weak-* closed *-ideal in B.

The quotient mapping q : B — B/N is a coequalizer of (f,g) in both W*Alg
and C*Alg, and, if the algebras are commutative, in CW*Alg and CC*Alg as
well. Additionally, Ball(q) is a coequalizer of (Ball(f),Ball(g)) in Set.

Proof. We already know from Proposition that N, as defined there, is a
*-ideal, and we get the coequalizer in W*Alg (and in CW*Alg if B is commu-
tative) by taking B/cl(N), where the closure is in the weak-* topology. So we
move straight on to showing that N is already weak-* closed.

If f,g: A — B in W*Alg has a split coequalizer in C*Alg, we can apply
Ball to it to get a split coequalizer in Set of (Ball(f),Ball(g)), so we work in
that situation

Ball(f)

h
Ball(A) <" Ball(B) ———= 7,
Ball(g) )

which is to say, hoBall(f) = hoBall(g), Ball(f) or = idgay(p), hos = idz, and
Ball(g) or = s o h.

To avoid tedious repetition, whenever we refer to topological notions on A
or B in the rest of the proof, we always mean the weak-* topology. We make
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the following definitions:

R = {(f(x),9(z)) | € Ball(4)} C Ball(B) x Ball(B)
S =RoR®

d:BxB— B

d(b1,b2) = by — by

D =d(S) = {b1 — by | Ja1,a2 € Ball(A).f(a1) = b1, f(az) = b2, g(a1) = g(az)},

where we used composition of relations to define S in terms of R.

It follows from a basic fact [I, p. 101, Exercise (SPO) (e)|] about split
coequalizers in Set that S is the equivalence relation defined by h, i.e. h(y;) =
h(yz) iff (y1,y2) € S. We start by proving some facts about S. First, observe
that since R = (f,g)(B(E)), R is the continuous image of a compact space
and therefore compact. Since the relational converse of a compact relation is
compact, and the composite of compact relations is compact, it follows that S
is compact. Since R is also the image of a convex set (Ball(A4)) under a linear
map, it is convex, and therefore S is a convex set, being the relational composite
of convex relations.

The rest of the proof relies on the following fact, based on a lemma due to
Swirszez [30, Lemma 4.2.2 (IV)]. If by, by € S and « € [0, 1), then

(bl,abl + (1 — Oé)bg) € S implies (bl,bg) es. (45)

We prove it as follows. Let ap = inf{ex € [0,1) | (b1, ab1+(1—a)bs) € S}, which
exists by the assumption that any such « exists at all. Define b = apby + (1 —
ap)ba, and since o is an infimum and S is closed, (b1,b) € S. It follows that
there exist aj, a € Ball(A4) such that f(a;) = b1, f(a) =band g(a;) = g(a). We
can also define as = r(bz) so that f(az) = ba. Then

flapgar + (1 — ap)as) = apby + (1 — ap)be = b,
flaga+ (1 — ag)as) = agb + (1 — )by = adby + (1 — ad)by,
g(agar + (1 — ag)az) = apg(ar) + (1 — ap)g(az) = ang(a) + (1 — ag)g(az)
= g(aoa + (1 — ap)az).

So we have (b, a3b; + (1 — a3)by) € R, and therefore it is also in S, and since
S is a transitive relation (being the equivalence relation defined by h), we have
(b1, adby + (1 — ad)ba) € R. If ap > 0 then we would have a contradiction at
this point because a3 < ag, so ag = 0 and therefore (by,b2) € S.

We now show that the equivalence relation defined by IV, when restricted to
Ball(B), is the same as S. That is to say, for all by, by € Ball(B), (b,b3) € S
iff by — by € N. For the forward implication, if (by,bs) € S, then by definition
there exist a1, as € Ball(A) such that f(a1) = by, f(a2) = bs and g(a1) = g(as).
So

flar = az) — glar — az) = f(a1) — f(az) — (9(a1) — g(az)) = by — b2 — 0.

Since the left hand side is an element of IV, this shows that by — by € N.
In the other direction, suppose that by, by € Ball(B) with by — by € N, so
there exists a € A such that by —b2 = f(a)—g(a). If ||la|| > 1, define v = ||a|| and

a' = £, otherwise define v = 1 and @’ = a. In either case we have a’ € Ball(A)
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and a = va'. Define b3; = f(a') and b3 2 = g(a’), so (b31,b32) € R C S, and
b1 — by = y(bs1 — b3,2).
Given 8 € [0,1), we define

bi1,8=p0b1+ (1 —B)bsq
bi2,s = Bb1 + (1 —B)b32
ba2,8 = Bba + (1 — B)bs 2.

Since S is convex and a reflexive relation, we have (b11,3,b123) € S for all
B € 10,1). We now find an alternative definition of by 2 g in terms of by 1 5 in
order to apply (4.5). We see that

biag —biop=(1—p)(b31 —b32) and
b2, —b22p=B(b1 —ba) = By(b31 — b32),

so since f < 1 we have by o8 —ba2 s = %(bl,l,ﬁ —b1,2,8). If we rearrange this
using the fact that 0 < 5 < 1 and v > 1 we get

2,2,8

1-5
b
1,1,ﬂ+17ﬂ+57

__ P
R R

so by defining ag = kﬁﬁilﬁw we have b1 23 = agbi1,8 + (1 — ag)be2 s where
ag €[0,1), for all 5 € [0,1). Since S is a reflexive relation, (b1,1,8, agbi,1,8+(1—
ag)ba2s) € S, s0 by ([EH), (b1,1,5,b2,2,5) € S for all B € [0,1). By the continuity
of addition and scalar multiplication, b; = limg_,1 b1,1,8 and by = limg_,1 b2 2 8.
Therefore (by,b2) € S, because S is closed. This concludes the proof that the
equivalence relation defined by N agrees with S when restricted to Ball(B).

We now prove that N is closed. By what we have just proved, if (b1, b2) € S,
then by — b2 € N, so D C N and therefore Ball(B) N D C Ball(B) N N. To
prove the converse inclusion, suppose b € Ball(B) N N. Then b € Ball(B) with
b—0=0be€ N, so by what we proved in the previous paragraphs, (b,0) € S, so
b=b—-0€D.

Since D is the continuous image of S, it is compact, so Ball(B) " N =
Ball(B) N D is compact, and therefore closed. By the Krein-Smulian theorem
[27, TV.6.4 Corollary], N is closed. Since the weak-* topology is coarser than the
norm topology, N is also closed in the norm topology. It follows that the quotient
mapping ¢ : B — B/N is a coequalizer of (f,g) in both W*Alg and C*Alg (by
Proposition , and if A, B are commutative then it is a coequalizer in both
CW*Alg and CC*Alg. We also have that Ball(g) : Ball(B) — Ball(B/N) is
the coequalizer of (Ball(f),Ball(g)) in Set because for all by, by € Ball(B):

q(bl) = q(bg) S b —beNs (bl,bg) c S7

which is the equivalence relation we quotient by to define the coequalizer in
Set. O

Theorem 4.6. The forgetful functors U : W*Alg — C*Alg, V = Ballo
U : W*Alg — Set and the restrictions U : CW*Alg — CC*Alg and V :
CW*Alg — Set are monadic.
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Proof. By Corollary[2.6]U reflects isomorphisms. We also have that if f : A — B
is a unital *-homomorphism of W*-algebras such that Ball(f) is an isomorphism
in Set, and therefore bijective, then by rescaling elements to be in the unit ball
we see that f is bijective and so is a *-isomorphism. This means that V reflects
isomorphisms as well. By Proposition [£.4] it then follows from Barr and Wells’s
version of Beck’s monadicity theorem [Il, Theorem 3.3.14] that U and V are
monadic, i.e. the comparison functor is an equivalence. O

We needed Barr and Wells’s stronger version of Beck’s monadicity theorem
where we are allowed to assume the coequalizers are reflexive in order to ensure
that N was a *-ideal.

We note the following corollary, because it seems to be previously unknown.

Corollary 4.7. The categories W*Alg and CW*Alg are exact (in the sense
of Barr).

Proof. They are monadic over Set, and in Set every regular epimorphism splits,
so by [22, Theorem 2.6] they are exact categories. O

5 A Comonad and a Monad

We start by looking for a left adjoint to the inclusion CW*Alg — CW*Algpy,
to play the role of C oS in (2.21). If we are starting with an enveloping algebra
A** already, then for B € CW*Alg:

CW"Algpy(A™, B) = CC"Algpy (A, B) = CC'Alg(C(S(A))., B)
~ CW*Alg(C(S(A))™, B), (5.1)

and these isomorphisms are natural in B. The isomorphisms are probabilis-
tic Gel’fand duality in the middle and the universal property of enveloping
Wr-algebras on either side. If all W*-algebras were isomorphic to enveloping
algebras, we could finish here, but unfortunately this is not so. However, each
W*-algebra A is canonically the quotient of A**, and left adjoints preserve col-
imits so we pass the construction down from A** along this quotient. It is
possible that an argument similar to that used in [34] Example 14] could work,
using the solution set condition, but the construction used here is more direct, as
it involves only double dualization and reflexive coequalizers instead of general
colimits.

Theorem 5.2. The inclusion I : CW*Alg — CW*Algpy has a left adjoint F.
We write H = FI : CW*Alg — CW*Alg for the corresponding comonad. The
coKleisli comparison morphism Ky : K¢(H) - CW*Algpy is an isomorphism
of categories.

Proof. Let A be a unital commutative C*-algebra. We can find a commutative
W*-algebra with the universal property for a left adjoint evaluated at A** by
the following isomorphisms, natural in B € CW*Alg:

CW*Algpy(A™, B) =2 CC*Algpy (4, B) Definition [2.30]
=~ CC*Alg(C(S(4)), B) ([2.27)

>~ CW*Alg(C(S(A))*", B) Definition 2.30]
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Write CW*Algpy? for the full subcategory of CW*Algpy on double duals
of unital commutative C*-algebras. Since for each A** € CW*Algpy" we
have an object C'(S(A))** with the universal property of a left adjoint to I,
the proof (but not the statement) of the usual theorem relating different def-
initions of adjunction [20, IV.1 Theorem 2| proves in this case that we can
build a functor FO : CW*Algpy” — CW*Alg, with FO(A™) = C(S(A)),
and a natural isomorphism CW*Algpy(-,-) =2 CW*Alg(F°(-),-), as functors
(CW*Algpy?)P x CW*Alg — Set.

Since CW*Alg is monadic over CC*Alg, the canonical presentation of A €
CW+Alg

/AKA

P
Na

A****
—_—

o
€A

AF* €A A

is a reflexive coequalizer, where € and 7 are the counit and unit from Definition
(this is essentially what was proved in Proposition and Theorem [4.6]).

Let R be the “walking reflexive pair”, i.e. the category with two objects
X,Y, two morphisms f,g : X — Y and one morphism r : Y — X such that
for =gor =idy. Then for any category C, the functor category C* is the
category of reflexive pairs. Since CW*Alg is monadic over CC*Alg, there is a
functor Pres : CW*Alg — CW*AlgR mapping each object to the reflexive pair
from its canonical presentation, and taking a morphism f: X — Y to the pair
of morphisms (f, f). For notation, we will simply write the triple of functions
that form the reflexive pair, so Pres(A) = (€%, €a=,n%"). It is apparent that
the image of Pres lies in CW*Algpy”, because each object is a double dual.
We write Coeq for the functor mapping reflexive pairs to their coequalizers,
both for the one CW*Alg”™ — CW*Alg and the one from the full subcategory
of CW*Algpy™ on reflexive pairs from CW*Alg™ (which exists because of
Proposition . In the following proof we will also write Eq for the functor
Set™ — Set that maps a reflexive pair to its equalizer.

We define F': CW*Algpy — CW*Alg by F = Coeq o (F°)® o Pres. Then

we have

CW*Alg(F(A), B) = CW*Alg(Coeq(F°(e%), F'(ea-), FO (%)), B)
>~ Eq(CW*Alg(F (%), B), CW*Alg(F%(es++), B), CW*Alg(F°(n%), B))
= Eq(CW*Algpy(€y', I(B)), CW*Algpy(ea+, I(B)), CW*Algpy (4", [(B)))
=~ CW*Algpy(Coeq(ey', eas, 0y ), I(B))
~ CW*Algpy (A, I(B)).

naturally for A € CW*Algpy and B € CW*Alg.

Therefore H = FI is a comonad on CW*Alg. The coKleisli compar-
ison functor Ky : K{(H) — CW*Algpy is given on objects by I, which
is the identity, and on maps it is given by the isomorphism C¢(H)(A, B) =
CW*Alg(FI(A),B) = CW*Algpy(I(A),I(B)) = CW*Algpy(A4, B). So this
is an isomorphism of categories. O

The observation that an adjunction has an isomorphism for a coKleisli com-
parison functor iff the right adjoint functor is surjective was pointed out to the
author by Bram Westerbaan [34, Theorem 9.
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Theorem 5.3. There is a monad T : Meas — Meas such that K{(T) ~
CW*Algpy“P.

Proof. Combine Theorem[5.2]with Gel’fand duality for commutative W*-algebras
(Subsection , and the comonad H is mapped to a monad 7. We also get an
equivalence K4(T) = KI(H)°P =2 CW*Algpy“P. O

If necessary, we can evaluate the formulas implicit in the construction given
in Theorem|[5.2]and describe 7'(X) as a particular clopen subset of Spec(C(S(A))**),
but we omit this for reasons of space.

To relate this to what we said in the abstract, we have that Meas(1,T(X)) &
CWHAlg(H(L™(X)),L>*(1)) = CW*Algpy(L>(X),C). The latter is the set
of normal states on L>°(X), which by the Radon-Nikodym theorem is the image
of the probability density functions (positive L' functions with integral 1) under
the embedding of L!(X) in L>=°(X).

Be warned that Meas(1,Y) is not the same as the underlying set of Y. If
all singletons are measurable, it corresponds to the non-null singletons of Y, i.e.
the singletons of strictly positive measure.

We can also give a description of T(X) for X a countable set with the
counting measure.

Proposition 5.4. For any countable set X with at least two elements, equipped
with the counting measure, we have

—

T(X) = Spec(C(2*)*) = (2¥,P(2¥),va) + (2¢ x 29, P(2¥) ® Bo(2¢),v4 ® Uc)

with the definitions for the measure space on the right hand side as in Theorem

[3-9 If X is a singleton, then T(X) =1, and T(0) = 0.

Proof. For X a finite set, we have L>°(X) = CX, which is finite-dimensional,
so L (X) = L*®(X)** under the evaluation mapping. Therefore L*°(X) is in
the category CW*Algpy” of double dual commutative W*-algebras, from the
proof of Theorem so F(L*®(X)) = FY(L*®(X)) = C(S(L*°(X)))**. Now,
S(L>(X)) is the simplex with | X| vertices. If |X| > 2, this is an uncountable
compact metrizable space, so F(L>(X)) = C(2¢)** by Theorem [3.9] and there-
fore T(X) 2 (29, P(2), va) + (2% x 22, P(2) @ Bo(27), vg®1.). If | X| = 1, then
S(L*>(X)) is a singleton, so C(S(L>®(X))) 2 C(1) = L*>°(1) and T(X) = 1. If
X =0, then S(L*(X)) = 0 and C(S(L>(X))) = C(0) = L>((). Since the
only way to have L (X) = L*(() is for X to actually be emptyE we have
T(X)=0.

For X countably infinite, we recall the space ¢ C ¢*°(N) of convergent se-
quences, which is a C*-subalgebra of £>°(N), and we have the isomorphism ¢**
£°(N), known since the time of Banach. Therefore L>°(X) is also contained in
CW*Algpy” (up to isomorphism), so F(L*°(X)) = FO(L>®(X)) = C(S(c))**.
Since ¢ is separable, S(¢) is metrizable (and compact) in the weak-* topology,
and it is uncountable because it is a convex set containing more than two points.
Therefore C(S(c))** = C(2¥)** and we get the same result as in the case of a
finite set of at least two elements. O

12The definition of strictly localizable measure space that the author uses does not allow a
space all of whose measurable subsets have measure zero. One has to make such a convention
to get an equivalence involving functions between measure spaces.
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A Extra Statements Needed for Products and
Coequalizers of W*-algebras

In this section we give extra proofs needed to show that the product of C*-
algebras, applied to W*-algebras gives the product of W*-algebras, and the
predual is the ¢!-direct sum of the preduals. We also describe the quotient
norm relative to a closed subspace of a Banach space.

Let Ban; be the category with Banach spaces (over C) as objects and con-
tractions (linear maps with operator norm < 1) as morphisms.

Definition A.1. Let (E;);cr be a family of Banach spaces. The £>°-direct sum
of (E;)ier has underlying space the uniformly bounded families of elements of
(E:)icr, which is to say:

HEZ = {(xi)iel | z; € B; and Ja € Rzo.Vi S I||ml||E1 < a}.
el

The vector space operations are defined pointwise and the norm is:

[(zi)ierllry,., & = sup ||lzillg; -
el

This is a Banach space.

The maps m; : [[,c; Ei — E; defined by

mi((25)jer) = @i
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are contractions. If D is a Banach space, and (g;)ic1 a family of contractions
with g; : D — E;, then there is a unique contraction (g;)icr : D — [I,; E: such
that for alli € I, m;0{g;)jer = gi, which is defined by

(9i)ier(d) = (9i(d))ier-

So this defines the products in Ban;.

icl

Proof. To prove that [];.; F; is a normed space, it is easiest to show that the
set-theoretic product is a vector space, and the norm |-|| above can be defined
on it but takes infinite values. The space [],.; E; is the subspace where the
norm is finite. This proves that [],.; E; is a vector space and ||| is a norm at
the same time.

It is immediate from the definitions that each ; is linear and a contraction.
We prove that [][,.; E; is a Banach space as follows. Let (7;,)icrnen be a
Cauchy sequence. Then for each j € I, (z;n)nen is Cauchy because 7; is a
contraction, so there exists y; € E; such that (2;,)neny — y;. We aim to show
that (z;.5)icr,neny = (Yi)ier-

Let € > 0, and use the Cauchyness of (z;n)icrnen take an N € N such
that for all n,m > N, for all i € I we have [|2;, — z;,| < §. Suppose for
a contradiction that there exists n > N and ¢ € I such that ||z;, — vl > e
As (Zin)nen — ¥i, there exists N’ such that for all m > N', [|z;m — yil| < 5.
Taking m > max{N, N'}, we have

icl

€ €
lzim = yill < @i — Timll + 1T6m — will < B + 576
a contradiction. Therefore (z;n)icrnen = (Yi)ier-
Finally, let D be a Banach space, and (g;);cr a family of contractions with
gi + D — E;. Given the definition of (g;)icr : D — [[.c; Fi, we need to show
that it actually defines a contraction. So with d € D:

el

[{gi)icr(d)]| = sup|lg:(d)|| < sup||d]| = [|d]|,
el el

because ||g;|| < 1 for all ¢ € I. It is easy to verify that (g;);cs is linear, so this
shows that it is defined and a contraction. The uniqueness part of the universal
property is immediate from the definition. O

In the following case, and once again later, it is convenient to prove complete-
ness using the following lemma. There are various versions of it in the literature,
of different strengths and with various different assumptions. In my own work,
I first used a version of it in [I2, Lemma 2.2.15], where I had been badly unable
to prove certain facts without it. It often occurs without attribution, and may
date back to Riesz or Banach, or even earlier.

Lemma A.2. A normed space E is complete iff Ball(E) is o-convex.

Proof. 1t is not hard to show that the partial sums of a o-convex combination
form a Cauchy sequence, so Ball(F) for E a Banach space is o-convex. To prove
the converse, suppose that Ball(E) is o-convex, and let (x;);en be a Cauchy
sequence in . We first observe that Cauchyness implies that to prove that
(2;)ien converges it suffices to prove that a subsequence converges (to the same
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limit). So we replace (z;);eny With a subsequence such that ||z;11 — 2;]| < 27°
for all i € N.

Define y; = 2x7 and y;11 = 27 (2541 — ;). We have [Jy;41]| < 2071271 =2
and |ly1|| = 2||z1||, so the sequence (y;);en is contained in nBall(E) for some
n € N. By continuity of multiplication, nBall(F) is o-convex, so we can define
r=> 7,27, € E. Then

m 1 m—1 m—1
Z 27y =52+ Z 272 (g — ) = @ + Z (Zit1 = 2i) = T,
i=1 i=1 i=1

because the sum telescopes. Therefore z; — x, so F is complete. O

Definition A.3. The (!-direct sum of (E;);c; has underlying space the families
whose norms form a summable series, which is to say:

PE = {(xi)iel

icl

x; € E; and ZH%H& < oo}.

icl

The vector space operations are defined pointwise and the norm is:

I@ierll @ & =D llil

el il

E;-

This is a Banach space.

The maps k; : B; — @ E; defined by
iel

m(x)j:{x ifi=j

0 otherwise

are contractions. If F is a Banach space, and (g;)icr a family of contractions
with g; : E; — F', then there is a unique contraction [g;]icr : @, Ei — F such
that for all j € I, [gilicr © kj = g;, which is defined by

gilicr((;)er) = > gi(ws).

il
So this defines the coproducts in Ban;.

Proof. As in the proof of Definition consider @, ; E; as a subset of the
set-theoretic product, and consider the norm as being allowed to take the value
oo and P, ; E; the subset on which it is finite-valued. Then it is easy to show
that ||-|| is a norm and @,.; E; is a vector space at the same time.

We use Lemma to show that @, ; E; is complete by showing that the
unit ball is o-convex. Let (a,)nen be a sequence in R>q such that >~ 7 o, =1,
and take (2 ,)icrnen to be a sequence in Ball (P, ; E;). We aim to show that
> oo L an(@in)ier converges.

First, since for each n € N, ||(zin)icr]| < 1, it also holds that for each i € I,
lzinlle, < 1. So by Lemma for all 4+ € I the sum Y 2 | a;x;, converges
to some element y; € Ball(E;).

iel
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We have

I(aierl =Y lyill,

€1
o0
= E E AnTin
n=1

iel

i€l n=1

an
el

- ZanH xzn ZEI”

IN
M8 [
Q

3

I

—

Il
-

n

where we have freely used the continuity of the norm and various facts about
rearranging sums of nonnegative reals. Therefore (y;)ic; € Ball (,.; Ei). So
it remains to show that > ° | a;(zin)ier = (¥i)icr-

Let € > 0, and take N € N such that for all m > N such that 1 ,Zzlzl ay, <
€. Then for allm > N

i€l

(yz el — E an xin iel

n=1

=

el

-

icl

o0
<> Y alziale

1€l n=m+1
[eS)

= 2.
n=m+1 el
[eS)

Z an || (zin)ier|

n=m-+1

o0
< Z oy < €.

n=m-+1

Therefore P, ; E; is complete by Lemma

It is easy to show that for all i € I, k; is a contraction. So let I’ be a Banach
space and (g;);es a family of contractions g; : E; — F. We must first show that
for all (;)icr € @;c; Es, the sum defining (g;)ier((;)icr) converges. We see

Do llgill < D lgill - laillm, <Y llil

i€l icl icl

E anxz N E anxz ,n

n=1

E AnTin

n=m-+1

(xi)ier|l;

so the sum is absolutely convergent, and therefore converges in the Banach space
F. The same inequality will show that (g;);er is a contraction, once we know
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that it is linear. It is easy to prove linearity using linearity of the maps (g;)icr
and the ability to rearrange an absolutely convergent sum. It is clear that for
all j € I, (gi)icr ok = gj. If h: @,;c; Bi — F is a contraction such that for all
j €1, hokj = gj, then it is easy to show that h and (g;);cs agree on sequences
of finite support, and since these are norm-dense h = (g;)icy- O

Definition A.4. Let F' be a Banach space and E C F' a closed subspace. Define
the seminorm ||-||5(gy : F' — Rxq to be the distance from E, i.e.

1Yllsey = nf{lly — zllr | 2 € E}.

Define G = F/E and p: F — G to be the quotient map. Then ||-||¢ defined by

lpW)lle = llyllse),

is a well-defined norm on G making it into a Banach space and p into a con-
traction. We also have that for each z € G, for all € > 0, there is a y € F such
that p(y) = = and |lyllr < ||Zllc +e.

Given a vector space H and a linear map f : F — H such that E C f=1(0),
we can define f: F/E — H by

which is a well-defined linear map and the unique function such that fo q=1f.
If H is a normed space and f is bounded, then ||f|| < ||f|| and is therefore
bounded.

Proof. We first prove that ||-||5(g) is a seminorm. To show that it does not take
the value oo, we observe that as 0 € E, for all y € I we have ||y|lsz) < ||yllr-

If « =0and y € F, we have |layllsz) = [|0llscz) = 0 = 0[|yll5(&), because
0c€E. If o€ kand a # 0, then

leyllse) = nf{|lay — z[|lr | z € E}
=inf{aly — o 'z|F | x € E}
=ainf{|ly —z||r |z € a 'E}
=ainf{||ly —z||r |z € E}
= alyllse)-

Now let y1,y2 € F. For all € > 0, there exist x1,z2 € E such that ||y; —
zillr < lyillsc) + 5, where @ € {1,2}. Since x1 + 22 € E, we have

lyr + v2llscey < v + 2 — (21 4+ 22)|lp < llyr — 217 + ly2 — 22/lF
< Mlvillsce) + lyellse) + €

Since this holds for all € > 0, we have [jy1 + y2lsy < v1llscey + lv2llsce)
completing the proof that ||-||5g) is a seminorm.

As an intermediate step, we show that ||y|lspy = 0 iff y € E. Clearly if
y € E then [ly|5(gy = 0. For the other direction, suppose that [|y||5z) = 0.
Then for all ¢ € N, there exists x; € E such that ||y — x;||r < 2'. Therefore
x; — vy, and so y € E because FE is closed.
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Now take G = F/E as a vector space and p : ' — G the linear quotient

map. Define ||p(y)llc = l|ylls(e). Suppose that p(y1) = p(y2), so y2 —y1 € E.
Then

Ip(y)lle = llyillscey = nf{llys —z||r |z € E}
inf{|ly2 — (y2 — y1) + zl|p | © € E}
ly2llsz) = lIp(y2)lla;

proving it is well-defined. The fact that it is a seminorm follows from ||| 5g)
being a seminorm, and it is a norm because [-||5(z) vanishes precisely on E. We
also have that p is a contraction because for all y € F, |[p(y)llc = llyllsr) <
Iyl

Given 3y’ € F, and € > 0, we can find y € F such that y — 3y € F and
llyllz < [|¥'[ls(g) + € by observing that there exists 2 € E such that ||y’ —z|r <
l¥'lszy + €, and we can therefore just take y = y" — x. It follows immediately
that for each z € G and € > 0, there is a y € F such that p(y) = z and
lollr < zla +e.

To show that G is complete, we show that Ball(G) is o-convex and use
Lemma Let (z)ien be a sequence in Ball(G) and (o;)ien a sequence in
R>o that is summable to 1. Fix some € > 0, and observe that for all 7 € N,
we can find y; € F such that p(y;) = z; and ||yi|]|r < ||zill¢ + €. Since F is a
Banach space, the sum Y o, a;y; converges to some y € F. Define z = p(y),
and observe that by linearity and continuity of p, Zfil az; = z, and that if
we chose different representatives (y;);cn we still get the same z. Since € > 0
is arbitrary, this implies that z € (1 4 ¢)Ball(G) and therefore z € Ball(G).
Therefore G is complete, as it has a o-convex unit ball.

Let H be a vector space and f : F' — H a linear map such that E C f~1(0).
If [x1] = [z2], then 1 — 25 € E, so

f(x2) = f(z2) + 0= f(22) + f(21 — 22) = f(2w2 + 71 — 22) = f(1),

and therefore f is well defined. It is easy to show that it is linear by using the
linearity of q. We also have that f is the unique function F/E — H such that
foq=f, essentially by definition.

If H is normed and f is bounded, then for all y € F/E and € > 0 there
exists x € F with q(z) =y and ||z||r < |lyllg + €, so

IF )l = 1 @)z < Izl < 171yl + €.

By letting € — 0, we get 1F @)z < Iflllylle, and therefore f is bounded with
operator norm || f|| < | f] O

Definition A.5. Define .7 : Ban; — Ban(® as follows. On objects F (E) =
E*, while on a contraction f: E — F, we define

F ()W) =vof

where ¢ € F*. Define 4 : Ban]® — Ban, to be Z°P. The evaluation mapping
ev : E — E** defines both a unit n : Id = 9% and a counit ¢ : 9 = 1d
(interpreted in Bani® the second time, reversing the direction) making F a left
adjoint to 4.
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Proof. Proving that .# and ¢ are functors is simple, and 1 and € can be proved
to be natural by the same proof which simply expands the definitions. Once
the arrows are turned round to all be in Ban;, the two triangles defining an
adjunction [20, IV.1 Theorem 2 (v)] are equivalent. Like the case of naturality,
it is easily proved by expanding the definitions. O

Theorem A.6. If (E;);cs is a family of Banach spaces, then (®iel Ez)* s a
product of this family with (k})icr as projections. If f,g : E — F is a pair of
contractions, and (G,p : F — G) their coequalizer, then (G*,p*) is an equalizer
of (f*,9%).

Proof. Apply the fact that left adjoints preserve colimits to .%. O

Observe that the fact that & preserves limits proves exactly the same facts.
The space (£>°)* is not separable and therefore not isomorphic to £, so the dual
of a product is not the coproduct of the duals.
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